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ABSTRACT

STUDIES ON RARE EARTH DOPED
LUMINESCENT MATERIALS FOR APPLICATIONS IN
GENERAL ILLUMINATION AND BIO-PHOTONICS

Research in the field of luminescent materials doped with rare earth (RE) and transition
metal (TM) ions has taken giant strides due to the rapid development of technologies such as
solid-state lighting and other display technologies. RE ions doped glassy materials also find
applications in lasers, optoelectronic devices, and civil-military applications such as infrared
detectors, infrared fairings, nuclear imaging, and detection. Photo luminescent glass applies
these distinctive properties to photonics, lighting, and photovoltaics by applying
Downconversion light from UV to visible or near-infrared (NIR) light, and it is suitable for
display devices, smart windows, lasers, and optical fibers & w-LEDs, among many other
applications. RE doped glasses useful for optoelectronics devices have been fabricated and
characterized by many researchers because of their high transparency, low production cost, ease

of shaping, and relatively high thermal stability.

Rare earth activated glasses, and nanophosphor are important groups of engineering
materials that can be used in a wide range of multifunctional and industrial applications. The
advantages of glasses and glass ceramics have attracted a lot of attention. Inorganic glasses,
which belong to the unique family of amorphous solid-state materials, are usually thermally
stable and form over a wide range of glass-former concentrations. Since Snitzer first
demonstrated the laser action of Nd** ions in barium crown glass in 1961, a great deal of work
has been done on rare-Earth-doped glasses for solid-state lighting (SSL) applications,

broadband optical amplifiers, up-conversion luminescence temperature sensors, and near-IR

. Vi
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lasers. Additionally, optical fibers that emitted infrared light were made using a variety of
precursor glasses. In the current work, we have created a good glassy system (using the melt
quench method) called alkali zinc alumino borosilicate (AZABS) glass doped with varying
concentrations of europium ions. We have characterized them spectroscopically to gain insight
into their suitability for general illumination such as w-LEDs and other related SSL device
applications, all against the backdrop of the various scientific patronages of chemical species
like H3sBOs, SiO2, Al20s, ZnO, and Na2COs. Also, the spectral properties of RE doped
chlorides, oxides, fluorides and phosphate have been studied extensively to understand their
suitability as potential luminescent applications. However, most of the systems are sensitive to
moisture and thus are not quite suitable for bio labeling except the fluoride compounds with a
formula such as AREF4 (A = alkali, RE = rare earth F = Fluoride) [38,39]. Among AREF4 host
lattices, KREF4 (K stands for potassium) especially have attracted much more attention because
of the high reflective index and low phonon energy that make them excellent host matrix for

both DS as well as UC processes

For the current thesis project, the rare earth-doped luminous material's industrial and
multipurpose uses are chosen based on the previously described benefits. Enhancing the
luminous qualities of rare earth ion-doped glasses and nanophosphors for use in biomedical and
general illumination applications is the main goal of the research. Several chapters are meeting
the research's objectives. Each chapter is meant to be read independently.

Chapter 1: A clearer introduction, the reason for the problem, the motivation for the research,

L2 ] and a review of recent literature are all included in the first chapter. This chapter starts with a

brief introduction, the origin of the problem, the motivation of the research work, and an
overview of the current literature. This chapter provides an introduction to different types of

glasses and nanophosphors, the components involved in their formation, and their specific

e vii
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properties. Furthermore, the importance of borosilicate glasses and nanophosphor are discussed
in detail. Based on the characteristics required for glass host, 35B203.20Si02.15Al1203.15Zn0.
-15Na2COs glass composition selected to synthesize, transparent, thermally mechanically stable
glass with exceptional photonic properties, which can directly be applicable in general
illumination. This approach has involved a thorough exploration of the properties of the many
chemical components present in the host glass. The usefulness of RE ions doped in glasses for
use in photonic devices has been studied further. Also, discussed the Eu doped KYF4
(Potassium Yttrium Fluoride) nanophosphors as promising host material for biomedical
application.

Chapter 2: The experimental process used for producing RE-doped glasses and nanophosphor
and the methods for evaluating their luminous properties are the main topics of the second
chapter. There is also a detailed discussion of the melt-quench process, which is used to create
as-prepared glasses. This chapter describes the use of many sophisticated experimental
techniques, such as X-ray diffraction (XRD), UV-VIS spectrophotometer, Temperature
Dependent PL (TDPL) Spectroscopy, PL Decay Spectroscopy, SEM, and Up-conversion
processes, to study various properties, including thermal, structural, photoluminescent, and
colorimetric properties.

Chapter 3: In this chapter, Dy** doped Alkali Zinc Alumino Borosilicate (AZABS) glasses
have been prepared via melt quenching technique. A series of AZABS glasses of varying
concentrations of dysprosium (Dy**) (0.1 mol% -2.5 mol%) was prepared. It was found that
under UV excitation, 0.5 mol% Dy** doped glass exhibited maximum luminescence intensity.
Subsequent photoluminescence studies like emission/excitation spectra, temperature dependent
photoluminescence and decay kinetics were also performed. Dexter theory was applied to study

the energy transfer mechanism between the dopant ions in the glass matrix. Positive and

viii
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encouraging results from all the photoluminescence studies for Dy** doped AZABS glasses
confirm that these as-prepared glasses can be used as prospective materials in general
illumination. [Part of this work has been published in Journal of Materials Science: Materials

in Electronic, 33 (2022) 4782-4793 (Impact Factor = 2.8)]

Chapter 4: Samarium (Sm®") ions doped AZABS glasses were ‘synthesized Via quick melt

563, 599 and 645 nm corresponding {0 transitions ‘Gz — “Hz, *Hrzand s

utilize
AZABS glasses for general illumination such as w-LEDs and solid-state lighting (SSL)
applications. [Part of this work has been published in Luminescence 28 (2023), 428-436,

(Impact Factor = 3.2)]
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nature. The DSC & TGA has been conducted on an undoped glass to understand thermal
stability and aggregate weight loss. The absorption spectral features recorded for the as prepared
glasses are used to estimate optical band gap. In the process of understanding the effective usage
of the as prepared glasses in visible red photonic device applications, the spectral features such
as photoluminescence (PL) excitation, PL emission and PL decay were recorded and analyzed.
Under 393 nm sharp excitation, all the glass samples are showing red emission corresponds to

°Dg — ’F2 transition (612 nm) and whose intensity continuously increasing with Eu®* ion

concentration up to 2.5 mol%. The red to orange color ratio (R/O) estimated from the recorded
PL spectral features varies from 3.62 to 3.92 within the variation limits of Eu®* ions from 0.5
to 2.5 mol% indicates relatively low symmetry around Eu®* ions in the as prepared glasses.
Relatively higher R/O ratio also reveals that the nature of bonding between Eu®* ions and the
surrounding ligands as covalent. The Judd-Ofelt theory has been applied to the emission
spectral features to understand the nature of bonding between the doped RE ion and its
surrounding ligands along with the radiative properties of the doped RE ion. Activation energy
(0.175 eV) and percentage loss (82%) in PL intensity estimated for 2.5 mol% of Eu®* ions
through temperature dependent PL (TDPL) studies reveal the superiority in thermal stability of
the as prepared glasses. The PL, TDPL, PL decay studies conducted along with CIE coordinates
estimated allows us to contemplate that, the as prepared glasses are quite useful in fabricating
thermally stable visible red photonic devices. [Part of this work has been communicated in

Journal of Non-Crystalline Solids 575 (2022) 121184 (Impact Factor = 3.2)]

Chapter 6: This chapter deals with the synthesis of cubic phase KYF4:Eu3* nanophosphors via
wet chemical route. Morphological studies such as XRD, SEM and EDAX mapping were done
to ascertain shape, size and composition of the as prepared nanophosphors. Debye Scherrer

formula applied to the XRD spectral features of the as prepared nanophosphors reveals the

. X
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average size in the range 3 - 4 nm. The JCPDS data analysis for KYF4:Eu®" nanophosphors
confirm cubic structure with lattice constant a=b = ¢ = 5.448A and o = p =y = 90°. The SEM
image mapping clearly demonstrates the uniform distribution of all the constituent elements
such as potassium, yttrium, fluorine and europium. Up-conversion (UC) studies carried out
using 800 nm spitfire femtosecond laser produces peaks at 576, 590, 612, 650, 700 nm
pertaining to the transitions 5D0 — 7Fj (J =0, 1, 2, 3, 4) respectively. In addition to this, three
higher order peaks are also observed at 523 531, 552 nm pertaining to °D1 — 'F; (J =0, 1, 2)
transitions respectively. Down-shifting (DS) studies under 393 nm and 405 nm excitation were
also recorded to understand the utility of the as prepared phosphors for lighting applications.
These nanophosphors are capable of emitting visible emissions under UV/NIR excitations. The
powder dependence studies conducted on UC and DS reveal the excitation process as two
photons and single photon respectively. DS temperature dependent PL spectral revels good
thermal stability for the as prepared phosphor. The interesting results obtained allow us to
contemplate that the as prepared KYF4:Eu** nanophosphors are useful for bio-imaging
(through UC) as well as lighting applications (through DS). [Part of this work has been

published in Journal of Alloys and Compounds, 885 (2021), 160893, (Impact Factor = 5.8)]

Chapter 7: An overview of the overall study effort and the particular conclusions drawn from
the data are presented in sixth chapter of this dissertation. This chapter also looks at future
directions and social impact for this study and how it could be used to inform future research

directions.

e Xi
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) 2] The first chapter starts with @ brief introduction, the origin of the problem, the motivation

of the research work, and an overview of the current literature. This chapter provides an
introduction to different types of glasses and nanophosphors, the components involved in
their formation, and their specific properties. Furthermore, the importance of borosilicate
glasses and nanophosphor are discussed in detail. Based on the characteristics required for
glass host, 35B203.20Si02.15A1,03.15Z2n0.15Na,COs; glass composition selected to
synthesize, transparent, thermally mechanically stable glass with exceptional photonic
properties, which can directly be applicable in general illumination. This approach has

involved a thorough exploration of the properties of the many chemical components present
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CHAPTER 1

in the host glass. Also, discussed the Eu doped KYFs (Potassium Yttrium Fluoride)

nanophosphors as promising host material for biomedical application.
1.1. Introduction

Optic spectroscopy has garnered a lot of interest lately and has shown itself to be an
effective technique in the fields of material science, chemistry, and physics. Numerous
spectroscopic techniques are available to address a broad spectrum of analytical issues.
Spectroscopic techniques are frequently employed for both quantifiable and qualitative
investigation since they are highly informative. Spectroscopy is concerned with the way
electromagnetic radiation like X-rays, ultraviolet (UV), visible (Vis), infrared (IR), and radio
waves, interacts with matter and aids to analyze the environment and structure of atoms and
molecules. The basis of optical spectroscopy is the emission or absorption phenomenon.
Absorption spectroscopy involves the excitation of an atom or molecule from an energy level
that is lower to a higher one. In contrast, the transition from a higher energy level to a lower

energy state occurs in emission spectroscopy, and the energy is released in the form of photon.

®» 0 Over the past several decades, the luminescent spectroscopy studies of crystalline and non-

crystalline materials have received much interest among the researchers in the field of science
and technology. This may be due to enormous applications of luminescent materials, which are
not only limited to physics, biology and chemistry but also extended to abundant fields such as

astrology, agriculture, defense, optical communication, geology, forensic, medicine etc.

An inorganic material's atomic organization or translational periodicity can determine
whether it is crystalline or amorphous. Amorphous materials, which include polymers, gels,
thin films, and glass, are materials that are non-periodic in three dimensions and exhibit short-

range order. All solid materials with atoms, molecules, or ions that display long-range order
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CHAPTER 1

and periodicity in three dimensions are referred to as crystalline materials [1,2]. A common
example of an amorphous material having a solid-liquid transition is glass. The use of glasses,
glass ceramics, and ceramics—three important classes of engineering materials—can be
advantageous for a range of multifunctional and industrial applications. Amorphous materials
have unique properties that distinguish them from crystalline liquids and solids, and they are
crucial for numerous technological applications. Because they are versatile and adjustable, they

can be used in materials science, engineering, and other fields [3,4].

1.2. Motivation of The Research Work

The main motivation for research into rare-earth-doped glass and phosphor is their distinct
optical and electrical characteristics, which make them crucial for sophisticated photonic and
optoelectronic applications. The sharp and consistent emission spectra, long luminescence
lifetimes, and high quantum efficiency of rare-earth ions, like Eu*, Sm®", Dy3*, Er**, Pr3*, Yb*,
Tm?*, and Tb**, make them perfect for usage in lasers, fiber amplifiers, solid-state lighting, and
display technologies. Biomedical imaging for high-resolution diagnostics, energy-efficient
LEDs, and solar energy harvesting via upconversion phosphors have all advanced as a result of
their capacity to increase light conversion efficiency. Further driving research in this area is the
growing need for outstanding performance optical materials for use in nonlinear optics, security

applications, and quantum computing.

Beyond technological developments, the search for ecologically sound and energy-efficient
solutions is another factor propelling research in rare-earth-doped materials. White LEDs, for
instance, use phosphors, which are essential in lowering world energy consumption by taking
the place of traditional lighting systems as seen in the evolution of different generation light

sources in Fig. 1.1. As lighting sources started with fire than the incandescent bulb, sodium
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discharge comes under 2nd generation lighting source. The current era is phosphor converted
LEDs comes under 4™ generation illuminating devices. In order to increase overall efficiency,
rare-earth-doped materials in solar cells allow unused infrared radiation to be converted into
visible wavelengths. Additionally, the growing use of these materials in temperature sensing,
medical diagnostics, and anti-counterfeiting has prompted the creation of novel materials with
specialized optical qualities. The investigation of novel glass matrices and host materials
broadens the possibilities of rare-earth-doped systems and opens the door for upcoming

developments in sustainable technologies, photonics, and telecommunications.

a% s

A2 1)
First incandescent ~ Sodium Red LED, e :
bulb with carbon _ discharge lamp, Nick Holonyak ~ CFL, Philips Blue LED, Shuji

Filament (1879) by Philips (1932) (1962) (1980) Nakamura (1994)

1879 1904 1932 1938 1962 1971 1980 19%4

TEme—

First incandescent Yellow, green ; White LED
bulb with tungsten tubfelul(i)gr:tsﬁ;t%) and orange light (>150 Im-W)
filament (1904 LEDs

Figure:1.1 Evolution of lighting devices.

The simplicity of shaping any shape, reduced production costs, enhanced thermal
stability, and—above all—a manufacturing process that eliminates the need for epoxy resin are
the benefits of rare-earth ion-doped glasses over PC W-LEDs. Furthermore, a number of
significant technical domains, including fibers, optical amplifiers, and optical detectors, use
RE-doped glasses as an active medium. There are numerous applications for light-emitting
materials [11-13]. Glasses and phosphors are thought to be the best hosts because they can

display intriguing characteristics like significant doping capabilities, wavelength modification,

4
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and wide inhomogeneous bandwidths. [14,15]. All this rare earth doped materials comes under
the category of luminescent materials, which gives the radiative emission via process of

luminescence mechanism having numerous applications in the field of science and technology.

In recent years, a growing body of research has demonstrated how phosphor materials,
which can emit light when excited, find diverse applications in biophotonics, drug delivery,
biosensing, including bioimaging, and therapy, leveraging their unique luminescent properties
for noninvasive diagnosis and treatment. Biophotonics is multidisciplinary research field,
which includes physical sciences, biology along with engineering as depicted in Figl.2.
Phosphor is used in biological research, particularly to analyze illness. investigations on oxygen
distribution have been a major emphasis, with multiple research groups determining how
phosphors might be employed in a variety of biological investigations as depicted in Figl.2.
Phosphors are also used extensively in cancer research. Cancer progression, treatment response,
and aggressiveness are all thought to be linked to tumor hypoxia, in which tumor cells are

deprived of oxygen.

Biology

| Physical |
{ Sciences

Engineering |

Reflection .
Scattering

Incident light Absorption

Biological tissue
Rcﬂcclio/

Figure:1.2 Phosphor for Biophotonics applications.
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On the basis of rigorous literature survey, it has been identified that the phosphor
lifetime imaging is a method that measures and maps oxygen gradients in biological tissues.
Hence the phosphor materials have been prepared via chemical route and investigate their

structural and optical upconversion characteristics for biophotonics applications.

1.3.  Luminescence

Luminescence is the term used to describe a material or substance that emits light as a
result of electrical energy, chemical reactions, or radiation exposure. After being absorbed by a
substance, light is released by this mechanism. A condition involving cold body radiation is
called luminescence, which occurs when energy is absorbed and subsequently released as light.
Materials that have the ability to transform absorbed (invisible) energy into visible light:
ultraviolet, x-rays, B, a, and so on, are known as luminescent materials as demonstrated in
Fig.1.3 [27,28]. Although crystalline compounds such as phosphor are examples of luminous

materials, luminescent glass is usually made of amorphous materials [29].

=
0
i
©
L —
(S}
xX
M

Absorption

Figure:1.3 Luminescence mechanism.
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1.3.1. Types of Luminescence

There are numerous types of luminescence on the basis of excitation source as

mentioned in Fig.1.4. Based on kind of excitation source, luminescence is categorized as

cathodoluminescence, electroluminescence,

piezoluminescence,

triboluminescence,

thermoluminescence,

radioluminescence,

chemiluminescence,

bioluminescence,

sonoluminescence along with photoluminescence. All the excitation source for numerous

categories of luminescence have been mentioned in Fig.1.4.

Photoluminescence

Cathodoluminescence

Electroluminescence

Thermoluminescence

Chemiluminescence

Photon

Field

Thermal

Piezoluminescence

Triboluminescence

Radioluminescence

Bioluminescence

Sonoluminescence

Luminescence

Figure:1.4 Types of Luminescence on the basis of excitation source.

1.3.2. Photoluminescence (PL)

PL refers to the process in which light emanates from atoms or molecules after they

absorb photons. Photoexcitation causes electrons in the material to migrate into allowed excited

states. When such electrons approach the lowest energy or ground states, they release the

surplus energy as a phonon, a non-radiative process, or as visible light, a radiative process, as

®0 seen in Figure 1.5 [27,34]. The energy levels of the two-electron states involved in transitioning

between the excited and equilibrium states determine the amount of light emitted. The emission

or decay period of PL separates it into two categories.
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(J) Emission
Excitation VB

Figure:1.5 Schematic representation of photoluminescence process.

Stokes emission, also known as down-conversion, occurs when a photon is released with
less energy than when it was incident, resulting in energy loss throughout the
photoluminescence process. The Stokes shift is the energy difference between stimulated and
emission photons. A substance may also be capable of absorbing two or more photons at the
same time, so encouraging the generation of a higher energy photon. This process, known as
"up-conversion,"” produces anti-Stokes emissions. [28,35]. Figures 1.6 (a) and (b) explain the

down-conversion and up-conversion PL processes.

Excited state Excited state

I % Relaxation I % Relaxation |

Absorption 2

Absorption Emission

4 -
Emission

Absorption 1

Ground state Ground state

(a) Down conversion (b) Up-conversion process

Figure:1.6 Schematic process of (a) down-conversion and (b) up-conversion PL.
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Luminescence is used in many different industries, such as displays, forensics, medical
diagnostics, environmental monitoring, lighting, and materials research. The ability to control
and harness luminescence has proven beneficial for LED lighting, scientific research imaging
techniques, and fluorescence microscopy [33].

1.4. Luminescent Materials

Luminescent materials emit light when excited, making them useful for lighting, displays, and
bioimaging. Luminescent materials can be inorganic/organic and crystalline/amorphous, which

can be illuminated using a number of luminescence processes.

1.4.1. Luminescent Glasses

Luminescent glass is glass that exhibits the phenomenon of luminescence, meaning it
emits light after being exposed to a specific type of energy, often in the form of light or
radiation. This is distinct from incandescence, where heat is the source of light emission. A
substance that is translucent and glossy is referred to as "glass," and another word for glassy
substances is "vitreous." Glass is a uniform, amorphous, inert solid that has no biological
(7] activity. In 1997, Shelby described glass as, “an amorphous solid completely lacking in long
range order, periodic atomic structure and exhibiting a region of glass transformation
behavior. Any material, organic, inorganic or metallic formed by any of the stated processes

which shows glass transition character can be categorized as glass”.

The durability, transparency, and brilliance feature of glass make them suitable for a
wide range of modern applications. Machines were created to dope glasses with rare-earth ions
in order to make them suitable for lasers. Furthermore, the glasses are intended to be used as
telescope lenses for viewing astronomical objects. In the twenty-first century, glass produced

by businesses for a range of uses is a component of growing economic growth in almost every
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nation [5,6]. Glass's qualities and applications are substantially influenced by its components.
Glass components, including glass or network formers, network modifiers, and intermediates,

were classified into three categories depending on their bond strengths.

Oxides having bond strengths more than 80 kcal/mol are commonly used as glass and
network formers. Notable and widely used glass formers were P20s, SiO2, V205, PO, As20s,
Sb20s, B203, and GeO2. The bulk of the four cations with oxygen coordination number create
a tetrahedral shape [1]. Glass network modifiers are oxides with bond strengths ranging from
10 to 40 kcal/mol that do not integrate with the glass network formed. The fundamental goal of
network modifiers is to change the properties of glass. The majority of glass modifiers are
composed of alkali oxides. On the other side, more oxide materials can be used as network
modifiers. Li2O, SrO, ZnO, Na20, CaO, MgO, and BaO are major network modifiers. the proper
choice of a cation-oxide modifier, which has a wide range of contemporary applications,
including optoelectronic devices, conducting glasses, bioactive materials, and sensors [2,19].
Fig. 1.7 (i) represent structure of borosilicate glass former. As the Na2O network modifier was

added to borosilicate, can modify the glass network as symbolize in Fig. 1.7 (ii).

B = O—AII“"—O— Sli —0=Sj

I ring

(0] (0] (0]
I I |

B" Net Si

(iii)

Figure: 1.7 Glass compositions include glass formers, glass network modifier.
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Between the glass formers and the modifiers, there is a place for intermediates. TiO2, ZnO,
CdO, PbO, BeO, and Al203 are some important intermediates. Fig. 1.7 (iii) disclose the change
in glass structure after addition of Al20s as intermediates in borosilicate glass. When
characterizing the function of individual oxides in multi-component glasses, the terms glass
formers, modifiers, and intermediates are popular. In certain situations, intermediate oxides can
participate in the glass's network and operate as network modifiers, depending on the chemical

makeup of the material [20-22].

X13) Glass can be made from a variety of chemical components, including covalent, ionic,

molecular, metallic, and hydrogen-bonded chemicals. Glasses can be made from elements,
simple chemical compounds, complex organic molecules, salt combinations, or alloys. There
IS no especially beneficial way to group glass-forming materials. Almost any substance can be
swiftly chilled into an amorphous solid, skipping the crystallization process and allowing the
creation of glass [23,24] . Every substance imperturbable at a variable rate, resulting in unique
glass. Glass forms when a material is rapidly cooled from a supercooled liquid. To form an
amorphous solid, the substance is cooled below the glass transition point. Following that, the
atoms start moving more slowly in a molecular pattern, leading the substance to change into
glass. While the freshly produced amorphous structure is less ordered than a crystal, it is
nevertheless more organized than a liquid [25].

To understand the glass transition process, the behavior of amorphous materials as they
transition from supercooled to glass must be plotted on a V-T diagram, as shown in Figure 1.8.
The y-axis of the V-T diagram shows the temperature, while the x-axis represents the volume
and enthalpy. The letters Tg and Tm signify the temperatures at the glass transition and melting

point, respectively [26].

11
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Figure:1.8 Glass preparation V-T diagram.

A supercooled liquid's volume does not abruptly change as it freezes into an amorphous solid
at or near the glass transition temperature. At this point, the glass transition occurs [4]. The Tg
of the crystalline material state is determined to be less than the Tm. A liquid can cool in one
of two ways: converted to supercooled below Tm or crystallization at Tm. When the
temperature drops more, the fluid thickens and crystallizes into glass. The glass transition is
only produced by an increase in viscosity if the chemical composition remains unchanged, and
Tg is determined by the rate of glass cooling [2]. The ideas that follow are the main theories
behind the glass transition: When making glass, the cooling rate is increased to prevent crystal
nucleation and growth. The glass is metastable. The V-T picture shows that glasses contain

more free energy. Viscosity increases as temperature decreases.

1.4.2. Phosphor
The second kind of crystalline luminescent materials are known as phosphor. Phosphors are

mainly inorganic, solid materials that emit visible light when subjected to radiation ranging

12
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from gamma rays to near infrared. Phosphors are consisting a host lattice which provides the

space to incorporate rare earth ions or transitional metals for a variety of display applications.

®»O Many research breakthroughs are directed at maximizing the features of rare earth doped

phosphor materials for diverse applications such as display panels and field emission display

detectors by increasing the luminescence efficiency.

Phosphors are highly tailored inorganic materials that require unique formulations for
each use. This is a common oversight during the development of a new display, and it can lead
to technical failure. Using phosphors developed for one technology in a different application is
typically can be feasible for many advantageous photonic applications. Certain molecules
labeled as activators may release energy instantaneously after being triggered by the appropriate
sources. Sensitizers are a type of impurity that can form when activator ions do not absorb
sufficient energy. Sensitizers absorb energy, which is subsequently transferred to activators.
This method involves the transmission of energy through light materials. Figure 1.3 (a, b, ¢)
displays the sensitizer and activator roles in the luminescence process. Dopant ions and/or other
faults are purposefully introduced into an inert flawed host lattice to form luminous materials.
Dopants play varied functions in host lattices based on their electrical configuration, solubility,

and host lattice structure [30].

Figure:1.9 Luminescence absorption and emission process.
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Activator: An activator (A), commonly referred to as a luminous center, is a dopant species ion
atom that, after absorbing excitation energy, leaps into the excited state and, when returning to
the ground state, releases the energy as radiation [29].

Sensitizer: Figure 1.9 (c) depicts two dopants, one of which is an activator (A) and the other a
sensitizer (S) when present in a crystal lattice. Before energy is supplied to the "A™ for emission,

the "S™ absorbs the majority of the energy.[28].
1.5. Rare Earth (RE) as Activator lons

The essential features of 4f—4f electronic transitions make rare earth elements activated
luminous and photonic materials highly sought after in a variety of applications, including solid-
state lasers, lighting, optical fiber amplifiers, and small microchip lasers. Because they were
only sporadically found in nature, the lanthanide group elements of the periodic table are known
as rare earth elements. Because of their distinctive quality, they draw the attention of researchers
and are important to the investigation. The fifteen elements in the RE element group, which
range in atomic number from Z =57 to Z = 71, are lanthanum through lutetium [27,36]. Because
of their comparable properties, yttrium and scandium elements are likewise categorized as rare
earth elements. In practically every field of research and technology, rare earth elements are
used extensively. Rare earth elements are primarily found as trivalent state (RE**) RE203 oxide,
while a very small number can also be found in the divalent state (RE?*). Electronically, RE
elements are configured as [Xe]4f" (n = 0-14), where [Xe] is the xenon configuration. Fig.1.5
displays the electrical arrangement of RE components with respect to their ground state and
various excited states. From these configurations, several energy levels can be obtained, which
are defined by the spectral expression (*>*!Lj), where the three quantum numbers L, S, and J

resulted from the spin-orbit coupling. Dieke's energy level diagram for trivalent rare-earth ions,
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shown in Fig. 1.5, provides a clear definition of these energy levels, which have specified

energies [27,28].
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Figure:1.10 Energy level diagram of numerous rare earth ions.

1.5.1. Types of Transitions in RE ions

Three types of optical transitions are generally used to classify the interaction between
the various levels of RE ions. These transitions include charge transfer transitions, transitions
between multiple 4f levels, and characteristic transitions between multiple 4f"5d! -4f"5d°
levels. These transitions are explained below[37,38]:
Discrete 4f"— 4f" transitions: Discrete Transitions between electronic states within the f orbitals
of lanthanides or rare-earth elements are referred to as 4f"-4f" transitions. After absorbing or

releasing photons, the partially filled f orbitals of these elements can change in energy.

15
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Lanthanide ion 4f electronic energy levels are not significantly affected by their surroundings
because the outer 5s? and 5p® electrons shield the 4f electrons from external electric fields. It is
strictly forbidden to transition within 4f shells since Laporte's criteria is not met by parity. The
| Y34) RE ion's interaction with the crystal field or the lattice vibrations, which can combine states of
different parities into 4f states, is what causes the observed forbidden transitions. Conversely,
when spin-orbit contact occurs, such transitions are allowed. The luminous lifetime resulting
from 4f -4f transitions is usually in the millisecond range because the luminescence transition
is prohibited [38,39]. There are three ways to understand the proper interpretation of 4f -4f

transitions.

®» 0 » An electric quadrupole occurs when a charge exhibits quadrupole behavior or a zero-
dipole moment. Electric quadrupole transitions are weaker than induced ED and MD
transitions, and even parity follows them. Quadrupole transitions in RE ions have not
yet been experimentally verified. The quadrupole transitions' selection principles apply
to some transitions, referred to as hypersensitive transitions [40].

» The incoming source electromagnetic radiation's electric field vector component
interacts with the activator (RE) ions to produce induced electric dipole transitions. In
RE ions, the induced electric dipole type transitions account for most of the transitions,
according to the literature review. Essentially, the electric dipole (ED) transition is
caused by linearly moving charges. Odd parity exists in the ED transition because of the
odd transformation that comes after it and relates to the inversion center [37,41].

» When activator (RE) ions interact with the magnetic dipole caused by the
electromagnetic radiation, an induced magnetic dipole (MD) transition occurs. A charge

forms a magnetic dipole when it travels along a curved path. The MD transition is
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believed to have a low intensity rotating displacement of charge in comparison to the
ED transition [42].
1.5.2. Energy Transfer in RE ions
This section will provide a comprehensive analysis of the energy transfer (ET) in RE ions.
Luminescent glasses are mostly composed of inorganic glass compositions that have been
doped with RE or transition metal ions, or weakly activated. The electromagnetic radiation is
absorbed by either the sensitizer or the glass host lattice. However, only in the vicinity of the
activator ions does radiation emission occur. Consequently, the sensitizer has been sensitizing
the activator by providing electromagnetic energy, which ideally creates light in the visible
range[10,43]. Very rarely, a small amount of the excitation energy can be transferred from one
activator to another. The following distributions of excited state energy and electron transit
from the bright center to excited states are frequently observed: Via phonon emission or other
energy transfer from the sensitizer to the activator, the activator can be directly excited to
produce a photon of visible light, as shown in Fig. 1.6 (a), or indirectly stimulated to emit a

photon of visible light (ii), as shown in Fig. 1.6 (b).

Figure:1.11 Energy exchange processes among the doped RE ions.

It is possible to compute radiative ET efficiency based on the sensitizer emission's ability

to activate the activator, as seen in Fig. 1.6(a). There should be a noticeable overlap between
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the activator's and sensitizer's excitation spectra in their emission spectra. The activator
concentration has no effect on the lifetime of the sensitizer fluorescence if radiative energy
transfer takes place primarily. With an increase in activator concentration, Figure 1.6(b)
illustrates a non-radiative energy transfer with a significant reduction in the sensitizer
fluorescence decay period. The excited states of the sensitizer and activator have an energy
differential of the same magnitude, which drives the energy transfer process[44,45]. It is

possible for a phonon to aid in non-resonant ET if there is a significant distance between the

®» 0 ground and excited states of the sensitizer and activator. The ET process in luminous materials

is largely dependent on the potential contacts, characteristic transitions, and energy differential
between the sensitizer and activator. For phonon-assisted non-radiative transitions (Fig. 1.6(c)),
where the two ions are in different excited states, there is little chance of energy transfer. The
term “cross-relaxation™ refers to any kind of down conversion energy transfer between ions or
similar luminous centers that are adjacent to one another. When the first ion, which is originally
excited—trades energy with the second ion, which is initially in the ground state cross-
relaxation, a straightforward potential energy level scheme takes place. As a result, inside the
energy between the two beginning states, both ions lie in some state of intermediary
concurrently[46].
1.5.3. Quenching phenomena in RE ions

When materials are doped with RE ions, the intensity of luminescence grows to a specific
point and then declines. We refer to this process as quenching concentration. Increases in
absorption efficiency generate an increase in luminescence intensity, which is greatest at a
specific doping ion concentration known as the critical concentration [47,48]. In any RE ions
doped phosphor host lattice, concentration quenching is mostly caused by energy transfer

between activator ions. Concentration quenching occurs when the distance between the donor
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and acceptor atoms gets smaller to such an extent that the energy exchange between them is

induced. Two explanations exist for the concentration quenching process [49].

I.  In the first kind of mechanism, dominant energy transfer allows the excitation
energy to be spread into several luminescent centers prior to emission. Multi-phonon
relaxation returns these excited luminous centers to their ground state. These centers
have the potential to function as energy sinks in the transfer chain, leading to the
guenching of emission intensity [50,51].

ii.  The second type of mechanism uses a cross-relaxation process to utilize the
excitation energy from the emitted state. This process is caused by resonant energy

transfer between the two neighboring activator ions [52,53].

Figure:1.12 Cross-relaxation between pairs of centers.

Fig. 1.7 shows the energy level diagram with cross-relaxation. Resonant energy transfer occurs
when the energy difference (Eo-E1) of one nearby center (acceptor) and the energy difference
(Es-E2) of another luminous center (donor) are equal. This largely depends on the type of energy
level. The excited electron moves from Es to Ez, acting as a donor center, and releases energy

that was absorbed by another electron at Eo, moving from Eo to Ez levels, acting as an acceptor,
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in a process known as cross-relaxation. The emission intensity is quenched because of the non-
radiative energy transfer between the closest activator ions.
1.5.4. Lifetime of RE lons

The process of excitation and de-excitation is initiated by the intra 4f — 4f electronic
transition of the RE ion, provided that the required energy is present. In Fig. 1.7, a time-resolved
intensity spectrum shows the excitation and de-excitation process. Through radiative transition,
energy exchange between nearby RE ions, cross relaxation channels, or other mechanisms, the
excited RE ion can return to its ground state. At low RE ion concentrations, RE ions are not
able to interact with one another, hence a single exponential function fits the intensity decay

curve against time. The PL intensity can be expressed using the following equation [54,55].

Excitation

Emission

Lifetime (s)

(a) (b)

Figure:1.13 Excitation and emission lifetime process of RE ions.

I =Io+ Ay exp (-2) (1.1)

In this instance, the PL intensity at time zero is denoted by lo. The logarithmic plot of intensity

against time can be used to determine the excited RE ion's lifespan, represented by 1. The
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excited state's intensity steadily decreases with time as 1/e, as seen in Fig. 1.8. The experimental

lifetime of an excited RE ion can be predicted using the following formula[56].

_ Jt@wde
Texp = [1(t)dt

(1.2)

However, at higher concentrations of RE ions, the decay profiles suit the bi-exponential
function quite well. For a bi-exponential fit, the PL intensity can be represented by an

equation[57,58].

I =1y + A exp ( )+A2 exp (— i) (1.3)

t
71 T2

To find the average lifespan (z,,,4) in this case, apply the following formula[59].

AT+ 4TS

Tavg = (1.4)

A1T1+A2T2
In this case, the lifespan components t,, T, are exponential, and A1, Az are fitting constants.

1.6. Current Glass Composition and Phosphor Host

Glasses activated with RE ions recommended numerous remarkable properties, including
the ability to accept high concentrations of RE ions, wide inhomogeneous bandwidths, low
production costs, and simple manufacturing techniques. The bands of emission transitions, and
thus the luminescence efficacy of a doped RE ion in a host matrix, are determined by the host's
and ligand field's inherent structures. To achieve the highest luminous efficiency, it is critical
to select an appropriate host with relatively low phonon energies. According to the literature,
B203 is one of the best glass formers due to its outstanding properties, including good thermal
stability, low melting point, and high solubility of RE ions. [14]. Aside from the aforementioned
advantages, pure borate hosts exhibit self-control due to their relatively high phonon energies
(1300 cm™) [25-26]. It is generally recognized that a host glass with relatively high phonon

energy is not ideal for luminescence applications, as much of the input excitation energy is
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L2 ] wasted inside the host due of its high phonon energy. [26]. A combination of borate (B203)
and silicate (SiO2) creates a network of borosilicate glass with favorable features such as
mechanical strength, low melting point, high thermal stability, and corrosion resistance. For
the reason that of their beneficial properties, borosilicate glass systems have proven acceptable
and valuable for a wide range of optical applications. Because network-forming oxides stretch
when vibrated, borosilicate glasses have a high phonon energy, which accounts for nonradiative
losses. Borosilicate glass has favorable qualities such as mechanical strength, low melting point,

and great thermal stability.

As a result, the host matrix has a lower quantum efficiency, which makes it less effective
as a luminous material. Typically, metal oxides such as SiOz or Al203 are blended with borate
glass to reduce its superfluous high phonon energies and transform it into a good luminous
material best suited for various optoelectronic device applications [26]. The structure of a glass
is determined by two factors: the network former and network modifier. A glass former, also
known as network formers, consists of oxides such as SiO2 and B203, which are indispensable
in the creation of the glass [27]. Network modifiers given to a network glass former affects the
internal structure of the host and produces a holistic environment around the doped RE ions,
allowing them to have relatively high luminescence efficiency [28]. Borosilicate glasses can be
advantageously used for illuminating purposes by inducing them with RE ions for applications
in a number of industries ranging from pharmaceutical industry to nuclear waste
immobilization, in addition to their usual use in photonic devices [27, 29]. Controlled heat
treatment of these glasses improves a variety of qualities, including chemical and physical
stability and crystal nucleation strength. BOs triangles in borosilicate glass interact with SiO-2
to generate silicate groups. Adding Naz20 as a flux to borosilicate glass can lower the dispensing

temperature and change the characteristics of the glass [29,30].
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Aluminum oxide (Al203) is added to a borosilicate glass to increase the physical properties
and chemical stability of the host glass [30]. The AlO4 structural units present in Al203
crosslinks with borate and silicate chains present in a borosilicate host glass and builds the glass
more resistive to the attacks of alkali metals [19,31,32]. Addition of zinc oxide (ZnO) to
borosilicate glass can increase its glass forming composition range along with other noble
features such as low glass transition temperature and high chemical stability. Apart from this,
the glasses with ZnO are non-toxic, non-hygroscopic and are used vigorously for the
development of optoelectronic devices [19-21,25]. Most of lanthanides (Ln3+) ions gained
much attention due to its unique optical properties such as high brightness and high chemical
stability. All RE ions are well-known spectroscopic agents for intense through down-
conversion process in wide variety of materials such as glasses, phosphorus, nanophosphors
and organic-inorganic hybrid materials [33]. In the backdrop of aforementioned various
scientific patronages offered by the chemical species such as HsBOs, SiO2, Al20s, ZnO and
Na2COs in the present work we have fabricated a good glassy system (using melt quench
method) by name alkali zinc alumino borosilicate (AZABS) glass doped with different
concentration of europium ions and characterized them spectroscopically to have an insight into
their suitability for general illumination such as w-LEDs and other related SSL device

applications.

In bio-photonics, up-conversion (UC) processes are essential. UC involves the conversion
of low-energy NIR radiation into high-energy visible light through the absorption of multiple
photons. This process has applications in solid-state lasers, 3D displays, white LEDs, solar cells,
photodynamic therapy, temperature sensing, optical imaging, and biological labeling [34-36].
Unlike conventional luminescent probes like quantum dots (QDs) and organic dyes,

upconversion nanoparticles (UCNPs) offer unique advantages, including multiple absorption
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= @ and emission centers, superior photostability, narrow emission bandwidths (<10 nm), long
excitation lifetimes, low cytotoxicity, and large anti-Stokes shifts (up to 500 nm). These
properties, combined with deep tissue penetration and minimal autofluorescence under NIR
excitation, make UCNPs highly suitable for bio-imaging and targeted drug delivery [37-47].
Most of the UC materials use rare earth (RE) ions as active ions. Most of the trivalent RE ions
(Ln") in which 14 electrons are filled in the 4f inner shell, presenting a great similarity in
electron configurations 4f"5s?5p® (n = 1 - 14). The 4f shell is partially filled and exhibits similar
physical, chemical, optical and magnetic properties. These properties are dependent on various
things like crystals structure, morphology as well as on chemical composition which are very
sensitive to the bonding states of RE ions [48]. The absorption, as well as emission transitions
produced by RE ions are very sharp as such transitions are produced between 4f energy levels
[49]. Spectral properties of RE doped chlorides, oxides, fluorides and phosphate have been
studied extensively to understand their suitability as potential luminescent applications [50].
However, most of the systems are sensitive to moisture and thus are not quite suitable for bio
labeling except the fluoride compounds with a formula such as AREF4 (A = alkali, RE = rare
earth F = Fluoride) [38,39]. Among AREF4 host lattices, KREF4 (K stands for potassium)
especially have attracted much more attention because of the high reflective index and low
phonon energy that make them excellent host matrix for both DS as well as UC processes [50-
56]. The KREF4 exhibits two polymeric forms of crystal structures, namely cubic and
hexagonal phases depending upon the methodology and synthesis conditions as shown in
Fig.1.14 [57-61]. Apart from this, relatively less phonon energy, non-hygroscopic nature,
ability to convert NIR & UV radiations into visible (through UC & DS processes), good
dissolving nature in solvents and relatively higher chemical stability makes the fluoride based

nano crystals as promising host lattices for various luminescent applications when doping with
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RE [62-63]. Trivalent rare-earth (RE**) doped with luminescent materials have gained so much
attention due to their applications in the field of white LEDs as red emitting phosphors, plasma

screens and so on [64].

Figure: 1.4 Crystal structure of KYFa.

1.7. Objectives of The Research Work

With the advent of science and technology, an overwhelming contribution has been made

by any researchers in developing pc-wLEDs. However, there are certain major challenges to

N 27) overcome and achieve high luminous efficiency, high chromatic stability, brilliant color-
rending properties, and price competitiveness with fluorescent lamps. The main objectives of

the present doctoral work are:

> To prepare optical glasses and upconverting nanophosphors doped with RE ions having
low phonon energy.

» To perform Structural and morphological studies like XRD, SEM, TEM and EDAX

» To optimize RE doped ions in the glass and phosphor lattices for better Luminescence

Efficiency.
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» To understand the spectral characteristics of the as prepared glasses and nanophosphors
by using photoluminescence (PL) excitation, emission and decay.

» To perform surface modification of the RE doped UCNPs.

» To check whether as prepared glasses and UCNPs can be used in lasers, optical
amplifiers, white light LEDs and bio-medical applications by associating with

concerned research laboratories and medical institutes
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Experimental Sections

Characterization Tools

Characterization methods and experimental activities are essential to scientific study

and technical development. This chapter examines the several experimental techniques used

to create the luminous materials (glass and phosphor) as well as the various characterizations

for their potential use in optoelectronic devices. X-ray diffraction (XRD), TGA-DSC,

scanning electron microscopy (SEM), and spectroscopic methods are also highlighted as

important characterization techniques that offer vital information about structural,

morphological, electrical, and optical characteristics. In order to comprehend material

behaviour, maximize performance, and guarantee dependability in real-world applications,
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it is imperative to choose the right characterization methodologies. Using a variety of
characterization approaches, the properties of RE ions doped luminous were examined in
order to investigate their optical, structural, vibrational, and morphological properties for
potential usage in cutting-edge optoelectronic devices. The operating principles, device
descriptions, and operational controls of the characterization tools employed in the current
research project are explained in the current chapter to help readers better comprehend the

instruments.

2.1. Experimental Work

Innovation in technology and the advancement of scientific knowledge depend heavily on
experimental activity. By offering empirical support for or opposition to theoretical forecasts,
it guarantees that concepts are based on observable reality. Researchers can investigate
unidentified events through testing, which can result in fresh ideas and discoveries. Through
the development of new technologies, process improvement, and testing and optimization of
solutions, it also plays a critical part in solving real-world problems. Experiments push the
boundaries of disciplines, inform evidence-based decision-making, and promote society and
industry by linking theory and practice. A thorough understanding of various synthesis
processes and adequate characterization techniques are necessary for the creation of effective

multifunctional materials.

Throughout the thesis study, characterization approaches and a full experimental protocol are
covered in this chapter. Redox-ion-doped glass and nanophosphor synthesis and
characterization methods for its application in cutting-edge optoelectronic devices. Covered are
the principles of optimizing the statistical method used for analysis and the experimental

procedures learned.
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Nanophosphors are made by synthesizing luminous materials at the nanoscale, which have
special optical characteristics because of their small size and large surface area. One of the most
important steps is the nanophosphor synthesis methods and material analysis process. Various
synthesis methods such as hydrothermal, solvothermal sol-gel, co-precipitation, and

combustion have been used to synthesize nanophosphors.

A rare earth-doped glass study's experimental and instrumentation section covers the techniques
and tools used to look into the optical and spectroscopic characteristics of the glass substance.
Glass is enhanced optically and luminescent by the addition of rare earth dopants, which makes
it suitable for a variety of uses, including amplifiers, sensors, and lasers [69]. Here's an outline
of the experimental and instrumentation aspects:

" Melt quenching

" Sol-gel method
. Electrochemical methods
" Pyrolysis
" Solid state methods (Radiation damage, intense shock-waves, diffusion effects)
" Vapor quenching Sputtering (evaporation, sputtering and reactive deposition)
(2] Among all listed techniques, melt quenching is the oldest and easiest technique for preparing

amorphous material. This technique is widely used commercially.

2.1.1. Melt quenching techniques

The technique of quickly cooling molten precursor material to convert amorphous
materials into the proper shape is known as melt quenching. One distinctive feature of the melt

quenching process is the constant hardening of the uniformly melted material, which produces
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amorphous solids. Depending on the host glass system, different cooling rates are required to
produce glassy states. The melt can be rapidly cooled after being taken out of the temperature-
controlled electric furnace and then poured onto heated conductive surfaces like copper or brass
plates. This will accomplish necessary cooling. [70].

2.1.2. Synthesis of Rare Earth Activated AZABS Glass

Quick melt quenching technique was used to synthesis the rare earth (Dy**, Sm3*, Eu®") ions

doped AZABS glasses with the composition details as given below:
35B203-20Si02-(15-x)Al203-15Zn0-15Na;CO3-xRe203

(x=0.0, 0.5, 1.0, 1.5, 2.0, 2.5 mol%). Starting powders like HsBO3 (99.5%), SiO2 (99.9%),
Al203(99.9%), ZnO (99%), Na2C03(99.9%) and Re203 = Dy203, Sm203, Eu203 (99.99%) were
purchased from sigma -aldrich and in total 8 grams of sample weighed in stoichiometric ratio.
The powder was mixed in an agate mortar until to get a homogeneous mixture as mentioned in

schematic flowchart at Fig 2.1.

Further the powder was placed in a alumina crucible in an electric furnace at 1250°C for 2 hrs.
Thereafter, the melt was poured in between two pre-heated brass plates and further annealing
is done at ~350°C for another two hours to avoid the flaws caused by thermal and mechanical
stress. Finally, the glass obtained was transparent and circular in shape with uniform thickness

2.2 mm and diameter about 1.5-2.0 cm
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Figure:2.1 Flowchart for RE doped AZABS glass preparation.

2.1.3. Synthesis of KYF4 Nanophosphor

KYF4 host lattices were prepared by employing wet chemical route. For the manufacture of

oxide-based phosphor/nanophosphor, co-precipitation is a straightforward, economical,

®0 industrially feasible, and quick method. Co-precipitation is @ chemical process in which solid

particles form from a solution containing ions or precursor molecules. These ions are

incorporated into the solid through physical frame-up in the pore spaces and adsorption on the

surfaces of the growing particles. Adsorption is one of the primary strategies used in the co-

precipitation method. During this procedure, a solution containing additional ions, called
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®» O adsorbates, is mixed with the solid species, or adsorbent. In this case, the adsorbates are bound
to the solid's surface by physical or chemical interactions between one adsorbate and the
adsorbent. The coprecipitation method's primary benefits are its high yield, low cost, excellent

product purity, and ease of reproducibility.

In mentioned method, yttrium acetylacetonate [Y (acac)s. xH20] (Sigma Aldrich 99.0%,
1.0 mol%)], potassium fluoride [KF (Fisher Scientific, 4.0 mol%)] and the dopant europium
chloride hexahydrate [EuCls.6H20 (Sigma Aldrich 99.0%, 1 to 5 mol%)] were first dissolved
in 5ml of methanol independently. The Y solution was added drop wise to KF solution first and
after 5 minutes the combined solution was added with Eu solution drop wise. The final solution
was subjected to magnetic stirring for three hours at RT followed by four hours stirring at 65°C.
After completing the whole reaction, the solution could cool down to the room
temperature on its own. After that, the samples were centrifuged at 10,000 rpm after being
washed three times with methanol. The final precipitation was dried for 12 hours in a vacuum

oven at 50°C.

2.2. Characterization’s Techniques

Materials characterization techniques are methods used to analyze and measure the physical,
chemical, mechanical, and structural properties of materials. These techniques help researchers
and engineers understand material behavior, composition, and performance, which is essential

for material selection, quality control, and failure analysis.

2.2.1. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

TGA is a perfect characterization method for studying the thermal properties of any

material at high temperatures in a specific environment. Changes in the % weight loss of
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materials are interpreted in TGA procedures as a result of an increase in temperature. Thermal
stability, compositional changes, and kinetic parameters for the chemical reaction in materials
are all shown by the weight loss plot that was recorded. A thermobalance, a programable
temperature-controlled furnace, an inlet/outlet facility for various gas atmospheres, and a
computer for processing and storing the results make up the high precision TGA apparatus.
Initially, the crucible containing the sample was placed in the sample platform's groove and
heated to capture TGA data. In the second step, a sample's temperature is progressively
increased in a furnace while its weight is recorded on an analytical balance that is kept outside
the furnace, Lastly, if@volatile component is lost during a thermal event, the mass changes are

noted [71,72].

When compared to a known reference sample or empty crucible, DSC is the perfect tool

for thermal inquiry since it records the'heat flow into or out of & precursor material as a function
oflhigher temperature over a set period of time in a controlled gas atmosphere. Many material
properties, such as melting, Specific'heat capacity, oxidation nature, crystallization, thermal,
etc., are assessed for the crystallization process of any metals or compounds using the DSC
curve. DSC detected @ heat quantity at'a high femperature that, depending on the temperature

difference between the precursor and reference material, the precursor sample may absorb or

radiate [73].

In the current thesis, SETARAM LabsysEvo obtained simultaneous TGA-DSC data. as
shown in Figure 2.2. At a high, regulated temperature in an argon environment, weight changes

and heat flow in the precursor material were recorded simultaneously.
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Figure: 2.2 Picture of TGA instrument (Perkin Elmer TGA 4000).

The TGA-DSC curve's synchronized data recordings can increase production and make the
results easier to understand. Additionally, exothermic and endothermic actions—which do not

result in weight loss or loss during calcination—can be distinguished using the free data.

2.2.2. X-ray diffraction

One of the best instantaneous analytical and characterization methods is X-ray
diffraction (XRD), which is mostly used to determine if a material is crystalline or amorphous.
XRD can give information on any crystalline sample's atomic spacing, preferred orientation,
unit cell dimensions, thermal expansion and contraction, and crystal structures. When
monochromatic X-rays strike crystalline materials, Bragg's law creates constructive
interference and meets the diffraction laws, which is the basis for X-ray diffraction. When the
incident radiation wavelength is similar to the atomic spacing sample and experiences
constructive interference according to Bragg's law, a diffraction peak appears. The incident

radiations in the crystalline powder sample were dispersed from several lattice planes and
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separated by d. When each wave's travelled path length is equal to an integer multiple of its
wavelength, constructive diffraction patterns are found. This results in the state for constructive
interference from successive planes of the crystalline sample, which is defined by Bragg's law

[74].

nA = 2dsinf (2.1)

An integer is represented by n in this case, the wavelength of the incident radiation by 4, and
the angle between the incident ray and the scattering planes by 6. The ceramic's crystallite size
was assessed using XRD pattern data, including full width at half maximum (FWHM) at

diffraction angle [75].

CN2) p =X 2.2)

- Bcos6

here, B denotes FWHM at Bragg angle 6, K denotes shape factor, A represents the wavelength

of X-rays (CuKa= 1.54 A).

Figure:2.3 XRD instrument (Bruker 8D advance).
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The Bruker 8D advance system X-ray diffractometer provided the XRD patterns for the
produced glass and nanoparticles, as seen in Fig. 2.3. The diffractometer has CuKa (A~1.54 A)
The X-ray source needed an electric supply with a voltage of 40 kV and a current of 20 mA.
An X-ray tube, which can produce radiation with a certain wavelength depending on the
cathode metal, a sold slit, a rotating sample holder, and a moving X-ray detector are all parts of
an X-ray diffractometer. Powder materials or thin film were placed on the sample holder, which
IS In the direction of an incident X-ray source with a fixed wavelength, in order to record the
XRD data. At the same time, 6 and d fluctuate. The constructive interference developed at a
specific angle and was detected by the X-ray detector. Computer software handled and
connected all of these XRD components. Many crystalline structural factors, including unit cell
parameters, lattice constant, crystallite size, stress/strain present in the crystalline sample, etc.,

can be evaluated using the diffraction patterns.

2.2.3. Fourier-transform infrared spectroscopy (FT-IR)

FT-IR is one technique for obtaining an infrared radiation pattern of emission or
absorption by either organic or inorganic materials. Spectral data was gathered using an FT-IR
sensor across a wide electromagnetic range. The sum of the electronic, rotational, and
symmetric/asymmetric vibrational energy levels is the total internal energy. Active ions and
electromagnetic sources have been studied using this spectroscopic approach. Molecular
vibrations are primarily associated with electromagnetic waves in the infrared (IR) region. By
absorbing IR radiation, molecules are driven to higher vibration states. IR spectroscopy is
therefore an effective method for determining a sample's structure.

The basis for the FT-IR apparatus's operation is Michelson's interferometer technique.

[76]. The interferometer consists of two mirrors that span the beam splitter and are aligned
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perpendicular to each other. The result of the interfering of the reflecting beams from the two
mirrors is the output beam, which causes one mirror to move a certain distance whereas the
other stays stationary. The Fourier transform method Is used to acquire the material’s infrared
spectrum after the beam passes through the sample and creates an interferogram. How FT-IR
spectra were obtained from spectrum two FT-IR spectrometers (Perkin Elmer) is shown In the

Figure. 2.4.

Figure: 2.4 spectrum two FT-IR spectrometers (Perkin Elmer)

2.2.4. Raman

The most effective analytical technique for observing scattered light and figuring out a
material's vibrational energy behaviour is Raman spectroscopy. Both FI-IR and Raman
spectroscopy provide structural information due to the rotational and vibrational modes of the
chemical system. when the photon emitted from the laser source affects objects in the infrared
to near-UV wavelengths. The three situations listed below can be observed once photons and
matter interact. The first scenario is that the energy of the emitted and absorbed photons is the
same, which is known as Rayleigh scattering. A Stokes shift may have occurred in photons

emitted as vibrational energy, according to the second theory. The third is an anti-stokes line,
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which indicates that the released photons have been charged. The Raman spectra’s last two

choices are similarly spaced from the Rayleigh line [77].

Important information on the vibrational modes of the samples is provided by these
energy shifts. Since both Raman and FT-IR spectroscopy offer in-depth information on a
material's structural properties, they are complementary to one another. However, the main
difference between them is the kind of chemical change that these performances induce: a
Raman transition may occur when the polarizability of the molecule changes during a vibration
transition, implying a positional shift in the molecule's electron cloud, whereas an IR observable

transition requires a change in the dipole moment during vibration [76].

As shown in Figure, Raman spectra were captured in the current study utilizing Enspectr R-532

Raman spectroscopy 2.5.
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Figure:2.5 Enspectr R-532 Raman spectroscopy.
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2.2.5. Scanning Electron Microscope (SEM)

2] Examining the material morphology (particle sizes and shapes), surface imperfections,
metallographic details, and surface topology of micro or nanomaterials is best done with a
scanning electron microscope (SEM). Exploration of the elemental conformations in bulk or
nanomaterial samples is another use for this equipment. The SEM is a very useful electron
microscope that uses a high-energy beam of electrons that are ejected or scattered from the
specimen to raster scan images of the specimen samples. The only difference is that the
electrons are produced by field emission instead of thermionic emission. The generated
electrons interact with the specimen's atoms to produce secondary electrons or signals that
provide information on the sample's composition, surface shape, electrical conductivity, and

micro/nano size [78].

Figure:2.6 TM3000 Tabletop microscope.

The field emission gun in a SEM serves as a detector for backscattered electrons, a

cathode, an anode, scanning coils, a sample stage, and a secondary electron. Each of these
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configurations was managed by specialized software on a highly configured computer system.
Cold emission is the term for the release of electrons into a vacuum from a metallic conductor's
surface when a strong electric field is present. The reason for this is that an electron’'s wave
function does not vanish. The likelihood that the electron will be discovered outside the barrier

is therefore finite.

With a strong electrical field potential gradient, a stream of high-energy electrons was
produced by a field emission gun and accelerated in a vacuum. In order to create a finely
directed electron beam that strikes the target, electronic lenses deflect and concentrate the
original electron beam. As a result, in every region of the samples, secondary, backscattered,
radiation, and transmitted electrons are released. The surface structure of the item is related to
the secondary electrons' angle and velocity. Numerous different detectors capture X-rays,
secondary electrons, and backscattered electrons, producing an electronic signal. To create the
final image that can be viewed on a computer screen and stored for further examination, this
electronic signal is amplified multiple times. Using a TM3000 Tabletop microscope (as
illustrated in Fig. 2.6) and a mics F+ x-stream-2 Oxford equipment equipped with an electron
gun source at 15 kV accelerating voltage, the morphological and elemental mapping
experiments were carried out by recording SEM and EDAX. Spreading the synthesized

nanoparticle on a carbon-coated tape produced the powder sample.

2.2.6. UV-Visible Spectrometer

The UV-Vis Spectrophotometry is a quantitative tool that can quantify the amount of visible or

ultraviolet light that a liquid, solid, or thin-film material absorbs or transmits in relation to the

 X16) reference sample. The foundation of spectroscopy is the interaction of light and matter. A

spectrum is created as a result of the excitation and de-excitation that occur when matter
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transmits or absorbs light. The Beer-Lambert law states that a monochromatic light beam has
an effect on a sample solution that contains a fundamental and engrosses the radiation. Once
this is established, the absorbance of a sample solution is directly proportional to both the path
length and the concentration of the absorbing ingredient in the solution. The concentration of
the absorber in a solution can therefore be controlled using UV/Vis spectroscopy for a fixed
route length. When attention was paid to the absorbance variations from the reference solution

or samples [79].

Figure:2.7 UV-vis spectrophotometer (Jasco V770).

Using a PerkinElmer dual-beam spectrophotometer (model lambda 750), as shown in Figure
2.7, the UV-vis absorption spectroscopy was measured. The UV-visible spectrophotometer
may consist of a light source, monochromators, a reference or sample, a detector, an amplifier,
and recording equipment. With a range of UV to visible radiation, tungsten and deuterium
lamps are the most often utilized light sources. Typically, monochromators consist of prisms
and slits that can scatter the main light source and emit two monochromatic radiation beams
that are the same wavelength as the reference cell and the sample. We exposed the reference
solution and the sample solution to these two monochromatic radiation beams. Both the
reference sample cell and the sample cell can send beams to the two-photocell kind of detector.

Since photocells produce relatively weak signals, the amplifier can amplify them repeatedly
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and produce distinct, recordable signals. With the right software, computers may serve as

recording devices, saving all the data and displaying the spectrum that has been captured.

2.2.7. Photoluminescence Spectrofluorophotometer

Any light-sensitive substance, such as powder, liquid, glass, or thin-film samples, can
have its photoexcitation and emission measured using a contact-free, multifunctional, non-
destructive photoluminescence (PL) spectrofluorometer. A solid or liquid sample is typically
struck by a light beam, which absorbs it, excites it, and then releases the radiative emission—
preferably in the visible region—along with certain non-radiative relaxations after a
predetermined amount of time [80,81]. Physical phenomena known as photoluminescence (PL)
occur when materials are excited by different sources and emit light. Both spectrally and
temporally, this emitted light may be composed and examined. In semiconductor materials, the
radiative transition occurs between the valence and conduction bands, and the actual energy
difference is known as the bandgap. The energy of the light that is released is related to the
energy level difference between the two-electron states that are involved in the transition from

the excited state to the equilibrium state.

Figure:2.8 Spectrofluorometer, (Jasco, 8300FP)
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The majority of PL measurement setups understand a particular wavelength of light
produced by a Xenon lamp that is directed toward the sample using a monochromator. The
sample absorbed the specific radiation, which then became excited and released light. The
sample's light is captured by lenses, scattered by a second monochromator, and then picked up
by a photodetector. The convertor transforms the electrical signal produced by the
photodetector into a digital signal, which is then processed by computer software. The intensity

of the PL light that is emitted as a function of its wavelength is used to depict the spectrum.

The produced samples' PL excitation and emission spectra are being recorded using a
spectrofluorometer (Jasco, 8300FP), as shown in Figure 2.8. A 300 W Xenon excitation source
lamp and two monochromators at each excitation and emission side were included in the PL

configuration [82].

2.2.8. Time-Resolved Photoluminescence (TRPL)

The conventional spectrophotometer has been improved upon by TRPL. A rapid photodetector
records the emission of a sample as a function of time following excitation while a pulse light
source is employed for excitation. Energy transmission from one component to another in
mixed composites or samples, the identification of spectrum emissions with distinct emissive
states, and the recording of material quality are all possible applications for this technology.
Photoluminescent characteristics' inherent recorded lifetime can reveal information about the
dynamics of the species' excited states [83,84]. One of the best options for researching decay
time or lifetime—the term for the fast/slow electrical deactivation processes that produce
photon emission—is TRPL. This lifetime may be affected by interactions with other molecules

and the molecular environment. As a result, lifetime variations can reveal details about the local
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chemical environment or reveal patterns of reactions. Depending on the materials or flaws in

the samples, emission durations varied from picoseconds to milliseconds or seconds.

The pulsed light source (pulsed laser, LEDs, or flash lamp), a monochromator or optical filters,
a single-photon sensitive detector, and recording devices such computers with the right software

are the key elements of TRPL.

Figure:2.9 Edinberg FLS 1000 TRPL spectroscopy instrument.

One popular method for describing the TRPL decay curves is Time-Correlated Single Photon
Counting (TCSPC). As shown in Figure 2.9, the Edinberg FLS 1000 TRPL spectroscopic
instrument is used to record the decay times curves. The apparatus is equipped with a
photomultiplier tube detector and a delta diode laser pulse source. The least square fitting

approach was used to analyze all of the decay curves that were recorded [82].

2.2.9. Temperature Dependent Emission Studies

The term "temperature-dependent emission studies” describes research that looks at how a
material's or system's emission characteristics change with temperature. The underlying physical or
chemical processes taking place within the material or system can be better understood by researchers

by examining the temperature dependency of emission properties. Designing sensors, comprehending
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energy transfer mechanisms, maximizing device performance, and investigating basic light-matter

interaction phenomena all depend on this knowledge.

Figure: 2.10 Schematic representation of Temperature-dependent PL

spectrofluorophotometer.

The TDPL spectrofluorophotometer key parts are the monochromator, temperature-controlled
sample holder, photodetector, light source (Xenon lamp or laser), and computers running
specialized software, as shown in Fig 2.7. A light source that generates light in the 200-800 nm
range is a xenon lamp. The monochromator can choose the preferred wavelength of light to be
used for excitation after the emitted beam of light passes through it. The chosen wavelength is
incident through optical fibre onto the temperature-controlled sample holder. When a
luminescent sample is excited by a specific wavelength, it generates light that may be detected
by a photodetector after passing through another optical fibre. Ultimately, the discovered
spectrum was captured by a computer for subsequent analysis. In the present study, the Ocean
Optics FLAME-S-XR1-ES spectrofluorophotometer is used to record the TDPL characteristics

of the produced phosphors.
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Elevated temperatures can either enhance or reduce the emission intensity of luminous materials
under specific excitation wavelength sources in TDPL data. One of the key aspects of
phosphor’s suitability for a wide range of photonic applications is the impact of temperature on
the photoluminescence characteristics of phosphor materials. Phosphors are typically utilized
in lighting devices that need great thermal stability because the UV/blue LED chips produce
temperatures between 120 and 150 °C while they are working. Additionally, the phosphor's

thermal quenching properties can be employed as a temperature sensor.
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®»O In this research work, Dy** doped Alkali Zinc Alumino Borosilicate (AZABS) glasses
have been prepared via melt quenching technique. A series of AZABS glasses of varying
concentrations of dysprosium (Dy**) (0.1 mol% -2.5 mol%) was prepared. It was found that
under UV excitation, 0.5 mol% Dy*" doped glass exhibited maximum luminescence intensity.
Subsequent photoluminescence studies like emission/excitation spectra, temperature
dependent photoluminescence and decay kinetics were also performed. Dexter theory was
applied to study the energy transfer mechanism between the dopant ions in the glass matrix.
Positive and encouraging results from all the photoluminescence studies for Dy** doped
AZABS glasses confirm that these as-prepared glasses can be used as prospective materials

in optoelectronic device applications such as solid-state lighting (SSL) and w-LEDs.

3.1. Introduction

In the fields of photovoltaic devices, lasers, displays, photodynamic treatments, drug delivery,
and more, it is well known that materials doped with RE ions have attracted a great deal of
interest from researchers worldwide [85-93]. w-LEDs and SSL applications have been the
focus of the most extensive research on RE-doped materials. The energy needs of humanity
have surpassed our capacity to rejuvenate. Mother Earth is under extreme strain as a result,
which will have detrimental effects on our future generations and create numerous major
environmental risks. Therefore, in order to leave a cleaner and greener planet for future
generations, it is imperative that we develop such environmentally friendly technologies that
help lessen the ecological impact of human advancements. The SSL devices have shown the
way forward in this area. These devices have proven environmental friendliness and have
demonstrated that they can help reduce carbon emissions by around 28 million metric tons

annually [94]. Developments in SSL technologies have paved the way for research in w-LEDs
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that are far superior to conventional lighting sources like incandescent lamps and tube lights.
This is due to the fact that w-LEDs have high efficiency, longer life span and above all, consume

much less energy [95].

Now the conventional approach to construct a w-LED was to use an amalgamation of
YAG:Ce*" phosphor with a blue InGaN LED chip. But the major disadvantage of using this
approach is the lack of red component in the emission which leads to a low color rendering
index (CRI), low thermal quenching temperature and halo effect [90,91,96]. Another approach
is to fabricate the w-LEDs by mixing RGB phosphors that can be excited by UV LED. This
phosphor needs to be encapsulated in an epoxy region made up of a polymer material. The
luminescence efficiency of the phosphor depends on the thickness of this material and the
concentration of the phosphor. But it has been observed that this epoxy region deteriorates
under high temperature, high excitation and high energy sources [97]. To counter the
aforementioned disadvantages, RE doped glassy systems are being developed. This is due to
the fact that there is no epoxy region involved in the manufacturing process. Also, the sheer
fact that glasses have a low production cost, simpler manufacturing procedure, homogenous
light emission, higher susceptibility to heat and a homogenous light emission makes them more

efficient than phosphors for w-LEDs/SSL applications [91,98].

Boric Acid (B203) is known to be the most proficient glass former as it leads to the formation
of glasses with high thermal stability, high transparency, lower melting points and high RE ion
solubility[99]. But, the addition of B2Os in the glass matrix leads to high phonon energies of
the host lattice, resulting in more non radiative energy losses, thereby leading to loss of
luminescence efficiencies [94,100]. Therefore, metal oxides such as SiO2 are mixed with the

borate glasses to lower this high phonon energy of the lattice thereby leading to increase in its
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efficiency as a luminescent device [101,102]. Al2Os in the host matrix helps by acting as a good
network modifier and imparts excellent chemical and mechanical strength and also leads to
emission property enhancement of the glass [100,103]. Na2O helps in enhancing the glassy
nature characterization as it alters the functional group of boron, thereby changing its
coordination[104]. ZnO helps ion enhancing the optical and mechanical properties by
increasing the thermal stability, chemical durability and reducing the crystallization of the
glassy system [104,105]. All the above highlighted characteristic features of the constituent
chemicals such as H3sBOs, SiO2, Al203, ZnO and Na2COs motivated us to prepare a glass system
namely alkali zinc alumino borosilicate (AZABS) Glasses to understand its practical utility in

optoelectronic device applications.

RE doped glasses have found immense use in luminescence applications due to the fact that RE
ions have a 4f configuration, emitting in the visible/NIR region under UV excitation. This has
helped RE doped glasses find applications in various optoelectronic, laser, w-LED and SSL
applications. Furthermore, RE doped glasses have better thermal and chemical stability, high
doping capacity and low manufacturing cost which makes them superior to conventional
phosphors [103,106—108]. Dy** ions have a 4f° configuration and give visible emission between
f-f transitions. They are capable of acting as potential single phase white phosphors [106].
Under UV excitation, Dy** ions give out intense emissions in the blue and yellow region
corresponding to *Fer2 —®H1s2 and *Foz —°®Haas2 transitions respectively. White light emission
from such glassy materials doped with Dy** can be tuned by varying the yellow to blue intensity

ratio [106].

In this paper, Dy*" doped AZABS Glasses have been prepared. Various morphological and

photoluminescence studies have been carried out on the as prepared glass samples. Dexter
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Theory has been applied to study the energy transfer mechanisms between the dopant ions in
the glass matrix. The conclusive results from these studies assure us that Dy** doped AZABS

glasses can be utilized for optoelectronic device applications such as w-LED and SSL devices.
3.2. Experimental

Quick melt quenching technique was used to synthesis the Dy®* ions doped AZABS glasses

with the composition details as given below:
35B203-20S102-(15-x)Al203-15Zn0-15Na2C0Os3-xDy203
where (x =0.0, 0.1, 0.5, 1.0, 1.5, 2.0, 2.5 mol%).

Starting powders like H3sBOs (99.5%), SiO2 (99.9%), Al203 (99.9%), ZnO (99%), Na2COs3
(99.9%) and Dy203 (99.99%) were purchased from Sigma-Aldrich and in total, 8 grams of
sample was weighed in stoichiometric ratio. The synthesis process for the preparation of Dy®*

ions doped AZABS glasses were mention in chapter 2 in detailed.

3.3. Results and discussion

3.3.1. X-Ray diffraction studies

Fig.3.1. shows the x-ray diffraction spectra 0f an undoped AZABS glass. It can be easily seen
from the diagram that a single broad hump exists in the spectra around 27°. This broadness
actually confirms the amorphous nature of the host material signifying absence of any long-

range structural order in the glassy matrix.
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Figure: 3.1. XRD pattern of an undoped AZABS glass.
3.3.2. Absorption spectral analysis:

The absorption spectrum of 0.5 mol% Dy** doped AZABS glass has been provided in Fig.3.2.
The spectrum has been recorded in the UV-VIS and NIR region and shows the bands originating
from the ground ®His2 state. As is evident from the graph, lot many bands are present denoting
®» @ transitions from ®Haisz —"F112 + ®Harz, SForz + ®Hr2, F712 + ®Hspe, ®Fsia, ®Fare, *Farz, *lisi2, *Gi,
872 + “l13i2, ®Psi2 + *Magiz + * (P, D)arz, ®P7i2 and *Mazi2 + ®Pai2! These band values match with
the ones reported by Carnall et al.[109]. Also, it can be easily seen that bands corresponding to
transitions ®Haisiz —%Psi2 + *Mu1oi2+* (P, D)3z and ®Hisj2 — *Guur2 are very weak. This is due to the
fact that the host lattice of the glass possesses strong absorption in this region. On the contrary,
the transition from ®His;2 —'F112 + ®Hop2 is highly intense. This is an hypersensitive transition

obeying selection rules |S|=0, |L|<2, |J|<2 [94,110,111].
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Figure:3.2. Absorption of x mol% Dy3* ions (x = 0.1 to 2.5 mol%) doped AZABS glasses.
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Figure:3.3. Tauc Plot for Dy3* 0.5 mol% doped AZABS glass
(X 5) Optical bandgap of the Dy** 0.5 mol% doped AZABS glass was obtained via Tauc plot. The

"Tauc equation Is given as below [112]:
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ahv = C(hv-Eg)" (1)

where a is the coefficient of absorption and Eg is the energy band gap, hv is the photon energy,
C is energy independent constant and n denotes values specific to various transitions i.e. n=1/2,
2, 1/3 and 3 for direct allowed , indirect allowed, direct forbidden and indirect forbidden
transitions [113]. Fig.3.3. shows the Tauc Plot for Dy** 0.5 mol% doped AZABS glass. The

value of direct bandgap obtained from the plot is 2.85 eV.

3.3.3. Photoluminescence (PL) spectral studies:

Optimization of Dy** doped AZABS glass:

A series of Dy®* doped AZABS (Dy*"= 0.1 mol%, 0.5 mol%, 1 mol%, 1.5 mol%, 2.0 mol%
and 2.5 mol%) glasses was prepared to look for the optimum concentration of Dy®* in the glass
sample which gives the highest luminescence peak. The emission spectra of this series under
350 nm excitation is given in Fig.3.4. Two sharp bands are seen corresponding to ‘Forz —®Has/2
(482 nm) and "Fo2 —®H1s2 (575 nm) transitions, the intensity of which increases till 0.5 mol%
concentration of Dy** and then decreases i.e., concentration quenching occurs after 0.5 mol%.
This implies that beyond 0.5 mol%, most of the energy from the host lattice is lost non-
radioactively via collisions amongst the dopant ions. So, we have chosen 0.5 mol% Dy** doped
AZABS glasses for our photoluminescence studies purposes. The inset of Fig.3.4 shows the

intensity versus concentration graph for the as-prepared glasses.
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Figure: 3.4. PL emission spectra of varying Dy3* activator ions concentration (x = 0.1 to 2.5
mol%) doped AZABS glasses at Aex = 350 nm. The inset diagram shows intensity vs

concentration graph.

PL excitation & emission spectral analysis:

Fig. 3.5. shows the PL excitation spectra of 0.5 mol% Dy** doped AZABS glass under emission
wavelength of 575 nm. Six bands are seen in the spectra corresponding to transitions from
®His:2 = P32 (325 nm), ®P72 (350 nm), ®Ps2 + *M192 (365 nm), *F72 + “l132/ (385 M), “Gi12
(425 nm) and “l152 (453 nm) [114,115]. Amongst all the excitation transitions, the most
prominent one is ®His;2 — ®P72 corresponding to 350 nm wavelength. So, this wavelength was
chosen to record the emission spectra. The fact that the AZABS glass shows sharp excitation
bands from the nUV to blue region proves that these glass samples can be used for w-LEDs

applications under UV/nUV excitation.
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Figure:3. 5. shows the PL excitation spectra of 0.5 mol% Dy>" doped AZABS glass under

emission wavelength of 575 nm

The PL emission spectra is given in Fig.3.5. Under 350 nm excitation, three bands are seen in
D the spectra corresponding to transitions from the energy level *For to the levels PHisi2, ®Hize
and ®Hu2 attributed to the 482 nm, 575 nm and 665 nm wavelength respectively. The intensity
of *Far2 — ®Haas2 is the highest. This transition is an electric dipole in nature and the transition
from “Far2 — ®Hass2 is a magnetic dipole in nature following the selection rules S=0, L = 2 and
J =2.[94] The Yellow to Blue (Y/B) ratio between this electric dipole transition and magnetic
dipole transition for the Dy®* 0.1 to 2.5 mol% doped AZABS glass was calculated to be 1.61 to
1.75. The values of Y/B ratio for all he glasses is greater than unity which is the desired value
to obtain white light. Relatively strong yellow peak over blue such as low symmetry sites with

no inversion center around the Dy3* ions and high covalence activity between Dy** ions and
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Oxygen ligands. Therefore, the Y/B ratio for Dy** are used as effective tools to probe the

structural nature of the luminescent glass. [116]

The partial energy level diagram showing emission and excitation processes along with cross-

relaxation mechanisms is shown in Fig. 3.6. As is evident from the diagram after excitation

under 350 nm, the radiative transitions take place from *Fo.2 level giving rise to the observed

three bands. The self-quenching observed in Fig. 5.4. can be explained via resonant energy

transfer mechanism (RET) [117,118]. The possible non radiative, cross-relaxation channels

along with RET are given as [94,119]:

CR1: #Fa2 + ®Hisi2— ®Hsi2 + (PH7z, SFor2)

CR2: *Fo2 + ®Hisi2 — °Fan + (*Horz, SF1172)

Energy (cm-)

RET: *For2 — ®Hisi2
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Figure:3.6. Schematic energy level diagram for Dy3* doped AZABS glasses
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Dexter theory analysis:

To understand the mechanism of energy transfer, Dexter theory was applied to the emission

data of prepared doped glasses by using the equation[120]:

log (I/x) = K’ — Qlog (x)/3 (2

And K’ =log k — log B 3
Here K’ is an independent constant, I is intensity and x is mol% concentration of activator ion.
The value of Q determines the type of interaction is responsible for the energy transfer between
the neighbouring ions. For Q = 6, dipole - dipole interaction is responsible for energy transfer
and for Q = 8 and 10, dipole - quadrupole and quadrupole-quadrupole interaction is responsible
respectively. Fig.3.7. shows the plot between log(l/x) and log(x). The value of Q was calculated
by using the slope value of the given graph and it came out 5.37, which is close to 6. So, it can
be concluded that dipole-dipole interaction was responsible for the energy transfer due to which

concentration quenching took place.

= Logl/x
Linear fit of Loglx

Equation y=a+b*
Weight No Weigh
Residual 0.89003
Sum of
Pearson's r -0.9495
Adj. R-Squar  0.88186
Value Standard E
loglx Intercept =~ 3.078 0.16157
loglx Slope -1.790  0.26463

-1.0 . 0.0
Logx

Figure:3.7. Plot between log(x) vs log(l/x) for Dy** doped AZABS glasses
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3.3.4. PL Decay spectral analysis:

The PL decay profiles of the AZABS glass samples for 575 nm emission wavelength at 350 nm
excitation are given in Fig. 3.8. The PL decay profiles are used to calculate the lifetimes of *Fo/
level. It is evident from the figure that the decay curves show bi-exponential behaviour for all
the concentrations of Dy3*. The bi-exponential function signifies that ion-ion interactions are
present in the system along with energy transfer giving rise to two components of emission: a
slow component and a fast one. There exists a possibility of a different decay for the lanthanide
ion. These ions might be at the surface of the glass or within the core of the glassy matrix
[121,122]. The experimental lifetimes calculated for the as-prepared doped AZABS glass (x =
0.1 mol% to 2.5 mol%) are 7.87 ms, 6.84 ms, 6.72 ms, 5.57 ms, 5.38 ms and 5.03 ms
respectively as shown in Table 3.1. It is seen that the values of the lifetimes decrease with the
increase in the concentration of the Dy®* ions. This happens due to the loss of energy via energy
transfer between the Dy>* ions themselves. This is also known as quenching. The high lifetime
of these glasses indicates that they are well suited for lighting and other such display

applications.

Table. 3.1. CIE chromaticity coordinates (x, y), CCT and average decay time of Dy** ions
doped AZABS glass under 350 nm excitation.
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x = 0.1mol% (0.3759, 0.4098) 4314.72 7.87
x = 0.5 mol% (0.3776, 0.4117) 4282.46 6.84
x =1.0 mol% (0.3764, 0.4117) 4310.69 6.72
x = 1.5 mol% (0.3716, 0.4074) 4409.00 5.57
X = 2.0 mol% (0.3724, 0.4059) 4383.76 5.38
X = 2.5 mol% (0.3714, 0.4041) 4399.63 5.03

Aey=350nm —— Bi-exponential fit 0.1
—— Bi-exponential fit 0.5
—— Bi-exponential fit 1.0
— Bi-exponential fit 1.5
— Bi-exponential fit 2.0
T Bi-exponential fit 2.5

xem= 575 nm

Photon Counts

Time (ns)

Figure: 3.8. Luminescence decay curves of x mol% Dy** (x = 0.1 to 2.5 mol%) doped AZABS

glass recorded under 350 nm excitation wavelength.
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3.3.5. Colorimetry analysis:

The PL emission spectra of AZABS glass doped with 0.1 mol% to 2.5 mol% of Dy*" was
studied for its photoluminescence properties under 350 nm wavelength excitation. For the
recorded spectra, CIE color coordinates were calculated and have been shown in Table 5.1 and
Fig.3.9. It is evident from the CIE diagram that these coordinates fall in the white light region

of the diagram.

CIE Standard Observer
1931 xyz color matching functions

® (0.5mol% Dy3**

Figure:3.9. CIE diagram x mol% Dy?* activator ion concentration (x = 0.1 to 2.5 mol%) doped

AZABS glasses at Aex = 350 nm.

Correlated color temperature (CCT) can further be used to check the luminescence features of

the material. It is simply defined as the temperature of a Planckian black body whose color
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coordinates closely resemble the standard white light source. CCT expression as given by

McCamy is [123]:

CCT = -449n° + 352n? - 6823.2n + 5520.3 (4)

Here the value of n is given by [(X-Xe)/(y-Ye)] where xe=0.332 and ye=0.186. The CCT values
for the doped AZABS glass is given in Table 5.1. It is known that lamps with CCT < 3200 K
give warm white light, whereas lamps with CCT > 4000 K give cool white light. The as-
prepared glasses have CCT values greater than 4000 K [115]. This fact along with the CIE data
proves that Dy** doped AZABS glasses can indeed be used for w-LED and solid-state lighting

applications.

3.3.6. Temperature dependent PL studies:

In applications of solid-state lighting and w-LEDs, where operating temperature can increase
beyond 470 K, it is important to know the thermal stability of the material that is to be deployed
[124]. The temperature-dependent emission spectra of 0.5 mol% Dy** doped AZABS glass has
been shown in Fig.3.10. The Fig 3.11. shows the tendency of the *For2 — ®Ha32 transition to
lose intensity with increase in temperature. It is clear from the spectra that the luminescence
intensity decreases with the increase in temperature from 30°C till 200°C due to the thermal

quenching effect. Till 473 K, the intensity reduces to 75% of its value at 298 K.
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Figure:3.10. Temperature dependent emission intensity variation of 0.5 mol% Dy3* doped

AZABS glass under 350 nm excitation with rise in temperature from RT to 200°C
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Figure:3.11. Plot shows the PL intensity with rise in temperature range 298-473 K.

The thermal quenching effect in luminescence intensity is observed due to phonon interaction
in which the excited luminescence centre is thermally activated through a crossing point
between the ground and excited states [125]. The activation energy required for thermal

guenching can be calculated via Arrhenius Equation [126,127] :

1(T)= ﬁi‘(ﬁ)] )

KT

Where lo is the initial intensity, 1(T) is the intensity at given temperature T, AE is the activation
energy for thermal quenching and K is the Boltzmann constant (8.629 x 107 eV). This equation
was used to fit the temperature-dependent intensities and the corresponding graph is shown in
Fig. 3.12. The activation energy was found out to be 0.226 eV, which is higher than similar
reported materials [124-126]. This proves that Dy** doped AZABS glass shows excellent

thermal stability and is suitable for various lighting and w-LEDs applications.
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Figure:3.12. In[(lo/I7)-1] versus 1/ksT plot to calculate activation energy of 0.5 mol% Dy3*

doped AZABS glass.

3.4. Conclusions

Dy** doped AZABS glasses were prepared using the melt quench technique. Various
morphological and photoluminescence studies were conducted on the as-prepared glass
samples. Under 350 nm excitation, the glass samples show sharp bands related to transitions
from the energy level *Fg to the levels ®Hisp (482 nm), ®Hize (575 nm) and ®Hiwz (665nm).
Dexter theory analysis showed that the energy transfer between the dopant ions was of dipole-
dipole nature. Temperature-dependent photoluminescence studies show that these AZABS
glass samples have excellent thermal stabilities. Decay kinetics of the as-prepared glass samples

indicate high lifetimes. Such sharp luminescence intensities under UV excitation coupled with
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high lifetimes, superior thermal stabilities of luminescence intensities and positive results from
colorimetric calculations prove that Dy** doped AZABS glasses are suitable candidates for

applications in w-LEDs and solid-state lighting.
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Thermally Stable Sm3* doped AZABS Glasses for
Warm White Light Generation and w-LED
Applications
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Part of this work has been published in Luminescence 28 (2023), 428-436,

(Impact Factor = 3.2)
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synthesized via quick melt quench technique.

4“Gsfp— ®Hs/, SHz/2 and CHo/

DS

1. Introduction

Over the past ten years, research on trivalent rare earth (RE) doped materials, such as
phosphors, glasses, ceramics, etc., has advanced significantly. Because these materials have so
many uses in fields like drug delivery, telecommunications, solar cells, memory devices, white
light emitting diodes (w-LEDs), display devices, lasers, fiber amplifications, etc., researchers
all over the world have become increasingly interested in and fascinated by them [94,127-133].
It is a well-known fact that research is always application oriented and that application stems
out from a problem which needs a sustainable, affordable, efficient yet modern solution. The
biggest problem that is being faced today by mankind is excessive consumption of energy to
advance our quality of life. Due to this, we have been increasing our carbon footprint since

decades which is leading to immense pressure on the environment. Efforts are being drastically
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made to replace the conventional sources of energy with more ecologically friendly, less
polluting and more efficient materials that can actually help to conserve the environment by
reducing our carbon footprint. It is due to this aspiration that SSL has emerged as an active area

of research for sustainable materials [134-136].

SSL devices find many uses in varying areas of liquid crystal displays, cellular phone screen
illumination, traffic signals, w-LEDs, magneto-optical devices etc.[91,94,110,116]. w-LEDs
are one thrust area in the field of SSL technology and a right step in the direction of a cleaner
and greener environment. These w-LEDs are more advantageous than the usual sources of light
like the incandescent bulbs, tube lights etc. because of their high efficiency, low energy
consumption, compact size and long life span[95,137]. There are two ways to fabricate w-
LEDs. The first procedure utilizes a yellow solid phosphor YAG:Ce®" which is excited by a
blue LED chip of InGaN. The second procedure involves usage of a mix of RGB phosphors
excited by a UV light [97,138]. But both these methods have their drawbacks like low color
rendering index (CRI), high color correlated temperature (CCT=7750K) and low luminescence
efficiency [100,139]. Also, phosphor-based LEDs utilize a polymer-based epoxy block to
withhold the phosphor material. The thickness of this polymer material dictates the intensity of
luminescence from the LED. But this epoxy region is highly degradable as it is unstable under
conditions of high temperature, energy and excitation. Therefore, better alternate materials for
fabrication of w-LEDs are required. This is where RE doped glassy systems come into play. No
epoxy region is involved in glassy materials. Moreover, glasses have a low production cost,
simple manufacturing, homogenous light emission, higher transparency and less susceptibility

to heat [95,98,111,140].
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Phosphates, silicates, tellurites, borates and borosilicate’s as glassy hosts find applications in
various fields of photonics due to superior luminescence properties when doped with RE ions
[86,97,132,140-145]. Amongst these, borosilicate glasses hold special value as they are known
to have high thermal stability, low melting points, high transparency and higher doping capacity
of RE ions [146]. But it has been observed that, presence of B20s in the glass actually reduces
the intensity of radiative emissions. This is because addition of B20s increases the phonon
energies of the host lattice thereby increasing non-radiative losses [147]. Hence, certain metal
oxides like SiO2 are mixed in the glasses to help reduce the phonon energies thereby increasing
their luminescence efficiencies [116,131,148]. Al2Os is added to the lattice as a network
modifier. This results in an increase in the glass stability and luminescence along with higher
solubility of RE ions [110,132,149,150]. Addition of ZnO has a dual role (modifier and former)
for glass structures and is known to enhance the electrical, magnetic, mechanical and optical
properties. ZnO increases the thermal and chemical stability and decreases the possibility of
crystallization of glassy system [101,151]. Na2COs is added to alter the functional groups of
boron resulting in the change of their coordination. This helps in the glassy nature enhancement

of the lattice [104,148].

As is known, the luminescence properties of RE ions are dependent on 4f-4f transitions which
can be tuned specifically for one’s requirements by altering the chemical and physical
interactions of these ions [152]. Sm*" ions-based materials find usage in many modern-day
applications of display devices, SSL and lasers, therapeutic research, optical communications
etc.[139,147,153-156]. The Sm*" doped materials give out sharp reddish orange luminescence
due to three sharp transitions corresponding to *Gsiz —°Hs2, Gsi2 —°®H7i2 and *Gsiz —°®Horz
transitions. By varying the red to orange ratio, white emission from Sm** doped glassy materials

can be tuned for w-LED applications.
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In this paper, Sm®" doped Alkali Zinc Alumino Borosilicate (AZABS) glasses have been
prepared. Detailed luminescence studies on the glasses were conducted. The energy transfer
mechanism between the lanthanide ions was understood by applying the Dexter Theory. The
promising results from these studies show that Sm®* doped AZABS glasses can indeed be

utilised for w-LED and SSL applications.

4.2. Experimental:

Sm3* ions doped AZABS glasses were prepared via a quick melt quenching technique. The

composition details are:
35B203-20Si02-(15-x) Al203-15Zn0-15Na2C03-xSm203
where (x = 0.0, 0.10, 0.25, 0.50 0.75, 1.00, 1.25 mol%).

Precursors powders like B203 (99.5%), SiO2 (99.9%), Al203 (99.9%), ZnO (99%), Na2COs
(99.9%) and Sm203 (99.99%) were purchased from Sigma-Aldrich. A flowchart in Fig.2.1

depicts the aforementioned steps involved in the synthesis procedure in chapter 2.

4.3. Results and Discussion:

Before moving ahead with the discussion on photoluminescence studies, we also recorded the
x-ray diffraction data and thermal parameters of the un-doped AZABS glass. The XRD pattern
IS same as has been reported by us in our earlier work showing a single broad hump signifying
the amorphous nature of the prepared glass [148]. Thermal parameters have also been reported
by us in our previous work [157]. The numerical values of peak crystallization temperature (Tc),
melting temperature (Tm), glass transition temperature (Tg), onset crystallization temperature
(Tx) and Hurby’s thermal stability parameter (KH) were observed to be same as reported by us
earlier. This corroborates the thermal stability of our glass system which can be helpful in

various applications.
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4.3.1. Absorption spectral analysis:

Fig. 4.1. shows the absorption spectra of all the as prepared doped glasses at room temperature.
Various f-f- transitions from ground state ®Hsy. to different excited states are visible. Different
bands at wavelengths 402, 476, 950, 1083, 1233, 1376, 1475, 1532 and 1601 nm corresponding
to transitions from ®Hs2 — ®Pap., *lu1e , ®Fui, ®For, SF72 , ®Fsr2 , ®Fap, ®Hisz and ®Fip
respectively were seen. This can be corroborated by the findings of Carnal et al. [158]. Both
electric dipole induced and magnetic dipole induced transitions are observed. The electric
dipole induced transitions follow selection rule AJ<6 whereas the magnetic dipole induced ones
follow the rule AJ=0, +1 [100]. The visible absorption bands appear weak in their intensity as
they are spin forbidden or there might be an overlap of different 25*1L; levels in that region
[159]. The bands in the NIR region are sharp with more intensity. This can be attributed to the
shielding of 4f electrons due to 5s and 5p electrons These bands are spin allowed [AS=0] from
the ®Hs2 to the ®H and °F states and are assigned as ®Hs;. — ®F; where J is 1/2, 3/2 5/2, 7/2, 9/2
and 11/2. A charge transfer band (CTB) also exists in the region between 200-300 nm as is

evident in the figure.
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Figure: 4.1 Absorption spectra of x mol% Sm** ions (x = 0.10, 0.25, 0.50, 0.75, 1.00 and 1.25

mol%) doped AZABS glasses in UV-VIS-NIR region.

A Tauc plot for Sm®* 0.25 mol% doped AZABS glass is shown in Fig.3. It was used to calculate

the optical bandgap of the as mentioned glass. The Tauc equation is given as [148]:
ahv = C(hv-Eg)" 1)

where a is the coefficient of absorption and Egq is the energy band gap, hv is the photon energy,
C is energy independent constant and n denotes values specific to various transitions i.e., n=1/2,
2, 1/3 and 3 for direct allowed, indirect allowed, direct forbidden and indirect forbidden

transitions respectively [90]. The value of direct bandgap as obtained from the Tauc Plot is 2.88

eV as shown in Fig. 4.2.

73

z'l—.l turnitinﬁ Page 105 of 185 - Integrity Submission Submission ID trn:oid:::27535:96207970



Z'I-.I turnitin | Page 106 of 185 - Integrity Submission Submission ID trn:oid::27535:96207970

CHAPTER 4

| .25 mol%

Eg =2.88 eV

3.0 35 4.0 4.5 5.0
hv (eV)

Figure: 4.2 Tauc Plot for Sm®* 0.25 mol% doped AZABS glass to calculate direct band gap

4.3.2. Photoluminescence spectral analysis:

Optimization of Sm®*" doped AZABS Glasses

In order to determine the optimum concentration of Sm** in AZABs glass that would give the
maximum luminescence under excitation, a series of Sm** doped AZABS glasses (0.1mol%,
0.25 mol%, 0.5 mol%, 0.75 mol%, 1.0 mol% and 1.25 mol%) was prepared. The
photoluminescence emission spectra under 402 nm excitation of the as prepared glasses are
shown in Fig. 4.3. The inset shows luminescence intensity vs concentration graph for the
glasses. Three sharp bands are present in the spectra at wavelengths 563, 599 and 645 nm
corresponding to *Gs;2 — SHsy2, ®Hzi2 and ®Hoy2 transitions respectively. The intensity of these
bands increases till 0.25 mol% and after that concentration quenching occurs for higher Sm**
doping in the glass. Concentration quenching occurs when there is a non-radiative energy

transfer between the activator ions via cross relaxation processes. Increasing the concentration
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of activator ions in the lattice decreases the critical distance between them thereby resulting in
non-radiative energy transfer. Therefore, we chose 0.25 mol% Sm** doped AZABS glass for

our photoluminescence analysis purposes.

0.10 mol% Sm™~
0.25mol% Sm™
0.50 mol% Sm™
0.75mol% Sm™
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Figure:4.3 Optimization of Sm®* doped AZABS glasses under Aex = 402 nm.

PL excitation & emission spectral analysis:

Fig. 4.4. shows the excitation spectrum of Sm®* 0.25 mol% doped AZABS glass under 599 nm
emission wavelength. Eight bands can be seen in the spectra at wavelengths 315, 344,360, 374,
402, 416, 422 and 475 nm corresponding to transitions from ®Hs;, — *P12 , *Har , “Darz , *L1si2
“Fr2, OPsi2 , *Garz , #1112 + 41132 respectively [147]. The band corresponding to ®Hs;, — *Frz is
most intense corresponding to 402 nm wavelength. So, this was chosen to be our excitation

wavelength in order to record the emission spectra of the sample.
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Figure:4.4 PL excitation and emission spectra of x mol% Sm** ions (x = 0.10, 0.25, 0.50, 0.75,

1.00 and 1.25 mol%) doped AZABS glasses at Aex = 402 nm.

Emission spectrum of Sm®" 0.25 mol% doped AZABS glass at 402 nm excitation is also shown
in Fig. 4.5. Three sharp bands at wavelengths 563, 599 and 645 nm corresponding to transitions
4Gsi2 — ®Hsiz, ®H72 and ®Hor2 respectively can be seen in the spectra [131]. The transitions
®Hs2 — %For2 and ®Hs2 — °F712 as seen in the absorption spectra are hypersensitive in nature.
The transition *Gs2 — ®Hg is also a hypersensitive transition. Detailed analysis of the
absorption and emission spectra of as prepared glass shows that the transition ®Hs, — ®F72 is a
threefold triplet. This can be due to the fact that ®Hs;2 might be degenerate in the crystal field
due to Sm*" ions getting self-adjusted in the glass network thereby resulting in splitting of the

transition [159]. The transition *Gsz2 — SHzz in the emission spectra is both electric and
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magnetic dipole allowed with selection rule AJ= +1 whereas the transition “Gsz — ®Haor is

purely electric dipole allowed [131].

Asymmetry ratio is defined as the intensity ratio of electric dipole and magnetic dipole
transitions. This red to orange ratio (*Gsiz — ®Hor2 / *Gsz — ®Hy7p2) is used to determine the
degree of asymmetry near the local environment of the lanthanide. The R-O ratios for all the as
prepared Sm** doped AZABS glasses were found to be 0.3972, 0.3949, 0.3958, 0.4029, 0.4039
and 0.4059 for 0.1 mol%, 0.25 mol%, 0.5 mol%,0.75 mol%,1.0 mol% and 1.25 mol% Sm3"
doped glasses respectively. High asymmetry ratio for 1.25 mol% Sm** doped AZABS glass
shows more local disorder as compared to other glasses. Since the ratios are less than unity, it

shows that Sm®* ions occupy an inverse symmetry site in the glass lattice [159].

The energy transfer mechanism during excitation, emission and cross-relaxation is depicted as
a partial energy level diagram in Fig. 4.5 As is evident, all the energy levels above the *Gsp2
level are closely spaced. The Sm*" ions are excited to levels above the *Gsq state but
immediately undergo a non-radiative relaxation to the *Gs; state. Multiphoton relaxation
process is prevented due to presence of a large gap between “Gsi2 and 6F11/2 levels. A summary

of possible cross relaxation channels for Sm** doped AZABS glass is given below:
CR1: “Gsy2, ®Hsi2 — ®F1112, ®Fsp2
CR2: *Gsy2, *Hsi2 — SFor2, SF712
CR3: “Gsy2, ®Hsi2 — ®Fsp2, SF112

CR4: Gsr2, ®Hsi2 — SF712, SFar
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Figure:4.5 Schematic energy level diagram for Sm** doped AZABS glasses with excitation,

emission and cross- relaxation channels.

Cross relaxation occurs when the emission and absorption transitions match well with each
other. CR3, in this case, is the major energy transfer channel because “Gs;> — SFs/2 emission

band has almost same energy as the ®Hs;2 — ®F11/2 absorption band [100].

The energy transfer mechanism resulting in concentration quenching is due to cross relaxation
(CR) process between the Sm3* ions. These CR processes occur between levels having a small
energy difference. A Sm3* in the excited state *Gsy. transfers energy to a Sm** ion in ground
state ®Hs/. This results in the first ion settling in the intermediate ®Fs2 state whereas the second
ions get excited to the upper ®F11/ state. This is CR1 process and it happens in resonance with
the luminescent transition from *Gs2 — ®Hs2. So, these CR processes ultimately lead to non-
radiative losses along with the luminescent transitions thereby resulting in the decrease of

emission intensities with increasing concentration of Sm*" ions[160].
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Dexter’s Theory Analysis:

Dexter analysis was conducted to study the mechanism of energy transfer in the glass matrix

using the emission spectra data. The equation followed is given by:

where K’ is given by

K’ =logk —log B

log (I’x) = K’ — [Qlog (X)]/3

(2)

©)

Here, K’ is some constant, | represent the intensity of luminescence. Also, x is molar

concentration of the activator ion in host matrix. Q represents the nature of interaction between

neighboring ions for energy transfer. Dipole-dipole interactions, dipole-quadrupole interactions

and quadrupole-quadrupole interactions are given by Q=6, 8 and 10 respectively. Fig.6.6. shows

the Dexter plot between log (I/x) and log (x). The value of Q was calculated from the slope

which came out to be 4.11. This value is near to 6 implying a dipole-dipole interaction between

the lanthanide ions and subsequent quenching that was observed during the emission process

[161].
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Figure:4.6 Relationship between log (x) vs log (I/x) for Sm** doped AZABS glasses
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4.3.3. Temperature dependent PL studies:
Since we wish to propose the Sm®* doped AZABS glasses for SSL/w-LEDs applications, it is

imperative to determine the thermal stability of the glasses. This is due to the fact that operating
temperatures of such optoelectronic devices can go beyond 470K which is high enough to cause

operational defects [124]. Fig. 4.7 shows the temperature dependent PL spectra of Sm®" 0.25

mol% doped AZABS glass.
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Figure:4.7 Temperature dependent photoluminescence of 0.25 mol% Sm3* doped AZABS

glass 402 nm excitation wavelength.

The effect of increment of temperature on the intensity of “Gs2 — SF7 transition can be seen
in the Fig.4.7. There is a continuous decrease of intensity from 30°C till 200°C due to thermal

quenching. The intensity decreases to nearly 20% of its value at 200°C.

The thermal quenching effect observed in the luminescence intensity can be explained via

phonon interactions whereby an excited luminescence center gets thermally activated through
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a crossing point between ground and excited states [126]. The activation energy required for

thermal quenching can be determined using Arrhenius equation given by [148]:

_ Io
! (T)_ 1+cexp[—(%)] (4)

Here, lo is the initial intensity, I1(T) is the intensity at given temperature T, AE is the activation
energy for thermal quenching and K is the Boltzmann constant (8.629 x 10° eV). A graph was
plotted showing variation of intensity of “Gs;2 — °F7,2 with temperature using the Arrehnius
equation and is shown in Fig. 4.8. The activation energy comes out to be 0.19 eV. As compared
to other reported materials, this value is high and leads to the conclusion that AZABS glasses

can indeed show good thermal stability if deployed for SSL/w-LED applications[125,126]

® Experimental Data
Linear Fit Data

(@

Normalised Intensity (%)

L) L]
T T T T T 5 100 150

24 26 28 30 32 34
VK, T(eV?

Temperature (K)

Figure:4.8 (a)Variation of In [(lo/I7)-1] versus 1/keT plot to calculate activation energy of
0.25 mol% Sm3* doped AZABS glass. (b) Plot shows the normalized PL intensity with

rise in temperature range 303-473 K.
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4.3.4. Decay kinetics
Fig. 4.9. shows the decay curves of the as prepared Sm*" ions doped AZABS glass under 402

nm excitation for 599 nm emission wavelength. The decay curves show a bi-exponential
behaviour given by equation[162]:

| = lo[A1 exp (-t/t1) + Az exp (-t/12)]
This presence of a bi-exponential behaviour indicates ion-ion interactions alongside energy

transfer.

n

« 0.1 mol% Sm3* « 0.25mol% Sm3* « 0.5mol% Sm3*
—— Bi-exp. fit —— Bi-exp. fit —— Bi-exp. fit

e

Normalized log intensity (arb. units)

T T T T
3 4 5 6 7 8

e

« 0.75 mol% Sm3* 1.0 mol% Sm3+ « 1.25 mol% Sm3*
— Bi-exp. fit —— Bi-exp. fit |—— Bi-exp. fit

3 4 5 6 71 8 12 3 4 85 6 7 1 2 3 4 5 6
Time (ms) Time (ms) Time (ms)

Normalized log intensity (arb. units)

Figure:4.9 Photoluminescence decay curves of x mol% Sm3* (x = 0.10, 0.25, 0.50, 0.75, 1.00

and 1.25 mol%) doped AZABS glass recorded under 402 nm excitation wavelength

These interactions produce a slow and a fast component of emission. The ions might be at the

surface or at the core of the glass lattice [121]. The avg. value of lifetime was calculated by
using the relation-

1= (A11i2+ A2 122) / (A1t1 + A2 T2)
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The lifetimes calculated for the Sm®" doped AZABS glasses (x=0.1 mol% to 1.25 mol%) are
1.93 ms, 1.74 ms, 1.28 ms, 1.05 ms, 0.83 ms and 0.75 ms respectively. A continuous decrease
in the lifetimes of the as prepared glass samples can be seen with increase in Sm3* concentration.
This can be attributed to loss of energy between the Sm3* ions themselves. Since these glasses

have high lifetimes, these can be utilised for lighting and display applications [148]

4.3.5. Colorimetry analysis:

CIE color coordinates were calculated from the emission spectra data of all the Sm** doped
AZABS glasses under 402 nm excitation and have been shown in Fig. 4.10 and in Table 4.1.
The coordinates fall in the reddish-orange region as can be seen from the diagram. Correlated
color temperature (CCT) of any material is defined as temperature of any Planckian body whose

color coordinates closely resemble the white light source.

CIE Standard Observer
1931 xyz color matching functions

01 mol% Sm’~
# 025mol%Sm”

05 mol% Sm”

0.75 mol% Sm’~

1.0 mol% Sm”
125 mol% Sm’”

Rogen W. Plank
oo e B K ot

Figure:4.10 CIE diagram with CIE coordinates of all Sm®* ions doped AZABS glasses under

402 nm excitation wavelength.
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The formula for CCT as postulated by McCamy is[163]:
CCT = -449n + 352n2 — 6823.2n + 5520.3 (5)

where the value of n is given by [(X-Xe)/(y-Ye)] where Xe = 0.332 and ye = 0.186. Table 1 shows
the CCT values of all the doped Sm®" AZABS glasses. For temperatures below 3200K, lamps
give warm white light. As is evident from the values, the glasses have CCT values less than

3200K. So these glasses can be used for warm white light generation applications.

Table 4.1 CIE chromaticity coordinates (X, y), CCT and average decay time of Sm3* ions
doped AZABS glass under 402 nm excitation.

AZABS: x mol% CIE (x,y) CCT (K) tavg (Ms)
(x is Sm3*ion at Aex = 402 nm at Aex = 402 nm
concentration)
x=0.10 (0.5932, 0.4051) 1722.54 1.93
x=0.25 (0.5967, 0.4024) 1720.04 1.74
x =0.50 (0.5963, 0.4026) 1720.12 1.28
x=0.75 (0.5967, 0.4025) 1720.05 1.05
x =1.00 (0.5966, 0.4025) 1720.06 0.83
x =1.25 (0.5951, 0.4037) 1720.72 0.75

4.4. Conclusions:

In this research work, Sm*" doped AZABS glasses have been prepared via quick melt quench
technique. To understand the optical and physical characteristics of the as prepared glasses,
various characterisations were undertaken. 0.25 mol% Sm3* doped glass showed the highest
luminescence intensity under 402 nm excitation and was subsequently chosen for all the optical
studies. In the absorption analysis, ®Hs2 — ®Pas2, 11172, ®F11/2, ®Forz, SF72 , 8Fs12 , 8Fai2, ®Husi2 and
®F1/2 bands were seen. This data was then utilised to calculate the direct optical band gap of the
0.25 mol% Sm** doped AZABS glass. The glass shows sharp excitation and emission bands.
In the emission spectrum under 402 nm excitation, three bands corresponding to 4Gsr2
— ®Hsp2, 4Gsj2 — SH72 and “Gs2 — ®Horz transitions can be seen. Dexter’s analysis of the glass

shows that lanthanide interactions are dipole-dipole in nature. These glasses have high thermal
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stabilities as could be seen from the high value of activation energy obtained from temperature
dependent PL data. On the basis of these results along with the fact that these glasses have high

lifetimes for the 599 nm emission, we propose to utilise the Sm®" doped AZABS glasses for

SSL and w-LEDs applications.
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= @ In this paper we report the synthesis of thermally stable borosilicate glasses doped with
europium ions having chemical composition 35B203.20Si02.(15x)Al203.15Zn0.15Na2CO:s.
XEu203 (x = 0.5 to 2.5 mol%) using melt quench process. A broad hump without any sharp
peaks observed in the XRD spectrum recorded for an undoped glass confirm its glassy nature.
The DSC & TGA has been conducted on an undoped glass to understand thermal stability and
(1] aggregate weight loss. The absorption spectral features recorded for the as prepared glasses
are used to estimate optical band gap. Under 393 nm sharp excitation, all the glass samples

are showing red emission corresponds to °Do — ’F2 transition (612 nm) and whose intensity

continuously increasing with Eu®* ion concentration up to 2.5 mol%. The red to orange color
ratio (R/O) estimated from the recorded PL spectral features varies from 3.62 to 3.92 within
the variation limits of Eu®*ions from 0.5 to 2.5 mol% indicates relatively low symmetry around
Eu* ions in the as prepared glasses. Relatively higher R/O ratio also reveals that the nature of
bonding between Eu** ions and the surrounding ligands as covalent. Activation energy (0.175
eV) and percentage loss (82%) in PL intensity estimated for 2.5 mol% of Eu3* ions through
temperature dependent PL (TDPL) studies reveal the superiority in thermal stability of the as
prepared glasses. The PL, TDPL, PL decay studies conducted along with CIE coordinates
estimated allows us to contemplate that, the as prepared glasses are quite useful in fabricating

thermally stable visible red photonic devices.

5.1. Introduction

The quick growth of technologies like solid-state lighting and other display technologies has
led to enormous advancements in the study of luminous materials doped with rare earth (RE)
and transition metal (TM) ions [1-6,7]. Glassy materials doped with RE ions are also used in
lasers, optoelectronic devices, and civil military applications such nuclear imaging and
detection, infrared detectors, and infrared fairings [8-14]. Photo luminescent glass applies these
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distinctive properties to photonics, lighting, and photovoltaics by applying down-conversion
light from UV to visible or near-infrared (NIR) light and it is suitable for display devices, smart
windows, lasers and optical fibers & w-LEDs, among many other applications [7,15,16]. RE
doped glasses useful for optoelectronics devices have been fabricated and characterized by
many researchers because of their high transparency, low production cost, easy in shaping and
relatively high thermal stability [7,17-22]. Quite recently, a good amount of research has been
done in fabrication and characterization of RE ions doped glasses as best alternatives for epoxy
resin free phosphors in the field of solid-state lighting. Also, RE doped glasses have special
feature such as high doping capacity, broad homogeneous bandwidth and good thermal stability
when compared with phosphor materials [23]. Apart from this, glasses are getting great
attention for its wide applications such as optical devices, optical fiber amplifiers, visible and
infrared solid-state lightening devices, digital plasma displays, photovoltaic cell bio-imaging
and bio-sensors [23,24]. A glassy material with novel characteristic features such as relatively
low phonon energies, high chemical & thermal stability, good RE ion solubility and high
transparency suits the aforementioned applications [85]. The band widths of emission
transitions and thereby the luminescence efficacy of a doped RE ion in a host matrix depends
on the inherent structure of the host and ligand field environment also. Therefore, it is very
much important to choose an apt host with relatively less phonon energies for the purpose of
obtaining maximum possible luminescent efficiency [88,89]. It is evident from the literature
that, B20s3 is one of the best glass formers with its remarkable good features such as good
thermal stability, low melting point and high solubility of RE ions [14]. Apart from having the
aforementioned good features, pure borate host has got self-restraint because of its relatively
high phonon energies (1300 cm™) [25-26]. It is well known that, a host glass with relatively

high phonon energy is not suitable for luminescence applications as most of the input excitation
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energy gets wasted inside the host because of its high phonon energy [26]. This results in
possessing relatively less quantum efficiency which is detrimental for a host matrix to act as a
good luminescent material. Normally, metal oxides such as SiO2 or Al2Os are mixed with borate
glass to lower its redundant high phonon energies and to convert it into a good luminescent
material best suited for various optoelectronic device applications [26]. Structure of a glass
depends on two factors i.e., network former and network modifier. A glass former also known
as network formers consists of oxide such as SiOz, and B20s3, which are indispensable in the
formation of the glass [27]. Network modifiers added to a network glass former modifies the
internal structure of the host and creates a holistic environment around the doped RE ions and
facilitates them to possess relatively good luminescence efficiency [28]. Borosilicate glasses
can be effectively used for luminescent applications by doping them with RE ions for
applications in diversified fields ranging from pharmaceutical industry to nuclear waste
immobilization in addition to their regular usage in photonic devices [27, 29]. Controlled heat
treatment of these glasses helps in curating various properties such as chemical and physical
stability and crystal nucleation strength. The presence of BOs triangles in a borosilicate glass
and their amalgamation with SiOz play an important role in the formation of silicate groups.
Addition of Na20 as a flux to a borosilicate glass can reduce the dispensation temperature and
helps in changing the properties of the glass [29,30]. Aluminum oxide (Al20s3) is added to a
borosilicate glass to increase the physical properties and chemical stability of the host glass
[30].The AlOa4 structural units present in Al203 crosslinks with borate and silicate chains present
in a borosilicate host glass and builds the glass more resistive to the attacks of alkali
metals[19,31,32].Addition of zinc oxide (ZnO) to a borosilicate glass can increases its glass
forming composition range along with other noble features such as low glass transition

temperature and high chemical stability. Apart from this, the glasses with ZnO are non-toxic,
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non-hygroscopic and are used vigorously for the development of optoelectronic devices [19-
21,25]. Among the lanthanides (Ln**) ions, europium (Eu®*) ions gained much attention due to
its unique optical properties such as high brightness and high chemical stability. And among all
the RE ions, Eu®* ion is well-known spectroscopic agent for intense red color through down-
conversion process in wide variety of materials such as glasses, phosphorus, nanophosphors
and organic-inorganic hybrid materials [33]. Europium is the best choice for visible red
emission in a host glass, as it possesses simple energy level scheme and site selective nature of
intensities between ’F; and °Do energy levels. Especially this property of europium doped in a
host matrix finds many diversified usages for it in the field of photonics [19,34]. In the backdrop
of aforementioned various scientific patronages offered by the chemical species such as HsBOs,
SiO2, Al203, ZnO and Na2COs in the present work we have fabricated a good glassy system
(using melt quench method) by name alkali zinc alumino borosilicate (AZABS) glass doped
with different concentration of europium ions and characterized them spectroscopically to have
an insight into their suitability for w-LEDs (as a red component) and other related SSL device

applications.

5.2. Experimental
Quick melt quenching technique was used to synthesis the Eu®" ions doped AZABS

glasses with the composition details as given below:

35B203-20Si02-(15-x)Al203-15Zn0-15Na2.CO3-xEu203 (x = 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 mol%).
Starting powders like H3sBOs (99.5%), SiO2 (99.9%), Al203 (99.9%), ZnO (99%), Na2COs3
(99.9%) and Eu203 (99.99%) were purchased from sigma -aldrich and in total 8 grams of
sample weighed in stoichiometric ratio. The detailed synthesis process was discussed in chapter

2.
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5.3. Result and Discussion

5.3.1. X-ray Diffraction analysis:

Fig. 5.1 shows the undoped XRD of AZABS glass in the spectral range of 10° <6 < 80°. The
broadened peaks around 26.7, 41.8 and 62.5 degrees indicate the amorphous nature of the as

prepared glass. The broadness of XRD pattern confirms the absence of any long-range structural

order in the as-obtained glass.
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Figure: 5.1 XRD pattern of an undoped AZABS glass.

5.3.2. Thermal Analysis

DSC of an undoped AZABS glass sample has been recorded in the temperature range from 40
to 1390°C with a heating rate of 10°C/min, and is shown in Fig. 5.2(a). The value of peak
crystallization temperature (Tc), melting temperature (Tm), glass transition temperature (Tg),
and onset crystallization temperature (Tx) are found to be 540°C, 805°C, 859°C, and 1245°C

respectively. The thermal stability of a glass can be calculated by using the following relation

[35-38]:

AT = Tx—Tg
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The higher value of AT favors the glass formation via restricting the crystallization process and
therefore higher value of AT also indicates relatively better thermal stability of the glass [36].
In the present work, the values of AT was found to be 265°C which is relatively higher than the
corresponding values of lead alumino borate (27°C) [37], lead zinc phosphate (120°C) [38],
and Zinc Fluoro-borate tellurite (153°C) glasses [36]. In literature, it is reported that glass with
AT value greater than 100°C is said to be thermally more stable and, therefore and are aptly

suitable for fabrication of optoelectronic devices.
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Figure:5.2 (a) DSC and (b) TGA of an undoped AZABS glass.
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Figure:5.2 (b) TGA of an undoped AZABS glass.

Hurby’s parameter is another critical parameter that determines the thermal stability of the

glass. The Hurby’s parameter can be calculated by using the following equation [38]:
KH = (Tx - Tg)/(Tm - TX)

Where Kn is Hurby’s parameter of the glass. Relatively higher the value of Hurby’s parameter
(>0.1), the better will be the thermal stability of the glass [37]. In the present work, the value of
the Kn evaluated for an undoped AZABS glass was found to be 0.602, which confirms that the
as prepared glass is thermally more stable. Saad et al. in their work, defined the thermal stability

of a glass using the following equations [39],

S= (Tc — T)(Tx — Ty) /Ty

In the above equation, the term (Tc - Tx) carries the information about crystallization rate.
Relatively low value of (Tc - Tx) indicates the higher the rate of crystallization. The calculated

value of S for the present undoped glass is 26.5. Based upon the results obtained from the AT,
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K, and S it is conspicuous that the undoped AZABS glass sample has good thermally stability

and is suitable for light-emitting applications [38].

The TGA curve of the undoped AZABS glass sample is shown in Fig. 5.2(b); the aggregate
weight loss is observed in the temperature range from 40 to 1390°C is 16.80%. The weight loss
of an undoped sample with temperature occurs in three stages [40]. The first stage is noticed at
40 to 192°C due to evaporation of the absorbed water from the sample's surface. The second
stage of weight loss occurs from 192 to 580°C due to the loss of the chemisorbed water,
solvents, and organic groups available within the sample. The third stage, which is between 580
to 1390°C, is due to presence of combustibles in the sample [36,40]. The total loss in the sample
is 16.80%, and the remaining mass is 83.2%. Hence, it is clear from Fig. 4.2 (b) that the as

prepared glass sample is thermally more stable with less loss in mass at high temperatures.

5.3.3. Raman Spectroscopy analysis:

X15) The Raman Spectrum is very significant tool for identifying the presence of different functional

groups involved in a glassy matrix. Raman spectra of undoped glass have been recorded in the
spectral range of 400 — 2000 cm™ as shown in Fig. 5.3. The peak positions and corresponding
assignment to Raman vibrational modes pertaining as prepared undoped glass series are listed
in Table 5.1. The spectrum represents one dominant band corresponding to 789 cm™, is
characteristic of Si-O-Si vibration, ZnO4 tetrahedra and symmetric breathing vibrations of six-
member rings with one or two BOs triangle replaced by BO4 tetrahedral [15,41,42]. The band

at 900 cm* indicates the presence of pyroborate groups [42].
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Figure: 5.3 Raman spectrum for undoped AZABS glass at room temperature.

The peak observed at 1006 cm™ indicate the availability of the vibration of S-O, B-O-B, B-O-
Si and Si-O-Si bending. The rocking or bending vibration as well as di-borate groups is also
found in glass network at 480 cm™ [42]. The peak observed at 1086 cm™ ascribed to di borate
group while 1206 cm™ to pyro-borate group [15]. Raman Spectra studies on SiO2-Na20 have
shown a band at 1086, 1206 and 1312 cm™ also attributed to the Si-O stretching vibrational

mode of the SiO4 tetrahedra [43].
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Table 5.1 Assignment of Raman peaks for an undoped AZABS glass.

Wavenumber Raman assignments Reference
(cm™)
480 Bending or rocking vibrations of the B-O-Si linkages, B-O-B, 42

B-O-Si and Si-O-Si as well as isolated diborate groups

789 Boroxol rings, ZnOs tetrahedra and symmetric breathing 42
vibration of six membered rings one BO4 tetrahedron
900 Pyroborate groups or/and symmetric breathing vibrations of 42

boroxol rings.

1006 Stretching vibration of Si-O, and due to the presence of BO4 42
units

1086 SiO4 asymmetric stretching vibration or/and Pyroborate groups 42

1206 S-O asymmetric stretching vibrations of SiOa tetrahedron. 42

1312 Asymmetric stretching vibrations of Si-O-Si. 42

This spectrum suggests a connection from a Si-O-Al due to the addition of Al20s in the SiOz2-
Al203 glass [44,45]. The peak at 789 cm™ represent the maximum vibrational energy of the

glass therefore it could be its phonon energy.

5.3.4. Absorption spectral analysis:

Absorption spectra of AZABS glass doped with Eu®* ions were recorded in UV -Visible region
in the range from 350 to 550 nm and is presented in Fig. 5.4. The spectra show various peaks
at 361 nm, 379 nm, 396 nm, 415 nm, 466 nm and 533 nm pertaining to "Fo — 3Gs, °Ga,
"Fo — °Ls, 'F1 — °Ls, 'Fo — °D2 'F1 — °D1 respectively. Assignment of absorption bands has
been done based on the data reported in literature by Dieke [46] and Carnall et al [47]. The
absorptions bands are because of the 4f-4f transitions of Eu®* ions that took place from the

lower ground state (“Fo) and the higher excited state ("F1). Bands arising from ’F; to °D; are
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weak as compared to others transitions due to spin forbidden but partially allowed because of
the J mixing by the crystal-field. The "Fo — °Ls transition in the visible region is much stronger
than any other transition. On substitution of rare earth ions (with increase in the concentration
of Eu®* ions) there is no shifting observed in band positions except some variation in their

intensities.
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Figure: 5.4 Absorption of x mol% Eu* ions (x = 0.5 to 2.5 mol%) doped AZABS glasses.
By observing the optical edge, the optical band gap for all the glass samples were calculated by

drawing graph of Tauc between absorption coefficient (hv) and energy band gap (Eg)
ahv = C(hv — Eg)" 1)

In this equation, C is a constant, hv is the energy of photon, and (n) is the exponent can take
values % for direct allowed, 2 for indirect allowed transition, 1/3 for indirect forbidden and 3

for direct forbidden transitions. From Fig. 4.5 it is conspicuous that the calculated bandgap
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values of AZABS: x mol% Eu®* glasses (x = 0.5-2.5 mol%) were found to be in the range from
2.97 to 3.06 eV. With the increase in dopant ion concentration in the host lattice, there will be
a slight expansion in the unit cell, which tends to narrow the conduction and valance band

causing broadening in the band [48].

Eg=3.06 ¢V

Eg=3.05eV

—
2.8 2.9 3.0 3.1

hv (eV)

Figure: 5.5 Tauc plot for direct optical band gap for Eu** ions doped AZABS glasses.

5.3.5. PL excitation and PL emission spectral studies:

The PL excitation spectrum recorded under 612 nm emission wavelength and PL emission
spectrum recorded under 393 nm excitation wavelength for 2.5 mol% Eu®* ions doped AZABS
glass was shown in Fig. 5.6. The PL excitation and PL emission spectra observed for the

remaining AZABS glasses are quite similar in their band positions with slight variation in their
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intensities and hence not shown in Fig. 5.6. The excitation spectra show several peaks
pertaining to Fo — °D4 (362 nm), 'Fo — PL7 (383 nm), 'Fo — °Ls (393 nm), and ‘F1 — °D3
(416 nm), 'Fo — °D2 (465 nm), 'Fo — °D1 (524 nm), ‘F1 — °Dz (534 nm) transitions of Eu®*

ions.
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Figure: 5.6 PL Excitation and PL emission spectrum of 2.5 mol% Eu* ion doped AZABS
glasses recorded at Aem = 612 nm and Aex = 393 nm.

Among various excitations peaks, ‘Fo — °Ls transition peak observed at 393 nm is relatively
more intense than the other excitation bands. The peak position of this transition is considered
as an excitation wavelength to read the emission spectra of the as prepared glasses. When
excited at 393 nm, various emission band were observed at 579 nm, 590 nm, 612 nm, 653 nm
and 700 nm that pertaining to the °Do — "Fo, °Do — 'F1, °Do — "F2, °Do — ‘F3 and °Do — 'F4
transitions respectively. Fig. 5.7 shows the PL emission spectra of AZABS doped with xmol%

Eu* (x = 0.5, 1.0, 1.5, 2.0, 2.5 mol%) recorded under 393 nm excitation wavelength. On
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substitution of rare earth ion (with increase in the concentration of Eu®* ions) there is no shifting
observed in emission band positions except some variation in their intensities. As the Eu** ion
concentration increases, the emission peak’s intensity also increases with no quenching
observed in these glasses up to 2.5 mol%. It is well known that, orange emission transition (°Do
— 'F1) observed at 590 nm and red emission transition (°Do — ‘F2) observed at 612 nm
correspond to the known magnetic and electric dipole transitions respectively. The location of
Eu®* ions at the sites without any inversion symmetry clearly indicates the fact that, the electric
dipole transition dominated the magnetic one suggesting the occupancy of Eu®* ions at sites

without any inversion symmetry [49,50].

Intensity (a.u.)

650
Wavelength (nm)

Figure: 5.7. PL emission spectra of varying Eu®* activator ions concentration (x =0.5t0 2.5
mol%) doped AZABS glasses at Aex = 393 nm. The inset bar diagram shows R/O ratio.

The red/orange ratio (R/O) between the hypersensitive transition to that of invariant transition

(l613/1s90) shows the asymmetric ratio, which describes the extent of distortion from the
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inversion symmetry of Eu®* ions in the matrix. The R/O ratio found in the range from 3.62 to
3.92 as the mol% of Eu®" ions change from 0.5 to 2.5 indicates the presence of Eu®* ions at low
symmetrical sites. The higher values of R/O ratio represent direct proportionality with the
covalency of bonds between Eu** and O ions. Within the Eu®* ions dopant range (0.5 to 2.5
mol%) the AZABS glass containing 2.5 mol% of Eu®* ions possess higher covalency among all
the as prepared AZABS glasses. The insert of Fig. 7 shows the R/O ratio of the as prepared
glasses. Hence, it is concluded that, AZABS glasses can be effectively used for photonic
devices designated for visible red emission. Schematic energy level diagram is represented in
Fig.5.8 which is based PL excitation and PL down-conversion spectra of the as prepared Eu®*
doped AZABS glasses. The Eu ions excited to the higher energy levels immediately returns to
lower energy levels through non-radiative decay process to °Do meta-stable state. Subsequently,
the Eu ions return to the °Fx (x=4,3,2,1,0) lower levels through radiative decay process. The
vertically up/down solid lines show the excitation/radiative emissions respectively, whereas
non-radiative (NR) emission transitions are shown by dashed arrows. The NR radiations might

be occurring because of resonant energy transfer (RET) or cross-relaxation (CR) [49,50].
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Figure: 5.8 Schematic energy level diagram for Eu3* ion.

5.3.6. Emission spectral analysis using Judd-Ofelt (J-O) theory:

The J-O intensity parameters (Qx) provides the information about the type of bonding that exist
between the doped rare earth ions and its local structure/surrounding ligands [51]. It is
customary to apply J-O theory to the absorption spectral features to understand the bonding
nature as well as radiative properties of the doped rare earth ions in a host matrix. However,
for Eu®* ions doped materials, the applicability of J-O theory to the absorption spectral features
will face certain difficulties because of high intensity values observed for certain transitions
observed from ground state (“Fo and F1) to higher energy states (°D1, °D2 and °Le). As the
energy difference between "Fo ground state to 'F1 state is very minimum (approximately equal
to 265 cm™), application of J-O theory to the absorption spectral features needs thermal
correction. To circumvent this difficulty, the J-O intensity parameters are evaluated utilizing
the emission spectral information [52]. In case of Eu®* ions, the transition from °Do to 'F1

originates from magnetic dipole allowed transitions while Do to Fs (J = 2, 4 and 6) transition
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arises from allowed electric dipole transitions. It is well known that, magnetic dipole allowed
transitions are independent of host while electric dipole allowed transitions depend upon the
host matrix [53]. Therefore in the present work, the J-O intensity parameters (Qx where A = 2,
4 and 6) of Eu®*ions are evaluated by taking the intensity ratio of °Do to ’Fs (where J = 2, 4,

6) transitions [ I,d¥] to °Do 0 F1 transition [[ I;d9] by using the below equation [11,53]:

[1;a9 _ A; _ e? 9] n(n®+2)?

Thad A, smasi o =W | U s >2 @)

Where 91 is the wavenumber (cm™) corresponding to °Do to ’Fi transition and 9; is the
wavenumber (cm™) belongs to °Do to F; transitions (where J = 2, 4, 6), Smd is the magnetic
dipole line strength of °Do to 'F1 transition of the Eu®* ions which is host dependent. In the
present work, the value of Qs cannot be evaluated because the transition is missing in the
luminescence spectra. The J-O parameters thus evaluated are depicted in Table 4.2. From the
data appearing in Table 2 it is conspicuous that, within the concentration range studies, 2.5
mol% Eu®* has highest Q2 values than the other glasses indicating relatively high covalency and
low symmetry. The resulted J-O parameters have been found similar trend and comparable with
earlier reported work such as Oxyfluoroborate [54], ZnAlIBiB2.0Eu [19] and SABIBEu15 [55]
as depicted in Table 5.2. This information is in consonance with the result of red to orange

(R/O) intensity ratios estimated for as prepared glasses.

Table 5.2 Judd-Ofelt parameters (Q, x102%cm?) of Eu** ions in AZABS glasses along with
other reported values.

Glass System Q, Q, Q, Trend References
0.5 10.77 2.73 - Q, >Q, present work
1.0 10.95 2.74 - Q, >Q, present work
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15 11.14 275 - Q, >Q, present work
2.0 11.39 2.86 - Q, >Q, present work
2.5 11.57 2.80 - Q,>Q, present work
ZnAIBiB2.0OEu 219 149 - Q,>Q, 19
Oxyfluoroborate 3.45 2.93 - Q, >Q, 54
SABIBEul5 440 114 - Q, >0, 55

5.3.7. Radiative properties:

The J-O intensity parameters have been utilized to understand the important radiative properties
such as radiative transition probability (Ar), luminescence branching ratio (S5), total transition
probability (Ar) and radiative lifetime (tr) to observe emission transitions for Eu** ions doped
in the as prepared AZABS glasses [51]. These radiative properties are used to predict the lasing
potentiality for the electric dipole transition between the excited and lower lying levels [53,56].
The radiative transition probability (Ar) can be expressed by using the formula between the

initial and final stage.

_ 64m?103® [n(n?+2)2 3
R~ 3h@+D [ 9 Sgp + 1 SMD] (3)

Where, Ao is peak wavelength/energy of transition, Sep and Smp are electric and magnetic dipole

line strengths respectively other factors have their standard meaning.

The total radiative probability At of emission state is obtained by summation of the higher to

all lower states,

Ar=YA 4)
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The radiative lifetime (tr) of excited state is a reciprocal of the total radiative probability and

is expressed as:

R =
(®)

Another important parameter used to understand the optical potentiality of the as prepared

glasses is the luminescence branching ratio Sy is calculated from the expression given below:

A

Be= o ®)

Where A is radiative transition probability of particular emission and Ar total radiative
probability. All the above radiative parameters calculated for the as prepared glasses and are
listed in Table 4.3. It is conspicuous from Table 5.3 that, the transition °Do to 'F2 has highest
Ar values and By values for °Do—'F2 transition for all the as prepared glasses. An emission
transition with branching ratio larger than 0.5 could act as a potential laser transition [51].
Accordingly, the S value obtained for the °Do—F2 transition with 2.5 mol% Eu®* in the as
prepared glass is relatively high (0.803) and is quite suitable to produce lasing action in visible
red region [11].

Table 5.3 Transition probability (Ar (s)), luminescence branching ratio (85), total transition

probability (At (s')) and radiative lifetime (zr (ms)) for the observed emission
transitions of Eu®* ions doped AZABS glasses.

Transition AR Br At TR
Glass 0.5
*Do—'F1 21.5 0.152
Do—'F2 111.57 0.793 140.62 7.11
*Do—Fa 7.55 0.053
Glass 1.0
*Do—'F1 21.1 0.151
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Do—'F2 111.04 0.795 139.53 7.17
SDo—'F4 7.39 0.052

Glass 1.5
Do—'F1 21.0 0.149
SDo—"F2 111.95 0.797 140.32 7.13
Do—'F4 7.37 0.052

Glass 2.0
Do—'F1 20.9 0.146
Do—"F2 113.86 0.799 142.38 7.02
SDo—'F4 7.62 0.053

Glass 2.5
Do—'F1 20.8 0.144
SDo—"F2 115.26 0.803 143.48 6.97
Do—'F4 7.42 0.051

5.3.8. Evaluation of CIE color co-ordinates

To understand the colorimetric performance of AZABS glasses doped with x mol% Eu®* ions
(x=10.5, 1.0, 15, 2.0, 2.5 mol%), the CIE chromaticity coordinates were determined by using
emission spectral data (Aex = 393 nm). The CIE coordinates (X, y) estimated for the as prepared
glasses are shown in Table 5.4. The CIE chromaticity coordinates estimated for all the as
prepared glasses under 393 nm excitation wavelength are shown in Fig. 4.9. Hence, result
indicating that Eu** doped AZABS glasses are quite suitable for plasma display panels and solid
state lightening devices. To understand about the red emission, color purity has been calculated

by using formula:

— \/(x_xee)z +(V—Yee)? (7)

Color purity JOa—%0e)? +(Va—Yee)?

Where, (x and y) are the coordinates calculated from the PL spectra of the glass sample, (xee and
Yee) are the coordinates of white point and (x¢ and yd) are the coordinates of the dominant

wavelength point. The calculated value of color purity for 2.5 mol% Eu3*is found to be 98.48%
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indicating pure red emission which is relatively higher than the other reported values in
literature [57]
Table 5.4. CIE chromaticity coordinates (X, y), and average decay time of x mol% Eu3* doped

AZABS glass at 393 nm excitation.

Sample ID AZABS: x mol%Eu3*  CIE (X, y) at Aex = 393 nm tavg (MS)
x = 0.5 mol% (0.6494, 0.3502) 1.98
x =1.0 mol% (0.6502, 0.3464) 1.93
x =1.5 mol% (0.6502, 0.3494) 1.82
x =2.0 mol% (0.6506, 0.3490) 1.78
x =2.5 mol% (0.6507, 0.3489) 1.70

CIE Standard Observer
1931 xyz color matching functions

@® 1mol% Eu’™
® 2mol% Eu?
@ 3mol% Eu?'

5 mol% Eu3*
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Figure: 5.9 CIE diagram x mol% Eu3* activator ion concentration (x = 0.5 to 2.5 mol%) doped

AZABS glasses at Aex = 393 nm.

5.3.9. PL decay analysis:

The PL decay curves observed for red emission (612 nm) shown by x mol% Eu®*" ions doped

AZABS glasses under 393 nm excitation wavelength are shown in Fig. 5.10. It can be seen that

all the PL decay curves are well fitted to a double-exponential function. The bi-exponential

nature of the decay may be due to the energy transfer from an excited donor ion to an unexcited

acceptor ion present in the host matrix and may be explained suitably using the below

expression [58]:

y=Ar*exp(-x/t1)+A2*exp(-x/t2)+Yo.

— Bi-exponenial fit
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Figure:5.10 Luminescence decay curves of x mol% Eu** (x = 0.5 to 2.5 mol%) doped AZABS
glass recorded under 393 nm excitation wavelength.

If there are no interactions present between the doped RE ions, then the decay shown by such
materials fits to a single exponential function. However, if there are ion-ion interactions present
inside the host lattice, then resulting emission consists of slow and fast decay components. For
the lanthanide ions, there are different non-radiative decays which makes the curves well fitted
to a double exponential function [59]. The measured decay lifetimes for the as prepared samples
are found to be 1.98, 1.93, 1.82, 1.78. 1.70 ms for 0.5, 1.0, 1.5, 2.0, 2.5 mol% Eu®* respectively.
It is observed that the measured lifetime values are decreasing with increase in europium ions
concentration. This can be attributed mainly to cross relaxation processes between the
lanthanide ions. The average lifetime calculated for all the as prepared Eu®* ions doped AZABS

glass are depicted in Table 4.

5.3.10. Temperature dependent PL and estimation of activation energy:

To study the thermal quenching behavior, AZABS glass doped with 2.5 mol% of Eu®* ion, the
PL emission spectra was recorded under 393 nm excitation by varying the temperature from 30
to 200°C. The PL emission intensity decreases with increase in temperature as shown in Fig.

5.11 for 2.5 mol% of Eu* ion doped AZABS glass.
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Figure:5.11 Temperature dependent emission intensity variation of 2.5 mol% Eu®* doped
AZABS glass under 393 nm excitation with rise in temperature from RT to 200°C
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Figure:5.12 (a) Plot shows the normalized PL intensity with rise in temperature range 298-
473K.

Fig. 5.12 (a) shows plot between normalized intensity of °Do — ’F- transition with rise in
temperature by considering the respective transition highest emission intensity at 30°C taken as
100%. At 200 °C, emission intensity reduces to 83%, which shows that AZABS glass doped
with Eu®* is thermal stable [60]. The retention of PL intensity observed in the present work
(83% at 200°C) is relatively better than the red emitting Eu®* activated phosphors reported in

literature. [61-62]

Additionally, to examine the thermal properties of glass sample, the activation energy (AE) was
calculated. The value of AE has been calculated from the relation between the temperature and

the intensity of emission, with the help of Arrhenius equation [50,63].
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Io

Where loand It are the intensity of PL at RT and temperature in kelvin respectively. C is the

arbitrary and Kg (8.617x10%eV/K) is the Boltzmann constant respectively. The slope of linear
fitted plot between In((lo/I7)-1) versus 1/KsT gives the AE, as shown in Fig.5. 12 (b). The value
of AE estimated for AZABS glass doped 2.5 mol% Eu®" ion is 0.175 eV. This suggest that

AZABS glass doped 2.5 mol% of Eu®* ions have good temperature stability.

®  Experimental data
Linear fit data
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Figure:5.12 (b) Linear relationship of In[(I10/IT)-1] versus 1/kBT plot to calculate activation
energy of 2.5 mol% Eu3+ doped AZABS glass.
5.4. Conclusions
AZABS glasses doped with x mol% Eu®*ions (x = 0.1 to 2.5 mol %) were synthesized via

conventional melt quenching technique and investigated using XRD, absorption, PL excitation
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& emission, temperature dependent PL and PL decay spectral analysis. Amorphous nature of
the as synthesized undoped glass has been confirmed from the XRD spectrum. The DSC and
TGA shows the thermal stability and aggregate weight loss of an undoped glass respectively.
The total loss of mass observed (16.80%) for and undoped glass indicates its thermal stability
at high temperatures. The absorption spectral features recorded for the as prepared glasses are
used to estimate optical band gap and found to be in the range from 2.98 to 3.06 eV. The sharp
excitation bands observed in the PLE spectra reveals the feasibility of using commercially
available UV red LEDs as an excitation source. The R/O ratio observed in the range 3.62 to
3.92 suggests that the Eu®* ions are present at a low symmetry site. Within the Eu®* ions dopant
range (0.5 to 2.5 mol%) the AZABS glass containing 2.5 mol% of Eu®* ions possess higher
covalency among all the as prepared AZABS glasses. Emission spectral features are subjected
to J-O analysis to understand the nature of bonding between the doped RE ions and the
surrounding ligands along with the radiative properties of the as prepared glasses. Relatively
higher Q2 J-O intensity parameter obtained for 2.5 mol% Eu* in AZABS glass indicates
relatively high covalency and low symmetry. This information is in consonance with the result
of red to orange (R/O) intensity ratios estimated for as prepared AZABS glasses. The CIE
coordinates of all as prepared glasses were located in the red region. The delay profile of the
°Do level shows bi-exponential nature of all given concentration of europium ions and found
that the lifetime of 0.5 mol% Eu®* is 1.98 ms for °Do is relatively high. Temperature dependent
study conducted on 2.5 mol% of Eu®* doped AZABS glass reveals its thermal stability. All the
aforementioned results observed for thermally stable Eu®** doped AZABS glasses finally allows
us to contemplate the potentiality of 2.5 mol% Eu®" in AZABS glass for the fabrication of
visible photonic devices such as solid-state lightening devices (red component in w-LEDs) and

visible red lasers.
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Linear and Nonlinear PL from Thermally Stable
KYF4:Eu®* Cubic Nanocrystals
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Part of this work has been published in Journal of Alloys and

Compounds, 885 (2021), 160893, (Impact Factor = 5.8)
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This chapter deals with the synthesis of cubic phase KYFas:Eu®* nanophosphors via wet
chemical route. Morphological studies such as XRD, SEM and EDAX mapping were done to
ascertain shape, size and composition of the as prepared nanophosphors. Debye Scherrer
formula applied to the XRD spectral features of the as prepared nanophosphors reveals the
average size in the range 3 - 4 nm. The JCPDS data analysis for KYF4:Eu®** nanophosphors
confirm cubic structure with lattice constant a = b = ¢ = 5.4484 and o. = f =y = 90°. The SEM
image mapping clearly demonstrates the uniform distribution of all the constituent elements
such as potassium, yttrium, fluorine and europium. Up-conversion (UC) studies carried out
using 800 nm spitfire femtosecond laser produces peaks at 576, 590, 612, 650, 700 nm
pertaining to the transitions °Do — 'Fj(J = 0, 1, 2, 3, 4) respectively. In addition to this, three
higher order peaks are also observed at 523 531, 552 nm pertaining to D1 — 'Fj (J =0, 1, 2)
transitions respectively. Down-shifting (DS) studies under 393 nm and 405 nm excitation were
also recorded to understand the utility of the as prepared phosphors for lighting applications.
These nanophosphors are capable of emitting visible emission under UV/NIR excitations. The
powder dependence studies conducted on UC and DS reveals the excitation process as two
photon and single photon respectively. DS temperature dependent PL spectral revels good
thermal stability for the as prepared phosphor. The interesting results obtained allows us to
contemplate that the as prepared KYF4:Eu®* nanophosphors are useful for bio-imaging
(through UC) as well as lighting applications (through DS).

6.1. Introduction

A nonlinear optical process known as up-conversion (UC) occurs when two or more NIR
photons are absorbed, transforming low energy NIR radiation into high energy visible radiation.
The UC technique can be used in a variety of sectors, including solid state lasers, 3D displays,

white LEDs, solar cells, photodynamic treatment, temperature sensing, optical imaging, and
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biological labeling, thanks to this unique wavelength change [164]-[165][166]. Unlike the
conventional luminescent probes such as quantum dots (QDs) and organic dyes, nano-sized
fluoroprobes i.e., the up-conversion nanoparticles (UCNPs) have multiple absorptions and
emission centers. These UCNPs have unique properties such as photo and thermal stability,
narrow emission bandwidths (<10nm), large excited lifetimes, superior photostability, low
cytotoxicity and large anti-stokes shifts (i.e. up to 500 nm) that differentiates peaks due to
emission and NIR excitation. Also, under NIR excitation, relatively high penetration depth in
tissues and weak autofluorescence facilitates the usage of UCNPs in medical fields for bio-
imaging and target drug delivery applications [167]-[168]. Most of the UC materials uses rare
earth (RE) ions as active ions. Most of the trivalent RE ions (Ln®") in which 14 electrons are
filled in the 4f inner shell, presenting a great similarity in electron configurations 4f"5s25p® (n=1
- 14). The 4f shell is partially filled and exhibits similar physical, chemical, optical and magnetic
properties. These properties are dependent on various things like crystals structure, morphology
as well as on chemical composition which are very sensitive to the bonding states of RE ions
[169]. The absorption, as well as emission transitions produced by RE ions are very sharp as

such transitions are produced between 4f energy levels [170].

Spectral properties of RE doped chlorides, oxides, fluorides and phosphate have been studied
extensively to understand their suitability as potential luminescent applications [171]. However,
most of the aforementioned systems are sensitive to moisture and thus are not quite suitable for
bio labeling except the fluoride compounds with a formula such as AREF4 (A = alkali, RE =
rare earth F = Fluoride) [5[172]]. Among AREF4 host lattices, KREF4 (K stands for potassium)
especially have attracted much more attention because of the high reflective index and low
phonon energy that make them excellent host matrix for both DS as well as UC processes

[173][171][174]. The KREF4exhibits two polymeric forms of crystal structures, namely cubic
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and hexagonal phases depending upon the methodology and synthesis conditions [175][176].
Apart from this, relatively less phonon energy, non-hygroscopic nature, ability to convert NIR
& UV radiations in to visible (through UC & DS processes), good dissolving nature in solvents
and relatively higher chemical stability makes the fluoride based nano crystals as promising

host lattices for various luminescent applications when doped with RE [177]-[178].

Trivalent rare-earth (RE3*) doped with luminescent materials have gained so much attention
due to their applications in the field of white LEDs as red emitting phosphors, plasma screens
and so on [31]. Among all RE ions, Eu®* ions are better known as the activator for intense red
color through DS process in a wide variety of materials such as glasses, phosphors,
nanophosphors and organic-inorganic hybrid materials [32-36]. In general, the emissions of
Eu®* are strongly dependent on the crystal structure of the host and sensitive to the local
environment where the rare earth have been situated [37] and found from 550 to 750 nm,
pertaining to the transitions of °D1 and °Do states to Fj states (j = 0 to 6). Apart from this, it is
also suitable for various applications as it exhibits large stokes shifts (>150 nm). Y. Du et al.
reported Eu®" KREF4 nanoparticles via thermal decomposition method [38]. S. Ahmad, S.
Das, and their co-workers recently published the optical spectra of Th*" and Eu** doped KLaF4
via wet chemical route [179][180]. To date, UC process of Eu doped fluoride nanoparticles
remains nearly untouched. Due to a lack of resonant energy level, the energy level structure of
the Eu®* does not permit UC emission by directly exciting with NIR radiation [181]. Deeper
knowledge of understanding the optical behavior of Eu**ions in KYF is extremely important
for the development of novel luminescent materials suitable for solid state lighting devices as

well as nano-labels.
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In this paper, we have shown that, KYFa4:Eu®" emits strong UC & DS luminescence through
two photons (femtosecond laser irradiation) and single photon absorption process. KYF4 was
synthesized by wet chemical route with different concentrations of x mol% Eu®* ions (x = 0 -
5%) in cubic phase to study the enhancement of red emission in it [41]. Structural,
morphological and photoluminescence studies have been carried out for the crystallinity, phase
identification and luminescence efficiency respectively. The intense red emission via dual mode
(DS & UC) makes Eu doped KYF4 nanophosphors as promising host material for bio-imaging

and lighting applications [42-44]

6.2. Experimental Section
KYF4 host lattices were prepared by employing wet chemical route. The complete synthesis

process was discussed detail in chapter 2.

6.3. Results and Discussion

6.3.1. Structural and morphological studies of KYF4:Eu®*" nanophosphors.

The phase crystallinity identification of x mol % of Eu®* (x = 0 to 5) doped KYF4 nanophosphors
was examined by powder XRD at the room temperature and is shown in Fig.3.1 (a). These
nanoparticles having pure cubic phase as the peak position and the intensity matches well with
the cubic unit cell with Fm3m space group pertaining to NaYFs (JCPDS file n0.06-0342). It is
conspicuous from Fig.1 that, there is a slight shift in diffraction peaks towards the lower angle
20 (1 - 3° angles) side may be due to the replacement of smaller ionic radii of Na* with larger

ionic radii of K*. The sample might be isostructural to that of the cubic phase of KYF4 [35].
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Figure: 6.1(a). Powder XRD patterns of Eu®* doped cubic KYF4 (Eu®*=1, 2, 3, 4 and
5 mol%) nanophosphors.

The average size of the particles in the as prepared phosphors can be determined using the

following Debye Scherrer formula [33]:

KA
B CosO

Where, D is the size of the nanocrystal, K = 0.94 is the shape factor, [ is the full width at half
maximum (FWHM), 4 is the wavelength of the XRD and 26 is the angle at which maximum
intensity was observed. The average nanocrystal sizes were estimated to be in the range of 3 -
4 nm. The broadness of XRD peaks is found be invariant with the doping concentration. i.e.,

XRD peaks’ broadening is solely a result of host matrix nano dimensions, which is invariant

119

z'l—.l turnitinﬁ Page 151 of 185 - Integrity Submission Submission ID trn:oid:::27535:96207970



zﬂ turnitin Page 152 of 185 - Integrity Submission

Submission ID trn:oid:::27535:96207970

CHAPTER 6

with the doping concentration. The JCPDS data of NaYF4 has been used to construct the unit

cell structure of KYF4as presented in Fig.3.1(b). The cubic structure is having lattice constant

a=b=c=5.448A and a =B =y =90°C.

Figure: 6.1(b) Crystal structure of KYFa.

The SEM image of KYFs doped with 5 mol% of Eu®* is shown in Fig.3.2 (a). From the
elemental mapping results shown in Fig.3.2 (b - f), it was clear that all the elements such as
potassium, yttrium, fluorine and europium were uniformly distributed over the particles, which

suggest that KYFs doped with x mol% Eu* (x = 1 - 5%) samples were successfully synthesized.
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Figure: 6.2. (a) SEM Image of KYF4:5 mol% Eu3* and corresponding (b) Mixed elemental
Mapping and (c-f) individual of Potassium (K), Yttrium (Y) and Fluorine (F),
Europium (Eu) (g) EDAX Spectrum and (h) relative elemental At% from EDAX
Spectrum.

The energy dispersive X-ray analysis (EDAX) spectrum and elemental mappings suggest that
all the element that are used during the synthesis are present (Fig. 3.2). Fig. 3.2 (h) also gives
relative atomic% of elements present in the nanophosphors. However, the EDAX contains
relative information, including many unwanted and native elements such as Carbon, Oxygen

etc. Thus, the elemental information is only indicative and cannot be accurately quantified.

6.3.2. Down shifting photoluminescence studies of KYFs:Eu®** nanophosphors.

The photoluminescence (PL) excitation (under 615 nm emission) and PL emission (under 393
nm excitation) spectra of KYFs doped Eu®* ions were shown in Fig.3.3. Under 615 nm emission
wavelength, the PL excitation spectrum shows excitation peaks of Eu®' resulting from
"Fo and "F1 energy levels to different higher energy levels observed at 361, 393, 415, 464, 524

and 534 nm pertaining to "Fo — °D4, °Ls, °Ds3, °D2, °D1 and ‘F1 — °Dxz transtitions of Eu®* ions

121

Z'l-.l turnitinﬁ Page 153 of 185 - Integrity Submission Submission ID trn:oid:::27535:96207970



Z'I-.I turnitin Page 154 of 185 - Integrity Submission Submission ID trn:oid::27535:96207970

CHAPTER 6

respectively. Among various excitation levels, the most intense peak was observed at 393 nm

("Fo— °Ls) and was used as an excitation wavelength (Lex) to record the PL emission spectra.

5
S

Intensity (a.u.)

2
$

!

400 450 500 550 600 650 700
Wavelength (nm)

Figure: 6.3 PL excitation spectra under red emission at Aem = 615 nm (°Do — "F2) and PL
emission spectra under excitation at Aex= 393 nm ("Fo — °Ls) for the as prepared KYF4:5
mol% Eu3*

When excited at Lex = 393 nm, four PL emission peaks were observed at 592, 615, 650 and 700
nm pertaining to °Do — ‘F1, 'F2, "F3 and °Do — "F4 transitions respectively [182]-[183]. Among
the four emission peaks observed, the one observed at red region of the visible spectrum (615
nm) is relatively very intense. The emission spectra of KYFs doped with x mol% Eu®* (x = 1,
2, 3, 4, 5) recorded under 393 nm excitation is shown in Fig.3.4. The PL spectra shown in Fig.

4 reveals two well-known peaks at 592 and 615 nm pertaining to °Do — ’F1 (orange) and °Do

122

z'l—.l turnitinﬁ Page 154 of 185 - Integrity Submission Submission ID trn:oid:::27535:96207970



Z'I-.I turnitin Page 155 of 185 - Integrity Submission Submission ID trn:oid::27535:96207970

CHAPTER 6

— 'F2 (red) transitions respectively. The intensity of the peak originated at 592 nm is insensitive
to the local environment as it is magnetic dipole (MD) in nature. Another peak observed at 615
nm is electric dipole (ED) transition and is hypersensitive in nature and Eu®" ions occupy

inversion symmetry [184]. The °Do— Fois a forbidden transition because of the J = 0 value.

KYF,
3+
= 5mol% Eu
= 4mol% El.u3+
- 3mol% Eu’"
- 2mol% Eu’"
- 1mol% Eu’"

-~
=
o

<

2
[72]
c
[F]
-

=

-

.

580 600 620
Wavelen

Figure: 3.4(a). DS PL emission spectra of KYFa: x mol% Eu®* (x = 0 - 5%) under 393 nm
excitation (baseline corrected)

The intensity of the PL emission peaks shown in Fig. 3.4 (a) are increasing with increase in
Eu* ions concentration continuously. Red to orange (R/O) intensity ratio between the
hypersensitive transition (615 nm) to that of invariant transition (592 nm) gives the asymmetric
ratio which represents the degree of distortion from the symmetry of inversion pertaining to

Eu®* ions in the KYF4 matrix. Thus, the R/O ratio is generally regarded as a structural probe,
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as it gives the information pertaining to bonding nature (ionic or covalent) existing between the
doped RE ions and ligands surrounding it [180]7,51]. The R/O ratios for different Eu* ion
concentration is calculated to be 1.5 - 1.8 indicates that Eu®* ions are located in non-symmetric
site due to large covalent bonding. The calculated CIE color coordinates of Eu** doped KYFs
phosphor under 393 nm excitation lies in red region of the visible spectrum as shown in Fig.

3.4(b).

CIE Standard Observer
1931 xyz color matching functions

® 1mol% Euv?
® 2mol% Eu?*

@® 3mol% Eu?t
® 4mol% Eu?"

Roger H. Clark

www.clarkvision.com

Figure:6.4(b). CIE diagram of DS KYF4: x mol% Eu®* (x = 0 - 5%) nanophosphor under 393
nm excitation.

This clearly demonstrates that the as prepared phosphors can be effectively used as red
component sources needed for the fabrication of white LEDs through DS process. The power

dependence PL emission spectra recorded for KYF4:5 mol% Eu®" nanophosphor under 405 nm
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diode laser excitation (155 mW) is shown in Fig. 3.5. The PL emission spectra shown in Fig.
3.5 are very similar to the PL emission peaks observed under 393 nm excitation shown in Fig.

3.4 [167],52-[185].

KYF,:5 mol%Eu"
Aoy =405 nm
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Figure: 6.5. Power dependence PL emission spectra of KYF4.: 5 mol% Eu3+ (under 405 nm
diode laser excitation). Inset figure show the log-log intensity vs power graph plotted for red

emission at 615 nm.

It can be seen form the inset of Fig. 3.5 that the value of n ~ 1 suggest that one photon excitation
is involved in the DS process of the as prepared phosphors. Fig. 3.6 shows a typical energy

level diagram of Eu in KYF4 in DS process. When electrons are pumped from ground state to
a higher level "Fo — °Ls via single photon DS process (405 nm), the electrons at °Ls level relax

non-radiative to °D3, °D2, °D1 and °Do levels and finally radiatively transfers energy to the
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ground states 'F; (J = 0 - 4). As a result, the characteristic DS luminescence emission of Eu*

occurs as depicted in Fig.3.6.

Energy (cm™) Energy
30000 - transfer

25000+

Non-radiative relaxation:
v
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15000 -

10000 -

Single Photon Absorption

5000-

Figure: 6.6. Schematic energy level diagram and DS mechanism of Eu3* ion in KYF4 doped
with x mol% Eu®* (x = 5) pumped by 405 nm diode laser.

6.3.3. Temperature dependent DS PL studies of KYF4:Eu®* nanophosphors

The thermal quenching behavior of KYFs doped Eu®* ions was analyzed by recording the DS
PL spectra (under 393 nm excitation) at different temperatures starting from ambiance to 200°C
and is shown in Fig. 3.7. From this result it is conspicuous that, as synthesized KYF4:Eu®*
nanophosphor is portraying excellent thermal stability. The data pertaining to temperature
dependent photoluminescence behavior of a phosphor can be used to estimate its activation

energy (AE) using the following equation given by Arrhenius [55, 56]:
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Figure: 6.7. Thermal stability of KYF4: 5 mol% Eu®* (393 nm excitation).
where I, and I pertains to intensity of emission at RT and at some other temperature T in
Kelvin respectively. € and Kz denotes the arbitrary and Boltzmann constants respectively. To
estimate AE a graph has been plotted between In[(lo/IT) — 1] vs 1/Kp T as shown in Fig. 3.8.
The slope of the graph (0.309) plotted in Fig.3.8 gives activation energy of the as prepared
phosphor. Therefore, temperature dependent PL studies conducted on 5 mol% of Eu doped
KYF4[186-188] nanophosphor reveals the activation energy equal to 0.309 eV. This value
obtained for the as prepared nanophosphor is relatively high when compared with the values

reported in literature for other phosphors [55, 56]. At the end, thermal dependency studies
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conducted on 5 mol% of Eu®" doped KYF4 nanophosphors allows us to contemplates that the

as prepared nanophosphors are possessing good thermal stability.

% Experimental data
- |_jnear fit data
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Figure: 6.8. Activation energy of KYF4: 5 mol% Eu** (393 nm excitation).

6.3.4. The UC PL studies of KYFs:Eu**nanophosphors.

Under 800 nm spitfire femtosecond laser excitation, strong red emission from Eu** doped KYF4
was easily visible to the naked eye. Fig.3.9 depicts the UC emission spectra of x mol% Eu®" (x
= 1 to 5%) doped KYFz nanophosphors. The PL spectra show lower order transitions *Do —
"Fo, 'F1, 'F2, "Fs, 'Fa corresponding to the peaks 576, 590, 612, 650, 700 nm respectively along
with higher order transitions °D1 — “Fo, ‘F1, 'F2 corresponds to the peaks 523 531, 552 nm,
respectively. Higher order transitions are only because of low phonon energies in the host
lattice, which ultimately helps in patronizing the radiative probabilities of the sample. The hosts

such as AREF4 (A = Na, K) contains relatively low phonon energies and hence the europium
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ions excited to higher °D2 level deactivate to the lower energies levels such as *D1 and *Do

through non-radiative multi-phonon relaxation process [189]7].

Aey = 800 nm, Spitfire KYF,
5mol% Eu’"
4 mol% Eu
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=
=]

~

‘@
c
D
]

=
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Figure: 6.9. UC PL spectra of KYF4: x mol% Eu*nanoparticles (x = 0 - 5%) under 800 nm
spitfire femtosecond laser excitation.

In case of Eu doped phosphors/glasses, it is not possible to obtain visible emission through a
single photon absorption process from infrared pumping. However, in such Eu doped matrices,
visible emission is possible through up-conversion process. Fig. 3.10 shows a typical energy
level diagram of Eu in a host matrix. A multiphoton UC process (800 nm excitation in the
present case) excites the electrons to 5d level Eu®* and produces visible emission as shown in
Fig.10. In the energy level diagram of Eu as shown in Fig.3.10, there is no any intermediate

state around the 12500 cm™* which corresponds to the 800 nm photon between the ground state
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and luminescent excited state for Eu®*. Therefore, single photon NIR excitation cannot produce

any visible emission in case of Eu doped matrix. However, under continuous excitation of 800

nm photons, visible emission is possible as shown in Fig.3.9.
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Figure: 6.10. Schematic energy level diagram and UC mechanism of Eu®* ion in KYF4 doped
with x mol% Eu®* (x =1, 2, 3, 4, 5) pumped by 800 nm spitfire femtosecond laser.

When electrons are pumped from ground state to higher level "Fo — °Ls via two photon

absorption (as shown in Fig. 3.10), the electrons at °Ls level non-radiatively relax to °Ds, °D2,

°D; and °Do levels and radiatively transfers energy to the ground states 'Fi(J = 0 - 4). As a result,

the characteristic UC luminescence emission of Eu®* occurs as depicted in Fig.10 [190]. Thus,

a two-photon absorption is responsible for the up-conversion under 800 nm femtosecond laser

excitation.
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Figure: 6.11. Powder dependent UC spectra of KYF4: x mol% Eu®* nanoparticles (x = 5%)

under 800 nm spitfire femtosecond laser excitation. The inset figure shows the log-log

dependence of UC PL intensity (°Do — "F1,°Do — "F2) on pump power.

To have a further confirmation for two-photon excitation process, power dependence studies
have been carried out on 5 mol% Eu** doped KYF4 under 800 nm femtosecond spitfire laser
excitation and is shown in Fig.3.11. Because of multiphoton involvement, the relationship
between UC emission intensity of Do — 'F1 and *Do — ‘F2 transitions and the pump power of

the incident laser was analyzed through the following equation:

Lo P"
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here | is up-conversion emission intensity, P is the pump power of the laser (femtosecond one),
n denotes photon number [191][192]. The inset of Fig. 3.11. shows the log-log dependence of
UC luminescence intensity of °Do— “F1,°Do— ’F2 peaks on pump power. From the inset figure,
it can be seen that the slope is below or nearby 2 (n = 1.64) this may be because of contribution
of cross-relaxation process in the multiphoton process. This suggests that the energy transfer
involved in the up-conversion energy transfer process in the as prepared phosphors is through
two photon process. Two photon luminescence of KYF4 doped with x mol% Eu®* (x = 1, 2, 3,
4, 5) is a general phenomenon. The calculated CIE color coordinates of UC KYF4 doped with

different concentration of Eu* also lies in red region as shown in Fig. 6.12.

CIE Standard Observer
1931 xyz color matching functions

% 2mol% Eu?t
3 mol% Eu?*
% 4mol% Eu3*

Smol% Eu

Figure: 6.12. CIE diagram of UC KYF4: x mol% Eu3* (x = 0 - 5%) nanophosphor under 800

nm spitfire femtosecond laser excitation.

6.4. Conclusions
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Uniform cubic-phase Eu®* ions doped KYFs nanophosphors were synthesized via a wet
chemical route method. The particle size and phase crystallinity of x mol% of Eu* (x = 0 to 5)
doped KYF4 phosphors was examined by powder XRD at the room temperature. The average
crystal size estimated from the Debye-Scherrer analysis was in the range of 3 - 4 nm. The SEM
and elemental mapping show that all the elements potassium, yttrium, fluorine and europium
are uniformly distributed in the crystal structure. The UC of as prepared samples show strong
emission peaks at 576, 590, 612, 650, 700 nm which can be attributed to °Do— 'Fj(J =0 - 4)
transitions under 800 nm laser excitation. This UC phenomenon can be only possible by two-
photon simultaneous absorption process. The same visible peaks were observed through DS
studies under 393 nm and 405 nm excitation. The powder dependence studies conducted on UC
as well as DS studies clearly reveal the excitation process as two photon and single photon
respectively. The smaller sizes of the KYF4 UCNPs (3 - 4 nm) and their ability to emit visible
red emission enhances the scope of the as prepared phosphors in various photonic applications.
Thermal dependence studies conducted on 5 mol% of Eu®** doped KY F4 nanophosphors reveals
thermal stability and superiority of the as prepared phosphors. Thus, the interesting results
obtained finally allows us to contemplate that the as prepared UCNPs are useful for bio-imaging

(through UC process) as well as solid state lighting applications (through DS process).
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This dissertation's seventh chapter provides an overview of the entire research endeavor
and the conclusions, social impact derived from the data. This chapter also examines the study's

future directions and how it may be applied to guide future research initiatives.

7.1. Conclusions

Glass science and technology experts have prepared a range of glasses utilizing different
glass formers and network formers, and they have examined the spectroscopic characteristics
of these glasses. The goals of this thesis were outlined in chapter 1 and included creating high-
quality optical glasses doped with specific RE lons and maximizing the environment for a
variety of photonic uses. Glasses were effectively prepared with the use of single and co-doped
RE ions, such as Dy%*, Sm3, Eu®* doping the melt quenching process. The many
characterization methods that we employed in our research, as well as the melt-quenching
method, were covered in detail in chapter 2.

In 3" chapter, Dy®* doped AZABS glasses were prepared using the melt quench technique.
Various morphological and photoluminescence studies were conducted on the as-prepared glass
samples. Under 350 nm excitation, the glass samples show sharp bands related to transitions
from the energy level “For2 to the levels ®His;2 (482 nm), ®Hizz (575 nm) and ®Hiy2 (665nm).
Dexter theory analysis showed that the energy transfer between the dopant ions was of dipole-
dipole nature. Temperature-dependent photoluminescence studies show that these AZABS

glass samples have excellent thermal stabilities. Decay kinetics of the as-prepared glass samples

134

z'l—.l turnitinﬁ Page 166 of 185 - Integrity Submission Submission ID trn:oid:::27535:96207970



z'l-.l turnitin Page 167 of 185 - Integrity Submission Submission ID tr:oid::27535:96207970

CHAPTER 7

indicate high lifetimes. Such sharp luminescence intensities under UV excitation coupled with
high lifetimes, superior thermal stabilities of luminescence intensities and positive results from
colorimetric calculations prove that Dy** doped AZABS glasses are suitable candidates for

applications in w-LEDs and solid-state lighting.

Chapter 4 describes Sm** doped AZABS glasses have been prepared via quick melt
quench technique. To understand the optical and physical characteristics of the as prepared
glasses, various characterizations were undertaken. 0.25 mol% Sm*" doped glass showed the
highest luminescence intensity under 402 nm excitation and was subsequently chosen for all
the optical studies. In the absorption analysis, ®Hs2 — ®Psj2, 411172, ®F1172, ®For2, SF712, 8Fs12, SFar2,
®His/2 and ®F12 bands were seen. This data was then utilized to calculate the direct optical band
gap of the 0.25 mol% Sm3* doped AZABS glass. The glass shows sharp excitation and emission
bands. In the emission spectrum under 402 nm excitation, three bands corresponding to
4Gsi2 — ®Hsp2, “Gsr2 — ®H72 and *Gsi2 — ®Hop transitions can be seen. Dexter’s analysis of the
glass shows that lanthanide interactions are dipole-dipole in nature. These glasses have high
thermal stabilities as could be seen from the high value of activation energy obtained from
temperature dependent PL data. On the basis of these results along with the fact that these
glasses have high lifetimes for the 599 nm emission, we propose to utilise the Sm** doped

AZABS glasses for SSL and w-LEDs applications.

Chapter 5 explain about AZABS glasses doped with x mol% Eu®*"ions (x = 0.1 to 2.5 mol
%) were synthesized via conventional melt quenching technique and investigated using XRD,
absorption, PL excitation & emission, temperature dependent PL and PL decay spectral
analysis. Amorphous nature of the as synthesized undoped glass has been confirmed from the

XRD spectrum. The DSC and TGA shows the thermal stability and aggregate weight loss of an
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undoped glass respectively. The total loss of mass observed (16.80%) for and undoped glass
indicates its thermal stability at high temperatures. The absorption spectral features recorded
for the as prepared glasses are used to estimate optical band gap and found to be in the range
from 2.98 to 3.06 eV. The sharp excitation bands observed in the PLE spectra reveals the
feasibility of using commercially available UV red LEDs as an excitation source. The R/O ratio
observed in the range 3.62 to 3.92 suggests that the Eu®* ions are present at a low symmetry
site. Within the Eu®" ions dopant range (0.5 to 2.5 mol%) the AZABS glass containing 2.5
mol% of Eu®" ions possess higher covalency among all the as prepared AZABS glasses.
Emission spectral features are subjected to J-O analysis to understand the nature of bonding
between the doped RE ions and the surrounding ligands along with the radiative properties of
the as prepared glasses. Relatively higher Q2 J-O intensity parameter obtained for 2.5 mol%
Eu®* in AZABS glass indicates relatively high covalency and low symmetry. This information
is in consonance with the result of red to orange (R/O) intensity ratios estimated for as prepared
AZABS glasses. The CIE coordinates of all as prepared glasses were located in the red region.
The delay profile of the °Do level shows bi-exponential nature of all given concentration of
europium ions and found that the lifetime of 0.5 mol% Eu®* is 1.98 ms for °Dy is relatively high.
Temperature dependent study conducted on 2.5 mol% of Eu* doped AZABS glass reveals its
thermal stability. All the aforementioned results observed for thermally stable Eu®* doped
AZABS glasses finally allows us to contemplate the potentiality of 2.5 mol% Eu®* in AZABS
glass for the fabrication of visible photonic devices such as solid-state lightening devices (red
component in w-LEDSs) and visible red lasers.

6" chapter includes the uniform cubic-phase Eu®* ions doped KYF4 nanophosphors were
synthesized via a wet chemical route method. The particle size and phase crystallinity of x mol%

of Eu** (x = 0 to 5) doped KYF4 phosphors was examined by powder XRD at the room
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temperature. The average crystal size estimated from the Debye-Scherrer analysis was in the
range of 3 - 4 nm. The SEM and elemental mapping show that all the elements potassium,
yttrium, fluorine and europium are uniformly distributed in the crystal structure. The UC of as
prepared samples show strong emission peaks at 576, 590, 612, 650, 700 nm which can be
attributed to °Do — ‘Fj (J = 0 - 4) transitions under 800 nm laser excitation. This UC
phenomenon can be only possible by two-photon simultaneous absorption process. The same
visible peaks were observed through DS studies under 393 nm and 405 nm excitation. The
powder dependence studies conducted on UC as well as DS studies clearly reveal the excitation
process as two photon and single photon respectively. The smaller sizes of the KYFs UCNPs
(3 - 4 nm) and their ability to emit visible red emission enhances the scope of the as prepared
phosphors in various photonic applications. Thermal dependence studies conducted on 5 mol%
of Eu®* doped KYF4 nanophosphors reveals thermal stability and superiority of the as prepared
phosphors. Thus, the interesting results obtained finally allows us to contemplate that the as
prepared UCNPs are useful for bio-imaging (through UC process) as well as solid state lighting

applications (through DS process).

The above-mentioned noteworthy results all attest to the potential utility of the RE doped
AZABS glasses and KYF4 nanophosphors developed in the thesis for photonic applications,

including solid-state lasers, LED lighting, bio-photonics, and optical amplifiers.

7.2. Scope of Future Work

A lot of research has been done on luminescent glass, and further research can be done by

(2] using the thesis work as a foundation. Some of the research projects that will be undertaken in

the future include: -
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e [To improve the luminous characteristics of our glass substrate by adjusting the
combination of distinct co-doped RE ions.

e To evaluate the prepared materials' efficacy in comparison to materials that are used
commercially.

e To use prepared glasses and fabricate efficient w-LEDs.

e Toincrease the glass's usefulness for additional potential uses, like temperature sensors,
lasers, and optical fiber applications.

e To analyze the biocompatible characteristics of prepare nanophosphor and their utility

in biophotonic devices.

7.3. Social Impact
The as prepare, rare earth (Dy**, Sm®" and Eu®") doped AZABS glasses can be directly

utilized in advance photonic devices like WLEDs, lasers, optical fibers, and displays, have a
significant positive social impact owing to their exceptional properties. Excellent luminescence
characteristics under UV excitation coupled with high lifetimes, superior thermal stabilities of
luminescence intensities and positive results from colorimetric calculations prove that Dy3*
doped AZABS glasses are suitable candidates for applications in w-LEDs and solid-state
lighting. Also, Dy*" doped AZABS glasses can be overcome the numerous shortcomings of
commercially used phosphor converted w-LEDs. The thermally stable Eu®" doped AZABS
glasses allow us to contemplate the potentiality of 2.5 mol% Eu®" in AZABS glass for the
fabrication of visible photonic devices such as solid-state lightening devices (red component in
w-LEDs) and visible red lasers. Eu®** doped AZABS glasses can enhance the CCT and CRI of
commercially used YAG:Ce* in coated w-LEDs and also functioned as incapsulating agent

from external environment.
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The smaller sizes of the KYFs4 UCNPs (3 - 4 nm) and their ability to emit visible red
emission enhances the scope of the as prepared phosphors in various photonic applications.
Thermal dependence studies conducted on 5 mol% of Eu®* doped KYF4 nanophosphors reveals
thermal stability and superiority of the as prepared phosphors. Thus, the interesting results
obtained finally allows us to contemplate that the as prepared UCNPs are useful for bio-imaging
(through UC process) as well as solid state lighting applications (through DS process). The
prepared Eu®* doped KYF4 nanophosphors can be potential candidates for bio imaging to detect
the cancer cell and targeted drug delivery. Owing these exceptional luminescence
characteristics, Eu®* doped KYF4 nanophosphors could play vital role in disease detections,

which can be socially benefits for people across the world.
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