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ABSTRACT

Recent advances in solid-state lighting (SSL) devices have made a substantial and practical

contribution to the lighting industries. SSL devices are small, robust, and energy-efficient and also
environmentally friendly. The SSL based white light emitting diodes (w-LEDs) are more superior
when compared to traditional conventional light sources like incandescent lamps, electric bulbs,
and fluorescent tubes because they last longer, require less energy, have excellent colour rendering
index, compact, and are ecologically friendly. The phosphor converted w-LEDs (pc-wLEDs) are
appealing because of their low power consumption, excellent luminous efficacy, and
environmentally beneficial features. The most widely used and readily accessible pc-wLEDs are
built using a mix of blue-chip, green, and red phosphors or blue-chip and yellow phosphor.
However, pc-wLEDs made by means of blue-LED and YAG: Ce** yellow phosphors suffer with
some weaknesses, such as poor color rendering index (CRI) and low stability of color temperature.
In tricolor (RGB) phosphors, the excitation is achieved by n-UV/UV LEDs. Moreover, in tricolor
pc-wLED the efficiency of red phosphors is low in comparison with green and blue phosphors and
the rate of degradation of tricolor phosphors is different. Therefore, it is necessary to develop single
phase phosphor with tunable emission containing white emission such that luminous efficiency,
CRI and correlated color temperature (CCT) can be improved.

Both the up-conversion and down-conversion are the fields in which phosphors are used.
The most well-known method of obtaining the good luminous characteristics has traditionally been
the doping of lanthanide ions/transition metal ions in an appropriate host matrix. Lanthanides are
part of the f-block series of elements and are more commonly known as rare earths (RE). The
typical behavior of lanthanide ions is to become excited by absorbing UV or near-UV light and

then release the energy in the form of visible light. To trigger the luminescence phenomena in such
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hosts, they need a luminescent ion (or activator). Even in some cases, the activator may
occasionally fall short of effectively absorbing the energy and transforming it into visible light
emission. In such cases, a sensitizer ion plays a supporting role by effectively absorbing energy
and transferring part or all of it to the activator, significantly improving the light emission capacity
of activator. Some hosts such as vanadates and tungstates have the ability to excite themselves by
UV light and emit radiation in the near-UV or visible range. Such hosts are called as host
luminophores. The primary need for a phosphor to be used in a pc-LED is that they must have a
substantial absorption in the UV or near-UV area and must have an effective emission in the visible
light zone. Titanate-based phosphors have gathered the most attention among all of these
substances because of the broad bandgap and high refractive index of the titanate group, which
improve emission intensity. By changing some synthesis parameters and doping them with a 3d or
4f ions, titanate-based systems' chromaticity can be managed. This thesis comprises the work done
on Barium Molybdenum Titanate (BasMoTiOs) (now onwards abbreviated as BMT) phosphor
lattice as the structural and luminescent properties of this ternary compound doped with RE ions
has not been extensively studied till now. Seven chapters make up this thesis' structure in order to
meet the objectives of my research. Each chapter is structured such that it may be read alone.

Chapter 1 includes an explanation of the introduction, the origin of the problem, the motivation
for the study, and an overview of recent literature. This chapter focuses on the white light
generation's brief technological history, benefits, and related difficulties. Theoretical models for
analyzing observed spectrum data, ionic interaction, and energy transfer between RE ions are used
in conjunction with the spectroscopy of RE ions. Dexter theory was used to know the type of
interaction between the acceptor/donor ions. Evaluation of the CIE coordinates, color purity, and

corresponding color temperature are made possible by the emission spectral data. In addition to
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this, analysis of PL decay curves was also discussed to know the lifetime of these activator/
sensitizer ions.

Chapter 2 describes the synthesis of BMT phosphors doped with certain RE ions/post transition
metal ions (Eu®*, Sm®", Ho®*, and Yb®*, Bi®") at variable concentrations using different techniques.
Additionally, it describes the experimental apparatus used to examine the structural,
morphological, optical and photoluminescence (PL) characteristics of BMT phosphors. Discussion
has also been extended to the structural, vibrational and PL characteristics discovered by X-ray
diffractometer (XRD), Fourier transform infrared (FT-IR) spectroscopy, Raman spectroscopy,
Diffuse reflectance spectroscopy (DRS) and PL Spectroscopy.

Chapter 3 explains synthesis optimization and efficiency enhancement in Eu®* doped BMT phosphors for
w-LED applications. BasMoTiOs phosphors activated with Eu®" ions have been synthesized
successfully by three different routes such as solid-state reaction method (SSM), combustion
method (CMM), and sol-gel combustion method (SGM) to optimize relatively best synthesis
technique and temperature of synthesis. XRD patterns have been used to confirm the phase and
crystallinity of the as-prepared phosphor. SEM and Raman spectra have been used to study the
morphological behavior and different vibrational bands present in the structure of the titled
phosphor respectively. DRS have been recorded to find out the optical band gap of phosphors. PL
spectral features recorded under 393 & 465 nm excitation wavelengths reveal an intense red
emission at 612 nm corresponding to °Do—'F transition of the doped Eu®* ions. CMM synthesized
sample has shown maximum PL intensity out of the three synthesis methods and further studies
have been carried out by preparing a series of europium ions doped BMT phosphors using the
CMM technique. The PL decay curves recorded for 612 nm red emission under 393 nm excitation

show non-linear double exponential nature with a decrease in an experimental lifetime as Eu®* ions
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concentration increases in the as-prepared phosphors. All the morphological and PL studies carried
out on the Eu®* ions doped BMT phosphor emphasize the suitability of the as-prepared phosphor
for a red component in w-LEDs fabrication.

Chapter 4 contains linear and non-linear PL studies of Ho®*/Yb®" co-doped titanate phosphors for
photonic applications. This work presents the morphological and PL studies of the single Ho** ion
doped and Ho®**/Yb®* co-doped BMT: xHo*'/yYb3* phosphors synthesized by conventional SSM
reaction method. Phase confirmation of all the as-prepared samples was done by XRD patterns.
The morphological behavior and vibrational frequency bands were studied by SEM and FT-IR
techniques respectively. DRS has been recorded for the singly doped and co-doped samples to find
out the optical bandgap. The linear and non-linear emission spectral studies under 448 & 980 nm
excitation wavelengths respectively showed three bands in the green, red, and blue regions. A
relatively more intense band observed in the green region under 980 nm excitation shows
promising usage of the titled phosphor for non-linear applications. A plot drawn between non-
linear PL emission intensity vs pump power reveals the information pertaining to the number of
photons involved in the process. In addition, CIE coordinates calculated from the emission spectral
features lie in the green region. All the studies show the broad application of the as-prepared
phosphors in linear and non-linear luminescence process-based green emitting diodes, display

devices, security inks, phototherapy, and SSL applications.

Chapter 5 describes energy transfer induced color tunable PL performance of thermally stable

Sm*/Eu®" co-doped BMT phosphors for w-LED applications. The combustion process has been
successfully used to synthesize BMT: Sm®*" and BMT: Sm3*/Eu** co-doped phosphors for w-LED
applications. For the as-prepared phosphors, XRD, SEM, FT-IR, DRS, and PL spectroscopy

techniques have been used to investigate phase confirmation, morphological analysis, and PL
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properties. The PL emission spectra of singly doped Sm*" and Sm**/Eu®" co-doped phosphors
recorded under 409 nm wavelength show intense emission in reddish-orange and red regions,
respectively. For Sm3*-Eu®* co-doped phosphors, the intensity of Sm®* peaks show a decrease with
an increase in Eu®* ion concentration, demonstrating the energy transfer from Sm®" to Eu®* ions.
Quadrupole-quadrupole interaction is the mechanism responsible for energy transfer from Sm**
ions to Eu®* ions according to Dexter’s hypothesis as applied to the PL spectra. This result is in
consonance with the results of PL decay curves recorded under 409 nm excitation. The
Commission Internationale de I’ Eclairage coordinates calculated for singly Sm3* doped and
Sm*/Eu* co-doped phosphors show colour tunability from reddish-orange to pure red regions.
All the results obtained finally revealed the utility of the titled phosphors as tunable red emitters

needed to fabricate w-LEDs.

Chapter 6 provides structural and luminescence studies on thermally stable Bi®* activated BMT
phosphors for near UV pumped w-LED applications. This research presents the outcomes of
diverse morphological and PL studies performed on Bi®* ions doped BMT phosphors prepared via
conventional SSM method. Phase assessment was carried out via the XRD studies. SEM and
EDAX analysis have been used to study the surface morphology and elemental composition.
FT-IR was used to study the character and vibrational frequencies of bonds in the titled host lattice.
Room-temperature PL was performed under 275 & 386 nm excitations displaying a broad band in
the blue region corresponding to %P1 — !So transition of Bi®" ions. The CIE coordinates and
correlated colour temperature values show that the as-prepared phosphors emit in the blue vicinity.
The PL decay curves under both excitation wavelengths show a single exponential behavior.

Temperature-dependent PL studies confirmed the high thermal stability of the phosphor. All the
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results obtained endorses the utility of the titled phosphors of this chapter as a blue-emitting

component in w-LED and SSL applications.

Chapter 7 summarizes the overall research results presented in this thesis work as well as the
specific conclusions drawn from the findings. At the end of this chapter the future scope of the

present investigations has been explained.
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CHAPTER 1

Introduction

Worldwide, energy consumption is a serious issue for society leading us to think about how to
generate and consume energy efficiently. As most of the conventional energy generated is used
in the lighting field, we have to focus on this sector to prepare efficient lighting devices which
reduces the power consumption. The system used for white light illumination is collectively

said to be solid-state lighting.




1.1 Lighting Technology:

The development of artificial lighting technology dates back to tens of thousands of years, and

it is still being improved today [1]. The goal of technological development for artificial lighting

is to create light that will mimic daylight. So artificial light can be classified into three
generations following its development and technology:

I. Incandescent sources: This technology was invented in the nineteenth century by Edison.
It works on the method to heat an object at a high temperature till then it emits light, e.g. fire,
incandescent bulbs, candles, etc. These light bulbs' filaments turn more than 95% of the
energy they receive into heat, and less than 5% of it produces visible light.

Il. Compact Fluorescent Lamps (CFL): The middle of the 20th century saw the
commercialization of this method. In this technique, a low-pressure gas, such as mercury,
argon, or a combination of gases, was contained in a glass tube where an electric discharge
took place. An ultra violet (UV) light is generated when this electrical discharge excites
electrons of the gas present in the tube and this UV light was absorbed by the phosphors
coated on the glass tube and gives emission in the visible region.

I11. White Light Emitting Diodes (w-LEDSs): Holonyak and Bevacqua demonstrated this
method in the early 1960s. Without producing heat, it converts electricity directly to visible
light.

1.2. Disadvantages of conventional sources of light:

Conventional sources of light (fire, incandescent bulbs, and CFLs) have many disadvantages,

due to which we have to replace them with another suitable source of light. Some of the major

disadvantages are [2]:



e Traditional incandescent and fluorescent lamps rely on either the release of gases or

heat.

e Burning fossil fuels like oil, coal, or gases increases the price of fuel and pollutes the

atmosphere, which is a serious problem.

e Conventional energies are non-renewable and cannot be used for a longer time.

e Some other disadvantages are ozone depletion, global warming, acid rain, etc. All the

various aforementioned implicates leads to an urgent need to replace the conventional

lighting devices with suitable lighting devices.
1.3. Why do we choose w-LEDs over conventional light sources?
The advantages of w-LEDs are [3]:

1. By lowering the non-radiative recombination (NRR) of electron-hole pairs and creating
a new structure with enhanced efficiency, w-LEDs luminescence efficiency can be
significantly increased.

2. The cost of white light generated by w-LEDs has been decreasing day by day, due to
this cost-effectiveness, solid-state lighting (SSL) may become the next-generation
lighting source.

3. Traditional incandescent bulbs lose a large amount of energy through heat radiation.
3 watts would be enough to power an LED to create the same amount of light as a 60-
Watt incandescent bulb.

4. LEDs are environmentally friendly because of their non-toxic nature, less CO-
emission, and less heat production.

5.  Compared to 1000 hours for incandescent light bulbs, LEDs can last 100,000 hours.



1.4. Luminescence and its various forms:
German physicist Eilhardt Wiedemann made the discovery of luminescence in 1888; the
Latin translation of the word is "light”. In luminescence, some type of excitation energy
source was used to gain emission in visible region without any heat production. Excitation
process in luminescence can be caused by chemical reactions, electric energy, stress on a
crystal, mechanical force, nuclear radiation, etc., which all are ultimately caused by
spontaneous emission. Luminescence occurs frequently in everyday objects like lamps for
lighting, television displays, and lasers in medical equipment [4].

There are numerous categories of luminescence that vary depending on the excitation source

[5,6]:

(a) Photoluminescence (PL): Photoluminescence is light emission caused by excitation from

electromagnetic radiation. It can be of two types- Fluorescence and phosphorescence.

v Fluorescence: When an external radiation is fall on the atoms/molecules present in the

ground state, then after absorbing the radiation, theses atoms/molecules moved to higher

excited states. After that emission of this absorbed light take place. Fluorescence is the rapid

absorption of a single ray of light, immediately followed by the emission of long wavelength

light. Absorption and emission occur almost simultaneously. The duration of this process is

short, usually in the nanosecond range (10 seconds). Examples include fluorescent dyes, some

minerals, and some biomolecules.

v Phosphorescence: The word phosphor is the source of the term phosphorescence,

which describes the continued emission of light from a substance after the stimulating radiation

has stopped. It should be noted that only inorganic materials are covered by these definitions.



Phosphorescence is the absorption of light at one wavelength and the delayed emission of light
at a longer wavelength. Latency can range from a few milliseconds to hours. Luminous
materials, some types of phosphors used in fluorescent lights, and some foods that have
phosphorescence [7].

(b) Chemoluminescence: The conversion of chemical energy into emission of light from a
substance as a result of a chemical reaction. The reaction products in this method generate in
an excited state and come back to the ground state through the emission of light [8].

(c) Bioluminescence: Bioluminescence is a type of luminescence arising from living
organisms through chemical reactions. It can be observed in the deep sea [9].

(d) Electroluminescence: Light emission caused by the action of an electric field on a
substance is known as electroluminescence. For instance, a LED can produce electron-hole
pairs that, upon recombining, result in luminescence. Cathodoluminescence is the term used to
describe excitation by free electrons (an electron beam) [10].

(e) Triboluminescence: When a material is mechanically altered, such as when it is broken or
polished, triboluminescence can happen [11].

(f) Thermoluminescence: Thermoluminescence is a thermally activated luminescence. In this
instance, thermal stimulation simply causes the release of energy that was already given to the
material by other methods, such as ions, a, B, y and X-rays etc [12].

(g) Piezo-luminescence: By exerting pressure on the solid materials, luminescence is created.
It has been discovered that irradiated salts, including NaCl, KCI, KBr, and polycrystalline chips
of LiF (TLD-100), display piezoluminescent characteristics [13].

(h) Crystalloluminescence: It is the type of luminescence produced during the crystal growth

and destruction [14].



(i) Radio luminescence: Radio luminescence is caused in a material by excitation high energy
radiations like nuclear radiation (a, B, y or ions) or X-rays [15].

(J) Mechanoluminescence: Mechanoluminescence is the term for light emission that happens
as a result of any form of mechanical action on a substance [16].

(k) Sonoluminescence: In this phenomenon, light is produced with ultrasonic waves as the
excitation source [17].

1.5. Acloser look to PL through Jablonski diagram:

PL takes place when energy in the form of photons is absorbed, and then there is a subsequent
emission of light, preferably in the visible spectrum. The Jablonski diagram (an energy state
diagram) is used to depict the creation and decay of excited states as shown in Fig. 1.1.

Some basic terms that have been used in this phenomenon are:

Singlet states: Electrons present in the atom has some specific spin associated to them. When
electrons with opposite spin pair up then net spin will be zero. This state is called singlet state.
Triplet states: When both electrons which pair up have same spin, then the state arising is
called triplet state.

Due to the vibronic motions of the atoms that make up a molecule, the ground state So, singlet
states (S1 and S), and triplet states (T1 and T2) are all composed of a variety of vibrational
states. When an external radiation falls on the molecule present in the ground state S, it gets
absorbed and due to this absorption, an electronic transition takes place. As a result of which
electrons moves to higher excited states either Sy or S;. When a transition take place from
higher vibronic state to lower vibronic state within a singlet state, it is called a vibrational
relaxation. The internal conversion (IC) procedures are used by non-radiative singlet states,

namely Sz and Ss, to relax to the S; state.



S, E“ §

Vibrational
relaxation

S 7 § —
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conversion
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ﬂ Fluorescence ]

ﬂ Phosphorescence ]

Fig. 1.1. Jablonski diagram

Typically, an intersystem crossing (ISC) procedure from S; to T results in triplet states. As a
result, electronic transitions between the ground state So and the lowest excited states S1 or Tt
result in radiative transitions. Fluorescence is the name used to describe the radiative transition
from S; to So, which is categorized as a spin-allowed transition and has a time scale of a few
nanoseconds. On the other hand, in the spin-forbidden process known as phosphorescence,
the time scale for the Ty to So transition is substantially longer, ranging from micro- to
milliseconds.

1.6. Phosphor:

The meaning of the word phosphor has not changed since it was first used in the early 17th
century. A massive, glossy, crystalline stone with a shine was allegedly discovered by an
alchemist named Vincentinus Casciarolo in Bologna, Italy. He burned the stone in a charcoal
kiln with the goal of turning it into a noble metal. No metals were identified by Casciarolo, but
he did discover that the sintered stone produced red light in the dark after being exposed to

sunlight. The "Bolognian stone” was the name given to this rock. According to what is now
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known, the stone that was discovered may have been barite (BaSO4), and the outcome of the
firing was BaS, which is now recognized as a host for phosphor compounds. Following this
discovery, several locations throughout Europe reported similar findings, and these light-
emitting stones were given the term phosphors.
Phosphors contain a host material and an activator. As a host material, we can use various
inorganic oxides such as phosphates, silicates, aluminates, titanates, molybdates etc. As an
activator, rare earth (RE) or transition/post transition metal ions are used. Due to their high
luminescence efficiency, colour purity, extended lifetime, etc., inorganic oxide-based host
materials have garnered a lot of attention. These host materials are crucial for the phosphors
luminescence.

1.6.1. Basic concepts for luminescence and phosphor:

Four kinds of luminous materials can be distinguished based on their chemical makeup :

(1) Luminescent centers are already existent in some host materials where they absorb
exciting radiation to produce radiative emission. Such hosts are known as luminophores
as shown in Fig.1.2 (al). Host material may give off its exciting energy non-radiatively
which subsequently looses it as heat.

(2) When host material absorbs the exciting energy and migrate it to the activator, then
activator ions goes to higher excited state by absorbing this energy and later de-excite to
ground by giving emission as represented in Fig. 1.2 (a2).

(3) Some luminescent materials contain inactive hosts and activators as luminescent centers.
These are called ‘‘host and activator’’ type as represented in Fig.1.2 (a3). The excited state
is increased when the activator absorbs the exciting radiation. The emission of light, or a

photon, causes this excited state to return to the ground state.



(4) In some luminescent materials, sensitizers are also used to improve or enhance the
luminescent properties of activators. We define them ‘‘host-sensitizer-activator’’ type.
The incident radiation is absorbed by the sensitizer ion, which then transfers its energy to
the activator ion. In this instance, activator ion emission is seen, as indicated in Fig. 1.3
(a4). Activator is referred to as a killer site because it works to quench luminescence in

the case where energy transfer to the activator is followed by non-radiative decay.

o
- S

Fig. 1.2. Absorption of incident energy and luminescence (al) Host sensitized luminescence
(@2) Energy transfer induced luminescence from host to activator (a3) Activator induced
luminescence (a4) Host - Sensitizer - Activator induced luminescence.
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1.6.2. Down- conversion and Up-Conversion processes:

When radiation in the form of high-energy photons (in the UV or n-UV range) strikes a
material, some of its energy is absorbed before the material re-emits the energy in the form of
two low-energy photons (in the visible or NIR range), which is controlled by Stokes law. The
term "down-conversion™ also applies to this process [18]. On the other hand, when one high
energy photon comes out as one low energy photon, then the emission process is called down-
shifting. The Stokes shift is the energy difference between the excitation and emission
wavelengths caused by the excitation energy's earlier non-radiative loss. However, it may be
possible that two or more low energy photons (in NIR range) are absorbed and subsequently
high energy visible or ultraviolet photons are released. This phenomenon is known as up-
conversion or anti-Stokes emission [19,20]. Figure 1.3 show the down-conversion and up-

conversion processes.

Down-conversion

. L. Lower energy radiation
Higher energy radiation )

&

" VIS/NIR
UV/VIS

Up-conversion

Higher energy radiation

Lower energy radiation )
NIR//%'& §§S/UV

Fig. 1.3. Representation of stokes (down-conversion) and anti-stokes (up-conversion) shift.
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1.7. Dopants:

1.7.1. Rare Earth (RE) lons:

In recent years, the development of effective phosphors with broad applicability has resulted
in the extensive usage of RE elements as luminous centers or activators in diverse host lattices.
These have served as activators, enabling the utilization of extremely focused spectrum
distributions with the effectiveness needed for commercial applications. Although expensive,
these RE doped phosphors provide advantages for luminous materials, which justifies their use
in production. The market for RE doped luminous materials has been steadily expanding in
recent years. They have undergone extensive research and are frequently utilized due to their
high quantum efficiency and good stability.

As indicated in Fig.1.4, the RE elements typically consist of 17 elements, with the 15
lanthanides [from La (Atomic no. 57) to Lu (Atomic no. 71)], Sc (Atomic no. 21), and Y
(Atomic no. 39) making up the majority of the elements. From Ce3* to Lu®*, the lanthanides
have one to fourteen extra 4f electrons in their inner shell configuration. The 4f orbitals of the
lanthanide ions from Ce?* to Yb®* are only partially filled, which results in luminescence in the
visible region that is unique to each ion energy level. Numerous of these luminous ions can be
employed as dopants in different host phosphor lattices. Despite their name, RE elements are
quite common in the Earth's crust (apart from the radioactive promethium), with cerium being
the 25" most common element. The geo-chemical characteristics of RE elements, however,
make them wusually distributed and less frequently discovered in concentrated and
commercially viable forms. RE minerals are the few resources that can be profitably extracted.
The phrase "rare earth” originated from the fact that these minerals, which were once known

as "earths," are extremely rare [21].

11



The light RE elements (REES), which include lanthanum to europium (Z = 57-63), and the
heavy REEs, which include gadolinium to lutetium (Z = 64-71), have historically been
separated into two classes. Despite being the lightest REE, yttrium is typically classed with the

heavy REEs because of their similar chemical and physical properties.

Periodic Table of the Elements

ELEMENT GROUPS H
Non Metals O Alkali Metals e
[J Halogens O Alkali Earth Metals A v VA VIA VIIA Hellum
D Noble Gases ] Transition Metals 6 7 8 g 10
0O Metals O Lanthanides
Metalloids O Actinides m w nqow F N—Me
16

13 14 15 17 18

Al Si P S Ar

e VIB vie  ~—— VIiB Silicon Mm &w

571 v [ [ re o [ 7n ca e s s
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| Ta | [Re[os] e [ e [u| gl m [bb [ o
s kg

Actinides

Fig. 1.4. Periodic table comprises RE ions and other transition/post transition metals.
1.7.2. Post-transition metal ions:
Post-transition metal ions are elements to the right of transition metals in periodic table. These
elements are found in groups 13 to 17 and show properties between metals and non-metals.
We choose bismuth (Bi®*) ions as additives in the matrix for the following reasons-
1. Bismuth-doped phosphors exhibit enhanced fluorescence when exposed to ultraviolet (UV)
or near ultraviolet (NUV) light. This is good for getting better colors and making the lighting

better suited to specific needs.
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2. By adjusting the dopant concentration or changing the material, bismuth-doped phosphors can
be designed to emit light of various colors.

3. Bismuth-doped phosphors generally have a broad emission spectrum covering a wide range of
wavelengths in the visible spectrum.

4. Compared to other materials in the world that are rarely used as additives, bismuth is abundant
and relatively inexpensive.

5. Bismuth has a unique electronic structure that makes it a unique optical property. The
introduction of bismuth ions into the lattice of phosphor materials can lead to electronic changes
that lead to desired luminescence properties.

1.7.3. Type of Interactions:

Broadly, the interaction between two different levels is classified based on the transition

between f-f levels and 4f "1-4f "5d°,

a) Intra-configurational (f-f) transition: The electronic transitions from the 25*L; to the free

ion level or J manifolds in the 4f sub shell are responsible for the wide range of thin lines seen in

materials doped with RE ions. They are not allowed to spin. Excitation and emission energies in

the f-f transition are efficiently protected from 5s and 5p shells, remaining independent of the host

material doped with activator ions. The narrow line width in these spectra is caused by the

shielding effect. Different sorts of transitions, including those listed below, result from the

interaction of the RE ions in the host with the light.

(i) Magnetic dipole (MD) transitions: A weakly intense transition known as a magnetic dipole
(MD) transition is seen when the magnetic field factor of the incident light interacts with the
RE ion through a magnetic dipole. MD transition happens when the charges are rotated in a

different direction while still rotating in the same direction under inversion through a point.
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The MD transition exhibits even parity and possesses even transformation under inversion,

allowing transition between states with the same parity. Therefore, a MD transition is endorsed

by the Laporte’s selection rule (IAll = £ 1, |Asl = 0, IALI < 0, IAJl = 0; J = 00 transition is

forbidden).
(i)  Electric dipole (ED) transitions: When RE ions interact with electromagnetic
radiation’s electric field vector via an electric dipole, an ED transition takes place. The parity-
permitted transitions between the 4f and 5d states are as follows. Odd parity charge must
move linearly in order for an electric dipole to arise. As a result, when the electric dipole
operator is inverted, it exhibits peculiar transformation features with respect to an inversion
centre. These transitions are subjected to the selection rules as (JAs| = 0, |Alj= 1, |[AL| < 6,
|AJ| < 6).
(iii) Electric quadrupole (EQ) transitions: The EQ transitions, which are substantially
weaker than the ED and MD transitions, are produced by the displacement of quadrupole
charges. These are parity allowed transitions with selection rules (JAS| =0, JAL| <2 and |AJ]
<2).

(b) Interconfigural (f-d) interaction: The transport of 4f electrons to the 5d shell is parity
permitted in these transitions. Compared to the 4f-4f transition, the transition between the
4f"15d1-4f"5d° levels gives rise to a wide range of wavelengths. The host ions gave the
doped RE ions such a setting, and the crystal field splitting caused the 5d energy levels to
separate. The length, type, and environment of the bond between the acceptor ion and the
ligand, as well as the acceptor ions' site symmetry, all affect how much of a crystal field

effect there is. These changes involve a lot of energy.
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1.8. Introduction to pc-wLED in the world of Solid-State lighting (SSL) technology:

The already over burdened global energy infrastructure continues to be under pressure from

the rising demand for fossil fuels and their negative environmental impact. Using blue InGaN

LED chips with a yellow phosphor coating, Nichia Chemical Co. created a completely new

lighting technology in 1996. (YAG: Ce). SSL is the term used to describe lighting applications

that make use of LEDs, organic LEDs, or light-emitting polymers. Today, SSL technology is
gaining popularity as a potential replacement for traditional lighting sources. Due to their

distinctive optical characteristics, phosphor-converted white LEDs are quickly becoming a

vital SSL source for the coming generation.

There are many methods to generate white light. But mainly the following three approaches

are important to generate white light:

1) RGB LED method: In this, red, green, and blue light from three monochromatic LED
sources are combined directly to create white light (Fig. 1.5). But the disadvantage of this
method is that we require different driven currents for individual LEDs. Although the colour
rendering index (CRI) and luminous efficacy of these LEDs are good, but the driving circuit
utilised to create white light is complicated, which drives up the price of LEDs and
complicates manufacture. Additionally, varying driving currents causes the degradation of
various colour LEDs and instability in colour temperature [22].

2) UV/NUV LED+ RGB phosphor: In this method, UV LEDs are coated with tricolor RGB
phosphor and this combination gives white light (Fig. 1.6(a)). However, the fundamental
drawback of this approach is the inconsistent rate at which various components deteriorate,

which causes colour shifts over time.
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Red + Green + Blue LEDs

Fig. 1.5. White light generation through Red+ Green + Blue LEDs..

White Light AVhite Light
@ " b (b) © 503

Blue phosphor

Green phosphor
YAG:Ce*

Red phosphor

Fig. 1.6. White light generation using phosphors (a) NUV-LED+ RGB phosphors (b) Blue-
LED+ Yellow phosphor
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3) Blue LED+ Yellow phosphor: This technique involves coating a blue LED with yellow
phosphor, which is subsequently excited by blue light from the LED to produce white light
(Fig. 1.6(b)). Due to the lack of red components, this method's white light has a poor colour
rendering index, a strongly correlated colour temperature, and a low chromatic stability,
which is one of its drawbacks [23]

1.8.1. Applications of phosphors:

Phosphors are used in more and more technologies, which calls for greater study to advance

these technologies and make them more affordable and efficient. Phosphors are employed as

light sources in display devices, fluorescent lamps, detectors, and other simple applications
like luminous paint with long-lasting phosphorescence, long-lasting phosphors coated pointers,
light switches, etc. Some of these uses are shown in Fig. 1.7. Numerous phosphor materials
based on RE ions have considerably improved the performance of the devices in which they
are utilised. Significant progress has been made in the field of phosphors by purposely
introducing trivalent RE ions as light centres in different host matrices to produce RE activated
phosphors. RE based phosphors have been crucial in the operation and commercial success of
numerous lighting and display products during the past few years. The two most popular

display types are liquid crystal displays (LCD) and cathode ray tube (CRT) panels [24].

However, typical CRTs are excessively big and heavy, while LCDs are constrained by their

slow response times and narrow viewing angles. Field emissive displays (FED) are regarded

as an excellent model of flat panel display (FPD) technology for the upcoming generation of
display technology because of their expected high brightness, high contrast ratio, light weight,

and low power consumption.
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Applications of phosphors
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- ’ LCD
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Fig. 1.7. Applications of phosphor materials in various fields.

For instance, Y,0z:Eu®" (red), YsAlsO12:Tb®" (green), and Y,SiOz:Ce** are commercial
phosphor layers used in FEDs. The majority of luminous substances, also known as phosphors,
are solid inorganic substances with a host lattice and luminescent core that have been
purposefully doped with small amounts of specific impurities. The luminescence is mostly
caused by a small amount of purposely added impurities, or "activators." When excitation light
from an external source strikes the host, either the host or contaminants absorb the energy. By
absorbing energy from impurities, excited photoelectrons are created, which are then reduced
in energy by emitting photons or heat to the host matrix. Almost all emissions come from

impurity atoms that have been purposefully doped.
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The structure and abnormalities in biological tissues and living cells at the organ level are
frequently examined in medical diagnosis using biological imaging techniques like X-ray, CT
scan, and MRI. These techniques do have certain drawbacks, though. lonizing radiation has
negative side effects, cannot differentiate between benign and malignant cancers, and does not
have a real-time reaction. Therefore, a better bio-imaging technique is required, one that can
effectively and with high resolution examine what is happening at the cellular and molecular
levels.

These limitations of traditional bio-imaging methods can be overcome by an up-conversion
fluorescent method used in contemporary bio-imaging. Up-conversion fluorescence techniques
with excitation in the near infrared (NIR) region can be used for imaging biological cells and
tissues due to their many advantages, such as the fact that they do not cause photodamage to
living things, have very low auto-fluorescence, cause no harm, respond instantly, have a high
detection sensitivity, and have a high penetration depth in biological tissues. Customized nano
dimensional up-conversion phosphor materials are used in this method.

Phosphors within the cell or tissue begin to shine instantly upon 980 nm infrared excitation
and produce the visible fluorescence from that specific cell or tissue, which can then be caught
by the CCD camera with an advanced optical microscopy equipment. In contrast to typical
ultraviolet (UV) excitation, these nano-phosphors exhibit intense visible emission under NIR
stimulation, which renders them less damaging to biological samples and increases sample

penetration depths.
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1.9. Spectral Analysis:

1.9.1. Color rendering index (CRI):

CRI is a metric used to assess a light source's capacity to accurately depict an object's colour.
The difference between a set of test colours when illuminated by the source and the same test
colours when illuminated by the standard illuminant having the same correlated colour
temperature is measured by this unit-less number. It is assessed on a scale from 1 to 100. When
the light source and the standard illuminant render colours are identical, then the CRI will be
high. Low CRI values indicated that colour reproduction would be less accurate.

1.9.2. CIE coordinates & color purity:

The range of wavelengths where the human eye reacts to light is about between 400 and 750
nm. The Commission Internationale de I'Eclairage [International Commission for lllumination,
or (CIE)] standardised colorimetry for photopic (bright-light) vision in 1931, as indicated by
the CIE diagram (Fig.1.8). CIE system is commonly used to describe the colour of a light
source. The chromaticity coordinates x and y on the CIE chromaticity diagram can be used
to represent any colour. By using this technique, the three primary colours that make up any
colour are described. X, Y, and Z stand for synthetic colours, often known as tristimulus values.
Due to a mathematical trick, the three quantities (x, y, and z) are always made to add up to 1,

hence in order to designate a colour, the quantity of two of the reference stimuli is required.

The chromaticity coordinates are the ratios of the light's X, Y, and Z values to the total of the
three tristimulus values. The spectral power density P(A) of the light source and the colour
matching functions x(A), y(A), and z(A) established in CIE 1931 were used to obtain the CIE

chromaticity coordinates from emission spectra.
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Fig. 1.8. CIE 1931 Chromaticity Diagram

The tri-stimulus values X, Y, and Z can be used to get the chromaticity coordinates, as -
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X = vz (1)
Y

Y = Xiv+z (2)
z

T X+Y+Z (3)

where the following equations provide the level of stimulation necessary to match the colour
of P(A). Here, P(A) is the spectral power density of the light source and the colour matching

functions are x(A), y(L), and z(}p).

X = [®(A)P(A)dA 4)
Y = [y(A)P(A)dA ®)
Z = [Z(D)P(A)dA (6)

The monochromaticity is indicated by the value of the CIE coordinates around the CIE
diagram's edge. Therefore, the colour purity can be assessed by utilizing the expression as
follows to determine the monochromaticity of the material under investigation using the CIE

coordinates as obtained.

\/(x_xee)2+(y_37ee )2
(7

colour purity = Vxg—xee)>+(Va—Yee )?

where (Xee, Yee) are the coordinates of the white point, (Xd, ya) are the coordinates of the
dominant wavelength point, and (x, y) are the coordinates of the sample under consideration.
The monochromatic emitters should have a 100% colour purity.
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1.9.3. Correlated color temperature (CCT):

CCT is a numerical scale that quantifies a light source's colour. The temperature in Kelvin of
a hypothetical black body emitter whose spectral properties most closely match those of the
lamp is known as the CCT of a white light source. Cool white (2700K) is brighter than warm
white (4100 K). The uses of white light sources are impacted by their colour temperature. A
typical incandescent bulb's colour temperature ranges from 2800 to 3000 K, while daylight's is
around 6400 K. The CCT range for high-quality white light lighting should be between 2500
K and 6500 K. The correlate colour temperature, which measures the absolute temperature of
an ideal blackbody radiator whose colour matches that of the light source, is used to describe
the colour of emitted light. The typical CCT of the white region diagram is in the 2000—-10000

K range. The McCamy equation can be used to calculate the CCT-

CCT = —437 ["_’;] + 3601 [; ;] — 6861 [" "e]+ 5514.31 (8)

Here, the sample under consideration's CIE coordinates are (X, y), and the epicenter's

coordinates are (Xe =0.3320, ye =0.1858) .
1.10. Energy transfer mechanism by using theoretical models:

Energy can only be transferred between two neighboring ions only if the resonance occurs
between the energy differences of their ground and excited states and there is some proper

interaction exists between them. The two nearby ions may interact via multipolar interaction
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or exchange interaction. From the emission spectral data, Dexter theory and Reisfeld's

approximation can be used to determine the nature of multipolar interaction.

1.10.1. Dexter theory and Reisfeld’s approximation:

According to Dexter theory, the luminescence quantum efficiency can be used to determine

the type of multipolar interaction by correlating it to the concentration of RE ions as follows:

T:]—Ooc cn/3 9)

where C denotes the overall concentration (in moles percent of donor and activator ions), n the
kind of interaction, and no and n the luminescence quantum efficiencies of donor ions in the
absence and presence of acceptor ions, respectively. The exchange interaction, dipole-dipole
(d-d), dipole-quadrupole (d-q), and quadrupole-quadrupole (g-q) interactions, respectively, are
represented by the n = 3, 6, 8, and 10 numbers, respectively. With reference to their respective
emission intensities, it is possible to approximate the ratio of quantum efficiencies of the donor
in the absence and presence of the acceptor. Thus, the relationship described above can be

expressed as -

S0 o cn/3 (10)

Is

where I and Is are, respectively, the integrating emission intensities of the RE ions’
hypersensitive transitions in the presence and absence of co-dopant ions. lso/ls vs C"2 plots for
n =6, 8, and 10 are drawn. The energy transfer mechanism can be investigated by examining

the linear fitting factor R? for the plot obtained as described previously. The sort of interaction
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between the sensitizer and activator is shown by the high value of R? obtained for the

appropriate "n" number.

1.11. PL decay kinetics:

The lifespan of the excited state, which is the average amount of time the molecules spend in
the excited state before returning to the ground state, can be measured experimentally using
the analysis of the PL decay curve. The lifetime of a population of excited phosphor is the
amount of time it takes for the number of excited molecules to decrease to 1/e, or 36.8% of the
initial population. A schematic illustration of PL intensity declining as a function of time is
shown in Fig.1.9. The excited state of an atom decays to the ground state using the following

equation if decay is single exponential:

—t
I = Iyexp. (T) (11)
Where, | is the intensity at time t, lo is constant, and t is the decay constant. The following
equation can be used to represent the decay of an atom from its excited state to its ground state

if the decay profile is double exponential:

I =1+ A exp. (;—:) + A, exp. (;—zt) (12)

Where | represent the intensity at time t, A1 and A2 are constants, and 11 and 1 2 are the decay
constants that represent the exponential components with quick and gradual decay,
respectively. High grade materials typically have a longer emission period, making PL decay
curve analysis a very valuable tool for determining material quality. When a sample is excited,
its internal electrons travel to a higher excited energy level before relaxing to the state with the

lowest vibration. An electron emits a photon to transition to the ground state after a
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predetermined amount of time. The duration of the delay is known as the material's excited

state lifetime, and it may be calculated using the PL decay curve analysis.

1.0
Exciting pulse
N ////////
@
3
= Phosphorescence or Fluorescence
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/

1/e

T Time

Fig. 1.9. Diagrammatic portrayal of PL decay curves.

In PL decay curve analysis, the material is excited to a higher excited energy state using light
with short pulse duration, and the PL emission intensity is then measured as a function of time.
A measurement of excited state lifetime is provided by the PL 's decline in intensity over time.

1.12. Selection of Host lattice:

Solid state lighting technology with its tremendous advantages can reach the theoretical limit
of luminescence efficiency. The key elements of this SSL technology, which is mostly utilised
in lighting, imaging, and display applications, are phosphors. The choice of host material has

a notable impact on the luminous qualities displayed by the phosphor when creating an
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effective single-phase phosphor-based LED. Therefore, it is crucial to choose a suitable host
material. New materials are being searched by many researchers in support of this lighting
technology but still there are many challenges to reach the criteria for an efficient host matrix.
A good host should have (1) higher absorption in blue and near UV spectral range (2) high
thermal and chemical stability, (3) narrow band width emission in visible region, (4) high

luminescence energy transfer efficiency and quantum efficiency.

Recent research has shown that inorganic oxides are ideal host materials because of their
unique benefits, including affordability, ease of preparation, environmental friendliness,
outstanding stability, and strong chemical, thermal, and photo-stability. In general, as a host
material binary or ternary compounds of oxides, nitrides, molybdates, titanates, sulfates, etc.
are used. Among all these compounds, titanate-based phosphors have attracted much attention
because of the alluring properties like high thermal and chemical stability, high mechanical
strength, wide bandgap and high refractive index due to which emission intensity increases.
The chromaticity of titanate-based system can be controlled by adjusting some of the synthesis
parameters and by doping them with a 3d or 4f system. When these lattices doped with RE
ions or any other impurity ion, give tremendous luminescence results when excited by either

UV or NIR radiations.

Therefore, based on the literature survey, we have selected barium molybdenum titanate
(BasMoTiOs, abbreviated as BMT in further chapters) as a host material for our research work.
it is a novel ternary compound and its structural and PL properties are not so much explored.
The transition metal Mo, which is present in this lattice, has a broad excitation band in the UV
area, which has an impact on the BMT phosphor's luminous behavior [25,26]. The introduction

of barium into the compound can affect its optical properties, such as refractive index and
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optical transparency. This is valuable in applications like optics, photonic devices, and sensors.
The aforementioned scientific patronages offered by barium, molybdenum and titanate have

prompted us to prepare an inorganic host lattice by name BMT doped with various RE ions.

1.13. Objective of Research Work:

» To synthesize RE doped BMT phosphors by using different chemical routes to achieve
pure phase and homogeneous crystal structure and then optimization of the synthesis
technique.

» To perform structural, morphological and vibrational investigations using techniques
such as XRD, SEM, Raman and FT-IR.

» To study the luminescent properties (up/down-conversion) of the RE ions doped
phosphors and to enhance the luminescence intensity by co-doping with suitable
activator/sensitizer so as to understand the host as well as its dependency on
concentration of RE ions.

» To prepare phosphors for red, green and blue component of w-LEDs.

» To project these phosphors for utilization in SSL and up-conversion applications
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CHAPTER 2

Experimental and Characterization Techniques

The creation of high-quality materials necessitates thorough familiarity with the various
synthesis procedures as well as the pertinent characterisation techniques. This chapter's goal is
to describe the synthesis techniques used in the current study. The synthesised powder
phosphor samples have undergone various characterizations of their structural, morphological,
vibrational, and photoluminescent characteristics using techniques like XRD, scanning
electron microscope (SEM), field emission scanning electron microscopy (FE-SEM), Fourier
transform infrared spectroscopy (FT-IR), UV-Vis spectrophotometer, and spectrofluorometer,
among others. This chapter also provides an explanation of the operational principles and

experimental equipment employed in the current work.
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2.1 Raw materials required:

Modern display technologies, solid-state lighting, cathode ray tubes, nuclear medical
diagnostics, X-ray detectors, LEDs, etc. all frequently use phosphor compounds. Inorganic
phosphors typically consist of an activator ion and a host material. The right host and dopant
must be chosen in order to produce phosphors with a strong PL response and greater chemical,
physical, and thermal stability. The RE ions/transition metal ions/post transition metal ions can
be used as dopants in these phosphor materials. Both radiative and non-radiative decay are
possible for the excited activator ion. For the manufacture of phosphors, various host lattice,
such as nitrides, oxides, oxynitrides, sulphides, molybdates, titanates, silicates, or aluminates
doped with RE metal ions, are typically used. Among them, host lattices based on molybdates
and titanates have stable crystal structures and a lot of light output. Pure synthesis of materials
IS necessary since the host lattice's structure affects the emission intensity and wavelength. The

highly pure raw ingredients that were used to make phosphors are mentioned in Table 2.1.

Table 2.1. List of chemicals used in the present thesis work.

Sr. No. Chemical Name Chemical Formula % Purity Supplier

1. Barium Carbonate BaCO3 99.9 Fisher Scientific

2. Molybdenum MoOs3 99 Loba Chemie Pvt.
Trioxide Ltd.

3. Titanium Di-oxide TiO2 99.5 Fisher Scientific

4. Europium Oxide Eu203 99.9 Sigma-Aldrich

5. Ammonium ((NH4)sM07024*4H20) 98 CDH

Molybdate
6. Barium Nitrate (BaNO3)2 99 Fisher Scientific
7. Titanium (1V) C10H140sTi 90 Sigma-Aldrich
Oxyacetylacetonate
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8. Holmium Oxide H0203 99.9 CDH
9. Ytterbium Oxide Yb203 99.9 Sigma-Aldrich
10. Samarium Nitrate SM(NO3)3 99.9 Sigma-Aldrich
11. Bismuth Oxide Bi2O3 99 CDH
12. Citric Acid (CA) CeHsOy 99.5 Fisher Scientific
13. Nitric Acid HNO3 69.71 Fisher Scientific
14. Glycine C2HsNO2 98 Fisher Scientific
15. Polyethylene Glycol | H-(O-CH,-CH:)n,-OH Fisher Scientific
(PEG)

2.2 Experimental methods:

Numerous parameters, including the choice of host, activator, purity of the chemicals used,
sintering temperature, sintering time, stirring of chemical solutions, choice of complexing
agents, surfactants, and many more must be carefully taken into account while preparing
phosphors. According to the literature, there are many different physical and chemical methods
for making phosphors. Physical methods include ball milling, while chemical processes
include typical solid-state reactions, sol-gel, combustion, molten salt, co-precipitation, spray
pyrolysis, and hydrothermal. The synthesis pathway is a necessary constraint to control the
size, shape, distribution, and morphology of the particles. Furthermore, by altering the process
used to synthesize the phosphor, the light characteristics and quantum efficiency can be
improved. Since the solid-state method approach is a good example of solvent-free synthesis
of solid products with excellent yield, it has been used to prepare the majority of bulk powder
phosphors. However, it necessitates a considerable amount of time and energy for the tedious
grinding of the sample and higher temperature sintering. Additionally, this method of synthesis

has some severe drawbacks, such as the introduction of flaws that have an unfavourable effect
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on the luminous qualities of the produced phosphor. Rapid diffusion of the reactive species
causes the reaction to not finish completely, leaving some residue that causes some flaws.
Following the grinding of the raw materials, sintering is done in order to evaporate the residue
and obtain the pure phase. Additionally, the produced particles' size distribution is
unpredictable and is in the micrometre range. Due to consistent mixing of the precursors in the
liquid phase during phosphor synthesis via an alternate chemical method and its optimization,
size and shape uniformity can be reduced, significantly improving luminous characteristics.
For instance, changing the pH value, including complexing agents, and adding surfactants can
significantly improve the purity and shape of the sample in the sol-gel process, which further
enhances the PL properties of the phosphors as created. The luminous properties of the as-
prepared phosphors are enhanced by the improved structure and morphology. Combustion and
the pechini sol-gel method were used to synthesise the phosphor in order to optimise its phase

and luminous behaviour among other wet chemical synthesis techniques.
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2.2.1 Solid-state reaction (SSM) method:

Stoichiometric amount of
precursors were taken

[ Mixed in
| acetone
|_ _medium__|
Grinding ——— -
for 1 hr I I
| Homogeneous

intered at 1100°C for 10 hrs

=

Fig. 2.1(a). Flowchart of various steps involved in the synthesis of BMT phosphor by SSM
method.

| mixture

N

Final product
BMT:RE3*
phosphor

To create phosphors for industrial usage, where high yield and low cost are crucial in a short
amount of time, the SSM method is employed. It uses a dry media reaction where
stoichiometrically weighed high purity raw materials are dispersed in volatile solvents like
acetone or ethanol, ground, and then heated to promote a diffusion reaction. The temperature
necessary for the synthesis of the phosphor is only kept high enough to allow for proper
diffusion and complete the reaction in time to prevent precursor materials from melting.
Reaction time and temperature are inversely correlated. In order to get the desired phase, the

manufacturing of these phosphors occasionally necessitates several heating and grinding
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procedures. The resulting phosphor is ground after allowing samples to cool naturally to room
temperature. This is followed by other characterizations. Fig. 2.1(a) depicts all synthesis steps

involved in this process.

2.2.2. Combustion method (CMM):

The CMM method is a quick and inexpensive synthesis approach that can be used to create a
variety of compounds that are useful for industry. The CMM approach is a low temperature
synthesis that acts as a self-acting engine to generate heat that is more than what is needed for
reactant ignition. The combustion process involves dissolving all of the metal nitrate precursors
in DI water, adding RE oxide dispersed in nitric acid to the metal nitrate solution, and stirring
the mixture on a magnetic hot plate to ensure uniform mixing. In the CMM method, the
oxidizer (nitrate precursors) rapidly breaks down in the presence of an organic fuel (such as
urea, hydrazides, glycine, etc.) to produce the product in nano-form. Maintaining an oxidant to
fuel ratio of 1 is crucial for successful combustion and can be determined from the valences of
the two substances. Metal nitrates and fuel operate as the oxidising and reducing reactants in
the CMM reaction, respectively [27]. After the addition of fuel, the solution was placed again
on stirring for 2 hours at 120°C. The exothermic reaction's strong energy release raises the
temperature of the reacting species and causes a fire to start at 500°C. At this temperature, a
grey coloured foamy powder was formed with release of large amount of gases. The CMM

reaction is an auto-propagating reaction that uses gas evolution to produce the target product.

2.2.3. Sol-Gel-Combustion method (SGM):

In the Pechini sol-gel process, a metal salt solution reacts with a mildly alkaline or acidic
media. A gel with a porous, interconnected network and polymeric chain is created from a sol.

Precursors used for this synthesis method were the same as used in the CMM technique. In this
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approach, CA is utilized as a chelating agent. A polymeric network of the metal citrate complex
is created by using polyethylene glycol and a metal: CA ratio of 1: 2. The CA is added and
maintained over a magnetic hot plate under steady heating at 120°C for 4 hours. The
homogeneity of the gel and particle size of the resulting powder sample depend heavily on pH
in this procedure [28]. It is burnt at 500°C while the gel forms, and the resulting brown foamy
solid is ground and sintered at 1000°C for 10h. For characterizations, white powder phosphor
that has just been manufactured is used. Figure 2.1(b) depicts the specifics of the combustion

and sol-gel synthesis processes used in this paper.

( Ba(NO3),+ DI water ]

[ C,H,,04Ti + METHANOL ]—}lq—[ (NH,)sMo,0,,*4H,0+ DI water |

[ Solution X ]

l —— [ Solution Y: RE,0; + HNO, ]

| Heating at 100°C with stirring for an hour |

|

(__Citric Acid + DI water | s (" Solution 7, | === IRE T EE T Lo

—| |
[ Heating at 120°C with stirring for 4 hour ] Heating at 120°C with stirring for 2 hour
: !
[ Gel Formation ]
v Combustion at 500°C
[ Firing at 500°C ]
"' Grey and White coloured flakes
[ Black Foamy Solid ]
¥
1 1 O
[ (et b | e e L L e ] Grinded and Sintered at 1100°C
[ Sol-Gel- Combustion ] Combuston

Fig. 2.1(b). Schematic representation of various steps involved in the synthesis of BMT
phosphor by SGM and CMM techniques.
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2.3. Characterization techniques:

Inherent traits for the optimization and successful use of the as-prepared phosphors in lighting
systems must be known in order to apply the appropriate characterization techniques. Using
the conventional tools used to determine the structure, morphology, and luminescence
behaviour, the as-prepared BMT phosphors have been characterized. The next sections go into
great length to explain the experimental methods used to characterize the synthesised

phosphors.

2.3.1. Thermal analysis:

The physical characteristics of the reaction products as a function of temperature, stress, and
environmental conditions were determined by studying the thermal behaviour of the precursors
using thermogravimetric and differential scanning calorimetry (TG-DSC). In order to analyse
the substance, the chemical is often heated under regulated conditions. Topography, phase
transitions, crystallisation, adsorption, desorption, melting, enthalpy, weight variations, and
thermal stability are just a few of the features that may be understood by thermal analysis.
However, thermogravimetric-differential scanning calorimetry (TG-DSC) was used in the

current thesis work to determine the phosphor's crystallisation temperature.

(i) Thermogravimetric analysis (TGA):

In TGA, a controlled environment and a steady increase in temperature or time are used to
measure the mass or weight loss of a precursor. The relationship between weight percentage
with respect to time or temperature is known as a thermal decomposition curve.
Decomposition, oxidation, vaporisation, sublimation, and desorption are all discussed in this

chapter. The weight variation in the TGA curve represents the adsorption or desorption of gases
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from the sample under study. While a minor mass change implies the material is stable, a rise

in mass shows adsorption and a reduction in mass indicates desorption.

Fig. 2.2. Perkin Elmer Pyris diamond (TGA/DTA/DSC) system.

(it) Differential thermal calorimetry (DSC): In chemistry and materials research,
differential scanning calorimetry (DSC) is a popular thermal analysis method. It is generally
used to measure the heat flow into or out of a sample as a function of temperature or time in
order to research the thermal properties of substances, including phase transitions, heat
capacity, and reaction kinetics. The foundation of DSC is the idea that any physical or chemical
change, such as a phase transition (melting, crystallisation, or sublimation), will affect the

sample's internal energy balance. When a sample and a reference material are both subjected
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to a controlled temperature programme, this causes heat to be released or absorbed, which may
be measured as a temperature differential between the sample and the reference material. As
indicated in Fig. 2.2, TG-DSC were performed in the current thesis utilizing the Perkin Elmer

Pyris diamond (TGA/DTA/DSC) system.

2.3.2. X-ray diffraction (XRD) for structural investigations:

One of the most fundamental and potent technologies for analysing and determining the
structure of both bulk materials and nano-structures is X-ray diffractometry (XRD). The phase
orientation, geometry, and lattice constants of a crystal structure can all be ascertained using
this method. The method can also be used to assess a material's stress and strain. Since XRD
is based on the diffraction principle, when X-ray waves with wavelength 0.01- 10 nm are
impinged on a crystal, the crystal planes cause them to be diffracted since the interplanar
spacing is similar to the wavelength of x-rays. Crystal planes behave similarly to mirrors and
can therefore reveal information about the crystal structure. Every crystal's diffraction pattern
is distinct, just like a person's fingerprint. Bragg's equation can be used to describe the

diffraction of a crystal, and the diagram in Fig. 2.3 that explains this phenomenon.

A C
Incident x-rays Diffracied x-rays
A’ A A C’
A A
g B %
=] 1=)
d
B’
d
Atomic-scale crystal lattice planes

Fig. 2.3. Bragg’s Diffraction representation from crystal planes.
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2dk1SinBpki= nd (13)
where the incident light's wavelength is A, the interplanar distance is d, the diffraction angle is

0, the Miller indices for the crystals’ planes are h, k, and I, and the order of diffraction is n.

The XRD setup consists of a fixed sample holder assembly, a high-speed energy-dispersive
compound silicon detector with an automatically adjustable window that can measure patterns
in the angular range of 0.1°to 90, and a moveable copper [Cu-(K)] source for the emission of
X-ray spectrum at wavelength 1.54 A. The high voltage electron beam from the source tube
strikes an anode metal target, such as copper (Cu), molybdenum (Mo), iron (Fe), or chromium
(Cr), in a vacuum atmosphere to produce a highly collimated X-ray. Cu is the target material
most frequently employed for single-crystal diffraction. The sample is exposed to an X-ray
beam, which is then detected as the sample and detector rotate. When the incident X-ray strikes
the sample and causes constructive interference before an intensity peak develops, the Bragg
equation is satisfied. A detector is used to both capture and process this radiation. The output
is then taken through a printer or computer monitor after the signal has been converted to a

count rate.

A wide range of details concerning the crystal structure, orientation, average crystalline size,
and stress in the films are revealed by XRD examinations. The sample's experimentally
obtained diffraction patterns are compared to the published Joint Committee on Powder

Diffraction Standards diffraction files (JCPDS).

The peak width of the materials can be used to calculate the crystallite size 'D' using Scherer's

formula-

D=sA/fcosb (14)
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Where 0 is the Bragg angle, B is the peak's full width at half maximum (FWHM), and s is the

constant based on the material's geometry.

The material to be examined may be in the shape of a powder, pellet, or even a thin film that
contains crystallites, which are microscopic crystals. The X-Ray diffractometer used in the

current thesis work is shown in Fig. 2.4.

Fig. 2.4. Bruker D8 Advance X-ray diffractometer.
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2.3.3. Scanning electron microscopy (SEM) and field emission scanning electron

microscopy (FE-SEM) for morphological investigations:

A sophisticated type of microscope called a SEM uses electrons rather than light to examine
the three-dimensional structure of solid materials. The SEM technique can be used to gather a
lot of data about a sample, including the topography, composition, and morphological aspects
of the solid sample. It can be considered the most effective method for examining the
morphology of organic and inorganic materials on scales ranging from nano to micro scale.
SEM provides incredibly accurate images of a range of materials with high magnification up
to 30kx and even 1000kx in some modern versions. An electron beam is focused onto a
specimen using electromagnetic "lenses” in a SEM (which can be a metal, metal oxide,
ceramic, or biological sample). By observing how the electron beam reacts with the specimen
surface, an image is created. Different kinds of electrons are deflected when the electron beam

strikes the material.
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‘ Scanning Electron Microscope

Fig. 2.5. Zeiss EVO40 Scanning Electron Microscope.
In order to create a sample for SEM examination, conducting carbon tape is covered with
powder samples, thin films, or pellets, which are then coated with conducting metals like gold
(Au) or platinum (Pt). To prevent the concentration of incident electrons at a specific location
in the sample, the sample is coated with conducting metals. Now the electron beam is switched
on the electrons and their interaction take place with the specimen. This interaction takes place
in the form of their scattering from the surface thereby producing secondary electrons along
with backscattered electrons (BSE) and these are used to visually inspect the sample’s surface.
Although secondary electrons are produced throughout the whole volume of interaction, they
only escape from a few surface layers and have an energy of less than 50 eV, providing
morphological data about the sample. BSE have an energy more than 50 eV and are elastically

scattered from the surface, allowing them to travel farther than secondary electrons. Bright
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spots can be seen in SEM pictures because high atomic number elements produce more BSE
than low atomic number ones do. Because of this, contrast in the pictures produced by BSE
can be used to visualise various chemical compositions of the surface elements. While the
intensity of the signal is inversely proportional to the concentration of secondary electrons, the

dark contrasted image of the surface correlates to the concentration of BSE.

Fig. 2.6. JEOL 7610F Plus Field- Emission Scanning Electron Microscope.

FE-SEM is a type of microscopy that scans the material in a zigzag pattern using a field
emission source. When compared to a tungsten filament used in a typical SEM, the electron
emitters of a field emission gun have an emission capacity up to 1000 times more. Similar to

SEM, secondary electrons are also gathered here by a scintillator detector that generates
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photons. Additionally, FE-SEM requires higher vacuum levels, and to prepare the sample, a
very thin layer of palladium or Au is coated on it. After leaving the electron gun, the electrons
are next focused into a tiny, monochromatic beam using metal apertures and magnetic lenses.
Signals from detectors for each sort of electron are gathered to form an image of the item. With
nearly infinite depth of field and extremely high magnification, FE-SEM provides
information on topography and elements. When it comes to creating clearer images with spatial
resolution down to 1/2 nanometers and less electrostatic distortion, it is three to six times more
successful than standard SEM. Since structures as small as cell nuclei and microchips may be
seen, FE-SEM is a particularly popular technology among physicists, chemists, biologists,
material scientists, and electronic engineers. The microscopes used for these morphological

studies are shown in Fig. 2.5 and 2.6.

2.3.4. Energy dispersive X-ray spectroscopy (EDAX):

Energy Dispersive X-ray analysis is known as EDAX Analysis. Additionally, it may also be
referred to as EDS or EDAX analysis. It is a method for determining the specimen’s elemental

composition or a region of interest therein.

The specimen is blasted with an electron beam within the SEM during EDAX analysis. The
specimen atom's own electrons are hit by the bombarding electrons and some of them are
dislodged as a result. A higher-energy electron from an outer shell eventually fills the space
left vacant by an ejected inner shell electron. However, the transferring outer electron must

sacrifice some of its energy by generating an X-ray in order to accomplish this.

Depending on which shell the transferring electron is transferring to as well as from, the

amount of energy produced by the electron varies. Additionally, each element's atom releases
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X-rays with a different amount of energy throughout the transfer process. Thus, the identity of
the atom from which the X-ray was emitted can be determined by measuring the energies
present in the X-rays being released by a specimen during electron beam bombardment. The
EDAX spectrum is nothing more than a graph showing the frequency of X-rays at various
energies. Peaks in an EDAX spectrum typically correspond to the energies for which the
greatest number of X-rays were detected. Since each of these peaks is specific to each atom,
they each represent a separate element. The more a peak in a spectrum correlates to a single
element, the higher it is. The concentration of the element in the material increases with

increasing peak height in a spectrum [37].

The type of X-ray that each peak on an EDAX spectrum plot relates to is also known, in
addition to the element that each peak corresponds to. For instance, a peak known as a K-Alpha
peak is the energy level of the X-rays produced when an electron in the L-shell descends to the
K-shell. The peak corresponding to the X-rays released by M-shell electrons moving into the
K-shell is known as the K-Beta peak. EDAX operates on the same fundamental tenet as
electron probe microanalysis. A portion of the incident electrons from an electron beam excite
the specimen'’s atoms, which cause them to release X-rays when they return to their ground
state. The electron microscope's elemental analysis is based on the detection of these X-rays

because their energy is directly correlated with the atomic number of the excited elements.

2.3.5. Fourier transform infrared spectroscopy (FT-IR) for the identification of

functional groups:

FT-IR spectroscopy, which is mostly used in research labs to detect various substances present
in a given sample, uses infrared radiation with a broad spectrum that ranges from 400 to 4000

cm. The examination of thin films and coatings to identify the functional groups is one
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application for this approach. The FT-IR spectroscopy method offers a number of benefits,
including its quick scanning rates when compared to other dispersive methods and its

suitability for usage with solids, liquids, and gases.

Fig. 2.7. Perkin Elmer spectrum 2 set-up.

The molecular bonds of the substances present in the sample determine how the procedure
works. The atoms that make up a molecule determine the type of molecular bonds that exist in
various compounds. Following their absorption by the IR radiation, the molecules of these
compounds in a sample reach a higher energy state. As soon as these molecules reach their
initial, or de-excited, state, they emit radiation with an energy equal to the difference between
their excited and de-excited energies. From the numerous available wavelengths present in the
incident light, each substance absorbs a particular wavelength of IR light. The nature of the
substance and its bonds can be ascertained using the FT-IR, which measures these absorbed
wavelengths. The IR radiation’s "transmittance™ or "absorption™ can be plotted on the y-axis
against the wavenumber on the x-axis in the ensuing graph. Depending on the molecule's
characteristics, the graph may contain numerous peaks. The functional groups present in the
sample are then identified by comparing these peaks to known standard IR peaks for various

materials and bonds. For FT-IR spectroscopy, the Michelson interferometer is frequently
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employed. The beam splitter divides the incident beam into two after the light from the IR
radiation source in the interferometer setup passes through a collimator. The two beams then
move to the interferometer's two mirrors, one of which is always moving. Every wavelength
contained in the incident beam is modulated at a different frequency as a result of the
introduction of a path difference between the two beams. After being reflected by the mirrors,
the beams combine to create a sophisticated interferogram. The sample, as previously
mentioned, will absorb light of a certain wavelength from among the many available
wavelengths in the light incident on it. The sample is then made incident on the interferogram.
The detector counts the number of photons at each wavelength that are being sent. The resulting
signal is subsequently processed and transformed using the "Fourier transform method" into
useful data. The final graph produced by the Fourier transform approach aids in identifying the
various functional groups that are present in the data under consideration. The set-up used for

recording FT-IR spectra is shown in Fig. 2.7.

2.3.6. Raman spectroscopy:

Raman spectroscopy is used to look at the specimen’s rotational, vibrational, and other
frequency modes. It provides information on the bonds and atomic structure of molecules. This
technique also offers a fingerprint that can be used to recognise compounds. This spectroscopy
is based on the Raman Effect, which is the inelastic scattering of light. When incident
monochromatic radiation strikes the sample, it interacts with it differently and either gets
scattered, reflected, or absorbed. Information on the molecular structure is gathered using
scattered radiation. A common laser is employed as the coherent source in Raman spectroscopy
to analyse specimens. Most of the energy that enters the room disperses elastically, creating

Rayleigh scatter light. Stokes and anti-Stokes lines make up the majority of the small

47



percentage, or about 1 in 10°, that is inelastically scattered, and it is this little fraction that is
employed to gather data about the specimen. The frequency of the incident and scattered light
are identical in Rayleigh Raman scattering. In anti-Stokes Raman scattering, the frequency of
the scattered light is higher than the incident light's frequency, whereas in Stokes Raman
scattering, the frequency of the scattered beam light is lower than the incident beam light's

frequency.

Fig. 2.8. Invia Renishaw Raman Spectroscope.
The Raman spectrum is displayed between the brightness of the scattered light and the so-
called Raman shift in energy. When the photon interacts with the molecule, the electric field,

denoted by E, induces a dipole moment, denoted by P.

P=a.E (15)

where o is a proportionality constant that explains how the electron cloud around a molecule
is distorted. Raman active modes are created by these chemical bonds that undergo certain
energy transitions that correspond to changes in polarizability. A laser source, a system for
illuminating the sample, and a suitable spectrometer are the three essential components of a

modern Raman spectrometer. Lasers are the most popular sources used to analyse Raman
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spectra because of their monochromaticity and high-intensity beams, which have good signal-
to-noise (S/N) ratios. Raman spectroscopy is frequently superior to IR spectroscopy because it
may be utilized to study inorganic systems in an aqueous solution. It has been widely applied
to study biological systems. Analysis using Raman spectroscopy requires a small sample
quantity, further liquid and film samples can also be analysed. It can detect molecular
impurities and additives. For quantitative and qualitative analysis in many settings, Raman
spectroscopy has emerged as a non-corrosive technique. Fig. 2.8 shows the Raman

spectrometer used in this work.

2.3.7. Diffuse reflectance spectroscopy (DRS):

In DRS, the light reflected off the material is measured rather than the transmitted beam
through it. This is a form of absorption spectroscopy. It is a typical technique for determining
opaque substances whose absorption is too high to be determined through transmission. Both
quantitative and qualitative analysis of materials can be done using the information in a diffuse
reflectance spectrum. The resulting spectrum, which is often measured using visible or near-
infrared light, gives details on the electronic or possibly vibrational structure of the item being
examined. Improved signal-to-noise and sensitivity compared to transmission measurements
are some benefits of measuring spectra in reflecting geometries, however this comes at the

expense of harder to record and more complicated spectra to comprehend.

49



Fig. 2.9. Jasco V-770 Spectrophotometer.

The specimen is illuminated with photons of a specific energy, and the relative transmissions
of the various photons are monitored. The experiment provides a precise measurement of the
band gap because photons with energies greater than the band gap are absorbed and photons
with energies lower than the band gap are transmitted. Understanding the scattering and
absorbance properties of the sample being examined typically involves applying the Kubelka-
Munk theory. To find out the optical band gap, the DRS spectral data was converted into the

Kubelka—Munk function using the following equation [29]:

(1-R? _«a

F(R) - 2R N

(16)
In this equation, R is Reflectance, a is absorption coefficient and S is Scattering coefficient.
The tauc equation gives the relation between energy band gap (Eg) and absorption coefficient

(o) as shown below:

F(R)hv = C(hv—Eg)" (17)
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Here hv belongs to photon energy, C is energy independent constant and n can take values
depend upon the type of transition which is 1/2 and 2 for direct and indirect allowed transitions.
Since F(R) is directly proportional to a, the above equation can be rewrite as:

F(R)hv = C(hv—Eg)" (18)
In the current thesis, a Jasco V-770 UV-Visible/NIR spectrophotometer was employed to
record DRS (shown in Fig. 2.9). It has an exceptional linearity of absorbance and a singular
monochromator design for optimal light throughput. The V-770 is capable of measuring
wavelengths between 190 and 2700 nm. Even with a small spectral bandwidth, the single
monochromator design delivers a substantially higher energy throughput than a double-

monochromated system, improving the S/N ratio across the whole spectrum range.

2.3.8. Photoluminescence (PL) Spectroscopy:

The process through which light energy, or photons, promote the emission of a photon from
any substance is known as PL spectroscopy, or PL for short. It is a non-contact and non-
destructive method to detect objects. Essentially, light hits the sample and gets absorbed and a
process called photoexcitation occurs. When the material relaxes and return to lower energy
after light stimulation, it releases energy of photons. Light excitation causes the material to

transition to a higher state. PL is the light or brightness emitted as a result of this process.
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Fig. 2.10. Jasco Spectrophotometer Spectrofluorometer FP-8300.

The excitation and emission spectra as well as the lifespan of the excited state of the samples
are all measured using PL spectroscopy. A PL spectrometer, which consists of an excitation
source, monochromator, sample holders, and detector, can be used to measure the PL
properties. The PL spectrophotometer uses a variety of excitation sources, including mercury
lamps, tungsten lamps, and xenon arc lamps. Because it possesses an energy continuum
spanning from the ultraviolet into the near infrared, the xenon arc lamp is frequently utilised.
The excitation monochromator, which has gratings for high resolution and spectrum purity,
receives the light emitted from the source. The down-conversion PL spectra as displayed in

Fig. 2.10 were recorded using a Jasco FP-8300 spectrofluorometer in this study.
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Fig. 2.11. Horiba PTI Quanta Master equipped with 980 nm solid state laser.
The source of excitation, the sample cell, and the detector are the three main parts of this
apparatus. It comes from a xenon lamp. The sample cell should be constructed of a material
that barely absorbs the desired wavelength. A good grade of glass is usually sufficient, although
quartz cells should be used for wavelengths below 250 nm. The entry slit of the excitation
monochromator receives concentrated light from the lamp after it has been gathered. The
excitation monochromator and lamp housing are separated by a quartz window. By exhausting
the heat from the instrument, this protects against bulb failure. The monochromators' entry and
exit parts are managed by the loaded software which controls themovable slits. The band pass
of light incident on the sample is determined by the width of the slits on the excitation
monochromator. The emission monochromator's slits regulate how strongly the fluorescence

signal is detected by the signal detector.
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A 980 nm solid state laser-equipped Horiba PTI Quanta Master has been used for an up-
conversion PL investigation displayed in Fig. 2.11. By substituting a xenon lamp for the 980

nm laser, certain up-conversion PL tests have also been carried out with this apparatus.

A 150 MHz digital oscilloscope (HM 1507, Hameg Instruments) and an Edinburg FL920

spectrometer were used to perform time-resolved PL (TRPL), as illustrated in Fig 2.12.

- E——— -

Time Resolved Fluorescence Spectrometer

Fig. 2.12. Edinburgh FL920 Fluorescence Spectrometer.

2.3.9. Temperature- dependent PL Spectroscopy:

Materials science and solid-state physics use temperature-dependent PL to examine the
characteristics of materials and their light emission (PL) as a function of temperature.

Understanding the electrical and optical characteristics of phosphors, semiconductors,
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quantum dots, nanomaterials, and other materials that exhibit PL is made possible by this
technique. For lighting applications, the phosphor must be thermally stable, which can be
determined by observing PL spectra at high temperatures. In general, the PL profile shouldn't
change at high temperatures, however thermal quenching could cause the intensity to drop.
The thermal quenching should be as low as possible for a better phosphor, suggesting greater
thermal stability of the phosphors at high temperatures. Fig. 2.13 depicts the setup used to

record temperature-dependent PL.

Fig. 2.13. Ocean Optics FLAME-S-XR1-ES Spectrometer.
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CHAPTER 3

Synthesis optimization and efficiency enhancement in Eu®*
doped Barium Molybdenum Titanate phosphors for w-LED
applications

BasMoTiOg phosphor activated with Eu®* ions have been synthesized successfully by three
different routes such as SSM, CMM and SGM to optimize relatively best synthesis technique
and temperature of synthesis. XRD pattern has been used to confirm the phase and crystallinity
of the as prepared phosphor. SEM and Raman spectra have been used to study the
morphological behaviour and different vibrational bands present in the structure of the titled
phosphor respectively. DRS have been recorded to find out the optical band gap of phosphors.
PL spectral features recorded under 393 nm and 465 nm excitation wavelengths reveal an
intense red emission at 612 nm corresponding to *Do—'F, transition of the doped Eu®" ions.
CMM synthesized sample has shown maximum luminescence intensity out of the three
methods and further studies have been carried out by preparing a series of europium ions doped
BasMoTiOg phosphor using the CMM technique. All the morphological and PL studies carried
out on the Eu®" ions doped BasMoTiOs phosphor contemplate the suitability of the as prepared

phosphor for red component in w-LEDs applications.

The content of this chapter has been published in an international journal -
Materials Research Bulletin, 150 (2022) 111753.
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3.1 Introduction:

In this digitalized world, energy plays an important role in various sectors affecting the social
and economic development. The ever-increasing demand of energy causes irreversible changes
in our surrounding environment. Among the total energy produced from various sectors, major
share is utilized for indoor as well as outdoor lighting purpose. Huge mismatch in energy
production and consumption is being caused that may be due to the inefficiency of gadgets
which gave low output yield and exhaust huge amount of energy. The conventional sources of
energy including fossil fuels, incandescent and fluorescent lamps cause large loss of energy in
the form of heat and radiation, while also not being environment friendly. It is important to
utilize the available energy in efficient, sensible and sustainable way. Thus, developing
alternate devices and technology such as SSL devices is showing possibility of excellence in
next generation illumination sources when compared to fluorescent and incandescent lamps
due to their high efficiency, larger lifetime, low cost of preparation and eco- friendly behaviour.
The commercial method that we use currently to generate white light is coating of yellow
phosphor (YAG: Ce®") on blue LED chip. But the light generated from this method have low
CRI) and high CCT due to deficiency of red component. Another prominent method used to
generate white light is coating of RGB (red, green and blue) phosphors on n-UV LED chip or
coating of R/G phosphor on blue LED chip. Usage of these techniques can effectively improve
CRI and CCT values in comparison to usage of yellow phosphor with blue LED chip. White
light can also be generated by the combination of n-UV LED + RGB phosphor. This technique
is not a widely used one because the commercial red phosphor (Y202S:Eu®) used in this
technique is not a good absorbent of light generated by n-UV chip. Moreover, it has poor

lifetime under UV excitation and is chemically unstable. RE ions are used as an excellent
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dopant in host lattices due to their high luminescence efficacy, high solubility and large stokes
shifts. In addition, these ions are easily getting excited by absorbing UV or n-UV radiations
and gives emission in visible region through down shifting process. Out of the various RE ions,
europium ion is one of the most promising lanthanide ion and gives red emission due to its
prominent *Do—'F, transition. Europium ion exhibits narrow band and has higher lifetimes as
compared to other luminescent materials. So, it is relevant to prepare Eu** doped BMT
phosphor as an efficient red emitting phosphor which can overcome the limitations of currently
used host lattices.

In this context, an un-doped BMT sample has been prepared by three different synthesis
methods like SSM, SGM and CMM to optimize the best synthesis method useful for
showcasing relatively better luminescence efficiency. SSM is a commonly used synthesis
method for phosphors but it has its own drawbacks such as requirement of high sintering
temperature, non-uniform mixing of precursors, vast size distribution and ensuing grinding
which out-turn in damaging of phosphor surface and reduction of luminescence intensity. So,
it is obligatory to focus on other chemical methods like combustion, Sol-gel, hydrothermal,
wet chemical route etc. to curb these limitations. Sol-gel process generally involves formation
of organic/inorganic network through a chemical reaction at low temperature, transition of this
solution to colloidal sol and then transition of this colloidal sol to gel form. Pechini-type sol-
gel, also known as polymerizable-complex technique, is a vastly used technique for metal-
complex formation with the addition of citric acid (CA) and polyethylene glycol (PEG).
Combustion method is an unadorned, safe and energy frugalite method. In this technique,

chemical reaction takes place at relatively low temperature.
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The present work includes the synthesis of BMT: Eu®* phosphor for better luminescence
property using three different techniques (SSM, SGM and CMM) and characterization of the
as prepared phosphor using XRD, Raman, SEM to check the crystallinity, morphology and
phase formation. Raman spectra and SEM studies have been compared for different samples
synthesized by different techniques to optimize synthesis technique for better morphology.
Further DRS, PL and PL decay spectral analysis have been conducted on the as prepared
phosphors. The CIE coordinated have also been evaluated using the PL spectral information.
3.2 Sample preparation and coding:

Eu®* doped BMT phosphor was prepared by three different techniques mentioned in section
2.2 of chapter 2 along with Fig. 2.1 (a&b). Table 3.1 depicts sample coding for different
concentrations of europium ion.

Table 3.1. Sample coding for different concentrations of Europium ion doped BMT
phosphor.

Synthesis Method Eus* ion concentration Sample Code
(mol%)

Solid state Reaction (SSM) 0 SSMO0
1.0 SSM1
Sol-gel Combustion (SGM) 0 SGMO
1.0 SGM1
Combustion (CMM) 0 CMMO
1.0 CMM1
2.0 CMM2
3.0 CMM3
4.0 CMM4
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3.3 Characterization techniques used:

XRD was carried out using the Bruker D8 Advanced powder X-ray diffractometer via Cu-Ka.
radiation (1.54A). For surface morphology, SEM recordings were done by using the instrument
Zeiss EVO40. DRS study was conducted by using the JASCO V-770 Spectrophotometer. To
study the PL properties, JASCO made Spectrofluorometer (FP-8300) has been employed.
Raman Spectra was recorded with the help of Invia Renishaw Raman Spectroscope. To study
the PL decay profiles, Edinburgh FL920 Fluorescence spectrometer was used.

3.4 Results and Discussion:

3.4.1 Structure and phase analysis:
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Fig. S1. XRD pattern of SSM sample sintered at temperature 900°C and 1000°C along with
standard diffraction pattern of BMT.

For structure and phase analysis, XRD pattern of BMT sample was examined for differently
synthesizing methods. SSM synthesized sample was sintered at different temperatures to
optimize the suitable temperature for this method (Fig. S1). But the sample sintered at 1100°C
has the single-phase confirmation with standard ICDD card no.00-038-0254 with a space group
R-3m (166), and lattice parameters a= 5.9570A, b=5.9570A and c=21.290A. Fig. 3.1(a)
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manifests the XRD pattern of SSM0, SGM0 and CMMO samples along with the standard
JCPDS data. As shown in Fig. 3.1(a) the diffraction patterns of SSM0, SGM0 and CMMO
samples are perfectly matching with the standard JCPDS data (00-038-0254). Fig. 3.1(b) shows
the XRD pattern of SSM1, SGM1, CMML1 samples with 1 mol% of europium ion. With the

incorporation of europium ion, no mismatch of phase was found.
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Fig. 3.1(a). XRD pattern of BMT sample synthesized by SSM, SGM and CMM technique
along with standard diffraction pattern of BMT.
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Fig. 3.1(b). XRD pattern of CMM1, SGM1 and SSM1 phosphor with 1 mol% concentration
of Europium ion.

This shows that, Eu®* ions (ionic radii 1.08 A) are successfully replacing Ba%* ions (ionic radii
1.4 A) due to their proximity in ionic radii. In addition to this their charges are also getting

compensated (3Ba?" ions replaced for 2Eu®* ions). Crystalline size was calculated by using the

Debye-Scherer formula given in eq. (14) described in chapter 2. The crystalline size estimated

using the Debye-Scherer formula was found to be 140 nm, 71nm, 65 nm for SSM1, SGM1and

CMML1 samples respectively.

3.4.2. Morphological Analysis from SEM:

To elucidate the information pertaining to morphology of the as prepared phosphors, the SEM

images are recorded for BMT phosphors prepared by three different techniques such as SSM,

SGM and CMM. Fig. 3.2 shows the SEM images of SSM0, SGMO0 and CMMO0 samples taken

at different magnifications.
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Fig. 3.2. SEM images were recorded for BMT sample (a (i-iii)) SSMO (b (i-iii)) SGMO0 and
(c (i-iii)) CMMO.

Fig. 3.2(a(i)) shows the image of SSMO sample taken at 5.0 KX magnification and it is
conspicuous from the same figure that, particles are agglomerated and non-uniformly
distributed. Fig. 3.2(a(ii)) & 3.2(a(iii)) show the images recorded for the same sample with a
magnification of 10.0 KX and 35.0 KX respectively. Fig. 3.2(a(ii)) show flowery morphology
with some rod like fibrous structure and such rod like shape appears relatively clear in Fig.
3.2(a(iii)). Particle size for SSMO0 sample lies in the range of 5-7 um. Fig. 3.2(b(i)) and 3.2(c(i))

are the SEM images recorded for SGM0O and CMMO samples respectively with 5.0 KX
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magnification and illustrate that cluster formation is more for CMMO sample as compared to
the SGMO. Due to more aggregation in CMMO sample, they can absorb more excitation energy
and useful in showcasing relatively high luminescence [30]. Fig. 3.2(b(ii)) and 3.2(c(ii)) are
the images recorded for SGMO0 and CMMO0 samples with 10.0 KX magnification and illustrate
that the particles are non-uniform in size and shape in SGMO0 sample. In case of CMMO sample,
the particles attain dumbbell like shape with a uniform size. Fig. 3.2(b(iii)) and 3.2(c(iii)) are
the SEM images pertaining to SGMO and CMMO0 samples respectively with 35.0 KX
magnification. In the SEM image of SGMO sample, the particles are appearing with some
elongation in a particular direction. On the other hand, the SEM image of CMMO0 sample show
the particles distributed uniformly with relatively better morphology and useful in enhancing
its luminescence performance. This difference in morphology may be due to the difference in
reaction essence with varying the synthesis method [31]. The aforementioned SEM analysis
performed for BMT sample synthesized by using different techniques allows us to contemplate
that, the morphology of the particles is improving gradually from SSM to CMM synthesis route
via SGM method. The particle size for SGMO0 and CMMO samples lie in the range of 3-4um
and 1-2um respectively. Fig. 3.3 shows the SEM images and EDAX spectra for doped samples.
Fig. 3.3(a.1), 3.3(b.1) and 3.3(c.1) shows the morphology of SSM1, SGM1 and CMM1
phosphors and Fig. 3.3(a.2), 3.3(b.2) and 3.3(c.2) manifests all the constituent elements present
in the phosphor lattice [19,32]. The particle size for all the BMT samples prepared by using
three different techniques are in micro meter range and quite suitable for coating in w-LEDs

and other display devices [33,34].
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Fig. 3.3. SEM images for doped samples (a.1) SSM1 (b.1) SGM1 (c.1) CMM1 and EDAX
Spectra for doped BMT phosphor (a.2) SSM1 (b.2) SGM1 (c.2) CMML.

3.4.3. Raman spectral analysis:

In the process of knowing the information pertaining to different vibrational modes present in
the as synthesized BMT samples, the Raman spectra was recorded for BMT phosphors
synthesized by different techniques under 488nm excitation. Fig. 3.4 manifests the different
Raman vibrational peaks observed for BMT sample prepared by different methods at

wavenumbers 326, 526, 792, 841, 892 and 1042 cm™.

65



Intensity (arb. unit)

880 890 9200 910 920 930 9

“'u\'('numhcr(cm-l)

Intensity (arb. unit)

200 400 600 800 1000 1200 1400 1600 1800

Wavcnumber(cm")

Fig. 3.4. Raman spectra of SSM0, SGMO0 and CMMO0 sample.

The band at 326 cm™ describes the bending vibration modes of Mo-O bonds and the band
observed at 526 cm™* (between the range 450-600 cm™ ) belongs to the bond vibrations between
Ti and oxygen atoms [35,36]. Vibrational bonds present at 792 and 841 cm™ are in good
agreement with anti-symmetric stretching bonds with tetrahedral O-Mo-O molecules [37,38].
Most intense peak observed at 892 cm™ corresponding to the phonon energy of the as prepared
compound. It is well known that a host lattice with relatively less phonon energy gives emission
more in radiative form than non-radiative. The phonon energy observed for this lattice is
relatively low when we compared with the phosphors reported earlier [35,39,40]. Fig.3.4
represents the comparison of Raman spectra observed for SSM0, SGM0 and CMMO samples.
Among all the three samples prepared by using three different methods, a sample prepared by

CMM method show relatively intense PL when compared with the other methods. As the
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particle size decreases from solid state to combustion method, shifting in Raman peaks are
observed towards higher wavenumber side (as shown in inset of Fig. 5) and intensity of the
peaks decreased gradually [41].

3.4.4. Diffuse Reflectance Spectra (DRS) analysis for band gap measurement:
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Fig. 3.5. Diffuse Reflectance Spectrum of CMMO and CMM2 sample. Inset image shows the
assessment of direct band gap using Kubelka- Munk plot.

Fig. 3.5 displays the DRS of CMMO0 and CMM2 phosphor recorded in the range 200-800 nm.
To find out the optical band gap the DRS spectral data was converted into the Kubelka—Munk
function using the following equation (16), (17) and (18) described in chapter 2:

To calculate the band gap of the aforementioned mentioned phosphors (CMMO0 and CMM2),

a graph has been plotted between the [F(R)hv]¥? and hv as shown in inset of Fig. 3.5 [42,43].
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Direct band gap for CMMO0 and CMM2 was found to be 3.60 and 3.46 eV respectively by
extrapolating the slope as shown in the inset of Fig. 6.

3.4.5. PL excitation and emission spectral studies:

To study the luminescent properties of europium doped BMT phosphors, PL spectral features
were investigated at room temperature. PL excitation spectra of BMT phosphors with 1 mol%
of Eu®" ions (prepared by different synthesizing techniques) are shown in Fig.3.6 The spectra

were recorded in the wavelength range 260-500 nm.
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Fig. 3.6. Excitation spectra of SSM1, SGM1 and CMM1 phosphor with 1 mol% Eu®* ion at
612 nm emission wavelength.

The spectra comprise of one broad charge transfer band (CTB) between the range 260-290 nm
and several peaks in the region between 350-500 nm at wavelengths 360, 381, 393, 414, 465

nm and the transitions corresponding to these peaks are 'Fo—°Da, 'Fo—°L7, "Fo—°Ls, 'Fo—°Ds3,

"Fo—5D> respectively. CTB is in agreement due to the transition from 2p orbital of O% to the
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empty 4f shell of the Eu®* ion[44]. Out of these peaks, two main peaks of comparatively high
intensity are present at wavelengths 393nm and 465nm and were used as an excitation
wavelength to record the PL emission spectra. The PL emission spectra has been recorded for
1 mol% Eu®*" doped samples (SSM1, SGM1, CMM1) under 393 and 465 nm excitation
wavelengths. For comparison purpose, the PL emission spectra recorded under the two intense
excitation wavelengths are shown in Fig. 3.7(a) (under 393 nm excitation) and Fig. 3.7(b)

(under 465 nm excitation) between the region 550-750 nm.
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Fig. 3.7(a). Emission spectra of SSM1, SGM1 and CMM1 phosphor with 1 mol% Eu®* ion at
393 nm excitation wavelength.

These two PL emission spectra comprises same peaks at wavelengths 582, 593, 612, 658 and

704 nm accompanying the transitions *Do—'Fo, °Do—'F1, °Do—'F2, °Do—F3 and *Do—'F4
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respectively [45-47]. A comprehensive analysis of both the figures (Fig. 3.7(a) & 3.7(b) allows
us to contemplate that, the BMT phosphor prepared by employing combustion technique is
yielding good luminescence when compared with the remaining two techniques. Relatively
high luminescence intensity in case of CMM1 sample may be due to the improved morphology
and smaller size particles that can be seen from the SEM images. Particles with relatively
smaller in size can minimize scattering and yields relatively intense luminescence [48]. Low
luminescence intensity in case of SSM synthesized sample may be due to high agglomeration

in particles due to which luminescence intensity decreased.
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Fig. 3.7(b). Emission spectra of SSM1, SGM1 and CMM1 phosphor with 1 mol% Eu®* ion at
465 nm excitation wavelength.
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So, on that behalf it is contemplated that, CMM technique is the optimized one among the three
techniques used to prepare BMT: Eu* phosphor.

Fig. S2 shows the comparative emission spectra recorded for CMM1 sample at different
excitation wavelength 393nm and 465nm. Spectra recorded at 393 nm showed a little higher
intensity as compared to 465 nm. Intense luminescence possessed by BMT: xEu®* phosphor
under 393 nm excitation wavelength promotes its usage in visible red photonic device

applications under n-UV LED/blue LED excitation sources.
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Fig. S2. Emission spectra of CMM1 phosphor with 1 mol% Eu®* ion at 393nm and 465 nm
excitation wavelength.

Relatively higher luminescence exhibited by BMT phosphor prepared by using CMM

technique prompted us to prepare a series of europium ion doped BMT: xEu®" phosphors (x=
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1, 2, 3, 4 mol%) using the CMM technique for the optimization of the doped RE ion
concentration for better luminescence. Emission spectra was recorded for this CMM
synthesized series to check the optimized concentration of activator ion. Spectra was recorded
between the wavelength range 550-750 nm by taking the excitation wavelength as 393 nm and
465nm. All the peak positions and transitions are same as mentioned above and there is no
shifting in the peaks by changing the excitation wavelength. For both excitation wavelengths,
highest luminescence intensity was observed for x = 2 mol% concentration of Europium ion.

Beyond 2 mol% of europium ion concentration, the PL intensity decreases for both the cases

as shown in Fig. 3.8(a) and Fig. 3.8(b).
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Fig. 3.8(a). Emission spectra of CMM synthesized BMT: xEu®* (x=1, 2, 3 and 4 mol%)
phosphor at 393 nm excitation wavelength.
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This may be due to concentration quenching produced by a non-radiative energy transfer took
place between the activator ions. Therefore, it is concluded that 2 mol% of europium ion

concentration is optimum in BMT phosphor to showcase relatively intense luminescence.
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Fig. 3.8(b). Emission spectra of CMM synthesized BMT: xEu** (x=1, 2, 3 and 4 mol%)
phosphors at 465 nm excitation wavelength.
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Fig. 3.9. Energy level diagram for various transitions in europium ion.

An energy level diagram has been made to show various transitions of excitation and emission
spectra and is shown in Fig.3.9. For the non-radiative relaxation three mechanisms are
responsible like radiative re-absorption, exchange interaction and electric multipolar
interaction between the activator ions. Critical distance Rc is the average shortest distance on
which energy transfer depends between activator ions. To find out the critical distance

(distance between two neighbouring ions) the following formula is used [49].
Rc= 2[3V/(4TIXcN)]¥3 (19)

Where Xc is mol concentration of activator ion at which quenching took place. Here Xc=0.02
(2 mol%), V is the volume of unit cell and N is number of cations per unit cell. For this case-

V=654.28A% N=3, and Xc = 0.02. The average critical distance calculated by using these
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values is 27.51A which is very large when compared to 5A designated for exchange
interaction. This allows us to contemplate that, exchange interaction is not responsible for
energy transfer. This made us to apply Dexter theory further to check the type of multipolar

interaction responsible for energy transfer.
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Fig. 3.10. Dexter Plot of log (I/x) vs. log (x), (a) under 393 nm (b) under 465 nm, excitation
wavelengths.

The relation between emission intensities and doping concentration is given as [42,50]-

I/x = K [1+ p(x)¥?]? (20)

Here x is the mole concentration of europium ion, Q determines the type of interaction (Q=6,
8 and 10 are corresponding to electric dipole-dipole interaction, dipole-quadrupole interaction
and quadrupole - quadrupole interaction respectively), | is luminous intensity, K and p are
constants. According to Huang’s theory, relation between luminous intensity and mole fraction

of activator ions is given as [51]-

— 4 - Qlogx

I
log - . (21)
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where A is independent of doping concentration. Fig. 3.10(a) and 3.10(b) shows the graph
between log (I/x) and log(x) using Dexter theory under 393 nm and 465 nm excitation
wavelength. The Q value estimated from the slope of the graph was found out 4.617 and 4.253
which are close to 6 indicating electric dipole-dipole interaction as the responsible mechanism

for energy transfer and the subsequently observed concentration quenching effect.

3.4.6. Colorimetric analysis:

Commission Internationale de I’Eclairage was used to find out the colorimetric performance
of BMT: Eu*" phosphor by using the emission spectral date recorded under 393 nm and
465 nm excitation wavelength. The CIE coordinates calculated for CMM synthesized BMT:
XEu®* phosphor (x= 1, 2, 3, 4 mol%) were depicted in Table 3.2. The CIE coordinates of CMM
synthesized BMT: xEu®" phosphor is falling in pure red region as shown in Fig. 3.11(a) and

3.11(b).
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Fig. 3.11. CIE chromaticity diagram of BMT: xEu®* (x= 1, 2, 3, 4 mol%) phosphors
synthesized by CMM method, under the excitation wavelength of (a) 393 nm (b) 465 nm.
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The correlated colour temperature (CCT) was calculated using the McCamy empirical
theoretical equation (8) given in chapter 1 [52,53]:

The CCT values determined for BMT phosphor were 1756.17, 1827.94, 1822.68, 1791.86 K
for the PL spectra recorded under 393 nm excitation wavelength and for 465 nm excitation
wavelength were 2410.72, 2582.46, 2415.68 and 2357.34 K corresponding to 1.0, 2.0, 3.0 and
4.0 mol% of Eu" ion concentration, respectively. This allows us to authenticate the superior
nature of BMT: XEu®* phosphor for intense red emission required for the fabricating w-LEDs.

Table 3.2. CIE Coordinates for BMT phosphors prepared by CMM technigque

Sample CIE Co-ordinates (X, y) CIE Co-ordinates (X, y)
Under 393 nm excitation Under 465 nm excitation
CMM1 (0.6097, 0.3895) (0.6454, 0.3542)
CMM?2 (0.6182, 0.3811) (0.6501, 0.3495)
CMM3 (0.6178, 0.3816) (0.6455, 0.3540)
CMM4 (0.6146, 0.3847) (0.6438, 0.3558)

3.4.7. PL decay analysis:

PL decay measurements were carried on combustion synthesized BMT: xEu®* phosphor (x=
1, 2, 3, 4 mol%) for 612 nm red emission under 393 nm excitation and is shown in Fig. 13.
From Fig. 3.12 it is conspicuous that, all the decay curves recorded are showing non-linear
bi-exponential behaviour and obeys the following by-exponential equation (12) given in
chapter 1 [47,54]:

Then, the average experimental lifetime was calculated by using the expression:

1= (A1’ + A2 12%) / (A1T1+ A2 12) (22)
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The average experimental lifetime values are found be 1.89, 1.77, 1.55 and 1.35 ms, for CMML1,
CMM2, CMM3 and CMM4 phosphors respectively [55]. These results showed that, with
increase in the concentration of europium, experimental decay times are decreasing. This
happened because of increase in non- radiative recombination resulting in energy transfer

between the activator ions itself [55-57].
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Fig. 3.12. Decay profile of Eu®* ions doped BMT phosphors synthesized by CMM route.

3.5. Conclusions

BMT: xEu®* phosphor was successfully synthesized by three different methods- Solid state,
Sol-gel and Combustion method. A comparative Raman Analysis was also carried out for
undoped samples of three techniques which shows that by varying the synthesis route, peaks

position shifts toward higher wavenumber side and this happens because the decrease in
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particle size when we go from SSM technique to SGM and then to CMM. The XRD pattern
confirmed the phase and crystallinity of all the samples. Comparison of morphology was done
by SEM micrographs. In case of combustion synthesized samples, morphology of particles
gets improved, and this improved morphology enhances the luminescence intensity as evident
from the PL spectra. A comparative PL spectrum recorded for 1 mol% europium ion doped
BMT phosphor prepared by using SSM, SGM and CMM techniques demonstrates the
superiority of CMM technique in showcasing relatively intense red emission. This prompted
to have further investigations on a BMT phosphor prepared by CMM technique with different
concentrations of europium. All the BMT phosphors prepared by CMM techniques are
displaying red emission under 393 and 464nm as excitation wavelengths. This has been further
confirmed by CIE chromaticity diagram also. And lastly, time decay analysis was carried out
which shows that 2 mol% is the optimum concentration of Europium ion for combustion
synthesized series and after that energy transfer take place between the activator ions itself
through dipole-dipole interaction which can be confirmed from the Dexter theory. CIE points
calculated for combustion synthesized samples lies in pure red region. So above results indicate
that combustion method synthesized BMT phosphor can act as an efficient red phosphor in w-

LEDs applications under n-UV or Blue radiation excitation.
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CHAPTER 4

Linear and Non-linear Photoluminescence studies of Ho®*/
Yb** Co-doped Titanate Phosphors for Photonic
Applications

This work presents the morphological and PL studies of the single ion Ho®*" doped and
Ho*/Yb3 co-doped Bas-xyMoTiOs:xHo**/yYb3* phosphors synthesized by conventional
solid-state reaction method. Phase confirmation of all the as-prepared samples was done by
XRD patterns. The morphological behavior and vibrational frequency bands were studied by
SEM and FT-IR techniques respectively. DRS has been recorded for the singly doped and co-
doped samples to find out the optical bandgap. The linear and non-linear emission spectral
studies under 448 and 980 nm excitation wavelengths respectively showed three bands in the
green, red, and blue regions. A relatively more intense band observed in the green region under
980 nm excitation shows promising usage of the titled phosphor for non-linear applications. A
plot drawn between non-linear luminescence emission intensity Vs pump power reveals the
information pertaining to the number of photons involved in the process. In addition, CIE
coordinates calculated from the emission spectral features lie in the green region. All the
studies show the broad application of the as-prepared phosphors in linear and non-linear
luminescence process-based green emitting diodes, display devices, security inks,

phototherapy, and SSL applications.

The content of this chapter has been published in an international journal -
Journal of Alloys and Compounds, 928 (2022) 167156.
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4.1. Introduction

The RE doped materials are fascinating to the researchers due to their multifold applications
in the field of solid-state lighting, bio-imaging, security inks, phototherapy, display devices,
drug delivery, lasers, and many more via linear (down-conversion) and non-linear (up-
conversion) processes [3,20,58]. Up-Conversion (UC) is the process in which absorption of
two or more low-energy photons results in a single high-energy photon. In medical fields such
as bio-imaging and drug delivery, conventionally organic dyes and quantum dots are used.
However, the usage of organic dyes and quantum dots has pitfalls like photo bleaching, a weak
signal to noise ratio and auto fluorescence. Moreover, for the aforementioned medical
applications, organic dyes and quantum dots needs to be excited with high-energy UV
radiation. Longer exposure of high-energy UV radiation damages the healthy tissues. So RE
doped UC phosphors have more advantages over the traditional sources due to their high stokes
shift, low cytotoxicity, high photo stability and low synthesis cost, etc. Recently, RE doped
UC materials have been used in photocatalytic systems also [59,60]. In addition, if a material
has the capability to convert the NIR radiation into visible light, then it can be used in security
inks to hide a document for security purposes [61]. So these days, RE ions doped phosphors
can be used as a substitute for these UC applications [19,62]. On the flip side, down-conversion
(DC) is the reverse process of UC and a suitable host lattice doped with RE ions has various
applications in SSL, plasma devices, lasers, optoelectronic devices etc. SSL technology is
becoming the future generation demand in the field of illumination technology as conventional
sources of energy like fossil fuels, incandescent and fluorescent lamps are very limited in
quantity and have drawbacks like exhaustion of energy in the long run and unfriendly

behaviour towards the environment. In comparison to other materials, RE doped phosphors
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have advantages like photo stability, low production cost and ease of synthesis. These RE ions
have good electronic and optical properties, wide emission range (UV-vis-NIR) [63-66]. So,
pc-w-LEDs can emerge as an energy saving device for next generation with their higher
luminous efficacy, longer lifetime and good optical performance.

In the present work, a series of Ho®*" ion doped phosphor and another series for Ho**/Yb** co-
doped phosphors have been prepared to understand the suitability of BMT phosphor for green
light emission. Relatively less phonon energy observed for the BMT phosphor (890 cm™)
prompted us to explore the possible usage of this host for visible photonic device applications
through DC and UC studies [67]. Here Yb3* ion act as a suitable sensitizer as it has larger cross-
section in the NIR region and no reabsorption process in the excited state which upgrades the
light absorption and expands the population of activator ions by effective transfer of gathered
energy. Ho®" ion has more energy levels, longer excited state lifetime and visible emission in
red and green region. However, Ho®* ion is often selected as an activator ion in the study of
UC materials as it has almost negligible UC efficiency on 980 nm excitation as a singly doped
ion [68-72]. This BMT phosphor with doping of Ho®* ion (as an activator) shows intense green
emission under blue excitation (Aex= 448 nm) and can be used as a green emitting component
in w-LEDs. Co-doping of Yb®* ion (as a sensitizer) was done by optimizing the concentration
of Ho" ion and then by varying the mol% concentration of sensitizer ion (Yb®" ion).

4.2. Experimental

4.2.1. Sample preparation via solid-state reaction method:

A series of single Ho®* ions doped and Ho®*/Yb®" co-doped BMT phosphors were prepared by
the solid-state reaction method as discussed in section 2.2 of chapter 2. Flow chart of all the

steps involved in the synthesis is shown in Fig. 2.1.
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4.2.2 Characterization techniques used:

BMT sample has been characterized for thermo-gravimetric (TGA) and differential scanning
calorimetry (DSC) analysis under Ar gas atmosphere at a heating rate of 10°C/min using the
instrument Setaram labsys evo. For structural investigations, Bruker D8 Advanced Powder
X-ray diffractometer has been used with Cu-Ka radiation (A= 1.54 A) under working voltage
and tube current 40kV and 40mA respectively. To understand the morphological behaviour,
SEM micrographs have been recorded using JEOL 7610F Plus machine. FT-IR spectra were
recorded by using the Perkin Elmer spectrum 2 instrument. To investigate the down conversion
PL spectra, Jasco FP-8300 spectrofluorometer has been used (Xe lamp as an excitation source)
and for up-conversion PL, Horiba PTI Quanta Master equipped with 980 nm solid state laser
has been employed. The UV-vis-NIR absorption spectra was recorded with Jasco V-770
Spectrophotometer. PL lifetime decay curves were recorded by using 150 MHz digital
oscilloscope (HM 1507, Hameg Instruments).

4.3. Result and discussion

4.3.1. Structural measurements:

4.3.1.1. TGA and DSC analysis:

Fig. 4.1 shows the TGA and DSC analysis recorded for an un-doped BMT sample precursor
(BaCOs, TiO2 and M0oO3) sintered from room temperature to 1100°C. DSC curve shows three
endothermic peaks at 590, 810 and 918°C. The total weight loss (15.3%) of the sample was
occurred into two stages. The first stage was between the temperature range 450-620°C. This
weight loss of about 5.1% was because of the evaporation of water and decomposition of
organic species such as acetone used during the synthesis. The first endothermic peak at

590°C describes the same.
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Fig. 4.1. TGA and DSC curves of an un-doped BMT sample.

The second weight loss of about 10.2% was observed in the temperature range 670-980°C
which may be due to degradation of CO2 and H2O molecules. After that weight loss curve tends
to straight that means sample had enough weight loss and sample will go from amorphous
nature to crystalline after that temperature. So the endothermic peak at 810°C can be attributed
to the melting and decomposition of carbonate and oxide precursors and the peak at 918°C may
be due to the phase transformation into crystalline form[55,73].

4.3.1.2. XRD measurements:

Fig. 4.2(a) represents the XRD patterns recorded for the un-doped BMT sample and Ho**/Yb3*
co-doped BMT phosphors. Diffraction peaks of all samples were found to be matching

perfectly with the standard JCPDS file 38-0254 and no impure phase was recorded.
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Fig. 4.2(a). XRD patterns of an un-doped BMT sample & co-doped Baszx-
yMoTiOg:xHo* lyYb®* (x=11mol% and y=1,3,5 and 7mol%) phosphors series with standard

JCPDS data. Fig. 4.2(b) & Fig. 4.2(c) show reitveld refinement treatment recorded for an un-
doped and co-doped BMT phosphor respectively.

This implied the single-phase formation of all the samples. This single-phase formation may
be perhaps due to the exact matching of ionic radii of Ba?* ions (1.49 A) with Ho3*(1.04 A)
and Yb%*ions (1.01 A) and replacement of Ba?* ions with either Ho®" and Yb®* ions. The phase
of BMT samples were found to be rhombohedral with a space group R-3m and space group
number 166. Crystallographic axes and angles were provided to be a=5.95A, b=5.95A,
c=21.29A, 0=90°, B=90°, y=120° respectively. Average crystallite size of all the samples were
calculated by using Debye-Scherrer equation (14) given in chapter 2. Average crystallite sizes
for co-doped samples (Ho®*"/Yb®") using equation (14) were found to be in the range of 80-90

nm for 1, 3, 5 and 7 mol% concentration of Yb®* ions respectively.
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Fig.4.2 (b &c) shows the Rietveld refinement profile fitting of an un-doped BMT
sample and BMT: xHo®**/yYDb®* (x= 11mol%, y= 7mol%) phosphor by using FullProf suite
software. The black solid line with dot and red line in the graph tells the raw and fitted data
respectively. The blue line refers to the difference between raw and fitted data. The pink colour
vertical line gives the information pertaining to Bragg’s positions. The Gaussian function was
used for peak shape fitting and linear interpolation function was used between background
points. Initially, the values of lattice parameters (a, b, ¢, a, B, y) and space group were fed in
the software given in the JCPDS file. The refinement results were listed in Table 4.1 and
confirmed the pure phase formation of samples as there was no significant change in lattice
parameters after refinement. The goodness of fit (yx?) values were found 0.79 and 0.99 for un-
doped BMT sample and doped BMT phosphor respectively. These results indicate the
successful synthesis of BMT phosphor by solid state reaction method.

Table 4.1. Rietveld refinement parameters along with JCPDS data.

Parameters Standard data BMT BMT: xHo%/ yYb3*
JCPDS (038-0254) (un-dope) X =11mol%
y = 7mol%
a (A) 5.9669
5.9570 5.9493
b (A) 5.9669
5.9570 5.9493
c (A 21.296
21.2900 21.2473
a=p 90
90 90
y 120
120 120
2 0.99
* : 0.79
Cell
654.28 .
volume(Ad) 651.26 656.6
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4.3.2. Morphological analysis:

4.3.2.1. SEM:

Fig. 4.3. Scanning electron microscope images (a-b) of xHo®*" doped (x=11mol%) and
xHo** lyYb* (x=11mol% and y=7mol%) co-doped phosphors (c-d) and their corresponding
EDX images.

Fig. 4.3(a) and 4.3(b) shows the morphology of particles for Ho** doped and Ho**/Yb? co-
doped samples. Particles were very much agglomerated in both the cases with a non-uniformity
in size and shape. This difference in size of particles may be due to the manual grinding during
the synthesis process, due to which there was random distribution of particles. The average

particle size was found out in the range of 1-8 um for singly doped sample and in the range of

1-5 um for co-doped samples [74].
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4.3.2.2. EDX measurements and elemental mapping:

Energy dispersive x-ray analysis is the technique used to recognize the elemental composition
of materials. Fig. 4.3(c) shows the EDX spectra of singly Ho®*" ion doped sample and 4.3(d)
shows the spectra of co-doped Ho®*'/Yb®*" sample. In the EDX analysis of Ho®*" ion doped
sample, Ba, Mo, Ti and Ho elements were present and in co-doped sample, Ba, Mo, Ti, Ho and
Yb elements were present. Thus, the EDX recorded confirms the elements that were used in

the preparation of these samples.

Tpm

Fig. 4.4. Elemental mapping of xHo**/yYb®*" (x=11 mol%, y=7 mol%) co-doped BMT
phosphor in (a) mixed mapping and for individual elements such as Barium (Ba), Titanium
(Ti), Molybdenum (Mo), Holmium (Ho) and ytterbium (Yb) from (b) to (f) respectively.

90



Fig. 4.4 shows the elemental mapping of the co-doped phosphor. From the elemental mapping
it is evident that all the elements are present in host lattice and the dopant elements are
uniformly distributed all over the surface.

4.3.3. FT-IR spectral analysis:
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Fig. 4.5. FT-IR spectra of an undope sample, single Ho**doped and co-doped Ho3*/Yb% BMT
phosphors.

FT-IR technique was used to find out the vibrational groups present in the host lattice. Fig.4.5
shows the FT-IR analysis of an un-doped BMT sample, 11 mol% Ho*" ions doped BMT
phosphor and Yb-Ho co-doped (7 mol% Yb**/11 mol% Ho®*") BMT phosphor in the range of
400-4000 cm™*. The absorption bands present in the region between 500-800 cm™ generally

correspond to the metal oxygen bonds. A band observed at 563 cm™ represents the stretching

91



vibrations of Ti-O groups in the host lattice [75]. In addition to this, 670 cm™ and 810 cm™
bands belong to the Mo-O and Mo-O-Mo stretching vibrations respectively in MoO4>
tetrahedrons [76]. The deeper shoulder between the region 780-830 cm™ is due to the host
phonon frequency as MoO4% group vibrations of lattice which are very strong and broad in this
region [77]. The bands at 1067 and 1414 cm™ accredited to the stretching vibrations of C-O
due to the BaCOs and H-O-H blending vibrations respectively [78,79]. The spectra between
the region 1700-4000 cm™* assigned to the presence of stretching vibrations of hydroxyl groups
and hydrogen bonding [36—-38]. The different functional groups identified are same in an un-
doped as well as doped BMT phosphors.

4.3.4. DRS analysis for band gap measurement:
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Fig. 4.6. Diffuse Reflectance Spectra of Bas.x.yMoTiOs:xHo* /yYb®" phosphor (a) x=11mol%,
y=0 mol% (b) x=11mol%, y=1,3,5 and 7mol% and their corresponding tau plots (inset figures).
Fig. 4.6(a) shows the UV-vis DRS spectra of a Ho** ion doped BMT phosphor in the range of
300-800 nm wavelength. In this spectra, two bands are observed in the visible region at
wavelengths 544 nm and 645 nm when transitions take place from ground state °Is of Ho®" ion
to the excited states °F4/°S; and °Fs of Ho®* ion respectively [75,77,83]. On the other hand,
Fig. 4.6(b) shows the absorption spectra of Ho®**/Yb®*" co-doped phosphors in the UV-vis-NIR
range. In this spectra, an additional absorption band was observed in NIR region due to the
incorporation of Yb®" ions at wavelength 948 nm corresponding to transition 2Fs; — 2F72 [84].
As Yb®* is having larger cross-section in NIR region, 980 nm laser source was used to record
the UC PL spectra and its corresponding lifetime curves. The optical band gap has been
calculated for the above two series using the kubelka-munk function described in chapter 2,

eq. (16(, (17) and (18)-
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In this case we have calculated the allowed direct band gap by using m=1/2. Inset figures of
4.6(a) and 4.6(b) show the (athv)? versus hv plot for the single Ho®** ion doped and Ho®**/Yb®*
co-doped phosphors. The value of optical band bap was calculated to be 3.30 eV for singly
Ho®* doped sample and in the range of 3.00-3.27 eV for the co-doped samples by extrapolating
the slope of tau plot. The obtained values are satisfactorily matching with the previous reported
values [62,85]. Lower value of band gap promotes large number of ions to excited state and
results in enhancement of PL intensity [86].

4.3.5. Linear (down-conversion) and non-linear (up-conversion) PL behaviour:

4.3.5.1. Linear PL excitation and emission spectral studies:
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Fig. 4.7. Linear (a) PL excitation spectrum of Ho**doped (11 mol%) phosphor under 551 nm
emission and (b) PL emission spectra of BasxMoTiOg:xHo* (x= 1,3,5,7,9,11 and 13mol%)
phosphors under 448 nm excitation wavelengths respectively.

Fig.4.7 (a) & (b) shows the PL excitation spectrum (under 551nm emission) and PL emission
spectra (under 448nm excitation) of Ho®* ion doped BMT phosphors respectively. In the
excitation spectrum shown in Fig. 4.7 (a), four peaks were observed at 432 nm, 448 nm, 466
nm and 489 nm corresponding to the transitions from ground state °Is to excited states °Gs °Gg,
3Kg and °F2 of Ho®* ions respectively. The highest intense peak found at 448 nm was used as
an excitation wavelength to record the emission spectra of BMT: x Ho**(x= 1, 3,5,7,9,11 and
13 mol%) phosphors in the range between 480-750 nm wavelength. In the emission spectra
shown in Fig.4.7 (b), three bands were observed at wavelengths 492, 551 and 668 nm
pertaining to the transitions °Fs— °lg, °Fa/ °S,— °lg and °Fs— °lg respectively [87]. The most
intense band in this emission spectra was corresponding to green emission at 551nm
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wavelength. Spectra shows that increase in the concentration of Ho®" ions, the PL intensity
increases up to 11mol % and after that drops suddenly due to the phenomena of concentration
qguenching. Fig.4.8 shows the linear emission spectra recorded for the Basx-
yMoTiOg:xHo* lyYb®* (x=11mol%, y=1, 3, 5 and 7mol%) phosphors under 448 nm excitation.
The co-doped BMT phosphors also show visible emission under blue excitation and contains
two emission peaks at wavelengths 551 and 668 nm pertaining to transitions °F4/%S;— °ls and

SFs— °lg respectively.
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Fig. 4.8. Linear PL spectra of BasxyMoTiOs:xHo*'/yYb** (x=11mol% and y=1,3,5 and
7mol%) phosphors under Aex = 448 nm.
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From Fig. 4.8 it is conspicuous that, intensity of green emission increases with increase in Yb®*
content. Contrarily on the opposite side, the emission corresponding to red region decreases
with increase in Yb** ion concentration. This may be due to the cross relaxation energy transfer
observed between Ho®* and Yb®" ions and energy transfer from Yb** ions to Ho3* ions in case
of green emission [57,88]. As the Ho®* ions show very weak or negligible non-linear emission
under 980 nm excitation, a series of Ho**/Yb®* co-doped samples were prepared to study the
Up-conversion behaviour of BMT phosphors.

4.3.5.2. Non-linear PL spectral studies:
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Fig. 4.9. Non-linear PL spectra of Bas.xyMoTiOg:xH0*"/yYb*" (x=11mol% and y=1,3,5 and
7mol%) phosphors under 980 nm laser excitation.

The non-linear PL spectra for the co-doped Ho®*/Yb®" phosphors were recorded under 980 nm
laser excitation in the range of 400-700 nm. In this spectra, three different bands were observed
at wavelengths 488, 551 and 668 nm in blue, green and red regions respectively. These blue,

green and red bands are the resultant transition of the Ho®* ions from its °Fs, °F4/ °S; and °Fs
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excited states to the °Is ground state respectively [70,85,89]. From Fig. 4.9, it is observed that
the intensity of green band is approximately double as compared to red band and 15-20 times
higher than that of blue band. It is well known that Ho* ion has very weak absorption cross-
section for 980nm laser excitation. Therefore, in the present work, Yb**ions are acting as
sensitizer and transferring energy to Ho®* ion (activator) and results in the up-conversion PL
observed in Fig.10. Moreover, from Fig.4.9 it is conspicuous that, with increase in the
concentrations of Yb®* ion (1,3,5 and 7mol%) the non-linear emission shown by Ho®* ions are
increasing continuously up to 7mol%. This gradual increase in Ho%" ions emission with
increase in the concentration Yb®" ions is due to continuous energy transfer from Yb** ions to
Ho%* ions. To have further conformation for this up-conversion process observed, we have
studied the power dependence non-linear PL studies.

4.3.5.3. Power dependent non-linear PL studies:

Fig.4.10(a) shows the variation in intensity of green and red bands with respect to the input
pump power. The intensity of green band dominates over the red band and blue band has lowest
intensity in this up-conversion spectra. With increase in pump power, initially the up-
conversion intensity increases for green band up to 480 mW and then slightly decreases or
saturates beyond. This decrease or saturation in intensity may be due to the heating of the

material at higher pump power.
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Fig. 4.10(a). Power dependence non-linear PL spectra of BasxyMoTiOg:xHo* /yYb3* (y=
7mol%) phosphor under 980 nm laser excitation.

On the flip side, intensity of red band increases continuously with increasing pump power up
to 600 mW power, but the dominancy of green emission is still present. This dominancy in
green emission may be because of direct excitation of Holmium ions in °F4/ °S; state through
excited state absorption (ESA) and energy transfer (ET) from Yb®" ions as shown in energy
level diagram of Fig. 12. But at higher pump powers, photon density increases in °F4/°S; level
and they start to relax through non-radiative relaxations (NRR) in °Fs level. Additionally,
excitation of Ho®*" ions through energy transfer from Yb** ions still remain continue. Due to
these factors the population of ions in °Fs level increases and continuous enhancement in red

emission takes place at higher pump powers [87].
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Fig. 4.10(b). Ln-Ln plot of UC intensity vs. pump power.

It was already known that the up-conversion luminescence intensity is directly proportional to
the n' power of the input pump power.
luc a (Pin)" (23)

Where n is an integer and gives the information about the number of photons involved in the
up-conversion process. When the plot of up-conversion intensity vs. input pump power was
plotted, the value of slope i.e., n gives the detail of number of photons involved in UC process.
Fig.4.10(b) shows the plot of Ln(luc) versus Ln(Pin). From this plot, we calculated the slope
value and the value of n comes out nearly 3 up to 480 mW power and beyond that it is
approximately equal to 2. So initially 3 photons are involved in the UC process up to 480mwW

power and beyond that the pump power is lost due to heating effect. In order to describe the
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mechanism of energy transfer, an energy level diagram has been plotted for Ho** and Yb** ions
as shown in Fig. 4.11. On 980 nm laser excitation, Yb3* ions make transition from ground state
2F71, to excited state 2Fs;. Then Yb** ions act as a sensitizer and transfer their energy through
phonon assisted energy transfer to Ho®* ions and by gaining energy, Ho* ions reach to °l state.
After reaching °ls level, some Ho®* ions further move to excited states °Fa, °Fs states through
ESA or ET from Yb®* ions. The cooperative energy transfer (CET) also takes place in which
two Yb** ions cooperatively transfer their energy to 3Ks/°F, or higher levels. From these higher
levels Ho®* ions relax non-radiatively to lower states and the transition from °Fs °F4/°S; and
°Fs levels to °lg level results in blue, green and red bands respectively with the involvement of
2 or 3 photons. The mechanism behind the involvement of 3 photons is the accumulation of
large number of photons in the °F4/°S; and °Fs levels through sequential ESA, ET and CET

phenomena as shown in Fig.4.11 [90-92].
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Fig. 4.11. Schematic energy level diagram of Ho** and Yb®" ions and their energy transfer
mechanism.

4.3.6. PL lifetime decay measurements:

The PL lifetime curves of °F4/°S; and °Fs levels in Ho®*/Yb?* co-doped samples corresponding
to transition °Fa/°S, — °lg and °Fs— °lg were recorded under 980 nm laser source excitation.
The decay curves were shown in Fig. 4.12(a) & (b) at Aem=551 nm and Aem=668 nm
respectively. The decay curves of these phosphors were fitted by single exponential function
using eq. (11) as described in chapter 1.

The value of all lifetimes were calculated and written in Table 4.2.
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Fig. 4.12. PL decay curves of BasxyMoTiOg:xHo*'/yYb®* (x=11mol% and y=1,3,5 and
7mol%) phosphors under 980 nm laser excitation (a) Aem =551 nm (b) Aem = 668 Nm.
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It is observed that, the lifetime values corresponding to Aem=551 nm are relatively larger than
that of Lem=668 nm. This supports the relatively more intensity observed for green bands when
compared to the red bands in UC emission spectra by varying the Yb** content. The estimated
lifetime values with Aem=551nm show continuous increase with increase in Yb** concentration.
This supports the continuous transfer of energy from Yb** ions to Ho®*" ions up to 7 mol%
concentration in the present work [62,84]. On the other side, calculated lifetime values
corresponding to Aem=668 nm, initially show increment up to 5 mol% Yb** content and then
show a decrement. This may be due to the fact that after a certain concentration of Yb3* ion,
energy transfer saturates down or become less which can also be confirmed from the UC PL
spectra.

From the UC PL spectra shown in Fig. 4.9, it is conspicuous that, the intensity of green band
increases with increase in Yb®" ion concentration (maximum doped Yb** concentration is 7
mol%) continuously. This increase in luminescence intensity demonstrate transfer of energy
from Yb®* ions to Ho® ions. This is further supported by increase in experimental lifetime
values of green band (551 nm) with increase in Yb** ion concentration. However, intensity of
red band firstly increases sharply with Yb®* content up to 5 mol% and reaches almost saturation
up to 7mol%. This is well supported by increase in lifetime values of red band (668 nm) with
increase in Yb®" ion concentration up to 5 mol% and decreases slightly at 7 mol%. This also
further supports transfer of energy from Yb3* ions to Ho®* ions. The variation of lifetime values

with Yb®* content in case of green and red bands is shown in Fig. 4.13.
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Fig. 4.13. Variation in calculated lifetime of co-doped phosphors with respect to Yb®* content.

Table 4.2. Lifetime of Ho®* ions in BMT: Ho*/ Yb*" phosphor for Aem=551 nm and 668 nm
under 980 nm laser excitation.

Sample ID (Yb3* series) Lifetime values (us) Lifetime values (ps)
Aem=551 Nnm Aem=668 Nnm
1mol% Yb™ 451 3.59
3mol% Yb** 5.02 5.17
5mol% Yb%* 5.94 6.03
7mol% Yb** 6.73 3.96

4.3.7. CIE and CCT analysis: The colorimetric performance of the as prepared phosphors

was shown in Fig. 4.14 (a) & (b) using the DC and UC PL emission data respectively. CIE
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coordinates were calculated for the singly Ho®* ion doped series and co doped Ho®*/Yb®" series
and are listed in Table 4.3. Fig.4.14 (a) & (b) shows that, all the CIE coordinates are falling in
green region. Correlated colour temperature (CCT) values are estimated by using the McCamy
equation (8) given in chapter 1.

The CCT values are also listed in Table 4.3. All these results of CIE coordinates and CCT
values show that the as prepared phosphors are useful in solid state lighting applications
[77,84].

Table 4.3. Variations of CIE Coordinates and CCT values for singly Ho** ion doped series and
co doped Ho®**/Yb® series of BMT phosphors.

Sample | CIE Co- CCT(K) Sample | CIE Co-ordinates | CCT(K)
ID ordinates (Ho®*series) | ID (Yb®*series) (Ybs®*
(Ho** | (Ho® series) (YB3 | Aex=980 nm series)
series) | Aex=448 nm series)

1mol% | (0.3290,0.6427) | 5569.1 1mol% | (0.3326,0.4725) 5509.6
Ho®* Yb¥*

3mol% | (0.3432,0.6094) | 5344.4 3mol% | (0.3520,0.5180) 5123.3
Ho®* Yb¥*

5mol% | (0.3487,0.6140) | 5261.7 5mol% | (0.3604,0.5697) 5035.4
Ho%* Yb3*

7mol% | (0.3290,0.6303) | 5569.4 7mol% | (0.3440,0.608) 5331.2
Ho®* Yb¥*

9mol% | (0.3446,0.6221) | 5328.5

Ho%*

11mol% | (0.3419,0.6257) | 5370.7

Ho%*

13mol% | (0.3447,0.6200) | 5326.0

Ho%*
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Fig. 4.14. CIE plot of (a) single Ho** doped and (b) co-doped Ho®*/Yb®*" phosphors under
linear and non-linear PL spectral studies.

4.4. Conclusions
A series of single Ho®*" ion doped and Ho®**/Yb®*" co-doped BMT phosphors were prepared by
solid state reaction method. XRD technique confirmed the pure phase and crystallinity of the

as prepared phosphors. Morphological studies show that particle size of phosphors lie in the
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micro meter range and elemental mapping shows the presence of all the constituent elements
that are used during the synthesis process. It was also found that the constituent elements are
uniformly distributed all over the surface of the as prepared phosphor. FT-IR spectra describes
the presence of various metal oxide bands and hydroxyl groups present in the titled phosphor.
The UC and DC PL emission show intense green emission (at 551 nm) under 980 nm laser
excitation as well as under 448 nm xenon lamp excitation. The variation in UC intensity with
pump power reveal the information pertaining to the number of photons involved in the UC
process. PL lifetime decay curves recorded under 980 nm excitation show continuous
increment under Aem=551 nm and in case of Aem=668 nm, lifetime values first increasing and
then decreasing. The CIE coordinates of all samples lie in green region. All these results
indicate that the as prepared phosphor can be a promising candidate for application in UC &
DC based green emitting diodes, display devices, security ink, phototherapy and SSL

applications.
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CHAPTER 5

Energy transfer induced colour tunable photoluminescence
performance of thermally stable Sm3/Eu® co-doped
BasMoTiOg phosphors for white LED applications

The combustion process has been successfully used to synthesize BasMoTiOg:Sm®* and
BasMoTiOs:Sm3*/Eu®" co-doped phosphors for w-LED applications. For the as-prepared
phosphors, XRD, SEM, FT-IR, DRS, and PL spectroscopy techniques have been used to
investigate phase confirmation, morphological analysis, and PL properties. The PL emission
spectra of singly Sm** doped and Sm®*"/Eu®" co-doped phosphors recorded under 409 nm
wavelength show intense emission in reddish-orange and red regions, respectively. For Sm3*-
Eu®* co-doped phosphors, the intensity of Sm®* peaks show a decrease with an increase in Eu®*
ion concentration, demonstrating the energy transfer from Sm3* to Eu®* ions. Quadrupole-
quadrupole interaction is the mechanism responsible for energy transfer from Sm** ions to Eu®*
ions according to Dexter's hypothesis as applied to the PL spectra. This result is in consonance
with the results of PL decay curves recorded under 409 nm excitation. CIE coordinates
calculated for singly Sm®* doped and Sm*"/Eu" co-doped phosphors show colour tunability
from reddish-orange to pure red regions. All the results obtained finally revealed the utility of

the titled phosphors as tunable red emitters needed to fabricate w-LEDs.

The content of this chapter has been published in an international journal -
Journal of Materials Science: Materials in Electronics, 34 (2023) 1662.
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5.1 Introduction

In the current era, increasing human power consumption by humankind is taking a toll on
natural resources. Most of the electricity produced is consumed by lighting devices and
traditional lighting sources are being replaced by w-LEDs, which are more efficient than the
traditionally used incandescent and fluorescent lamps [93-96]. Researchers working in the
field of phosphors are fiercely searching for novel and more efficient phosphor materials for
the replacement of traditionally used materials in LEDs. Blue chips made of InGaN and yellow
phosphor (YAG: Ce®") are used to create the commercially available white LEDs. [97,98]. But
the light produced through this method has some shortcomings, such as a poor colour rendering
index, a high correlated colour temperature, and mismatched warm white light due to the
deficiency of the red component [99,100]. The introduction of red/orange emitting phosphors
can improve these limitations. So, another approach that can be used for white light generation
is either a combination of blue LED chips coated with green and red phosphors or UV LED
chips coated with orange and cyan emitting phosphors. So, an orange-emitting phosphor in
combination with a cyan-emitting phosphor under UV excitation can be a promising choice for
researchers [101].

Recently, RE doped phosphor/glasses materials have been finding immense attention in the
scientific community because of their vast applications in the fields of SSL technology, display
devices, solar cells, etc. [102-105]. RE ion doping is usually preferred in phosphors due to
their magnificent properties like high solubility, high luminescence efficacy, and large Stoke
shifts [21,106-109]. Commercially, the red phosphor is fabricated with the sulfide-based

Y202S: Eu* material, which is excited in the near-UV range [110]. The material Y20,S: Eu®*
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is chemically unstable, decreasing its luminous efficiency [42]. Therefore, as a replacement for
this, the development of a highly efficient red phosphor is required. Among all the RE ions,
the Eu®* and Sm** ions show promising results and give emission in the reddish-orange and
pure red regions, respectively [20-23]. In a broad emission range that spans the UV to visible
regions, they exhibit good electrical and optical properties. Here, optical transitions occur
between a variety of f states, and the filled 5s and 5p subshells effectively shield the f electrons
from their surroundings. [11, 24-26]. The Eu®* is an effective activator ion due to its high
colour purity and its intense red emission (615 nm) corresponding to transition °Do —F2[111].
The Sm3* ion can act as a good sensitizer because of the lower energy difference between Sm3*
(“Gsr2) and Eu®* (°Do) and can transfer its excitation energy to Eu®*. So, co-doping of Sm**/Eu?*
ions in a host lattice can broaden the excitation bands and helps in enhancing the luminescence
efficiency for the red color emission in w-LEDs. Sm** ions can also act as a good activator
when doped singly in some host compounds and gives orange-reddish emission. Such singly
Sm®" ions doped phosphors are used in such devices where the emission corresponding to the
reddish-orange regions is needed. Therefore, in this article, we have reported our work on
singly Sm**doped and Sm**/Eu®* co-doped barium molybdenum titanate (BMT) based host
lattice BasMoTiOs.

5.2. Experimental method and characterization techniques used:

The preparation of the BMT phosphor was done through the combustion method. In our
previous work, we have reported the superiority of the combustion method used to prepare
BMT phosphor because of relatively high luminescence efficiency, crystallinity, and better

morphology [67]. This has prompted us to use the combustion method to prepare BMT
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phosphor co-doped with samarium and europium ions to study color tunability. All the
synthesis steps involved are discussed in section 2.2 and Fig. 2.1 (b).

The phase identification and confirmation of all the as-synthesized BMT phosphors was
determined by an X-ray diffractometer (Bruker D8 Advanced X-Ray Diffractometer) with Cu-
Ka radiation (A = 1.54 A) in the range of 20= 20°-70°. To analyze the structural parameters,
Rietveld refinement was done using Full-Prof Suite software. The surface morphology and
elemental distribution were checked by SEM on a JEOL 7610F Plus operated at 5 kV. To
determine the various vibrational functions and groups present in the system, FT-IR was
performed by Perkin Elmer spectrum 2. The diffuse reflectance spectral (DRS) studies were
conducted on a Jasco-made V-770 Spectrophotometer at room temperature. A Jasco FP-8300
spectrofluorometer was used to record the PL excitation and emission spectra with a Xenon
lamp serving as the excitation source. On a Hameg Instruments HM 1507 digital oscilloscope
operating at 150 MHz, PL decay curves were captured. The ocean optics setup was used to
record the temperature-dependent PL experiments with a resolution of 0.1 nm under a Xenon

lamp excitation source.
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5.3. Results and Discussion:

5.3.1. Structural and morphological analysis:

Figs. 5.1(a) and (b) show the XRD patterns of un-doped, single-doped BMT: xSm** (x= 0.5,
1, 1.5, 2, and 2.5mol%) and co-doped BMT: xSm**/yEu®" (x=1.5mol%, y=1, 2, 3, 4, 5, 6mol%)
phosphors along with standard JCPDS data (JCPDS No. 38-0254). From Fig. 5.1, it can be
seen that all the diffraction patterns were in good agreement with the standard JCPDS patterns
with rhombohedral crystal structure and space group R-3m (166) without the formation of any
secondary crystallite phase. This shows the successful incorporation of dopant ions into the
host lattice and single-phase confirmation of all the phosphors. By zooming in on the main
intense peak of the XRD data, it is found that there is some shifting in the peak position towards
the higher angle side with the introduction of Sm®" and Eu®* ions in the host lattice when
compared with the un-doped sample. This shifting may be caused by the difference in the ionic
radii of the Ba?* ions (ionic radii =1.49 A) in comparison to the dopant ions Sm®* (ionic radii
=1.09 A) and Eu®*(ionic radii =1.08A). Fig. 5.2(a-b) shows the Rietveld refinement fitting for
the xSm** (x= 1.5mol%) and xSm*"/yEu3* (x= 1.5mol%, y=1mol%) doped BMT phosphors
using Full Proof suite software. In our earlier work, we performed Rietveld refinement on an
un-doped BMT sample [112]. All the structural parameters extracted from the refinement
fitting were listed in Table 5.1. The goodness of the fit (%) value is less than 1, indicating no

significant deviation in lattice parameters and the successful formation of single phase.
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Fig. 5.1(a-b). XRD patterns of an un-doped, single doped BMT: xSm**(x= 0.5, 1.0, 1.5, 2.0
and 2.5mol%) and co-doped BMT: xSm®*"/yEu®* (x=1.5mol% and y=1, 2, 3, 4, 5 and 6mol%)
phosphors with standard JCPDS.
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Fig. 5.2(a-b) Rietveld refinement for BMT: xSm?*"(x= 1.5mol%) and BMT: xSm**/Eu®* (x=
1.5mol%, y= 1.0mol%) co-doped phosphors respectively & (c-d) correspondong W-H plots
for all concentrations of Sm®* and Eu®* ions.

Table 5.1. Calculated structural lattice parameters through Rietveld refinement.

Parameters | Standard data | BMT: BMT: xSm3*/ yEu®* BMT
JCPDS (038- xSm3* x = 1.5mol% (un-doped)
0254) X = y = 1mol%
1.5mol%
a(A) 5.9570 5.9506 5.9568 Ref. [23]
b (A) 5.9570 5.9596 5.9568
c(A) 21.2900 21.2903 21.2936
o= 90 90 90
Y 120 120 120
Y i 065 0.82
Cell
654.28 |
volume(A9) 654.84 654.32
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The average crystallite size of the single and co-doped phosphors was calculated by the
Debye- Scherrer formula given by eq. (14) in chapter 2.

The crystallite size corresponding to the most intense peak calculated for single Sm®" ion-
doped phosphors lies in the 60-70 nm range, and for Sm**/Eu®* co-doped phosphors, it lies in
the range of 62-72 nm. As we know, the broadening of the XRD peak is due to the crystallite
size in addition to the strain present in it. To calculate the lattice strain present in the crystal, a
Williamson-Hall plot has been used using the equation [113]-

Br CosB = + £(4Sin6) (24)
The symbol € represents the strain present in the lattice, and the other symbols have the exact
same meaning as discussed above. A linear graph has been plotted between 4Sinf and BrCos6
by considering the major peaks in the XRD data, as shown in Fig.5.2(c&d). The slope of the
fitted line gives the value of strain, and from the intercept value, we calculate the crystallite
size. The average crystallite size for singly Sm*" doped and Sm3*/Eu®" co-doped phosphors
was found to be 98 nm and 88 nm, respectively. The value of strain was found in the range of
0.000170-0.000353 for Sm*" doped phosphors, and for Sm**/Eu®* co-doped phosphors, it lies

in the range of 0.000267-0.0007.
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Fig. 5.3. Scanning electron microscope images (a-b) of BMT: xSm** doped (x=1.5mol%) and
BMT: xSm*/yEu®* (x=1.5mol% and y=1mol%) co-doped phosphors and (c-d) corresponding
EDX images.

Additionally, SEM and energy dispersive X-ray analysis (EDX) have been performed to
further investigate the microscopic morphology and elemental composition of the prepared
phosphors. Figs. 5.3(a&b) represent the SEM micrographs of single doped BMT: xSm**(
x=1.5mol%) and co-doped BMT: xSm*/yEu** (x=1.5mol%, y= 1mol%) phosphors. The
particles of these phosphors are irregular in shape with much agglomeration. These
irregularities in shape and size may be due to the unequal distribution of mass and temperature
during the sintering as well as due to the manual crushing of phosphor after sintering [114].

The size of particles for single-doped and co-doped phosphors are in the range of 0.5-5.0 um

and 0.1-6.0 pum respectively. Fig. 5.3 (c&d) demonstrate the corresponding EDAX images of
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these phosphors. It can be seen from both the EDX images that all elements are present in the

phosphor lattice that have been used during synthesis.

 Deem 3

2.5um P

f ! 2.5um

2.5um

Fig. 5.4. Elemental mapping of BMT: xSm**/yEu®" (x=1.5 mol%, y=1 mol%) co-doped BMT
phosphor (a)mixed mapping (b-f) individual of Barium (Ba), Titanium (Ti), Molybdenum
(Mo), Samarium (Sm) and Europium (Eu) elements.

Fig. 5.4 shows the elemental mapping of co-doped BMT: xSm**/yEu®* (x=1.5mol%, y=
1mol%) phosphor. From the elemental mapping images, it was clear that barium, molybdenum,

titanium, samarium, and europium elements were uniformly distributed in the particles, which

shows the successful synthesis of phosphor.
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5.3.2. FT-IR analysis:

undoped BMT

= BMT: 1.5 Sm’’
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Fig. 5.5. FT-IR spectra of an undoped, xSm®*" doped(x= 1.5mol%), and co-doped xSm3*/yEu3*
(x=1.5mol%, y=1mol%) phosphors.

FT-IR spectra of un-doped, singly doped BMT: xSm3" (x=1.5mol%) and co-doped BMT:
xSm** lyEu* (x=1.5mol%, y=1mol%) phosphors were recorded in attenuated total reflectance
mode (ATR), as shown in Fig. 5.5. The spectra were in the range 400-4000 cm™ to analyse the
different functional groups that are present along with their stretching and bending vibrations.
The infrared bands of all the phosphors occupy an almost similar position with or without
doping. The absorption band at 530 cm™ belongs to the stretching vibrations of Ti-O groups
present in the system [85]. The bands at 678 and 818 cm™ are due to the MoO4? tetrahedrons
ascribed to their Mo-O and Mo-O-Mo stretching vibrations [76,77]. The bands at 1068 and

1421 cm™ demonstrate C-N stretching and C=C stretching, respectively [115,116]. The band
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at 1230 cm-1 describes the N-H bending absorption [117]. The two bands at 2897 and 2996
cm* represent C-H bonding [118]. The shortest absorption band at 3670 cm™ can be assigned
to the stretching mode of O-H groups in absorbed water molecules [119].

5.3.3. DRS Spectra:

(b) BazMoTiOg: xSm*/yEu"
x= 1.5 mol% Sm"’

(a) BazMoTiOg: xSm™ y=1.0 mol% Eu"
y= 2.0 mol% Eu"’
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Fig. 5.6. [F(R)hv]? versus hv plot for optical band gap calculation of BMT: xSm**( x= 0.5, 1.0,
1.5, 2.0 and 2.5mol%) and BMT: xSm*"/yEu®" (x=1.5mol% and y=1, 2, 3, 4, 5 and 6mol%)
phosphors.
Diffuse reflectance spectra were recorded for the BMT: xSm®*" (x= 0.5, 1, 1.5, 2 and 2.5mol%)
and co-doped BMT: xSm**/yEu®* (x=1.5mol%, y=1, 2, 3, 4, 5, 6mol%) phosphors. To find the
optical band gap, the Kulbelka-Munk function was applied to the DRS data given by equation
(16) and (17) in chapter 2 [120].
In that equation, n is a transition dependent constant with values of 1/2, 2, 1/3, and 3 for direct
allowed, indirect allowed, direct forbidden, and indirect forbidden, respectively.

Now a graph was plotted between [F(R)hv]? vs. energy hv for the n=1/2 transition, as
shown in Fig.5.6. By extrapolating from the linear section of the figure, the intercept on the x-
axis provides an approximation of the band gap value. The approximate band gap values for

singly Sm** doped BMT phosphors lie in the range 3.3-3.5 eV, and for co-doped BMT:
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Sm*/Eu** phosphors lie in the range 3.0-3.25 eV, respectively [121]. The band gap energy
decreases with the addition of co-doping of Eu®* ions. This results in a greater number of atoms
getting excited to the upper states and thereby resulting a stronger emission when they fare
falling down to the lower energy states. The band gap values obtained in the present work are
in consonance with the values reported for other phosphors doped with Sm** and Eu®* ions
[122,123].

5.3.4. PL Studies:

5.3.4.1. PL Studies of BMT: xSm?3*(x= 1.5 mol%) phosphor:
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Fig. 5.7. (a) PL excitation spectrum of BMT: xSm®"(x= 1.5mol%) under 596 nm emission (b)
emission spectra of BMT: xSm®*"(x= 0.5,1.0,1.5,2.0 and 2.5mol%) phosphors under 409 nm

excitation wavelength, (c) PL excitation and emission spectrum of BMT: yEu**(y= 1.0mol%)
phosphor under 615 nm emission and 395 nm excitation wavelengths, respectively & (d) PL
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excitation spectrum of BMT: xSm**/yEu®*(x= 1.5mol%, y=1mol%) phosphor under 615 nm
emission wavelength (inset figure shows the overlapped excitation spectrums of singly Sm3*
doped and Sm**/Eu®* co-doped phosphors at emission wavelengths 596 and 615 nm
respectively).

Fig. 5.7(a & b) show the excitation spectrum and emission spectra of BMT: xSm3*(x=
1.5mol%) phosphor, respectively. A 596 nm emission wavelength was used to record the
excitation spectra, which ranged from 325 to 500 nm. The spectrum comprises several peaks
at 364, 381, 409, 421,442 and 465 nm corresponding to the transitions ®Hs, —*Dss2, ®Hss
—*Das, *Hsiz —=F712, °Hsiz —*Maorz, °Hsiz —%Gerz and *Hsiz —a1i2 + 4laarz + *Masy2 respectively
[124-127]. Out of these peaks, the most intense peak in the excitation spectrum is at 409 nm,
so we recorded the emission spectra for BMT: xSm3*(x=0, 1, 1.5, 2 & 2.5mol%) series at this
excitation wavelength. The emission spectra of this series recorded in the range of 540-700 nm
comprise three bands at wavelengths 562, 596, and 643 nm corresponding to a transition from
the excited state “Gs, of Sm**ions to ground states ®Hs2, ®Hz2 and ®Hoy, respectively [128,129].
The intensity of emission peaks increases with Sm3*ions concentration up to 1.5mol%; beyond
that, emission intensity decreases, which is attributed to the phenomenon of concentration
quenching. Concentration quenching is the phenomenon in which if we increase the activator
ions higher than a certain value, the number of non-radiative transitions rises through cross-
relaxation processes and results in low PL intensity. In the present work, it was observed that,
1.5 mol% of Sm** ions produce concentration quenching as shown in Fig. 5.7 (b). The most
intense band at 596 nm wavelength corresponds to reddish-orange emission under UV
excitation. So Sm*" doped BMT phosphors can be used with cyan-emitting phosphors by
coating them with UV LED as reddish-orange colour emitting devices, and by co-doping them

with Eu®* ions, they can be used to obtain pure red emission.
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5.3.4.2. PL Studies of single doped Eu®* & Sm**/Eu®* co-doped BMT phosphors:

The PL excitation and PL emission spectra of BMT: yEu®*(y= 1mol%) phosphor were reported
in Fig. 5.7(c) at Aem= 615 nm and Lex= 395 nm, respectively. The excitation spectrum recorded
in the range 300-550 nm comprises peaks at wavelengths 306, 360, 381, 395, 415, and 465 nm
corresponding to the charge transfer band (CTB), "Fo —°D4, "Fo —°L7, 'Fo —°Lg, 'Fo —°D3,and
'Fo —°D; transitions of Eu* ions respectively [130]. The emission spectrum was recorded
using the most intense peak of the excitation spectrum (Aex= 395 nm) in the range of 550-750
nm. The emission spectrum consists of five peaks at wavelengths 579, 596, 615, 653, and
701nm corresponding to the transition of Eu®* ions from excited state °Do to “Fo, ’F1, "F2, "Fs3,
and F4 states, respectively [131]. The transition >Do —'F1 is a magnetic dipole (MD) in nature,
whereas °Do —'F; is an electric dipole (ED). In the emission graph, if the ED transition is
ruling over the MD transition, that means the Eu®* ion occupies anti-inversion symmetry and

gives red emission corresponding to transition °Do —'F, with high colour purity [132].
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Fig. 5.8. PL emission spectra of BMT: xSm®*/yEu* (x= 1.5mol%, y= 1,2,3,4,5 and 6mol%)
co-doped phosphors under excitation wavelengths (a) 381 nm, (b) 409 nm and (c) 465 nm
respectively & (d) plot of R/O ratio vs conc. of Eu®* ions under Lex= 409nm.

The PL excitation spectrum of BMT: xSm¥*/yEu®* (x=1.5mol%, y=1mol%) co-doped
phosphor is shown in Fig. 5.7(d) in the wavelength range 300-500 nm by keeping Aem= 615
nm. In the spectrum, the highest number of peaks are due to Eu* ions, and some peaks are due
to Sm3* ions. The Sm®* ion peaks at 343, 406, 440, and 480 nm are due to the transitions ®Hs
—*Horz, ®Hsz —>*F712, ®Hsiz —*Garz and SHsz —* 11172 + *lusz + *“Masyz respectively. Eus*ion peaks
are present at 306, 362, 382, 395, 417, and 465 nm, corresponding to transitions CTB, "Fo
—°Dy, 'Fo —°L7, 'Fo —°Ls, 'Fo —°Dsand 'Fo —°Da respectively. The inset of Fig. 5.7(d) shows

the excitation spectrum of BMT: xSm** (x=1.5mol%) and BMT: yEu** (y=1mol%) by keeping
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the emission wavelengths at 596 and 615 nm, respectively. By taking into account this inset of
Fig. 5.7(d), the emission spectra of BMT: xSm**/yEu®* (x=1.5mol%, y=1, 2, 3, 4, 5, and
6mol%) co-doped phosphors were recorded at three different excitation wavelengths (381, 4009.
and 465 nm). Here, 409 nm is the Sm** ion (sensitizer) excitation wavelength, and 381 and 465
nm are the overlapping wavelengths of Sm3* and Eu®* ions.

Fig. 5.8(a, b & ¢) show the emission spectra of co-doped BMT: xSm3*/yEu®" (x=1.5mol%,
y=1,2,3,4,5 and 6mol%) phosphors at Lex= 381, 409, and 465nm respectively. The emission
spectra at Aex= 381 nm show seven peaks. Out of these seven peaks, two peaks at 562 nm (*Gsy.
—%Hs)) and 644 nm (*Gs, —°®Hy712) correspond to the Sm** ion transitions, and the other five
peaks at 581 (°Do —'Fo), 594 (*Do —'F1), 615 (°Do —'F2), 652 (*Do —'Fs3) and 700 nm (°Do
—'F4) due to the Eu®" ion transitions [133]. The spectra given in Fig. 5.8(a, b &c) show that
with increasing concentration in Eu®* ions, the emission intensity of Eu®*ion peaks increase
while Sm** ijon peak intensity decreases. The emission spectra given in Fig. 5.8(b) were
recorded at Aex= 409 nm. With an increased concentration of Eu®* ions, the emission intensity
of Sm3* peaks decreased, and Eu®* ion peaks increased up to 4 mol%. This confirms the energy
transfer mechanism of Sm** ions to Eu®* ions. After a 4 mol% concentration of Eu®" ions, the
energy transfer mechanism becomes constant, i.e., it attains saturation. This may be due to the
phenomenon of concentration quenching. Fig. 5.8(d) shows the increase in Red to Orange
(R/O) emission intensity with different Eu®>* ion concentrations at Aex= 409 nm. The R/O ratio
is increasing up to 4mol% concentration of Eu®* ions. Increasing R/O ratio is a clear indication

of energy transfer from Sm3* to Eu®* ions [65].
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excitation wavelength.

To explain that energy transfer mechanism via multipolar interaction, Dexter’s formula, along

with Reisfeld’s approximation, was applied as [134] given in eq. (9) of chapter 1-

Where 1o and 1 represent the luminescent quantum efficiencies of Sm** ions without Eu®* ion

doping and with Eu®* ion doping, respectively, C is the sum of the concentration of activator

(Eu®) and sensitizer (Sm®") ions, and n is a number that indicates the type of multipolar

interaction (n = 6, 8 and 10 for dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole

interaction, respectively). The ratio of luminescence intensities can be used to roughly calculate

the ratio of quantum efficiencies given in eq. (10)[135,136]-

Is_Ma cn/3

SU
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Here Ism is the luminescence emission intensity for the Sm** ion-doped sample, and lsy is the
luminescence emission intensity for the Sm3*/Eu®"co-doped sample. A graph was plotted
between Ism/ Isu versus C" by taking n = 6, 8, and 10 under Aex= 409 nm in Fig. 5.9. The best
linear regression was found in the case of n=10, which shows that quadrupole-quadrupole

interaction is responsible for energy transfer mechanism from Sm3* to Eu®* ions [127].
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Fig. 5.10. Schematic energy level diagram of Sm** and Eu®" ions and their energy transfer
mechanism.

Fig. 5.10 shows the energy level diagram of Sm3* and Eu" ions to display the energy transfer
mechanism between these two ions. There is a very small energy difference between the energy
level “Gs/, of the Sm3* ion and the °Do level of the Eu®* ion. Due to this, the Sm*®" ion can act

as an efficient sensitizer for Eu®* ions [137].
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5.3.5. PL decay studies:
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Fig. 5.11. PL lifetime curves of BMT: xSm3*/yEu®" (x=1.5mol% and y=1,2,3,4,5 and 6mol%)
phosphors under 409 nm excitation.

The PL decay curves of BMT: xSm**/yEu®* (x =1.5mol%, y =1, 2, 3, 4, 5, and 6mol%)

phosphors excited under a 409 nm wavelength have been shown in Fig. 5.11. The PL decay

curves show best fitting for a non-linear bi-exponential function given by eq. (12) in chapter 1

[124,138]-

The average lifetime values of the co-doped BMT phosphors are listed in Table 5.2

[124,139,140]. The lifetime values of the Sm*/Eu®" co-doped BMT phosphors initially

decrease up to 4 mol% of Eu* ions and reach saturation beyond. This indicates energy transfer
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from a donor (Sm3* ions) to an acceptor (Eu®*) ion, up to 4 mol% of Eu®* ions in the BMT
phosphors. This result is in consonance with the information given by the PL spectral data of
Sm*/Eu* co-doped BMT phosphors. The PL intensity of the co-doped BMT phosphor
increases up to 4mol% of Eu®" ion concentration and decreases further [132,139]. After that
concentration, energy transfer saturates and results in an intensity decrement in the PL spectra
due to the phenomenon of concentration quenching. As a result of it, lifetime decay curve
behaviour also changes.

Table 5.2. Lifetime decay values of BMT: xSm®*/ yEu®*(x= 1.5mol%, y= 1,2,3,4,5 and

Sample ID (Sm**/Eu® series) Lifetime values (ms)
y=1mol%
0.60 Ref. [40,56,57]
y=2mol%
0.448
y=3mol%
0.257
y=4mol%
0.205
y=5mol%
0.273
y= 6mol%
0.311

6mol%) co-doped phosphors for Aex=409 nm.

5.3.6. Temperature-dependent PL studies:

Thermal stability is an important parameter for phosphor utilisation in SSL and wLED
applications. To check the thermal stability of BMT: xSm3*/yEu®* (x =1.5mol%, y =4mol%)
co-doped phosphor, temperature-dependent PL spectra have been recorded by taking the 409

nm excitation wavelength.
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Fig. 5.12. Temperature-dependent PL emission spectra (a) of BMT: xSm¥*/yEud* (x=
1.5mol%, y=1,2,3,4,5 and 6mol%) co-doped phosphors under excitation wavelengths 409 nm
& (b) Graph of Ln(lo/lT-1) vs. 1/KgT for activation energy.
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Fig. 5.12(a)shows the PL spectral curves by varying the temperature from 303 K to 453 K.
With variation in temperature, a decrease in the luminescence intensity of the phosphor has
been observed without any change in the emission profile. This decrement in intensity may be
due to the thermal quenching effect, which increases the non-radiative electronic transitions
and results in low luminescence intensity. Up to the 423 K, the phosphor retains approximately
65% of its luminescence intensity, showing the thermal stability of this phosphor. The
activation energy of the co-doped phosphor can be calculated using this equation [135]-

Io

Iy = W (25)

where lo and It represent the luminescence intensities at room temperature and at a certain
temperature, respectively. Here, C is an equation constant. Fig. 5.12(b) shows a graph plotted
between In(lo/l7-1) and 1/KgT, and linear fitting in this plot gives the value of the slope. The
activation energy (AE= 0.306) calculated from the slope was compared with the previously

reported work and showed the good thermal stability of the co-doped phosphor [141].
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5.3.7. CIE performance:
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Fig. 5.13. CIE plot of optimised single Sm®" doped (under 409 nm excitation) and Sm*"/Eu®*
co-doped phosphors (under 381, 409, and 465 nm excitation), respectively.

Using PL emission spectral data, CIE coordinates were determined for the optimised single-
and co-doped BMT phosphors, as shown in Fig. 5.13. The CIE coordinates for the optimised
single Sm®" ion (1.5mol% concentration) doped BMT phosphor were (0.582, 0.416) under the
409 nm excitation wavelength, which lie in the orange- reddish region. CIE co-ordinates for
the BMT: xSm3*/yEu* (x =1.5mol%, y =4mol%) phosphor were calculated to be (0.632, 0.36),
(0.598, 0.40) and (0.650, 0.349) under 381 nm, 409 nm, and 465 nm excitation wavelengths,
respectively. All the CIE coordinates for co-doped phosphors lie in the pure red region.

5.4. Conclusion:

A series of singly Sm®* doped BMT: xSm3* (x =0.5, 1, 1.5, 2 and 2.5mol%) and co-doped

BMT: xSm**/yEu®* (x =1.5mol%, y =1, 2, 3, 4, 5 and 6mol%) phosphors were successfully
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synthesized by combustion method. The single-phase confirmation of these singly doped and
co-doped phosphors was done by XRD patterns. All the phosphors show sharp XRD peaks
without any impurities. Through SEM, morphological analysis has been performed, and
particle size was calculated to be in the micrometer range. All the elements were uniformly
distributed over the surface of the crystal, and that has been confirmed by EDX. FT-IR spectra
recorded for an un-doped, single Sm** doped, and Sm**/Eu* co-doped phosphors show similar
vibrational and absorption bands. The optical band gap obtained from the DRS study lies in
the range of 3.0 - 3.5 eV for all the concentrations of Sm** and Sm**/Eu* co-doped phosphors.
PL spectra recorded under the 409 nm excitation wavelength for the singly Sm*" ion doped
phosphors show reddish-orange emission at the 596 nm wavelength, corresponding to
transition “Gs; —®Hz,2. Sharp red emission at 615 nm corresponding to transition °Do —'F2 is
visible in PL spectra for co-doped BMT phosphors that were taken at three distinct excitation
wavelengths (409, 381, and 465 nm). The intensity of the Eu®* peaks increases with an increase
in Eu®* ion concentration, while the Sm3" peaks decrease under the 409 nm excitation
wavelength, according to PL spectral analyses of co-doped phosphors. This shows the energy
transfer mechanism from Sm®* ions to Eu®* ions in the co-doped phosphors. Quadrupole-
quadrupole interaction is the basis for this energy transfer process, according to Dexter's theory
applied to it. CIE coordinates calculated for optimized single Sm*®" ion-doped phosphors lie in
the reddish-orange region, and for co-doped phosphors lie in the red region, demonstrating the
energy transfer induced colour tunable behaviour from the reddish-orange to red region,
respectively. These studies show the application of prepared phosphors in orange and red color-

emitting LED devices.
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CHAPTER 6

Structural and luminescence studies on thermally stable Bi®*
activated BasMoTiOg phosphors for near UV pumped w-LED
applications

This research presents the outcomes of diverse morphological and PL studies performed on
Bi* ions doped BasMoTiOg phosphors prepared via conventional solid-state reaction method.
Phase assessment was carried out via the XRD studies. FESEM and EDAX analysis have been
used to study the surface morphology and elemental composition. FT-IR was used to study the
character and vibrational frequencies of bonds in the phosphor lattice. Room-temperature PL
was performed under 275 nm and 386 nm excitations displaying a broad band in the blue region
corresponding to P1 — 1S transition of Bi** ions. The CIE coordinates and correlated colour
temperature values show that the as-prepared phosphors emit in the blue vicinity. The decay
curves under both excitation wavelengths show a single exponential behaviour. Temperature-
dependent PL studies confirmed the high thermal stability of the phosphor. We want to endorse

these phosphors as a blue-emitting component in w-LED and SSL applications.

The content of this chapter has been published in an international journal -
International Journal of Applied Ceramic Technology, 21 (2023) 1208-1219.
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6.1. Introduction:

RE doped phosphor materials today find immense usage in various imaging and optoelectronic
applications like w-LEDs, SSL, solar cells, display devices, cathode ray tubes, lasers,
scintillators, etc. [42,65,149-157,103,142-148]. Although RE materials give sharp
luminescence, the w-LEDSs built on such phosphor-based platforms have major disadvantages
like low CRI and excessively CCT >4500K [103,158-160]. Near UV LED chips integrated
with RGB phosphors have been used to construct w-LEDs [161-163]. RE ions like Eu* and
Ce®" are widely used with various host lattices to achieve a tunable emission in the desired
wavelength region. This is because the 4f-5d electronic transitions in these RE ions are
sensitive to the coordination environment. So, a proper choice of host matrix can indeed affect
the luminescence efficiency [164].But it has been observed that RE doped phosphors re-absorb
in the blue and green region leading to a decrease in luminescence efficiency [160,164]. Also,
high purification and refinement are required for RE based materials. So, it is imperative to
formulate RE free phosphors that have excitation in the near UV region and large absorption
in the visible range along with a viable and inexpensive synthesis procedure [165].

Bismuth has an electronic configuration of [Xe]4f*5d%6s%6p® There are five valence electrons
in the outermost shell of bismuth. Due to this, the bismuth ion can have valence states between
-3 and +5, with luminescence properties being dependent on the valence state of bismuth. The
Bi®* state is the most stable one [166]. Bismuth is available in abundance at low prices and can
be excited in the near UV region (350-400 nm) [167]. Most importantly, there is no
reabsorption of Bi** in the visible region, unlike RE ions, thereby resulting in no loss of
reabsorption energy. Also, despite being a single emitting ion, the emission from Bi** can be

tuned to cover emissions from the blue, green, and even red regions of the spectrum. This is
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due to the non-radiative transition from 3P; —!S, of Bi** ion [164,167]. Thus, for our research
work, we chose Bi®* as an activator for our BMT phosphor.

In the current research work, BMT phosphors doped with Bi®* ions have been synthesized via
a solid-state reaction method and various characterization have been performed to check the
utility of prepared phosphors in W-LED applications.

6.2. Material and Methods:

A series of xBi**(x= 0.5, 1.0, 1.5, 2.0, and 3.0mol%) ions doped BMT phosphors was prepared
via solid-state reaction method. Fig. 2.1(a) comprises all the synthesis steps involved in the
process. The obtained powder was reground again for characterization purposes.

The crystal phase was examined by the Bruker D8 Advanced X-ray Diffractometer by using
Cu-Ka radiation (A= 1.54 A). For FT-IR spectroscopy, the Perkin EImer Spectrum 2 instrument
was used. SEM and EDX images were taken from the JEOL 7610 F Plus microscope. Diffuse
reflectance spectrum (DRS) was recorded on a Jasco V-770 Spectrophotometer . PL excitation
and emission studies were taken down by a Horiba PTI Quanta Master Spectrofluorometer
equipped with a xenon lamp. PL lifetime curves were obtained from a 150 MHz digital
oscilloscope (HM 1507, Hameg Instruments). To record the temperature-dependent PL, afibre

integrated spectrometer (Model: FLAME-S-XR1-ES) from Ocean Optics was employed.
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6.3. Results and discussion:

6.3.1 Investigations on morphology and structure

6.3.1.1 XRD analysis
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Fig. 6.1. XRD patterns of xBi** (x= 0.5, 1.0, 1.5, 2.0 and 3.0mol%) doped BasMoTiOs
phosphors synthesized by solid state reaction method.

Table 6.1. Calculated structural lattice parameters for BMT: xBi**(x= 0.5, 1.0, 1.5, 2.0 and
3.0mol%) through Rietveld refinement.

BMT: xBi%* a(A)= c(A) a=p Y 12 Cell
b (A) volume(A3)
JCPDS 5.9570 21.2900 90 120 - 654.28
x =0.5mol% Bi%* | 59578 | 21.3027 90 120 0.85 654.82
X =1.0mol% Bi** | 5.9599 21.2870 90 120 1.04 654.80
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x =1.5mol% Bi** | 5.9565 | 21.2856 90 120 1.14 654.01
X =2.0mol% Bi®* | 59558 | 21.2943 90 120 0.65 654.13
x =3.0mol% Bi** | 5.9592 | 21.2952 90 120 0.43 654.90

The XRD patterns of BMT: xBi®*(x= 0.5, 1.0, 1.5, 2.0, 3.0mol %) phosphors are given in Fig.
6.1. It can be seen that the diffraction pattern matches perfectly with standard ICDD card no.
38-0254, with no impurity peaks. The addition of dopant Bi* has no effect on the phase or
structure formation of the phosphors, as Ba?* and Bi®* have nearly similar ionic radii of 135
pm and 138 pm respectively with co-ordination number 6 [168,169]. So, barium ions can easily
replace bismuth ions. The phase of the as-prepared phosphors is rhombohedral, the space group
being R-3m and 166 being the space group number [112]. The Debye- Scherrer equation was
used to evaluate the average crystallite size from the XRD data [57]. The crystallite size of the
particles for the most dominant peak (20 = 27.3) ranges from 50-70 nm. Fig. 6.2 shows the
Rietveld Refinement plots for the BMT: xBi®* (x= 0.5, 1.0, 1.5, 2.0, 3.0mol %) phosphors using

Full Prof suite software. The lattice parameters, cell volume and %2 (goodness of fit) were

calculated for the as prepared phosphors and have been listed in Table 6.1.
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Fig. 6.2. Rietveld refinement fitting for xBi** (x= 0.5, 1.0, 1.5, 2.0 and 3.0mol%) doped
BasMoTiOg phosphors.
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6.3.1.2 FE-SEM and EDAX analysis

1pm 12/19/2022

15.0kV SEI SEM WD 15.7mm 11:57:59

(b)

Fig. 6.3. (a) SEM and (b) EDX images of xBi**(x= 1.0mol%) doped BasMoTiOs phosphor.

Fig. 6.3(a) displays the FE-SEM image of xBi**(x= 1.0mol%) doped BMT phosphor. The
phosphors do not show any uniform shape, and particle size lies in the range of 0.1-10 um.
Also, some agglomeration can be seen. All of this can be attributed to the manual grinding
process involved in the synthesis of the phosphors. The EDAX analysis has been introduced

in Fig. 6.3(b). As is evident from spectrum, peaks corresponding to all the elements Ba, Ti,
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Mo, and Bi are present, confirming all the precursor elements have been successfully
encompassed into the host lattice.

6.3.1.3 FT-IR measurement
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Fig. 6.4. FTIR Spectra of xBi®* (x= 0.5, 1.0, 1.5, 2.0 and 3.0mol%) doped BazsMoTiOs
phosphors.

Fig. 6.4 demonstrates the various vibrational and IR bands present in the prepared BMT: xBi%*(
x=0.5, 1.0, 1.5, 2.0, and 3.0mol%) phosphors. The bands observed at 524 and 667 cm™ define
the Ti-O bending mode vibrations and Mo-O vibrations, respectively [170,171] . The IR bands
at 813 and 924 are attributed to the stretching vibrations of Mo-O-Mo in MoO4*tetrahedrons
and Mo=0 stretching vibrations in the hexagonal phase, respectively [112,170] . The bands of

CO3* at 1067 and 1422 cm™! signify the symmetric and asymmetric stretching modes of the

C-0 bond [172]. A small hump at 2995 cm™ supports the presence of hydrogen bonding [113].

141



6.3.1.4 Diffuse reflectance spectra (DRS) study
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Fig. 6.5. Diffuse reflectance spectra (a) of xBi**(x= 1.0mol%) doped BasMoTiOs phosphor
along with (b) tau plot for band gap calculation.

The DRS of xBi**(x= 1.0mol%) doped BMT phosphor has been presented in Fig. 6.5. Two

bands at 230 nm and 330 nm can be observed in the graph. Absorption of Bi** produces the

band corresponding to the shorter wavelength of 230 nm, whereas defects due to Bi ions or Bi

based clusters cause the broadband at a longer wavelength of 330 nm [173]. The optical band

gap of the sample was determined by converting the diffuse reflectance spectrum data into a

Kubelka-Munk function using eq. (16) and (17) as described in chapter 2 [174]:

The value of the direct bandgap corresponding to s= %2 was found to be 3.37 eV for optimised

concentration of Bi®* ions.
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6.3.2 PL studies at room temperature

6.3.2.1 PL excitation and emission studies

Ba,MoTiO, : Bi’*

A = 466 nm
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Fig. 6.6. Excitation spectra of xBi®*(x= 1.0mol%) doped BasMoTiOs phosphor at Aem= 466
Z\T.mentioned earlier, Bi®* ions have an electronic configuration of [Xe]4f*5d%s? having 1So
ground state and P1, 3Po, 3P1, and P, excited states. There are two spin forbidden transitions
1Sy — 3Py and 1So — 3P2. The only allowed transitions are 1So — !P1 and Sy — 3Py in the
excitation spectrum and 3P1 — S in the emission spectrum. Fig. 6.6 shows the excitation
spectrum of xBi**(x= 1.0mol%) doped BMT phosphor under 466 nm emission. Two bands,

1Sy — 1P; (275 nm) and 1Sp — 3P1 (386 nm) can be seen [159]. Both these wavelengths were

used to observe the emission spectra of the phosphors. Figs. 6.7(a) and (b) exhibit the PL
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emission spectra under 275 nm and 386 nm excitation, respectively. In both cases, a single
intense broad band centred at 466 nm can be seen. Thus, the Bi®* ion exhibits the ability to get
excited by near UV light and emit in the blue region. The broad excitation spectrum from 275-
390 nm for the Bi** ion coincides with the emission band of a near UV (n-UV) LED chip.
Thus, Bi** doped luminescent materials can be used in white light-emitting LEDs (w-LEDs)
[167].

Under 275 nm and 386 nm excitation, the emission spectra of the as-prepared Bi* doped BMT
phosphors are shown in Fig. 6.7(a) and (b), respectively. A single broadband in the blue region

centered at around 466 nm is in accordance with the transition %P1 — !So [175].
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Fig. 6.7. Emission spectra of xBi** (x= 0.5, 1.0, 1.5, 2.0 and 3.0mol%) doped BasMoTiOs
phosphor at (a) Lex= 275 nm & (b) Aex= 386 nm respectively.
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;
1S,

Fig. 6.8. Schematic energy level diagram of excitation & emission mechanism of Bi** doped
phosphors.
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Fig. 6.8 manifests the corresponding energy level diagram for the Bi®" ion. The transitions
occur from 1S to upper excited triplet states *P;j (j=0, 1, 2) or singlet 'P; state[176]. Here, only
transitions from 1Sp—!P; and 1Sp—3P; are allowed and the other transitions to the upper states
are spin forbidden. So, as is evident from the diagram, Bi** ions transition from the ground
level to either the *P; or 3P; states. In the former case, they fall down to the P; state non-
radiatively and then to the ground state, thereby emitting luminescence in the blue region.
These non- radiative relaxations (NRR) are represented by red arrow in Fig. 6.8.

As is evident, the emission intensity of samples under 275 and 386 nm excitation increases
until 1 mol % of Bi** ions and then decreases. This phenomenon is known as concentration
quenching and is produced due to non-radiative interactions between the Bi** ions [177]. Thus,
the BMT phosphor doped with 1 mol% of Bi** was chosen as the optimized sample for further
luminescence studies. Non-radiative relaxation is viable because of three mechanisms,
specifically radiative re-absorption, exchange interaction, and activator dependent electric
multipolar. The shortest distance among the activator ions on which the energy transfer
depends is critical distance R¢. The critical distance can be determined by using the eq. (19) as
described in chapter 3 [178]:

The value of R then comes out to be 34.66 A. This value is large as compared to 5 A (R¢ <5
A is ideal for exchange interaction). So, in this case, exchange interaction was not responsible

in the mechanism of transfer of energy.
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respectively.
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Therefore, Dexter's theory was used to check the types of multipolar interactions that could be
involved in the process of energy transfer. Emission data for the phosphors under 275 and 386
nm was used for Dexter studies, and the plots have been presented in Figs. 6.9(a) and (b). The
equation (21) given in chapter 1 used for Dexter's study is defined by [151]:

The kind of interplay between the activator ions is given by the value Q. Here Q is 6 for electric
dipole-dipole interaction, 8 for dipole-quadrupole interactions, and 10 for quadrupole-
quadrupole interactions. As can be seen in the figures, linear plots between log (1/x) and log
(x) were obtained, having slopes equal to -1.36. So, the value of Q calculated from this turned
out to be 4.08, which is closest to 6 (when compared with Q= 6,8, and 10 as discussed above)
indicating electric dipole- dipole interaction is responsible for the energy transfer between the
dopant ions [179]. So, we can conclude that the interaction between Bi®* ions in the phosphor
lattice leading to energy transfer and subsequent quenching is electric dipole-dipole in nature.
6.3.2.2 Colorimetry analysis

Figs. 6.10 (a) and (b) show the CIE plots of the BMT: xBi®* phosphors under 275 nm and 386
nm excitations, respectively. All the coordinates lie in the blue region. The McCamy formula
gives correlated color temperature (CCT) values as described in eq. (8) [151]:

The calculated values of CCT for all samples under 275 nm and 386 nm excitation are given
in Table 6.2. Accordingly, CIE coordinates and CCT values display that Bi** doped BMT

phosphors can be used for blue light generation in w-LEDs and SSL applications.
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Table 6.2. Calculated CCT values for Bi** ions doped BasMoTiOg phosphors under Aex=275

nm and 386 nm.

Sample ID (Bi%* series) CCT values (K) CCT values (K)
Aex=275 nm Aex=386 nm
0.5 mol% Bi®*
1761 1866
1.0 mol% Bi®* 1767 1827
1.5mol% Bi®* 1769 1851
2.0 mol% Bi®* 1779 1907

h,=275nm  BazMoTiOg: xBi’'

A,

e 466 nm CIE Standard Observer
m

1931 xyz color matching functions
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Fig. 6.10. CIE Chromaticity co-ordinates for BasMoTiOs: xBi** (x= 0.5, 1.0, 1.5, 2.0 and
3.0mol%) phosphors under (a) 275nm and (b) 386 nm excitation respectively.

6.3.2.3 Decay kinetics
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Fig. 6.11. Decay curves of xBi** (x= 0.5, 1.0, 1.5, 2.0 and 3.0mol%) doped BasMoTiOs

phosphor at (a) Aex= 275nm & (b) Aex= 386nm.

The decay curves for BMT phosphors for 466 nm emission under 275 and 386 nm excitation
are presented in Figs. 6.11 (a) and (b). These curves obey a single exponential function given
in eq. (11). The lifetime values for all the phosphors under both excitation wavelengths have

been presented in Table 6.3. PL lifetime values show a decrement with an increase in Bi®* ion

concentration, demonstrating the non-radiative loss of energy between Bi®* ions [167,180].

Table 6.3. Lifetime decay values of BMT: xXSm®*/ yEu®*(x= 1.5mol%, y= 1,2,3,4,5 and
6mol%) co-doped phosphors for Aex=409 nm.

Sample ID (Bi®** series) Lifetime values (ps) Lifetime values (ps)
Aex=275 nm Aex=386 Nm
0.5 mol% Bi®* 430 520
1.0 mol% Bi®* 4.28 5.15
1.5mol% Bi®* 4.19 5.10
2.0 mol% Bi** 4.18 5.10
3.0 mol% Bi¥* 4.05 5.09
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6.3.3 Temperature-dependent PL Studies

The thermal behaviour of the phosphors needs to be analysed if they have to be used for w-
LEDs and SSL applications, as the working temperatures of such materials go beyond 470K
which can cause significant degradation and defects in the operations of the optoelectronic
device [181]. Fig. 6.12(a) shows temperature-dependent PL spectra of the BMT: xBi®*
(x=1mol%) sample under 275 nm excitation. As is evident, the luminescence intensity
decreases from 25°C to 175°C. The phosphor retains 90% of its maximum luminescence
intensity at 175°C proving that the phosphor is highly heat stable. This decrease can be
attributed to thermal quenching in the sample due to phonon interactions wherein a crossing
point between the ground and excited states leads to activation of a luminescence center. The
activation energy required for thermal quenching may be calculated with the use of Arrhenius

equation (25) [182].
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Fig. 6.12(a). Temperature dependent PL spectra of optimized conc. (x= 1.0mol%) of
BasMoTiOs: xBi** phosphor & (b) Fitting plot of Ln[(lo/17)-1] vs. 1/KT.

The activation energy for thermal quenching is denoted by AE, b and K, which are independent
and Boltzmann constants (8.629 x 107 eV) respectively. A linear plot among In[ (Io/I7) -1] and
1/KgT has been displayed in Fig. 6.12 (b) the slope of which gives the activation energy. The
value of activation energy brought out to be 0.27 eV which is notably better than other reported
phosphors, thereby signalling high thermal stability and employability in SSL devices and w-

LEDs [182-184].
6.4. Conclusions

Bi** doped BasMoTiOg phosphors prepared via a solid-state reaction method have been studied
in thorough detail. Various morphological assessments were undertaken, like XRD, FT-IR,
FESEM, and EDAX, to establish the phase, structure, and chemical nature of the phosphors.
Room temperature PL studies ascertained the luminescent behavior of the materials. Under

275 and 386 nm excitation, a broad band in the blue region centered at 466 nm is seen,
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corresponding to 3P1 — 1S transition. The decay curves for the samples under both excitation
wavelengths show a single exponential behaviour. CIE and CCT values confirm the blue-
emitting property of the as-prepared phosphors. Temperature-dependant PL studies were
performed to assess the thermal stability of the blue-emitting phosphors. It was confirmed that
these phosphors indeed possess the high activation energy required for thermal quenching. In
light of all the results of our studies, we wish to propose Bi** doped BazMoTiOs phosphors for

w-LED and SSL device applications.
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CHAPTER 7
Summary and Scope of Future Work

7.1. Summary

The primary goal of this thesis study is to synthesize and analyse RE doped BasMoTiOs
phosphors for use in general illumination for solid state lighting applications. By adding Eu®*,
Sm*, Ho*", Yb®*, and Bi®* ions as RE dopants, multicolour (red, orange, green, and blue)
emitting pure phase BMT phosphors were successfully synthesized using SSM, CMM, and
SGM processes. Significant emphasis has been paid to improving emission qualities by altering
the synthesis procedure and increasing the dopant RE ion concentration.

As described in earlier chapters, there has lately been a surge in interest in pc-LEDs because
to its unique attributes such as better energy efficiency, lifespan, eco-friendliness, and
compelling luminosity features. Such advanced pc-LEDs have a wide range of applications,
including display devices, safety signals, bio-sensors, bio-medical therapies, and artificial
lighting. In this context, new phosphors with enhanced luminous properties must be created.
Following the motivation for developing new phosphors and extensive research on their
structural, morphological, and photoluminescent properties, single phase Eu®* doped BMT
phosphors were successfully synthesized by SSM, SGM and CMM methods to achieve intense
and pure red emission. Out of these methods, a correlatively higher PL intensity and better
morphology was observed in case of CMM synthesized phosphors. All the BMT phosphors
prepared by CMM techniques are displaying red emission under 393 and 464 nm as excitation
wavelengths. This has been further confirmed by CIE chromaticity diagram also. And lastly,
time decay analysis was carried out which shows that 2 mol% is the optimum concentration of

Europium ion for combustion synthesized series and after that energy transfer take place
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between the activator ions itself through dipole-dipole interaction which can be confirmed from
the Dexter theory. CIE points calculated for combustion synthesized samples lies in pure red
region. These red emitting phosphors can be used in combination with green and blue
phosphors by coating them on n-UV LED chips. As another option, these Eu®* doped BMT
phosphors can be used by co-doping with commercial YAG: Ce®*" phosphor and by coating
them on blue (InGaN) chip so that a better CRI and low CCT value can be achieved.

Further, a series of single Ho®*" ion doped and Ho®*'/Yb** co-doped BMT phosphors were
prepared for the green colour component in w-LED applications. The UC and DC PL emission
show intense green emission (at 551 nm) under 980 nm laser excitation as well as under 448
nm xenon lamp excitation. The variation in UC intensity with pump power reveal the
information pertaining to the number of photons involved in the UC process. PL lifetime decay
curves recorded under 980 nm excitation show continuous increment under Aem=551 nm and
in case of Aem=668 nm, lifetime values first increasing and then decreasing. The CIE
coordinates of all samples lie in green region. All these results indicate that the as prepared
phosphor can be a promising candidate for application in UC & DC based green emitting
diodes, display devices, security ink, phototherapy and SSL applications.

In the next chapter, a series of singly Sm3* doped BMT: xSm®* (x =0.5, 1, 1.5, 2 and 2.5mol%)
and co-doped BMT: xSm3*/yEu®* (x =1.5mol%, y =1, 2, 3, 4, 5 and 6mol%) phosphors were
successfully synthesized. The optical band gap was calculated from the DRS study lies in the
range of 3.0 - 3.5 eV for all the concentrations of Sm** and Sm**/Eu®" co-doped phosphors.
PL spectra recorded under the 409 nm excitation wavelength for the singly Sm*" ion doped
phosphors show reddish-orange emission at the 596 nm wavelength, corresponding to

transition “Gs; —®Hz,2. Sharp red emission at 615 nm corresponding to transition Do —'F2 is
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visible in PL spectra for co-doped BMT phosphors that were taken at three distinct excitation
wavelengths (409, 381, and 465 nm). The intensity of the Eu®* peaks increases with an increase
in Eu®" ion concentration, while the Sm3" peaks decrease under the 409 nm excitation
wavelength, according to PL spectral analyses of co-doped phosphors. This shows the energy
transfer mechanism from Sm®* ions to Eu®* ions in the co-doped phosphors. Quadrupole-
quadrupole interaction is the basis for this energy transfer process, according to Dexter's theory
applied to it. CIE coordinates calculated for optimized single Sm®" ion-doped phosphors lie in
the reddish-orange region, and for co-doped phosphors lie in the red region, demonstrating the
energy transfer induced colour tunable behaviour from the reddish-orange to red region,
respectively. These studies show the application of prepared phosphors in orange and red color-

emitting LED devices.

Finally, Bi** doped BasMoTiOs phosphors have been prepared as a blue colour emitting
component in w-LEDs. Under 275 and 386 nm excitation, a broad band in the blue region
centered at 466 nm is seen, corresponding to *P1 — Sp transition. The decay curves for the
samples under both excitation wavelengths show a single exponential behaviour. CIE and CCT
values confirm the blue-emitting property of the as-prepared phosphors. Temperature-
dependent PL studies were performed to assess the thermal stability of the blue-emitting
phosphors. It was confirmed that these phosphors indeed possess the high activation energy
required for thermal quenching. In light of all the results of our studies, we wish to propose

Bi** doped BasMoTiOs phosphors for w-LED and SSL device applications.
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7.2. Future scope of the work

1. To carry out the further literature survey on the aforementioned topic for thorough
knowledge and understanding.

2. To synthesize the phosphors with other chemical routes also like Co-precipitation,
Hydrothermal to obtain homogeneous and pure crystalline phase. Such techniques may
improve the particle morphology and reduce the particle size which in turn further
improves the luminescence properties

3. To enhance the luminescence properties of BasMoTiOs phosphor by using other
suitable dopants/co-dopants (for ex: Bi** may act as sensitizer for Eu®* ions, Yb3* for
Tm*" and Tb%) so that we can explore our application part in other down-
conversion/up-conversion applications.

4. To project these phosphors in device fabrication and other photonic applications.
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