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Abstract

Using the traditional solid-state reaction approach, Dy** ions doped KCa(POs)s phosphors have been
synthesized to investigate their luminescent properties to produce high-quality white light for solid-
state lighting applications, particularly in white LEDs. X-ray diffraction (XRD) patterns were used to
examine the structure and phase of the phosphors. Using scanning electron microscopy (SEM), the
morphology of the as-synthesized phosphor has been investigated. Fourier transform infrared
spectroscopy (FT-IR) has been used to investigate several vibrational bands seen in the phosphor. Using
diffuse reflectance spectra (DRS), the as-synthesized phosphors' optical band gap values have been
estimated. When Dy®" ions are excited at 350 nm, the photoluminescence (PL) spectra characteristics
observed for the activated KCa(POz)s phosphor show strong white area emission due to both 575 nm,
which is related to the *Fo;; — ®Hi32 and 482 nm that is ascribed to *Foz—®His2 transition of Dy®* ions.
Additionally, the concentration quenching of Dy3* ions doped at 4 mol% is seen in the PL spectra.
Based on the observed PL spectra, the computed CIE chromaticity coordinates for the optimised
KCa(POz)s phosphors are located in the deep white area. The lifespan of the astitled phosphors
decreases as the amount of Dy** ions increases in the host lattice. Additionally, the PL decay profiles
shows a dual exponential behaviour when excited at 350 nm, with an emission wavelength at 575 nm.
The lifetime values were used to calculate the quantum efficiency of the as prepared phosphors. On the
basis of the results of the aforementioned studies, we wish to project Dy** ion doped KCa(POs3)s

phosphors as white light generating materials in w-LEDs and for other photonic applications.
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CHAPTER 1: INTRODUCTION

1. Phosphor:

Phosphors are materials that exhibit the phenomena of photoluminescence when excited by
electromagnetic radiation. These are solid inorganic material host lattices that have been intentionally
doped with an activator to enhance the absorption of electromagnetic radiation. A number of different
types of phosphors with varied host lattices and activators or dopants have been synthesized each
having its own characteristic emission color and emission time, the time the phosphor glows for after
the radiation event[1]. This makes phosphors suitable for a variety of applications ranging from

lighting solutions, laser devices, display devices, and energy applications to temperature sensors.

Fig 1:- Phosphor materials

Photoluminescence in a phosphor occurs when the electrons of the phosphor are excited to higher
energy level upon absorption of photons. These excited electrons may lose their energy via radiative
or non- radiative mechanisms to return to their ground state and during this relaxation process, they
emit photons whose energy lies in the visible range and appear to us as light of various color as
shown in Fig.1. This time is usually in the range of 10 s after which they come back to ground state
by losing the extra energy in the form of a photon. The time period between absorption and emission
varies greatly and may range from milli-seconds to even days. This absorption and emission is
primarily done by the activator electrons and mostly rare-earth ions are used as activators for the host

lattice due to their superior luminescent properties

10




1.1 Phosphor Synthesis

Phosphors can be synthesized using:

Solid-state reaction method,
Sol-gel synthesis,
Hydrothermal,

W npoe

Co-precipitation methods, etc. effectively.

Page 11 of 12

The precursors in the form of oxides, nitrates, sulphides are taken to form the phosphor material. The

size as well as shape of the phosphor particle can be controlled and tuned by the selection of the

synthesis technique and hence depending upon the required application a suitable synthesis technique

must be used to get a phosphor with desirable properties.
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CHAPTER 2: THEORETICAL FRAME WORK

2. Luminescence of materials:

Materials that emit light in addition to black body emission are known as luminescent
materials. an incident energy source into electromagnetic wave output in the ultraviolet (UV),
visible, or infrared regions of the spectra[2]. Luminescence can be classified on the basis of

the simulation that is provided and the Table 2 given below summarizes it.

Table 2: Types of luminescence and their origin

DESIGNATION STIMULATEDBY | TRIGGER ACRONYM
PHOTOLUMINESCENCE UV, Visible Light PL
Photons
RADIOLUMINESCENCE X-Ray, Gamma - RL
ray, Charged
Particle
CATHODOLUMINESCENCE Energetic Electron | - CL
ELECTROLUMINESCENCE Collisional Applied Electric EL
excitation of Field
internal electron
accelerated
THERMOLUMINESCENCE Photons, Charged | Heat TSL
Particles

12
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2.1.1 Difference between fluorescence, phosphorescence and chemiluminescence:

e Photoluminescence is classified into fluorescence and phosphorescence.If the substance’s
glow is triggered by light, then it is photoluminescence, whereas if the glow is caused by a
chemical reaction, then it is chemiluminescence.

Fluorescence and phosphorescence are both caused by a substance’s capacity to absorb the light

and subsequently release the light with a longer wavelength and consequently less energy.

e The basic difference between these two phenomena is the time taken to complete the

e Process. Inthe case of fluorescence, the emission occurs immediately, so it can be observed
only when the light source is kept on (for example, UV lights); however, in the case of
phosphorescence, the absorbed light energy can be stored for a period of time and then
released later, as a result, even after the light source has been switched off, there is an
afterglow.

e To conclude, if it fades away quickly, it is fluorescence; if it lasts longer, it is
phosphorescence. It's chemiluminescence if it requires some type of activation.

e A good example of it can be considered if we imagine a scenario at the nightclub: Teeth
Materials that emit light in addition to black body emission are known as luminescent
materials, eyes and fabric glowing under the black light are considered fluorescent, the

emergency exit sign is phosphorescent and the glow sticks are chemiluminescent.

13
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2.2 Rare earth (RE) materials:

® There are 17 rare earth (RE) elements in periodic table. Scandium, Yttrium and some 15 other
lanthanide series elements come under this category.

® Since, all RE elements are metals, therefore they are sometimes known as the "Rare Earth
metals”.

® Rare earth elements are commonly employed as catalysts, phosphors, and polishing agents.
In air pollution management, illuminated screens in electronic devices, and a variety of other

applications rare earth elements are commonly used[1].

Rare Earth Elements

Sc

La/ Ce| Pr Nd Pm Sm Eu Gd Tb Dy Hoe Er Tm Yb Lu

Light Rare Earth Element Heavy Rare Earth Element

Fig 2:- Location of Rare Earth elements in the periodic table
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e Actually, rare earth elements are not "rare™ as the name suggests. For example, the two least

abundant rare earth elements are Thulium and Lutetium but each of them has an average
crustal abundance approximately 200 times more than that of the gold. Although these metals
are not rare but are quite tough to mine as it is uncommon to obtain these metals in enough

concentrations for economical extraction.

e Yttrium, cerium, lanthanum and neodymium come under the category of the most abundant
rare earth elements. The average crustal abundances for these elements are similar to some of
the most frequently used industrial metals for instance chromium (Cr), nickel (Ni), zinc (Zn),
and lead (Pb) etc. But again, they can rarely be found in extractable concentrations.

2.2.1 lonsof rare earths acting as co- and activator-activators:

Dopant or activator ion" refers to a luminous centre integrated into a host matrix. Dopant- containing
inorganic solids fall under the standard group. These ions function as a centre of luminosity and are
in charge of the pertinent electronic transitions in phosphor. Certain metals can also function as
"sensitizers"” or co-activators in host materials, absorbing excitation energy and transferring it to the

activators in the process. In spite of this, using RE.

2.2.2 Lattice hosts for phosphors triggered by RE

When making rare earth-activated phosphors, selecting the perfect lattice is essential. Low lattice
phonon energy and strong radiative transitions are desirable characteristics for host lattices. High
chemical stability, a regulated emission profile, and high emission efficiency are also requirements

for host materials. The environment around activator ions has a significant impact on their

luminescence.

2.3 White LEDs:

The manufacture of White LEDs (Light Emitting Diodes) at the lowest possible cost has been a major
area of study in recent years. Several materials that emit diverse colours have been found to be doped

with rare earth elements, including silicates, borates, and aluminates. Maintaining the right balance

15




Page 16 of 55
of the current blue, yellow, green, and red emitting phosphor to recover the resulting white color

emission is a difficult challenge. More dopants are needed to prepare white LEDs with two or three
phosphors, which raises the price of the LEDs or display devices. At least two prominent emission
bands are present in the yellow region (470-500 nm) of rare earth-dysprosium ions because of the
*Far2 t0 ®Hass transition, and in the blue region (560-600 nm) because of the *Fo/2 to ®Hya2 transition.
It is feasible to white[3] light.

Why Dy3+ Doped Phosphors Are Selected for White Light Emission.

For white light emission, several studies have employed Dy3+ as a single dopant in several hosts.
The explanation for this can be summed up as follows:

e Low price
e Thermally and chemically stable

Low Cost:

To create a white light generating source, we require blue, green, and red emitting phosphors in the
right amounts. We need at least two distinct phosphor matrices doped with various rare earth elements
in order to achieve the same result, which could be expensive. When only a few Dy3+ doped
phosphors are used, only one dopant and one host are needed to provide white light emission,

significantly lowering the cost.

Stable Both Chemically and Thermally:

The majority of silicate and aluminate phosphors are highly resistant to chemical and heat
degradation. Neither rising temperatures nor any chemicals have an effect on their composition. This
is among the justifications for using these silicate and aluminate phosphors as a material for the

emission of white light.

16
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CHAPTER 3: EXPERIMENTAL TECHNIQUE:

3.1 Materials & Methods:

The most common methods to prepare a phosphor are solid state method, hydrothermal, co-
precipitation and sol-gel method. Out of these four techniques, solid state method has been the most
popular and quite feasible so far in the research field. The key feature of this (SSM) is that it is widely
applicable to prepare all kinds of compositions of phosphor like oxide or non-oxide systems. We have
all kinds of options available as dopants and co-dopants to give a variety to our phosphor system
which becomes quite easy using this technique. There are minor chances of the sample being prone
to some kind of impurities but that can be avoided using the crucibles made of noble metals like Gold,

Platinum, etc.

3.1.1 Solid State Approach

In order to create a new solid with a well-defined structure, solid-state synthesis, also known as the
ceramic method, is frequently utilized to initiate a chemical reaction from solid starting components.
by calcinations at a high temperature to permit the cations to diffuse among themselves after milling

the suitable metal oxides or carbonates[4].

This process is frequently used to create monovalent cations, transition metal phosphates, and

arsenates in single crystals and polycrystalline powder.

15
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3.1.2 Sample Preparation: KCa(PO3)s: Dy**

We have selected KCa(PO3)3 as the Host matrix and synthesised it by Solid State Reaction Method.

K2CO3+CaCO3+NH4H2PO4

Mixed and grinded for 1hrs. in Agate Mortar and Pestle

Heating in furnace at 600°C for 5 hrs

Sample Prepared

Grinded for further Characterizations

Fig 3.1.2:- Furnace used for sintering
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3.2 Characterization Techniques:

3.2.1 XRD

The bending of light around an obstacle's corners is referred to as diffraction. It is a prerequisite for the
occurrence of diffraction. The obstacle's size must be almost equal to the light frequency being
employed. Like other electromagnetic radiation, X-rays can also be diffracted; however, in order to do
so, the obstacle's size must be a few angstroms (about 1 A), which is also the frequency of X-rays. This
is because the atomic gap in the crystal is nearly a few A. The constructive interference of
monochromatic x-rays is the basic principle of XRD. X-rays are directed towards the sample under
investigation, and sample's crystal structure causes the X-rays to spread in a variety of directions. It is

recorded by a detector and further amplified to be analysed on a monitor screen.

Detector

Scattered X-rays

Collimated X-rays

T

Detector

Monitor

Incoming %
S \
Beam

Diffracted Diffracted
: Beam / Beam
7 (\ ¥ \
Substrate Sample

Incoming
Beam

Fig 3.2.1(b):- Experimental setup for XRD analysis
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Bragg's Law:

According to this law, an x-ray will reflect at the same angle of scattering (0) if it is encountered
upon a crystal surface at an angle of incidence (0). An interference pattern is visible if the path

difference (d) is a whole number (n) multiple of the wavelength (L).

A C
Incident x-rays Diffracied x-rays
A’ A A | Gg
2 A
g-B %
4 AR
d
) B!

Atomic-scale crystal lattice planes

Fig 3.2.1(c):- Diagram showing the incident and diffracted x-rays from the crystal surface.
Bragg's Law is:
nA = 2dsin(0)
Here, d is the distance between the crystal layers (i.e., path difference), 0 is the angle of incidence,
and n is the diffraction order. A is the x-ray incident wavelength.
Method of X-Ray Diffraction (XRD):

1. Laue's Photographic Method
2. Bragg's X-Ray Spectrometer Method
3. Rotating Crystal Method

4. Powder Crystal Method

Since we have used powder method, so elaborating on that:

20
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The sample to be tested is homogenized and ground into a fine powder. The powdered sample is then
struck on a hair and mounted vertically in the axis of a cylindrical camera with a piece of gum. A
monochromatic beam is permitted to fall on it, various possibilities exist. A few particles may emerge
from the random alignment of tiny crystals. For each set, there is the probability of reflections in
different orders. In addition, another proportion of grains will have a different set of planes in the
appropriate positions for reflections to occur.

3.2.2. Photoluminescence (PL) Spectroscopy:

Photoexcitation (PL) spectroscopy is a kind of light-emitting spectroscopy in which light emission
results from a mechanism known as photoexcitation[5]. The electrons within the material travel to
the 18 energized locations (excitation) as the light is directed towards the sample. Once energy has
been released in non-radioactive forms, the electron goes down to an intermediate level called the
conduction band. Thereafter, when electrons flow from the conduction band to their ground states,
energy can be released in the form of light (called radiative relaxation). This phenomenon is shown
in fig. 9. The experimental setup is quite similar to that of Absorption spectroscopy except for the
monochromators near the source. PL spectroscopy is beneficial to estimate the electronic structure

and assets of the compound as it provides the peak light intensity that objects can emit at a certain

wavelength.
Absorption
A !
A Internal
M conversion
Sz \
\\.\
=
HE Intersystem crossing
Y vy
-
G Si Vibrational — T
relaxation _—
x
Ll Fluorescence Triplet state
=
wl
\ Phosphorescence
So X
Excitation Emission

Fig 3.2.2:- Phenomenon of Photoluminescence
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3.2.3. Scanning Electron Microscope (SEM)

This is a type of electron microscope that produces images of a sample by scanning it with a focused beam
electrons. The electrons interact with atoms in the sample, producing various signals that can be detected and

translated into an image.

This is a multivariate statistical analysis technique that is used to analyze structural relationships. This
technique combines factor analysis and multiple regression analysis, and it is used to analyze the structural

relationship between measured variables and latent constructs.

Electron
source [
;:_é. \! 3
Fra——
RS

Scan generator
—— D

Condensor
lenses
| Amplifier
. ! i ' X, y scancoils
Objective [ Y

lens K

Back-scattered

electron detector x‘ l_.
anay |' -3
TS _% 2 f Secondary
Y electron detector
1 \ J 4
L ’ >
— Sample

A —

Fig 3.2.3:- Schematic diagram of scanning electron microscope
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3.2.4. Fourier Transform Infrared Spectroscopy (FT-IR):-

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique used to identify organic,

polymeric, and, in some cases, inorganic materials. It provides information about the molecular composition

and structure of samples by measuring their infrared spectra.

Infrared light is passed through a material by the FT-IR device, with some of it being absorbed but some
traveling through. Resulting output at the detector is a spectrum that ranges from 4000 cm-1 to 400 cm-1 and
indicates the chemical fingerprint of the material. FT-IR analysis is a good approach for chemical
identification since every molecule has its unique spectral fingerprint. The various bands are marked in the
transmittance versus wavenumber plot. These bands correspond to the different modes of stretching namely,

the symmetric, asymmetric, bending, and so on

Fig 3.2.4:- Schematic diagram of FT-IR
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3.2.5. Diffuse Reflectance Spectroscopy (DRS):-

This is a technique used in the analysis of solid samples, particularly powders. It measures the diffuse
reflectance of a sample, which is useful in fields like materials science, geology, and chemistry for
characterizing the optical properties and composition of materials.

Diffuse reflectance spectroscopy is a very well-established approach for examining the spectral features of

impenetrable solid materials, based on the principle that certain light reflected from the substance is reflected
inwardly and also from the surface.

Fig 3.2.5:- Schematic diagram of DRS
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CHAPTER 4: Dy* Doped KCa(POs)s phosphor for white light generation:
Structural and Luminescent Studies

Introduction

Phosphors are widely used in solid-state lighting, display devices, and anti-counterfeiting
applications. White light-emitting diodes (w- LEDs) have gained popularity in recent years due
to their low power consumption and environmental benefits. They are expected to replace
traditional light sources such as tungsten halogen lamps and incandescent lamps. LEDshave a
significantly longer lifespan when compared to other lighting technologies like Low- Pressure
Sodium (LPS) and fluorescent lights. The longevity of LEDs far surpasses that of incandescent
lights. The latest LED lights can last for over 50,000 to 100,000 hours or more. In contrast,
incandescent bulbs have a lifespan that is only 1-5% as long at best, lasting for approximately
1,200 hours The additional features of these properties include a broad spectrumof colors that
span from ultraviolet to infrared, a limited spectral bandwidth, a high degree of luminous
efficiency, and an extremely rapid response time. The most common method forcreating white
LEDs is to combine phosphors with UV or n-UV chips made of InGaN. The development
process of the standard LED involves three crucial steps: seasoning, selection, and certification.
These steps are meticulously carried out to ensure the optimal performance of the w-LED[6].
During seasoning, the LED is subjected to a series of tests to stabilize its electrical and thermal
properties. The selection process involves choosing the most suitablew-LED based on its
characteristics and performance[7]. Finally, the certified LED undergoes rigorous testing to
ensure its compliance with industry standards and specifications. Generally,phosphors consist
of an activator, a host material, and sometimes a sensitizer. Rare earth or metals are often used
as activator ions for doping. Red, green, blue, and white light can be produced by doping one
or more rare earth (RE) ions in an appropriate single matrix. Selectinga suitable substrate

material is crucial for obtaining energy-efficient phosphors.

Phosphates are crucial luminescent materials that offer various crystal-field environments for
emission centers. Phosphates doped with rare-earth-elements (REES) are thermally stable and
have a rigid tetrahedral matrix that is ideal for charge stabilization. Moreover, they are excellent
host materials for producing phosphors as they require low sintering temperatures. Researchers
have recently explored alkali and alkaline-earth-metal phosphate phosphors to develop new
materials for UV-based w-LEDs[8]. Many studies have focused on AB(POs3)s phosphates, with
A representing monovalent cations (Li*, Na*, K*, and Cs") and B representingdivalent cations
(Ca?*, Sr?*, and Ba?*)[9]. These phosphates have efficient thermal and
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hydrolytic stabilities, making them ideal host materials for w-LEDs.

KCa(POs)z has a unique structure comprising of twisted polyphosphate rings forming a cyclic
anion (P12036)'?, where non-bridging oxygen atoms point toward the center[9-12]. This
structure creates a distorted octahedral coordination environment for the central potassium ions
and distorted octahedral cavities for calcium ions between the rings. KCa(PO3)s possesses
desirable properties such as low phonon energy, high optical damage threshold, good charge
stabilization, and chemical stability, making it a suitable host material for lanthanide activators.
Additionally, KCa(POs3)s exhibits transparency in the spectra range of interest and low sintering
temperature. Ca-based phosphate compounds are of interest to researchers due to their significant

UV absorption and serving as an important host for luminescence.

Dysprosium (Dy**) doped luminescence materials have been gaining increasing attention for
their superior white emissions[13—15]. When incorporated in various host matrices, Dy** ion is
known to display two prominent emission bands in its spectra. The first band corresponds to
the pseudo-quadrupole transition *Fo;z —°®His2, which involves a change in both (AL=2) and
(AJ=2). This transition occurs at a wavelength of 576 nm and is characterized by a yellow
emission color, while the second band is associated with the transition *Fe,—°®H1s/2 at 478 nm
(blue). One can achieve almost white emission using Dy*" doped luminescent materialsby
manipulating the yellow-bluish intensity ratio (Y/B)[13]. Therefore, Dy**" -activated phosphors
have emerged as a promising option for developing white light. Researchers have foundthat
Dy**-activated phosphors offer advantages over other options in terms of their ability to
produce white light. Therefore, they are considered a strong candidate for use in a variety of

applications.

In our work, we have synthesized a series of polyphosphates, or KCa(POz3)s, (KCP) doped with
Dy** phosphor. This study examines the structural and luminescent properties of KCP: Dy**
phosphors, emphasizing the analysis of the concentration quenching mechanism, luminescence
decay characteristics, and color perception. The ultimate goal of this study was to achieve white
light emission through the utilization of the prepared phosphors. The results of this examination

hold great potential for making significant advancements in the field of materials science.
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4.1 Experiment section
4.1.1. Sample Preparation

A series of Dy** doped phosphors KCa(POs)s at different concentrations of Dy** ions (i.e. 1.0,
2.0, 3.0, 4.0, and 5.0 mol%) was prepared via solid-state reaction technique usingK,CO3(99%,
Fisher Scientific), CaC0O3(98.0-100.5%, Fisher Scientific), NH4H2PO4(99%,Fisher Scientific),
and Dy»03(99.98%, Thermo Scientific) as raw materials. After mixing the raw materials in a
stoichiometric ratio with acetone for 1 h in an agate mortar, the powder wasthen transferred
into the alumina crucible. The resulting powder was heat-treated at 673 K for3 h in the furnace
to eliminate carbonates. And then, the powder was sintered at 873 K for 5 hours in an air
atmosphere. Finally, the powder was ground again in an agate mortar into a finepowder for

further characterization.

4.1.1 Experimental Techniques

Using the Bruker Model D8 Advance equipment, which was built to produce nickel-filtered
Cu-Ka radiation (0.154nm), the XRD spectra of the prepared materials was observed in the 26
range of 20° to 80° Using a JEOL 7610 F Plus SEM machine, surface morphology was
recorded. An un-doped phosphor's FT-IR spectrum was captured with a Perkin-Elmer Frontier
FT-IR spectrometer, ranging from 400 to 4000 cm™!. DRS was obtained for the Dy**-doped
phosphors in the 200—1400nm wavelength range using a JASCO model V-923 UV-Vis-NIR
spectrophotometer. A JASCO FP-8300 spectrofluorometer with a resolution of 0.1 nm was
used to capture the PL excitation and emission spectra for each Dy**-ion doped phosphor under
a Xenon excitation source. Luminescent decay curves were measured using an Edinburgh

FL920 Fluorescence Spectrometer. Each measurement was carried out at room temperature.

4.2 Results and Discussion
4.2.1 X-Ray Diffraction (XRD) Analysis

The crystallographic arrangement and phase purity of the un-doped KCa(PO3)z phosphors were
examined using XRD patterns. The hexagonal crystal structure KCa(PO3); (JCPDS No. 39-
1408) is a member of the P-6¢2 (188) space group. Every diffraction peak is precisely matched
to the JCPDS 39-1408 standard card's peaks as shown in Fig 4.2.1. With the lattice coordinates
a=6.8077 A, b=6.8077 A, and ¢=10.3730 A as well as 0=90°, B=90°, and y=120°, it suggests
the samples are in single-phase[9,11]. The XRD patterns of the phosphor KCa(PO3)3 that were
in linewith the previously described JCPDS database showed that the
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phosphor had successfully synthesized with a high level of purity. The addition of Dy*" ions,
demonstrates that the synthesized phosphors are devoid of any contaminating phases. One K site
and one Ca site were present in the KCa(POs)s host and they both shared the six-fold
coordination. Due to the similarity in their ionic radii Ca?*(radii = 1.00 A) and Dy**(radii = 0.908
A), the Dy** ions chose to occupy the Ca?* site when incorporated into the host, KCa(POs)s. The
as- titled phosphors exhibit strong and distinct diffraction peaks, indicating their high

crystallinity—a prerequisite for comparatively superior luminosity.

(112)
s Undoped KCa(PO3)3
= c
S
d S 3588  gEEeg 8 g 28
=
2
= —— JCPDS - 39-1408
| 1 ‘ ‘ “ || Llll Jllll ‘ |Il |L||. ||
20 30 40 50 60 70 80

20 (degree)

Fig 4.2.1:- XRD pattern of un-doped KCa(POz3)s phosphor along with standard diffraction
pattern (JCPDS) 39-1408.

4.2.2 Morphological Analysis from SEM
The morphology and particle size information of the prepared phosphors is better understood
by examining FE-SEM pictures of an undoped and 4.0mol% doped KCa(PQOz3)s phosphor.
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KCa(PO3)s powder phosphors have an uneven polyhedron shape and unequal particle size, as
shown in Fig 4.2.2 (a,b). The high-temperature reaction method and manual grinding have also
resulted in very low agglomeration of some phosphor particles. Most of the phosphor particles
available in the market today are between 2 and 10 um in size[16]. The ImageJ Software is used
tofind the size of the particle for an un-doped and 4.0mol% of Dy** ions doped KCa(POs3)s
phosphor. The sizes fall in the region of 3-5 um. As a result of the samples' particle sizes being
in the micrometer range, these materials can be aptly used for coating white LEDs anddisplay
devices[13]. Furthermore, energy dispersive X-ray analysis (EDX) has been used to analyze
the elemental makeup of the as-synthesized phosphors. The EDX for the doped KCa(POs);: 4
mol% Dy?** phosphor is presented in Fig 4.2.2(c). Every precursor element is visible inthe

phosphor lattice, according to the EDX picture.

— 10pm JEOL 1/10/2024 o
15.0kV SEI SEM WD 15.0mm 12:50:27 lpm JEOL 1/10/2024

X 5,000 15.0kV SEI SEM WD 15.0mm 12:33:32

Fig 4.2.2:- SEM image recorded For (a) an un-doped (b) 4.0 mol% of Dy** ion doped KCa(POs)s
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Fig 4.2.2(c):- EDX image of KCa(POs)s: xDy** (x= 4 mol%) phosphor .

4.2.3 FT-IR Analysis

Vibrational spectroscopy (FT-IR) was conducted to investigate the bonding properties of un-
doped KCa(POs)z phosphor[17]. The vibrational spectrum of the prepared phosphor shown in
Fig 4.2.3 was recorded from 400 cm™ to 4000 cm™!, which exhibited multi-vibrational bands.
The spectrum showed bands at 493, 764, 1038, 1105, 1251, 1394, 2901, 2989, 3675, and 3749
cm!. The stretching vibrations of the PO, were recorded in the 2000-1200 cm™ and 12001400
cm? ranges, for the symmetric and asymmetric stretching, respectively, while the bending
vibrations were detected in the range of 400-550 cm™. The vibrations of the P-O-P oxygen
bridges were detected in the region of asymmetric mode (1000-1050 cm™) and symmetric
mode (600-800 cm™).

The measured FT-IR spectra matched well with the theoretical considerations presented earlier.
The observed bending vibrational wavenumbers correspond to specific normal modes, with the
asymmetric stretching (O-P-O) showing a strong vibration at 1251 cm™ and the symmetric
stretching (O-P-0) exhibiting a very strong vibration at 1105 cm™. Similarly, the asymmetric
stretching (P-O-P) showed a very strong vibration at 1038 cm™, and the symmetric stretching
(P-O-P) had a strong vibration at 764 cm™. The antisymmetric stretching of bonded water

molecules and the presence of hydroxyl radicals were indicated by the peaks observed at 2901
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cm ! and 2989 cm!, respectively. The band observed at 3675 cm™!' was responsible for the
stretching peak of the hydroxyl group. The multi-component patterns of these spectra showed
the same number of bands as those reported in previous works for ABP309-type compounds.

102

Un-doped KCa(I’'O3)3

100 1
98
96
94 S

92 +

90 4

Transmittance%

88

86

84

82 T T T
1000 2000 3000 4000

Wavenumber (¢cm™")

Fig 4.2.3:- FT-IR Spectrum of un-doped KCa(POs)3 phosphor.
4.2.4Diffuse Reflectance Spectra (DRS) Analysis

Phosphors utilized in w-LEDs have an optical band gap (Eg), a crucial parameter. The DRS of
undoped and KCP:xDy?*, x = 4 mol% is shown in Fig 4.2.4(a). Between 200 and 1400 nm. The
DRS spectral data were converted into the Kubelka-Munk function, and the optical band gap

was then calculated using the following equation.

F(R) = % == (1)

Here, R stands for sample reflectance, S for scattering coefficient, and o for absorption

coefficient[18]. The equation shows the following relationship between energy bandgap (Ey)

and absorption coefficient (o).
ahv = (hv — Ey) 2

Here, n can have values of 2 or 1/2, corresponding to indirect and direct transitions,
respectively, depending on the kind of transition. C is an energy-independent constant (in the

current case, = 1). The unit of photon energy is hv. Since a is exactly proportional to F(R), the

above equation can be expressed in this way:
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F(R)hv = C(hv — Ey)" 3)

To determine the band gap for the KCP:Dy** phosphor, a tauc plot was created b/w hv and
[F(R)hv]*2. The optical band gap (Eq) can be derived by extrapolating the linear portion of the
plot[19]. The plot is shown in Fig 4.2.4(b) and the calculated E4 values for undoped and
optimisedKCP phosphors are 4.60 and 4.49 eV respectively.

H,,, — x = 4.0 mol %
x = 0.0 mol% (Undoped)
|
KCa(PO,), : xDy™*

X

Py

o

=

o]

E [3 6

m 6FWZ+GHW2 6F] l/2+(,H9ﬂ'2

1 1 1 1 1
200 400 600 800 1000 1200 1400

Wavelength (nm)

Fig 4.2.4(a):- Diffuse reflectance spectra of undoped and KCa(PO3)s: XDy*" (x= 4
mol%)phosphor.
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Fig 4.2.4(b):- Tauc plot for direct optical band gap of undoped and KCa(POs)s: xDy** (x= 4
mol%)phosphor.

4.2.5. Photoluminescence Spectral Analysis (PL) of KCa(PO3)3
4.2.5.1 Excitation Spectra

The excitation spectra of KCP: xDy** (x=1, 2, 3, 4, 5 mol%) phosphors is shown in Fig.
4.2.5.1(a). Several sharp excitation peaks have been detected within a specific range of
wavelengths (290-500 nm)[20]. There are 5 primary peaks of the excitation spectra that are
caused by the f-f electronictransitions of Dy**ions, with the maximum excitation wavelength
situated at 350 nm. The electronic transitions responsible for these peaks are ®His, to *Mizz
[298 nm], (°Psr) [324nm], P72 [350nm], °Ps2[364nm], (*lizz + *F72) [386nm], and
*115/2[453nm]. The KCP: Dy**

Phosphor is suitable for excitation by near-UV LEDs, as indicated by the main excitation bands
at 350-400 nm.
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H, — P2 KCP:xDy* x = 1.0 mol%
A =575 am x = 2.0 mol%
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x = 4.0 mol%o
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Fig 4.2.5.1(a):- Excitation spectra of Dy*" ions doped KCa(PO3)3 phosphors under 575 nm
emissionwavelength.

4.2.5.2 Emission Spectra

The emission spectra of KCP: xDy*" (x=1, 2, 3, 4, 5 mol%) shown in Fig 4.2.5.2(a) were
examined under 350 nm excitation. We found that the emission shape and position didn’t
change significantly with the increase in the concentration of Dy®" doping, except for the
emission intensity[21]. The spectra showed two strong characteristic peaks; at 482 nm
corresponding to blueemission and 575 nm corresponding to yellow emission, which were
attributed to the transitionfrom *Fos2 to ®His2 and ®Haap, respectively and weak peaks observed
at 665 nm (red emission)ascribed the transition “Fo/> to ®Hi1/2. Our observations suggest that
the optical characteristics of KCP: Dy** are directly impacted by the configuration of the host
material in which they areembedded. When the Dy*" ion is positioned at a site with high
symmetry, i.e. a site that has aninversion center, the yellow emission is the predominant
outcome. However, when the Dy** ion is positioned at a position without a center of symmetry,
which is typically a site exhibitinglow symmetry, its emission intensity is observed to be
considerably amplified[12]. The emission of yellow light with a wavelength of 575nm (*Fo/2-
6H13/,) is aresult of a forced dipoletransition (electric transition). This type of transition happens
only at low symmetries withoutan inversion center. The intensity of this emission is highly

dependent on the crystal-field
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environment. We found that its intensity increases immensely as a function of Dy**
concentration. The blue band's intensity corresponding to the 482nm (*Foz—°Hisr2) dipole
transition, (which refers to the change in the magnetic moment during a transition between
energy levels), is known to exhibit a relatively low sensitivity to the effects of crystal fields.
The analysis of emission spectra suggests that the concentration of Dy®" has a significant
impact on the intensity of the blue transition *Fo;2—°H1s/. Specifically, an increase in Dy**
concentration up to 4% results in increased emission intensity. But beyond this concentration,
there is a discernible drop in emission intensity. The strength of the *l132—®Hisp, *lis2—°®Hispe,
and *Fe.—%Hu1/2 transitions, however, rapidly dropped as the concentration of Dy** increased.
The observed evolution is a result of the concentration quenching phenomenon and the impact
of population on the *l1s2 and 1132 energy levels[22]. The amplified resonant energy transfer
from the excited energy state to the low energy or ground state (“Fo>—°His)2) of the nearby
Dy** ion, as well as the cross-relaxation phenomenon between theexcited Dy** ion (donor) and
the ground Dy** ion (acceptor), are responsible for the increase in quenching intensities with

increasing Dy®* ion concentration.

At 4 mol% concentration of Dy**, concentration quenching occurred. However, when the
concentration of these ions becomes too high, the possibility of energy transfer between ions
rises. As a result, more excitation energy is transferred via non-radiative processes, resulting in
decreased luminescence efficacy. To examine the energy transmission mechanism between
Dy** ions, we computed the critical distance[16]. The Blasse theory equation may be used to

determine the critical radius distance Rc.

The Blasse equation is:

1

3V =
Re=2[——p (&)

4tX N

Where N is the number of cations per unit cell (N = 2), Xc is the threshold concentration of
Dy** (XC =0.04), and V is the volume per unit cell (V = 416.33*10* A).

The critical distance (Rc) between activator and sensitizer ions in KCa(POs)s:xDy*" was 21.50
A, indicating that non-radiative energy transfer predominantly occurs through exchange
contacts or multilayer interactions. For energy transfer to occur, the activator and sensitizer
need to be positioned close to each other within the lattice. Additionally, there should be
significant overlap in their wave functions, which allows for electron exchange to take place.
The critical distance for this exchange is less than 5 A, but the calculated Rc values were much
higher, indicating that energy transfer between Dy**-Dy®* ions in KCa(POs)3:xDy** happens
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through multilevel interactions.

According to the Dexter theoretical model:

I X
log()) = A2 (5)

Where A signifies a constant, d represents the mixture's dimensions (= 3) and | is the emission
intensity. We use the value of s to identify the type of multilevel interactions. The typesof
interactions, including closest neighbor ion, dipole-dipole, dipole-quadrupole, and quadrupole-
quadrupole interactions, are quantified by their respective multipole moments[16]. Specifically,
these interactions are represented by the values of 3, 6, 8, and 10 for the corresponding multipole
moments respectively. To study the values of s, we select samples with x=0.01, 0.02, 0.03,
0.04, and 0.05. Subsequently, we determine the emission intensity and generate a linear graph
of KCP:xDy?* that is shown in Fig.4.2.5.2(b) between log(l/x) vs log(x). The (s/3) value is
determined by analyzing the gradient of the linear plot b/w log(l/x)and log(x). Upon analyzing
the data, we found that the slope is -1.40712. This value helped usdetermine that the value of s
is 4.2214, which is less than 6. This suggests that energy transferdue to nearest neighboring ions
is the primary mechanism causing concentration quenching in the sample. Asymmetric
molecules exhibit inherent dipoles because of the unequal distribution of electronsaround the
positively charged nucleus[23]. The dipole-dipole interaction's dimension is determinedby the
two dipoles' center distance and relative orientation. The interaction is computed using the
potential energy of each dipole. Concentration quenching results from a substantial energy
exchange between activators that happens when the concentration of activators reaches a certain
level. The schematic energy level diagram shown in Figure 4.2.5.2(c) illustrates the possible
electronic transitions of the Dy** in the KCa(PO3)s polyphosphate phosphor. Thehigher energy
level (°P712) of the Dy** ions becomes populated by Dy** excitation (350 nm). Due to inadequate

energy difference between the states to produce a radiative transition, the ions undergo non-

radiative transitions (phonon relaxation) from the excited level to the groundstate (*Fo)[24].

Ultimately descends to the various ground-level states (°*Hisi2, °Hisr2, and ®Hi1z2) to release blue,
yellow, and red photons, which are associated with the Dy** ion transitions at 4Fg/z—> 6H15/z,
4Fg— OHisp, and 4Fg;, —OH, .

This energy exchange reduces the amount of luminous energy levels and lessens the intensity

of the fluorescence. The three cross-relaxation processes of Dy** are as follows[8]:
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CRC 1: (4F9/2+ 6H15/2 — (6H9/2, 6|:11/2) + 6|:3/2)

An initial Dy** ion descends from level *Fos to the intermediate level (*Hop, ®F112), while

another Dy*" ion is excited from the ground state level ®Hisp; to level ®Fap..

CRC 2: (4F9/2+ 6H15/2 — (6H7/2, 6Fg/z) + 6|:5/2)

An initial Dy** ion descends from level *Fg/, to the intermediate level ®Hz2+°F/2, while another

Dy?* ion is excitedfrom the ground state level ®Hisy2 to level ®Fsp.

CRC 3: (4F9/2+ 6H15/2 — 6F1/2 + (6H9/2, 6F11/2))

An initial Dy** ion descends from level *Fo, to the intermediate level ®F1/, while another Dy**

ion is excited from the ground state level °Hisy, to level ®Hopo+%F11/2[25].

+
KCP: xDyS His x = 1.0 mol%
Aoy =350 nm M x = 2.0 mol%
\ | | x = 3.0 mol%
. Fon —= “ x = 4.0 mol%
.—_-E x = 5.0 mol%o6
3,
iy
‘@
=
2
=
P
(,HIS/Z
450 500 550 600 650 680

Wavelength (nm)

Fig 4.2.5.2(a):- Emission spectra of Dy** ions doped KCa(POs)s phosphors under 350 nm
excitation wavelength.
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Fig4.2.5.2(c):- Partial energy level diagram and possible cross-relaxation channels of Dy3*

ion doped KCa(PO3)3 phosphor.
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4.25.2.1Y/B RATIO

The luminescence intensity and the site symmetry of RE ions are generally inversely related.
Solid-state lighting appliances prioritize the Dy** ion because it emits the main colors that are
necessary for the creation of white light. In general, white light can be produced by precisely
balancing blue and yellow light. As seen in Fig 4.2.5.2(a), the yellow band's intensity (at 575
nm) is comparatively higher than the blue band's intensity (at 350 nm). The production of white
light is significantly influenced by the intensity ratios of the blue and yellow bands, which are
the ratios of their combined intensities. The concentration of dopant (in this case, Dy*") ions,
the host phosphor matrix, and the excitation source all have an impact on the yellow-to- blue
(Y/B) intensity ratio[26]. The Y/B intensity ratio is significantly impacted by the inversion
symmetry and local coordination surrounding nearby Dy®" ions. Moreover, it is found that the
local coordinated regions around Dy*" ions are the least symmetric with respect to neighboring
atoms in the absence of inversion symmetry. Due to the increased covalency, the emission
spectrum exhibits an intense yellow band as opposed to a blue one. Y/B intensity ratios are
comparatively more than 1, indicating that light is being generated in the white area. The higher
Y/B ratios support the high covalent nature of Dy** ions. Consequently, the KCP:Dy** 4.0 mol
in the as-prepared KCP phosphors shows the highest Y/B value and, consequently, the

maximum covalency[27].

426 CIE Co-ordinate

To understand the colorimetric performance of KCa(POs)s: xDy** ions (x = 1.0, 2.0, 3.0, 4.0,
5.0 mol %) phosphor, the “Commission Internationale de I’Eclairage” (CIE) chromaticity
coordinates at Aex = 350 nm were acquired from the emission spectrum data. The Fig.4.2.5.6(a)
displays the calculated CIE coordinates for every as-synthesized KCa(POz)s phosphor at Aex =
350 nm and Aem = 576 nm. The coordinates of the as-synthesized Dy** doped KCa(POs)s
phosphors, as indicated in the CIE diagram lie near the central white region. This indicates that
KCa(POs)s phosphors doped with Dy** ions are suitable for solid-state lighting and plasma
display panels[28]. Another important component in colorimetric computations used to look
into color saturation is color purity (CP). The estimation of CP can be done using formula

below:-

cp =
V(x—x)2+ (y—y;)2
(xd=x)2+ya+yi)?
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where (X, y) represents the color coordinates of the KCa(POs3)s phosphor, (Xee, Yee) Stands for
equal energy point, and (Xq, Yd) indicates points of dominant wavelength. The Dy** (x = 4.0
mol%) ions doped KCa(POz)s phosphor is found to have 16% color purity under 350 nm
excitation. When triggered by blue or n-UV light, Dy** (x = 4.0 mol%) ions doped KCa(POs)3

phosphor can be used as a white emitting component in w-LEDs.

When determining whether a light source is warm or cold, one of the most crucial parameters

is the correlated color temperature (CCT). CCT is determined using the equation below.

CCT = —449n3 + 525n2 + 6823.3n + 5520.32  (7)

The color coordinates are n=(x-0.332)/(0.1858-y). The prepared phosphor is a cool emission
source, as indicated by the assessed CCT values as mentioned in Table 4.2.6. The calculated
CCTvalues of the KCP:xDy** phosphors are significantly more than 4000 K, indicating that

cool white light can be created from these phosphors[29].

A, =350nm KCa(PO,):xDy"™*

B x=1.0 mol%

0.7 ® x=2.0mol%
A x=3.0mol%
0.6 v x=4.0 mol%
¢ x=5.0mol%

0.0 0.2 0.4 0.6 0.8

Fig 4.2.6:- CIE chromaticity coordinates of Dy** ions in KCa(PO3)3 phosphors.

40




Page 41 of 55

Table 4.2.6: CIE coordinates, CCT values of KCP: xDy** (x=1.0, 2.0, 3.0, 4.0, 5.0 mol%)

under350 nm excitation wavelength.

Sample ID CIE coordinates CCT values
KCP: xDy** (X Y) (K)
x = 1.0mol% (0.338, 0.382) 5287.127
X = 2.0mol% (0.334,0.371) 5428.813
X = 3.0mol% (0.330, 0.371) 5570.698
X = 4.0mol% (0.367, 0.405) 4497.287
X = 5.0mol% (0.368, 0.405) 5056.40

4.2.7 Photoluminescence (PL) Decay

The PL decay patterns under room temperature Aex = 350 nm and Aem= 575 nm for KCa(PO3)a:

x Dy®* (x = 1.0, 2.0, 3.0, 4.0, and 5.0 mol%) ions phosphor are represented in Fig.4.2.7(a). The
decaycurves were fitted with various exponential equations; however, for all concentrations of
Dy?*ions, the bi-exponential equation showed the best fit. This suggests that dopant ions are
interacting significantly, leading to energy transfer from excited Dy** ions (donor) to unexcited
Dy** ions (acceptor) and that the RE ions in the phosphor lattice are probably going to acquire
two different crystallographic sites[30].

The following equation can be used to represent the luminous intensity:

—t —t

[=1,+ Aiexp (;) + Az exp (;) (8)
Where lo and | represent, respectively, the luminescence intensities at time t = 0 and some other
point in time. A1 and A are the fit constants for bi-exponential fitting, and t, and t, are the

components for rapid and slow decay, respectively. When modeling a bi-exponential curve, the
average lifetime values are provided by:

Al (Tl )2 +A2 (TZ )2

eX|
i A, +AT,

(9)

T
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The as-synthesized KCa(POs)s: XDy** (x = 1.0, 2.0, , 4.0, and 5.0 mol%) phosphor have Texp
values of 377.74, 327.04, 314.21, 308.84, and 293.03us, respectively. It was observed that when

the quantity of Dy** ions in the phosphors was increased, the values of Texp decreased[31].

Normalised Intensity (a.u.)

The decrement in a lifetime values with the increase in the concentration of Dy** ions was

further examined by Auzel's model utilizing equation given below:
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Fig 4.2.7:- PL decay profiles of Dy*" ions doped KCa(POs)s phosphors at Aex = 350
nm wavelength.
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Fig. 4.2.7(b):- Dependence of photoluminescence decay lifetime of the *Fg/, state on the

doping. concentration of Dy** based on Auzel’s model.

where t represents the calculated lifetime, T0 represents the intrinsic radiative lifetime, ¢ stands
for concentration of Dy®* ions, c0 represents a constant and N denotes the number of phonons
generated during the relaxation. Fig. 13 demonstrates that the Dy** decay lifetime in KCP

phosphor fits well with Auzel's model and the value of 10 from the fitting is 419.07 ps.

The quantum efficiency (n) is computed using intrinsic lifetime value as follows.

(11)

Table 4.2.7: Photoluminescence decay lifetime, non-radiative rate and quantum efficiency of
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theKCP : xDy** (x = 1.0, 2.0, , 4.0, and 5.0 mol%) phosphors.

Sample ID Decay Lifetime Non radiative  Quantum Efficiency
KCP: xDy** (us) rate (S'l) (%)
x =1.0mol% 377.74 261.0874 90.13769
x = 2.0mol% 327.04 671.4629  78.04026
x = 3.0mol% 314.21 796.3153  74.97871
X = 4.0mol% 308.84 851.6643 73.69702
x =5.0mol% 293.03 1026.43 69.92292

here the rate of relaxation by non-radiative and radiative mechanisms are denoted by AnR and
AR, respectively. Table 2 shows quantum efficiency values (%) along with decay lifetime and

non-radiative rates (s™!) for *For> state[32].
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CHAPTER 5:- CONCLUSION AND FUTURE SCOPE
5.1 CONCLUSION

In our work, Dy** doped KCa(PQs)s phosphors were successfully synthesized via conventional
solid-state reaction technique and were investigated their structural, morphological, and PL
characteristics. First, the phase purity of the produced samples was confirmed by analyzing the
XRD patterns. KCa(POs)s: Dy** formed a hexagonal structure when it crystallized with a P-
6c2(188) space group. Using SEM, morphological analysis was performed, and particle sizes
were determined to be in the micrometre (3-5um) range. Multiple molecular bonds that are
present in the structure are shown by the FT-IR spectra. The band gap values, 4.60 & 4.49 eV
for undoped and 4.0 mol% of Dy**, were determined by linear fitting of the tauc plot of Dy?*
in the KCa(POs3)3 host. The excitation spectra show that the previously stated phosphors can be
efficiently excited by n-UV light. A number of experiments were used to characterize the
samples' luminescence properties. The PL emission spectra findings demonstrated that the
samples generated white light with two prominent peaks at 482 nm (blue band) and 575 nm
(yellow band) upon excitation by 350 nm UV radiation. The electronic transitions of
dysprosium ions at *Fe/>—°Hasr2 and *Fe>—°Hz3;2 were matched by these peaks, respectively.
Concentration quenching was observed for Dy** doping at a concentration of 4.0% mole. The
main cause of this quenching was found to be dipole-dipole energy transfer. The computed CIE
chromaticity coordinates for KCa(POs)s for 4.0mol% of the Dy** phosphor lie in the deepwhite
area. The PL decay profile displays bi-exponential behavior with decay times being in
microseconds (us) range. As the concentration of Dy** ions increases, the computed texp values
decrease because of the transfer of energy between Dy** - Dy** ions.The results of the
aforementioned studies on the as prepared KCP:Dy?®* phosphor highlight that these materials

can be used for white light generating LEDs and other photonic devices applications.

5.2 Future Scope

Dysprosium (Dy**) doping into KCP host material has been the focus of current work, yielding
an efficient and superior phosphor that can be employed in inexpensive phosphor-converted
white light-emitting diodes (pc-w-LEDs). First, co-doping these phosphors with other
appropriate rare-earth ions (RE), including yttrium (Y3*), can improve their luminous qualities.
The reason for this is because a new class of quantum integrated photonic devices may be made
possible by RE ions co-doped in particular host matrix regions. The current phosphor was

created using a traditional solid-state reaction method, and its structural and photoluminescence
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characteristics have been described. To enhance the particle shape and decrease the particle size,
a different synthesis technique like the sol-gel approach can be investigated.

Using nitrates as metal precursors, the solgel combustion method combines the sol-gel and
combustion processes. In the Sol-gel method, the metal oxides that are produced undergo a
number of reactions. The metal hydroxide solution is condensed to produce gels after the metal
nitrate is quickly hydrolyzed, and xerogel is formed during the evaporation process and is
subsequently burned at a high temperature. The final product is a fluffy, black structure that is
sintered at different temperatures. This technique could be investigated to enhance the
phosphor's luminous characteristics in its prepared state. These phosphors' usefulness extends
beyond w-LEDs and includes a variety of other applications, including bio-imaging, heat

sensors, fingerprint detection, and more.
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