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Abstract

Solid-state light sources, particularly light-emitting diodes (LEDs), have expanded
prominence in lighting applications due to their industrial, technical, and environmental
advantages. Garnet materials have emerged as pivotal candidates in this domain, offering
key benefits for LEDs. Garnets exhibit excellent thermal stability, high light transmittance,
and compatibility with different wavelengths. Their crystal structure allows for efficient
light emission and enhances the performance of LED devices. Moreover, garnets contribute
to the development of eco-friendly lighting solutions, aligning with the growing emphasis
on sustainability in various industries. This makes garnets integral to the advancement of
solid-state lighting technologies, shaping the future of energy-efficient illumination. To
develop efficient and promising material in the field of SSLSs investigation on Gadolinium
Aluminum Garnet (GAG) and Cerium Aluminum Garnet (CAG) attempted and visible

emission properties of both the material with transition metal doping carried out.

The material and method Chapter describes the synthesis methods used to prepare material,
instrumentation, and the characterization techniques that are employed in the current work.
All the samples of host, doped, and co-doped GAG and CAG were synthesized via Sol-
gel. The prepared powder samples were sintered at 1100°C for GAG and 1200°°C. Further,
all the sintered samples were characterized by using techniques of X-ray diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR), Field Emission Scanning Electron
Microscopy (FE-SEM), UV-visible Spectroscopy and Fluorescence Spectroscopy. The
observed results from FTIR and UV-visible studies reveal the functional groups and
absorption. Under the Fluorescence spectroscopy, the emission and excitation of GAG
were studied along with its transition lines. The effect of doping of Cobalt and chromium
also studied on the GAG. The CIE, CCT, Color Purity and CRI all the parameters evaluated
for GAG and CAG host and with doping and results show the practical application of garnet
in solid —State lighting.



The results of XRD and FTIR revealed that in both cases GAG and CAG host material has
the pure phase of garnet and doping or co-doping of transition metal into it did not affect
the crystal structure of host material. The change in crystalline size and lattice constant was
found due to the introduction of a dopant in the host of GAG and CAG and strain in the
lattice was also observed as diffraction peaks get shifted. This shift may be caused due to
strain or due to defects in the crystal lattice. The crystalline structure and morphology were
also investigated by FESEM and results were verified to XRD results. The optical analysis
of both materials is done with UV-Vis spectroscopy (used to analyze the absorption
spectrum and optical band gap of the material) and Fluorescence spectroscopy (emission
spectrum analysis with some optical parameters). Both the materials were shown the broad
visible spectrum and wide optical band gap. GAG had an optical band gap near 4.17 eV
and CAG host material had around 3 eV. The broad visible emission spectrum was
observed in both GAG and CAG and multiple peaks in the spectrum induced the transition
lines and states. The peaks in the blue, green, and red regions of the spectra indicate the
applicability of the material for the production of white light. Apart from this, the color
coordinates values for the GAG are (0.333,0.334) and for CAG are (0.331,0.332) which
are close to ideal CIR coordinates values for white light i.e.(0.333,0.333). thus, the present

work discussed in the thesis may be beneficial for white light in solid-state light sources.
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Chapter 1

Introduction

1. Introduction

In the history of lighting, there have been several noteworthy turning points occurred from
the discovery of fire to the extensive use of fluorescent tubes and incandescent lamps in
the 19" and 20™ centuries. Certainly, these technologies were beneficial for humanity but
there are issues with lifespan, efficiency, and environmental effects. Thus, solid-state
lighting came into being as an improved, extra-efficient, and environment-friendly lighting
option. These light sources clutch the domination of lightning by beating all other ancient
sources because of great versatility, long lifespan, etc and these are most demanding in this
era of physics luminescence research due to the vast field of applications. The solid-state
electroluminescence phenomenon was first coined by Henry Joseph Round in 1907 by
using solid-state silicon carbide. Light-emitting diodes (LEDs), polymer light-emitting
diodes (PLEDs), or organic light-emitting diodes (OLEDs) are light sources originating
from solid-state lighting (SSLS). [1,2] The Performance and characteristics of solid-state
light sources (SSLS) entirely rely on the various optical materials used to produce these
light sources. The emission, transmission, and control of light are significantly influenced
by optical materials. SSLS can emit light in a wide range of wavelengths; it covers the
complete visible spectrum range (400-700 nm) and within this range of spectrum red,
green, and blue primary colors are included. White LED is typically created by combining
these multicolor lights of the visible spectrum. Apart from the visible spectrum the
Ultraviolet (UV) (100-400 nm) as well as the region of Near Infrared (NIR) (700-2500nm)

spectrum is also incorporated by the emission wavelength range of SSLS. [3, 4]



1.1. Optical materials

Optical materials are those materials that play a pivotal role in exploring, modifying, and
controlling light and electromagnetic spectrum in the visible, UV, and NIR regions. Optical
materials are typical materials that interact with visible light and other EM radiation of the
optical spectrum and allow them to perform certain functions such as refraction, dispersion,
absorption, and emission of visible light. Due to these functions, the material applies to
wide ranges across numerous fields including optoelectronic devices, optical healthcare,
telecommunication, industries, etc. Optical materials have a wide range of phosphors,
quantum dots, organic, inorganic, and semiconductor materials can produce the
electromagnetic spectrum. One of the key categories of optical materials that are mainly
applicable in the context of solid-state lighting is phosphors. Phosphors are optoelectronic
materials that have gained prominence due to their ability to produce emissions in the
visible region of the electromagnetic spectrum. They are particularly valuable in
developing effective and adaptable solid-state light sources, such as light-emitting diodes
(LEDs). To accomplish the demand for solid-state light sources optical material should

have excellent properties in favor of these sources. [5]

1.1.1. Properties of optical material

Some key properties of optical materials those are important for white light sources or
solid-state light sources.

The optical material has transparency in the visible spectrum and exhibits high capacity to
transmit visible light with minimal distortion or absorption of incident light which can emit
light of good efficiency with less energy loss. For instance, optical materials like garnets
or phosphors used in the display or lighting devices need to be transparent within the visible
spectrum such as, yttrium aluminum garnet (YAG) is transparent and has low absorption

in the near-infrared range, making it suitable for laser and lighting applications [6].

The optical material has a high refractive index that is impactful to enhance the light

extraction to improve the light output [7]. The choice of materials with appropriate



refractive indices is a significant consideration in optical materials to maximize the

performance of various optical systems.

Optical materials are thermally stable and have color consistency, longevity, and good
efficiency while they go through high-temperature conditions. High thermal conductivity
materials like diamonds, gems, or aluminate nitrides are deal as substrates to dissipate heat

and ensure stability of optical device (LED) operation.

The development of energy-efficient, long-lasting, and color-accurate LED lighting
solutions relies on the optical material properties and the terminology used in solid-state
lighting. The researchers and engineers continue to advance the field of SSL with the
research or optimization of materials such as semiconductors, phosphors, and encapsulates
for providing us SSLS with brighter, more efficient, and environmentally friendly lighting
options. As the SSL industry continues to grow, it is important to examine and exploit the
optical characteristics of materials for enhanced lighting solutions and to resolve emerging

challenges in the field.
1.2. Phosphor

Among the wide range of optical materials, phosphor is one of the most demanding
candidates due to its unique use for LEDs to produce white light. Over the last few decades,
the development of solid-state lighting (SSLS) has seen a notable influence from white
light-emitting diodes (WLEDs) and other sources of white light, contributing significantly
to advancements in the display and lighting sectors. WLEDs and other white light sources
has compactness, good material stability, high efficiency, eco-friendliness, long lifetime or
durability, and color tenability, thus WLEDs have become the preferred research choice

for a variety of application in lighting and display devices. [8]

Research proved that phosphor is the key material for the production of white light.
“Phosphor” is the Greek word which means light bearer. The phosphor material used to
produce white light/solid-state light is also named “luminescent materials”. The phosphor

material has unique properties like the ability to emit maximum visible light by absorbing

3



UV light, long and short band gap to emit short as well as long wavelength, crucial
efficiency, good stability, and narrow spectrum to produce light of definite color. These
are the materials that supply the requisite red, yellow, and green light along with initial
blue light to produce white light. [9-11] The phosphors are made up of rare-earth or
transition metals and there is the numeral of phosphors prepared by researchers with a
variety of techniques. The garnets are the category of phosphor that stands with outstanding
optical or luminescence outputs. Thus, the present time's most challenging task for to
prepare material with excellent properties. As proven by research the material should have

great emission efficiency to produce white light.
1.3 Garnets

Garnets are also named rare-earth garnets which play a crucial role in modern optical
device technology because of their unique physical and optical characteristics. Nowadays
cubic crystallographic structure of synthetic garnets has been prolonged into the advanced
type from the prototype. Garnet possesses a crystal structure that is body-centered cubic
and is classified within the space group la3d.The general chemical formula for the garnets
1s A3BsO12. According to this formula, site A is a dodecahedral site engaged via rare earth
elements for instance Lu®*Y**, Ce*", Sc**, Gd*', Tb**, and La** ions surrounded by eight
oxygen (O -) ions and B site is tetrahedral or octahedral occupied by AI*( in case of
aluminate garnet).[12,13] Rare-earth (RE) elements are part of the lanthanide series in the
periodic table and the electronic arrangement is represented as [ Xe] 4f 5d 6s. The RE metals
are widely used in metallothermic reactions because of their extraordinary reduction
character. The trivalent series of rear earths like Ce*", Y%, Gd**, Eu*", Tb**, etc. proved
great elements for garnets. A huge range of garnets exist, but rare-earth aluminate garnets
have a wide range of applications due to favorable luminescence properties. Yttrium
aluminum was the first reported garnet used for various applications with different doping
elements. YAG: Ce was the very first yellow emission phosphor used due to its beneficial
characteristics, including strong blue absorption, broad emission in region 500-700 nm,

quick decay time around 100 ns, and nearly 75% of luminescence efficiency. [14] The



prominent and extensively investigated garnets are Y AG, terbium aluminum garnet (TAG),
lutetium aluminum garnet (LuAG), and recently gadolinium aluminum garnets (GAG).
These have been focus of researched to applications in the realization of solid-state light
devices or photonic devices. The preparation of garnet with the appropriate synthesis
method is a crucial task since the synthesis technique is also advantageous for the
enhancement of the properties of any material. Some common synthesis techniques are a
solid-state process, auto-combustion technique, and sol-gel technique. Thus, studied the
structure, optical, and electric properties of garnet with the doping or co-doping of rare-
earth metals. However, two rare-earth garnets GAG and cerium aluminum garnet (CAG)
have been investigated in present work with the doping or co-doping of transition metals.
Due to the paucity of research Cerium Aluminum garnet has been introduced as a new

member of the garnet family.

Dodecahedral Site Gd**

O Octahedral Site AI**

Tetrahedral Site A’

Fig 1.1. Crystallographic three-dimensional representation of Gd3A15012 garnet unit cell.

1.3.1 Gadolinium Aluminum Garnet (GAG)

Gadolinium Aluminum Garnet (Gd3A15012) is an already known material for its optical
properties doped with rare—earth elements. While the utilization of Gadolinium as a host
material can be costly, its adoption has increased significantly because of its uniform cubic
structure, good reactivity, high melting point, and chemical and emission stability making

it a promising host. The atomic number of Gadolinium is 64 having partially filled 4f



electrons in configuration. Its intricate energy level configuration arises from the
organization of electrons. The material based on gadolinium has good luminescent
properties. Consequently, GAG was elected for the present work and significant research
efforts have been made to synthesize a material by the sol-gel method with controlled
morphology to enhance luminescence properties. The phase obtained at 1100°C with
excellent crystalline and structural properties along with favorable optical properties. GAG
has an absorption spectrum of 200-400 nm range and an emission spectrum ranging from
200 to 800 nm with maximum visible emission. The color properties are excellent with
CRI around 95, color purity near 0-0.5%, and CIE coordinates are very near to the ideal
one i.e. (0.333,0.333). Further, the GAG hosts undergo doping and co-doping with
transition metals to explore their impact on the optical and structural characteristics of the

GAG host.
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Fig 1.2. Typical energy level diagram of Gd*" (transition lines).
1.3.2. Cerium Aluminum Garnet (CAG)

Certum Aluminum Garnet (Ce3AlsO12) is a new material in the family of rare-earth
aluminate garnets. Cerium is the cheapest element of the rare-earth family and the trivalent

state i.e. Ce*" has excellent optical proprieties due to its transition energy levels. Hence,
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Cerium Aluminate Garnet can be proved as a good host garnet. Cerium Phosphor has good
luminescent properties and is used to produce color-tunable light in various applications.
In this work, the challenging task of preparing Cerium Aluminum Garnet was prepared
successfully. Cerium was used as a host to prepare. The examination of CAG revealed
impressive structural and optical characteristics. The material exhibits absorption in both
the UV and IR regions, along with a wide-ranging emission in the visible region spanning

from 400 to 700 nm.
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Fig 1.3. Transition lines/Energy level diagram of Ce>".
1.3.1. Properties of garnets

In terms of physical appearance, the garnets are a hard multicolor compound because of
the strong bonding in the atoms and the range of hardness is 6 to 7.5 Mohs scale the garnets
are insoluble in water. Garnet has excellent optical properties which they consider a great
luminescence material. The density of the garnet is 3.5 to 4.3 gm/cm™ and they have
sintering temperatures between 900-1700°C. The refractive index of garnets ranges from
1.7-2.2 but it can vary with doping or change in its composition. Along with these

properties, garnets have some important optical properties like absorption, optical band



gap, optical spectrum, quantum yield, and fluorescence lifetime that make them applicable

for light sources, lasers, scintillators, LEDs, etc.
Optical Band-gap

In the context of crystalline material, the optical band gap is considered as the energy gap
in the highest energy level in the valance band (VB) and the conduction band's (CB)
minimum energy level, while the photon is absorbed. There are two kinds of optical band
gaps: one is a direct band gap in which the magnitude and the direction of a photon (i.e. k
vector) are the same for both the valance band and conduction band and another one is an
indirect band gap, where the value of k vector for valance band the and conduction band

differ as shown in figure 1.4.
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Fig 1.4. Graphical view of the direct and indirect band gap.

The optical band gap denoted as Eg, signifies the energy difference in VB and CB and it
depends upon the ability of a material to absorb or emit photons. Thus, the optical band
gap is the critical parameter used to explain the ability of a material to interact with photons

and its emission or absorption properties. [15,16] The garnets have a wide optical band gap



typically ranging from 3 to 6 eV depending on the precise composition of material and
doping. These wide band gaps of garnets make them transparent to the wide range of visible
and infrared light. Moreover, garnets are useful for lasers, and versatile for various optical

and photonic devices due to effective band gap [17].
Luminescence

Luminescence processes play a significant role in various applications. Its mechanism and
properties depend on the material. Luminescence is related to the emission of light at low
temperatures either by chemical or physiological process and it involves the process of
excitation in which the atom moves from the ground state to the excited state, after staying
in the excited state it gets de-excited due to the lack of stability in the excited level. The
atom gets back to the ground state either directly or by jumping to the transition levels,
during the process of emission the atom emits energy in the form of light or photons.
Phosphorescence and fluorescence are the two important parts by which material used in
white light sources can achieve luminescence. [18,19]. Based on the excitation mechanism

the luminescence distributed in various parts of it is shown in the figure below.

Excited State

_ Luminescence

ﬂ

Photoluminescence

Jl

Phosphorescence ¥——— | Fluorescence

Absorbed Energy
Emitted Energy

Ground State

Fig 1.5. Energy diagram for Luminescence and flow diagram of types of luminescence.
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Fluorescence Lifetime

Fluorescence lifetime is characterized as the period or average duration during which a
fluorophore remains in the excited state before returning to the ground state. After the
excitation fluorophore gets unstable at the excited state and returns to the ground state this
transition takes time to reach a ground state time is known as decay time. The fluorescence
lifetime is also defined as the amount of time fluorophore takes to exponentially decline to
1/e or 37% of the initial population because of loss in energy by the Radiative or non-

Radiative process. [20]

The Fluorescence lifetime of Garnets fall in the range of microseconds to millisecond. The
variation depends on various factors like dopant, the energy level of fluorescence
spectroscopy, temperature, quality of crystal, and energy transition of dopant. The decay

and fluorescence lifetime for single exponential decay is expressed by the equation:

Where [, is considered as the intensity at time zero and t stands for the lifetime. 0

I(t) =I,e~"7r
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Fig 1.6. Fluorescence lifetime imaging.
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Fluorescence Quantum Yield

The fluorescence quantum yield used to determine the efficiency of the material by which
it emits the fluorescent light. It is ascertained by contrasting the material's emission with a
standard reference of known quantum yield. Additionally, it is computed by the ratio of
photons absorbed during the process to the number of photons emitted. The quantum yield
is dimensionless and its value typically ranges from 0 to 1. The 0 means 0% quantum
efficiency and no absorbance of photon and if the value is 1 then quantum efficiency is
100% and it signifies that all the photons get absorbed and converted into fluorescence.

[21,22]

The quantum yield depends upon several factors including electronic transitions and energy
levels of the fluorescence process, dopant, temperature, and presence of quenchers. The
quantum material of garnet (like YAG) depends on the crystal structure, composition, and
dopant used in the material. Quantum yield can be determined using both the absolute
method and the relative method. According to the absolute method, quantum yield (denoted
by the symbol ¢) is calculated by comparing the fraction of emitted photons to the number

of absorbed photons during the process of fluorescence in a particular period.

photons emitted  Ng

~ photons absorbed - Ny

Besides, according to the relative method, the fluorescence quantum yield is quantified by
comparing the intensity and absorbance of the unknown sample to the slandered reference

known sample. The formula for the relative method:

Is Ay nZ

¢ = ¢,

Iy Ag n?

Where ¢ represents the quantum yield of the standard reference, Is and I; signify the
integrated intensity of the sample and standard reference, while ns and n; correspond to the

refractive index of the sample and standard reference, respectively. [23]
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Transmission/ Absorption

When electromagnetic radiations fall on the surface of the material the radiations go
through the absorption and transmission process shown in the figure. Under the absorption,
some of the rays get absorbed by the material and it occurs when the frequency of the light
matches with frequency of the electron in the atom of the material. Transmission is the
other side of the same coin, in this process, the radiation gets passed through the material
without being reflected or absorbed by the material and fundamental properties of the

material affect the efficiency of transmission.
Colorimetry

Colorimetry, a vital scientific field, quantifies color for diverse applications in commerce,
industry, and laboratories. Key concepts like CRI, CCT, and CIE are pivotal in color
science and lighting. Human vision relies on cones—specialized cells sensitive to different
light wavelengths—following the trichromatic theory. This theory posits that three types
of color receptors in the eye collaborate to perceive the full color spectrum. CRI evaluates
how well a light source can faithfully reproduce the colors of objects in comparison to a

reference source.

CIE (Commission Internationale De 1’Eclairage or International Commission on
[llumination) is a system used to define the relationship between the physiologically
experienced color vision and the Electromagnetic visible spectrum wavelength
distribution. The system is used to measure the colors by using luminescence parameters
Y and (x, y) points on the chromaticity diagram. [24] The CIE 1931 was proved as an

effective system for color specification.

CRI (Color Rendering Index) term measures the capacity or the accuracy of produced light
by any light source. Hence, it examines how much pure light a source can produce to show
the original or natural color of the object in its light as compared to the natural sunlight.

The CRI values lie between the numbers 1-100. The CRI of sunlight is 100, therefore if the

12



light source has a CRI near the value of 100, it can show the original color of the object.

The International Commission on Illumination defines the term CRI.
Ra=100—46AE................... (1.3)
where AE = color difference.

CCT (Correlated Color temperature) is used to quantify the color of emitted light by the
light source and is used to quantify in Kelvin (K). color temperature of light gave the idea
of cool and warm light, if light has a color temperature of 5500 K or near, it will be
considered as cool light (i.e. blue) but if the color temperature is around 3000 K then it will
be warm light (yellow). The natural white light has a color temperature of around 4000 K.
[25] The CCT can be calculated by using the formula:

CCT = -449m3 + 3525m2 - 6823.3m + 5520.33............ (1.4)

X—Xe

Here m = (inverse slope of the line)

Ye

CP (Color Purity) is defined as the color resemblance between the light emitted by a light
source and the natural light. The values of color purity fall between 0-100% for white light
lower values of color purity were considered. The color purity can be quantified by using

the formula:

_\/(xs—xi)2+(ys—yi)2 )
CPYETt IO 1. (1.5)

By equation x; and y; are the CIE coordinates of standard illumination of white light, xs and
ys are the coordinates of the entire spectrum and x4 and yq are the CIE coordinates of the

dominant wavelength.
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Table 1.1. Comparison of a few popular garnets based on their key properties.

Parameter YAG TAG LuAG GAG
Chemical formula Y3Al5012 Tb3Als012 LusAls012 Gd3Al5012
Density (g/cm’) 4.56 7.15 6.71 7.08
Crystal structure Cubic Cubic Cubic Cubic
Melting Point (°C) 1970 1700 1980 1300
Sintering Temperature (°C) 1300 1100 900 1100°C
Optical Band Gap (eV) 6-8.5 6.5-7.5 0.2-0.3 4-4.5
Emission (color) Yellow- Green Green Green —Yellow Red, yellow-green
Hardness (moh) 8-8.5 8.5 8.5 8.5
Refractive Index 1.82 1.8-2.1 1.83 1.8

(at 1064 nm) (1003.98 nm)
Reference [26,27] [28] [29,26] [30,31]

1.4. Transition Metal

Transition metals are the elements that belong to the d-block of the periodic table and serve
as the bridge between both sides of the periodic table. Their distinctive electronic
configuration (i.e. [Ar] 4s® 3d!"!%) and distinctive properties make them unique. Their
partially filled d-orbital leads to multiple oxidation states and a huge range of reactivity.
Nowadays Transition metals play a crucial role as excellent dopants for phosphor materials
because of their unique electronic configuration, and physical and optical properties. The
most commonly used transition metal as a dopant is Cr**, Fe**, Co**, Ni**, and, Cu*". The
doping of transition metals can enhance the absorption as well as conductivity of the host
as it initiates impurity levels. Hence transition metals can change optical (absorption,
luminescence, band-gap), electrical, and magnetic properties of material as dopant.
Luminescence in the transition metals leads to the emission of electromagnetic radiations
or light by the transition metal ions or complexes, while they return to the ground state
after being excited to a higher energy level. Apart from this, transition metals have several

general properties:
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1. Transition metals are reactive metals due to various oxidation states and formed
colored ions.

2. Transition metals are hard usually and have high density.

3. Transition metals possess high melting and boiling points.

4. The coordination numbers of transition metals are in the wide range of 1-12. Thus,
they have partially filled d-orbital due to which their stability and reactivity can
form compounds with different coordination geometries.

5. Transition metal compounds are paramagnetic.

6. The transition metal complexes are colorful, due to electronic transitions occurring
inside the d-orbital of the metal ions; certain colors are produced by the absorption
and emission of particular light wavelengths.

7. Transition metals form strong metallic bonds within the crystal structure.

In the present work, Chromium and Cobalt are used as dopants in Gadolinium Aluminum
garnet and Cerium Aluminum Garnet for single and double doping. This results in the
electronic transition among the d-orbital of the transition metal ions. Fluorescence and
phosphorescence are the process that occurs due to the transition. The transition lines of

Cr’* and Co®" have been illustrated in the figure 1.7.

When the chromium ions go through the transition between the energy levels according to
electronic configuration transition lines are observed which results the absorption and
emission. While Cr ion doped on host material, then transition depends upon the chemical
properties of that material. The common transitions of Cr** are shown in Figure 8, thus in
the octahedral coordination absorption was observed around 400 (blue-green) and 600 nm
(red) due to the *A> —*T and *A, —*T> transition correspondingly. After excitation gets
relaxed and moves back to a lower energy level emission takes place around 695 nm (red
line) due to the *T» —*A; transition. The typical transition of Cr** may vary according to

the host and its crystal structure. [32]
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Fig 1.7. Transition lines of chromium (Cr>*) and Cobalt (Co*").

In the case of Cobalt (Co**) d® and d° configurations are responsible for the exhibition of
transition that results in the absorption and emission in the UV- Vis spectrum. The
absorption near the blue and green regions of the visible region is due to the d°
configuration or low spin Co®" ions and absorption in the IR and red region is due to the d°
configuration or high-spin of Co®" ions. Along with this emission takes place after ions get
excited and relaxed, and typical emission of Co®" ions takes place in visible and IR regions
owed to the “T1(4P) —*A; and *T1(4F) —*A,.The corresponding wavelengths of these

transitions vary and depend on the host or cobalt complex. [33]

1.5 Research Motivation

The Garnets have excellent properties due to which they have vast application areas. Based
on these properties’ the Garnet was chosen for the current study and investigated their
optical properties for application in solid-state light sources. Garnets are of great interest

for their applications in applications such as WLEDs, sensors, display devices, scintillators,

16



lasers, and lighting devices. In recent decades, garnets have emerged as highly promising
materials in the field of lighting due to their exceptional physical and chemical
characteristics. Several well-known garnets such as YAG, TAG, and LuAG with cubic
structures have been studied for their optical properties. However, there were only limited
reports available on the Gadolinium aluminum garnet nanoparticles and no report was able
to demonstrate a systematic study of the structural and optical properties of cerium
Aluminum Garnet. To provide a detailed study on the structural and magnetic properties
of transition metals doped Garnets (GAG and CAG) we proposed to synthesize garnets
with various dopant concentrations through the Sol-gel method. This research aims to
enhance the properties of GAG and CAG garnet materials, focusing on their crystallinity,
emission, and excitation qualities. By intentionally doping these garnets with transition
metals, we seek to improve key parameters such as color rendering index (CRI), correlated
color temperature (CCT), luminous efficacy (CP), and color coordinates (CIE). Through a
thorough exploration of their luminescence behavior, this study not only contributes to
fundamental understanding but also holds promise for advancing solid-state light sources

with enhanced performance and versatility in various applications.

This work reported the synthesis and characterization of nano-sized polycrystalline
powder material namely gadolinium aluminum garnet and cerium aluminum garnet. The
choice of these materials for application in SSLS has been because of their incongruent
melting properties, optical properties, and stability. The sol-gel method was utilized for the
synthesis of both materials with or without dopant. The prepared precursors are followed
by sintering and several characterization methods including X-ray Diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR), Field Emission Scanning Electron
Spectroscopy (FE-SEM), and Fluorescence spectroscopy are employed to evaluate both

the material’s structural and optical properties.
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1.5. Research Objectives

GAG (Gadolinium aluminum garnet, Gd3;Als012) and CAG (Cerium aluminum garnet,
Ce3AlsO12) investigated to study luminescence properties by doping/co-doping with

transition metals.
1. To Synthesis of the un-doped and doped GAG and CAG by sol-gel.

2. To study the effect of singly and doubly doping of transition metal in CAG and

GAG on excitation and emission spectra.

3. Qualitative analysis of emission response for solid-state light sources.

18



References:

1.

10.

11.

12.

D. Zhu and C. J. Humphreys, "Solid-state lighting based on light emitting diode
technology," Optics in Our Time, pp. 87-118, 2016.

E. F. Schubert and J. K. Kim, "Solid-state light sources getting smart," Science, vol.
308, no. 5726, pp. 1274-1278, 2005.

. Bergh, G. Craford, A. Duggal, and R. Haitz, "The promise and challenge of solid-

state lighting," Phys. Today, vol. 54, no. 12, pp. 42-47, 2001.
J. Y. Tsao, M. E. Coltrin, M. H. Crawford, and J. A. Simmons, "Solid-state lighting:
an integrated human factors, technology, and economic perspective," Proc IEEE,

vol. 98, no. 7, pp. 1162-1179, 2010.

. V. Sudarsan, "Optical materials: fundamentals and applications," in Functional

Materials: Preparation, Processing and Applications, pp. 285-322, 2012.

S. Kosti¢, Z. Z. Lazarevi¢, V. Radojevié, A. Milutinovié¢, M. Roméevi¢, N. Z.
Romcevi¢, and A. Valci¢, "Study of structural and optical properties of YAG and
Nd: YAG single crystals," Mater. Res. Bull., vol. 63, pp. 80-87, 2015.:

A. I. Zhmakin, "Enhancement of light extraction from light-emitting diodes," Phys.
Rep., vol. 498, no. 4-5, pp. 189-241, 2011.

K. N. Shinde, S. J. Dhoble, H. C. Swart, and K. Park, "Phosphate phosphors for
solid-state lighting," Springer Science & Business Media, 2012.

D. R. Vij, Ed., Luminescence of Solids. Springer Science & Business Media, 2012.
R. J. Xie, N. Hirosaki, K. Sakuma, and N. Kimura, "White light-emitting diodes
(LEDs) using (oxy) nitride phosphors,"J. Phys. D: Appl. Phys., vol. 41, no. 14, p.
144013, 2008.

H. Zhang, H. Zhang, A. Pan, B. Yang, L. He, and Y. Wu, "Rare earth-free
luminescent materials for WLEDs: recent progress and perspectives," Adv. Mater.
Technol., vol. 6, no. 1, p. 2000648, 2021.

M. A. Musa, N. H. Osman, J. Hassan, and T. Zangina, "Structural and magnetic
properties of yttrium iron garnet (YIG) and yttrium aluminum iron garnet (YAIG)

nanoferrite via sol-gel synthesis," Results Phys., vol. 7, pp. 1135-1142, 2017.

19



13

14.

15.

16.

17.

18.

19.

20.

21.

. X. Wang and Y. Wang, "Synthesis, structure, and photoluminescence properties of
Ce3+-doped Ca2YZr2AlI3012: a novel garnet phosphor for white LEDs," J. Phys.
Chem. C, vol. 119, no. 28, pp. 16208-16214, 2015.

C. R. Varney, S. M. Reda, D. T. Mackay, M. C. Rowe, and F. A. Selim, "Strong
visible and near infrared luminescence in pure host YAG single crystals," AIP Adv.,
vol. 1, no. 4, 2011.

P. Makuta, M. Pacia, and W. Macyk, "How to correctly determine the band gap
energy of modified semiconductor photocatalysts based on UV—Vis spectra,"
J. Phys. Chem. Lett., vol. 9, no. 23, pp. 6814-6817, 2018,

A. Dolgonos, T. O. Mason, and K. R. Poeppelmeier, "Direct optical band gap
measurement in polycrystalline semiconductors: A critical look at the Tauc
method," J.Solid State Chem., vol. 240, pp. 43-48, 2016.

A. Kumar et al., "Effect of the band gap and the defect states present within band
gap on the non-linear optical absorption behavior of yttrium aluminium iron
garnets," Opt. Mater., vol. 108, p. 110163, 2020.

K. V. R. Murthy and H. S. Virk, "Luminescence phenomena: an introduction,"
Defect Diffus. Forum., vol. 347, pp. 1-34, 2014.

B. Valeur and M. N. Berberan-Santos, "A brief history of fluorescence and
phosphorescence before the emergence of quantum theory," J. Chem. Educ., vol. 88,
no. 6, pp. 731-738, 2011.

A. Rossetta, "The bright future of fluorescence lifetime analysis," in Reporters,
Markers, Dyes, Nanoparticles, and Molecular Probes for Biomedical Applications
XIV, vol. 12398, pp. 19-22, SPIE, March 2023.

J. Zheng et al., "An efficient synthesis and photoelectric properties of green carbon
quantum dots with high fluorescent quantum yield," J. Nanomater., vol. 10, no. 1,

p. 82, 2020.

20



22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. C. Wiirth, M. Grabolle, J. Pauli, M. Spieles, and U. Resch-Genger, "Relative and
absolute determination of fluorescence quantum yields of transparent samples," Nat.
Protoc., vol. 8, pp. 1535-1550, 2013.

J. Hu and C. Y. Zhang, "Simple and accurate quantification of quantum yield at the
single-molecule/particle level," Anal. Chem., vol. 85, no. 4, pp. 2000-2004, 2013.
S. Westland, "Review of the CIE system of colorimetry and its use in dentistry," J.
Esthet. Restor. Dent., vol. 15, pp. S5-S12, 2003.

D. Durmus, "Correlated color temperature: Use and limitations," Light. Res.
Technol., vol. 54, no. 4, pp. 363-375, 2022.

J. Hrabovsky, M. Kucera, L. PalouSov4d, L. Bi, and M. Veis, "Optical
characterization of Y3AI5012 and Lu3AI5012 single crystals," Opt. Mater.
Express., vol. 11, no. 4, pp. 1218-1223, 2021.

Z.Fang, Y. Li, F. Zhang, Z. Ma, G. Dong, and J. Qiu, "Enhanced Sunlight Excited
l-um Emission in Cr3+-Yb3+ Codoped Transparent Glass-Ceramics Containing
Y3AI5012 Nanocrystals," J. Am. Ceram. Soc., vol. 98, no. 4, pp. 1105-1110, 2015.
Z.Y. Gorbenko, V. T. Voznyak, T. Zorenko, B. Kuklinski, R. Turos-Matysyak, and
M. Grinberg, "Luminescence Properties of Phosphors Based on Tb3AI5012
(TbAG) Terbium-Aluminum Garnet," Opt. Spectrosc., vol. 106, pp. 365-374, 2009.
Y. Kuwano, K. Suda, N. Ishizawa, and T. Yamada, "Crystal growth and properties
of (Lu, Y) 3A15012," J. Cryst. Growth, vol. 260, no. 1-2, pp. 159-165, 2004.

M. Letz, A. Gottwald, M. Richter, V. Liberman, and L. Parthier, "Temperature-
dependent Urbach tail measurements of lutetium aluminum garnet single crystals,"
Phys. Rev. B., vol. 81, no. 15, p. 155109, 2010.

S. V. Nizhankovsky et al., "Growth and the luminescence properties of a lutetium
gadolinium garnet doped with Ce3+ and Pr3+ ions," Phys. Solid State, vol. 53, pp.
127-130, 2011.

J. G. Li and Y. Sakka, "Recent progress in advanced optical materials based on

gadolinium aluminate garnet (Gd3AI5012)," Sci. Technol. Adv. Mate., 2015.

21



33. F. F. Zhang, J. Yuan, Y. Liu, W. C. Wang, D. C. Yu, M. Y. Peng, and Q. Y. Zhang,
"Efficient 2.0 pum fluorescence in Ho3+-doped fluorogermanate glass sensitized by
Cr3+," Opt. Mater. Express., vol. 4, no. 7, pp. 1404-1410, 2014.

34. B. Suresh, M. S. Reddy, J. Ashok, A. S. S. Reddy, P. V. Rao, V. R. Kumar, and N.
Veeraiah, "Enhancement of orange emission of Co2+ ions with Bi3+ ions in lead

silicate glasses," J. Lumin. , vol. 172, pp. 47-52, 2016.

22



1.

Chapter 2
Review of Literature

Bulyga et al. (2023) synthesized the YAG: Ce nanophosphor by using the polymer salt
method and studied the structural as well as optical properties. The XRD reveals the
average size of nanoparticles around 25-30 nm and phase of the YAG: Ce. The
photoluminescence study results with the substitution of Gd in the YAG: Ce spectrum
shifted to the red region and long wave excitation band. The lifetime and quantum yield
of the material decreases with the rise in the concentration of Gd and concluded that
30-40% substitution of Gd in YAG: Ce on the place of Y is favorable for WLEDs

fabrication.

Dubovet al.(2023) investigated the photoluminescence characteristics of GYAGG:Ce
((Gd,Y)3Al2Gaz012:Ce) using scanning confocal microscopy and fluorescence lifetime
imaging microscopy (FLIM). The material was prepared via the co-precipitation
method. The study revealed that the increase in concentration of Ce in GYAGG leads
to a decrease in luminescence properties. Transparent ceramic samples were prepared
by pressure less sintering in an oxygen atmosphere. Notably, the research reveals that
as the Ce concentration increases, the photoluminescence intensity at grain boundaries
decreases compared to the inner volume. Conversely, photoluminescence kinetics
exhibit the opposite behavior, with slower decay at grain boundaries and faster decay
within the grain volume, particularly pronounced at a high Ce content of 0.060 f.u.
These effects are attributed to the increased heterogeneity in activator distribution at
high Ce concentrations, setting a limit on the Ce concentration for achieving high-
performing luminescence in GYAGG:Ce ceramics. These findings have practical
implications for optimizing the technology of GYAGG:Ce ceramic luminescent

materials, specifically in determining the activator concentration.
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3. Jiang et al.(2023) studied the luminescence properties and WLED application of (Gd,
Lu)3AI5012: Dy garnet. the material was prepared with vacuum sintering at
transmittance near 60%. XRD analysis resulted the cubic garnet phase of the material
and the effect of doping amount on the structural properties and the emission spectra
revealed that doping of Dy enhanced the thermal stability and luminescence behavior
of the material. the CIE coordinates and CRI value were calculated around
(0.300,0.258) and 60.82 respectively. The (Gd, Lu)3A15012: Dy garnet shows a good
application in lighting and display devices.

4. Cao et al. (2023) investigate the effect of non-stoichiometric compositions of Yttrium
Aluminum Garnet (YAG)/ Y3+xAl15-xO12, on its optical properties. The researchers
successfully synthesized highly non-stoichiometric YAG ceramics with varying
degrees of excess Y3+ ions, allowing for up to 20% substitution of the A1O6 sublattice
via Y3+ ions using advanced melt-quenching methods. This substantial alteration in
the crystal structure influences the up-conversion luminescence of Yb3+/Er3+-doped
systems, resulting in a shift from red-orange to yellow-green emission compared to
their stoichiometric counterparts. Notably, the study highlights that YAG: Ce3+ is less
affected by host non-stoichiometry since Ce3+ ions predominantly occupy the YOS
sublattice. Overall, this study presents a novel approach to modulating the optical
characteristics of garnet-type materials through non-stoichiometric variations, with

potential implications for various technological applications.

5. Laurikenas et al. (2020) studied the impact of replacing lanthanum with yttrium in
Yttrium Aluminum Garnets (YAGQG), specifically focusing on Y3-xLaxAl5012
(YLuAG). These YLUAG materials were prepared through the sol-gel method and
subjected to characterization using X-ray diffraction (XRD), solid-state nuclear
magnetic resonance (NMR), and electron paramagnetic resonance (EPR) techniques.
According to XRD the parity of YLuAG depends upon the quantity of lanthanum and

as the content of lanthanum increased in YLuAG perovskite crystalline phase was
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found and EPR revealed the presence of Ce*" impurity. The emission spectra for
YLuAG excitation at 450 nm obtained about 560 nm The study emphasizes the vital
role of solid-state NMR and EPR methods in investigating the processes and properties

of recently synthesized Y3-xLaxAI5012 compounds.

. Jasmeen et al. (2020) studied the Gadolinium Aluminum Garnet (GAG) doped with

Eu prepared by using the sol-gel method and annealed at 1100°C. XRD for GAG-Eu
observed there was no supplementary phase same as pure host GAG and FT-IR
observed various peaks in the 400 to 700cm™ range. The study resulted in the particle
size around 70nm with immense emission spectra so, GAG-Eu will be useful for the

emission of visible light.

. Bolek (2020) et al. has compared the luminescent properties of nanopowder (NP), thin

film, and single crystalline films (SCFs) of terbium aluminum garnets (TAG) by using
cathodoluminescence (CL) and photoluminescence (PL). The preparation of NPs, 300
nm NP thin films, and SCFs done by combustion synthesis, spin coating process, and
liquid phase epitaxial respectively. CL spectra show the applicability of TAG NP films
in CL and micro imaging as it has a peak near 550-580 nm and PL spectra for TAG
noticed a peak about 307-350 nm which reveals its thermodynamic uncertainty.
Besides this in SCFs of TAG UV bands were completely missing. so, these can be

favorable to study the luminescence of TAG.

. L.V. Taralaet al.(2022) prepared a Y3.xCexAlsO12 sample to check the effect of doping

concentration and sintering temperatures on the luminescent. Observed the phase and
structure of YAG remains unaltered, but the transmittance and conductivity increased.
The luminescence intensity was found altered by the doping concentration (0.01-0.025)
and sintering temperature of 1675-1725°C as well. Additionally, the study detected a
cerium concentration-dependent shift of the luminescent band peak from 535 to 545

nm, along with a decrease in the bandwidth as the vacuum sintering temperature
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11.

increased from 1675 to 1725 °C. These findings deliver insights into the ability to fine-
tune the transparency and luminescent spectrum of YAG:Ce ceramics through the
careful selection of vacuum sintering parameters and activator concentration, which
has practical implications for the development of efficient luminescent materials in

applications like high-power LEDs.

Popoviciet al.(2022) investigated the properties of prepared samples by sol-gel method
and various characterizations done. The band gap of yttrium aluminate was found near
4.77 ¢V and for lanthanum aluminate, it was 5.47 eV and found that YAO has broad
UV absorption as compared to the LnAO. The emission spectra revealed higher and
wider emission intensity in the visible region of LnAO rather than YAO. The study
concluded due to the presence of the YAG phase in Yttrium aluminate they possess

more applicability in dyes by wastewater.

Zhanturinaet al.(2023) prepared the YAG: Eu by solid-state method. The prepared
material was excited by 298 nm and observed a number of peaks in the 500-800 nm
region due to the transitions of Eu. The intensity of peaks totally depends upon the
doping concentration of Eu not on the host. Observed that the band gap of the material

decreases with the rise of doping concentrations of Eu in YAG.

Skruodieneet al.(2022)prepare the YAG: Eu by adding yttrium vanadate by using the
sol-gel method and mixing manually to both. The study observed that the impurity
phase was obtained in XRDC due to YVO and PL spectra observed under the excitation
395 nm. The spectra found multiple dominant peaks due to YVO and two peaks at 589
nm and 709 nm in the YAG: Eu which are due to Eu3+. The decay time also gets
increased because of the addition of YVO in YAG: Eu.
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Varela et al.(2021) synthesized using solid-state reaction sintered at 1200°C , to analyze its
optical and structural properties. Absorption band observed at 450 nm due to 4f (*Fs»)
— 2E, (5d;) Ce3+ transition and emission spectra observed under the 436 nm (blue)
excitation 450 nm, thus observed the broad emission band in 450-600 nm. the
broadening of the band mentioned due to the Strong phonon coupling. Due to the
doping of Fe3+, the band gap of the material falls strongly, and green to orange
emission is observed by Ce3+. The CIE coordinates and color purity for the highest
concentration of Ce3+ are (0.4817, 0.510) and 95.2% respectively. The color purity of

the material increased with the rise of doping concentration.

Zhao et al. (2021) synthesized the Tb293Al5012: 0.07Ce*" phosphor using soldi-state
method and sintering at 1500°C temperature. Pure and better phase formed at 1500°C.
A photoluminescence spectrum consists of a broad emission peak near 553 nm which
exhibits yellow light by the excitation of blue light at 450 nm. The observed CIE
coordinates (0.4709, 0.51175) were reported as favorable for WLED in blue light.

Dai et al. (2021)Y3(Al,Ga)5012 (YAGG) materials doped with Ce3+, Cr3+, and Pr3+
were synthesized via the Pechini method, and the impact of varying annealing
temperatures on their properties was investigated. The results indicated that as the
annealing temperature increased, the crystalline size exhibited a simultaneous increase
and broadening. This observation was substantiated by both X-ray diffraction (XRD)
and transmission electron microscopy (TEM) analyses. The FTIR revealed that with
increasing temperature O-H group vanished which can enhance the luminescence. The
PL spectra were taken at the 405 nm blue excitation and observed the peaks at 520 nm
due to Ce3+, 690 nm due to Cr3+, and 606 nm due to Pr3+ transition, thus found the

energy gets transferred from Ce3+ to the Cr3+/Pr3+.

Lee et al.(2021) prepared the [(Gd0.6Lu0.4)0.99Ce0.01]3A15012 with sintering at
1300°C and XRD confirmed the phase of garnet with a cubic and high crystalline
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structure. The optical analysis by PL spectra revealed that at the excitation 571 nm,an
emission peak at 275 nm was observed due to the f-f transition of Gd3+ and other peaks
at 342, 453 and 506 nm are due to the transition of Ce3+. The study concluded that
with the rise in annealing temperature, the crystallinity and the PL properties were

found to be increased.

Sun et al.(2020) synthesized the (Gd,Lu)3AI5012:Ce by co-precipitation method
sintered at high temperature 1715°C. the PL spectra for prepared material show the
strong emission in the region 490-750 nm under the excitation wavelength 457 nm and
two emission peaks at 568 and 630nm are due to the Ce3+ electronic transition.
Quantum yield was found to improve with the enhancement in PL intensity and the
lifetime of the material was found 1.7 ns for powder phosphor. The material found

applicable for scintillation and luminescence.

Meng et al.(2020) fabricated the (Gd,Lu)3A15012:Ce garnet material by using the gel
combustion method sintering at 1100°C and investigating the effect of substituting Mg
or Si on the optical behavior and preparation of material. The XRD results reveal that
average crystalline size increases with increasing concentration of Mg/Si in GAG
garnet and also found that activation energy lowers with the substitution corresponding
to sintering temperature. The PL spectra observed under the excitation 460 nm and
material showed the broad emission in region 450-750 nm. CIE coordinated shifted

towards the red region on the chromaticity diagram.

Carvalohet al.(2019) synthesized the (Y2.99- xGdx)Al5012 doped with Eu3+ via the
sol-gel methodand XRD analysis showed that the cubic structural phase of garnet
remains attained by material while Y replaced the Gd. The crystalline size lies between
26 to 32 nm. The UV spectra showed broad and strong bands around 206 nm, 267 nm,
and 220 nm and a band gap between 5.6 eV to 6.5 eV. The PL spectra observed by

excitation 220 nm had strong emission peaks at 590nmand 707 nm due to °> Do—’ F;
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and > Do—"F4 transition of Eu3+ and also reveals that Gd substitution caused the
change in peak positions. The Gd concentration rises and the band gap of the material

is found to decrease along it.

Hakeem et.al(2019) prepared Y2-xLaCaGa3ZrO12:xLn3+ phosphor using solid-state
reaction method. Structure and photoluminescence properties observed by X-ray
diffraction, Rietveld refinement, and photoluminescence. Observed that garnet is a
cubic crystal structured in la3d space group, Y/La/Ca, Y/Ga, and Ga/Zr cations had the
dodecahedron, octahedron, and tetrahedron sites, respectively. The doping Eu and Tb
showed the deep red and green color light emission for garnet respectively. This study
revealed the application of Y2-xLaCaGa3ZrO12:xLn3+ phosphors in optoelectronic
devices as like LEDs.

Ding (2018) et al. studied the electrical, optical, and luminescence properties of
terbium aluminum garnets (TAG) and terbium scandium aluminum (TSAG)
theoretically and experimentally, which have gained substantial attention due to their
versatile applications. Compared optical band gap calculated by using the DFT
theoretical approach and experimentally. Both TAG and TSAG have a direct band gap
of 4.46 and 4.05eVrespectively. Experimental data, including band gaps, refractive
indices, and reflectivity, were found to be in excellent agreement with the theoretical
predictions. The luminescence properties of TSAG were discovered, with a specific
focus on its potential as a visible phosphor and laser matrix. Judd-Ofelt theory provided
insights into the radiative transitions of Tb-4f configurations, yielding three Judd—Ofelt
intensity parameters of 4.47, 1.37, and 4.23x10-20 cm?, respectively. These findings
contribute to a fundamental understanding of TAG and TSAG garnet materials,

facilitating their further exploration in various applications
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Table 2.1. Summary of work done on luminescent material for Solid-State White Light.

Sr Investigat Material Experimen Crystalline Luminescence analysis findings Application  Refere
N or (year) Used tal size/ Phase nce
o. synthesis
technique

Excitatio Emission CIE/CCT/

n Wavelength CRI

wavelen

gth
1 Kumar Pet Gds. Sol-Gel 20-80 nm/ 274 nm Found blue Applicable

al (2023) xAlsO2:x combustion  single cubic emission at for WLEDs [21]
Dy** method phase 4820nm, emission

at 666, and due to
4Fy,—SHj transiti

on of Dy peak of
yellow emission
at 576 nm.
2 Lin et Ce/Mn/Cr  Solid-state 450 nm  Emission peaks CIE- LED chips
al.(2023) : reaction by Ce3+ at 542- (0.483,0.511) [22]
(Re,Y)3A  method 561 nm and 595 CRI- 83.97
15012 nm. CCT- 3922
3 Clietal GdAG:C  Solid —state  20-60nm 528 nm Peaks around 340  CRI- 62.3 WLEDs
(2023) e method nm and Blue line ~ CCT- 3208 [23]

emission peaks
around 460 nm
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Zhang et
al.(2023)

Rathi et al.
(2023)

Kumar et
al.(2022)

Meng et al
(2022)

Y2.96Smy.
04GasO12 (
YGG:
Sm3+)

YAG:
Dy3+

Gd3-
xA15012:
xEr3*

GdzLUA|5
O1:Ce

Optical
Floating
Zone
method

Electrospin
ning
technique

Sol-gel
combustion
technique

Sol-gel
technique

1.201 nm
lattice
constant

Cubic
phase with
Ia-3d space
group.
130-160 nm
average
diameter.

Cubic phase
with la-3d
space group
and 18-30
nm.

613 nm
and
407nm

483 nm

278 nm

450 nm

For 613 nm -407
nm and 468 nm.

For 407 nm- 572
nm,611 nm, and
654 nm.

350nm and 365
nm .

407 nm , 526 nm
and strong peak at
548 nm.

Emission peaks at
528 nm and 565
nm because of the
4£-5d! transition
line of Ce3+

CIE-
(0.590,0.407)
Color Purity-
85%

CIE-
(0.1308,0.101
2)

Color Purity-
91.7

CIE-
(0.314,0.5790
CCT- 5836.16
Color Purity-
91.23%

CCT-3625k
CRI-95.2

WLEDs and
Orange red
solid-state
lasers.

Flexible
devices,
smart
displays and
light
emitting
applications.

Luminescent
applications

w-WLED

(24]

[25]

[26]

[27]
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Park et al.
(2023)

Park et al.
(2022)C

Yang Qu et
a. (2022)

Lu3Al50
12: Ce3+

Lu2.94Al
5012:0.0
6Ce3+

Lu3GaxA
15— x012:
Ce3+

Sol-gel
method

Sol-gel
method

Solid-state
reaction
method

Cubic
crystal
structure
With lattice
volume near
1701 A

Crystalline
size
increase
with
temperature
from 45.7-
115 nm.

Crystalline
size changes
from 20-30
pm with rise
in
temperature.

521 nm

515nm

450 nm

345 nm due to
2£5/2- 2d5/2
transition and
445 nm due to
3£5/2-2d3/2
transition of
Ce3+.

350 and 444 nm
due to transition
lines of Ce3+

Broad Emission
peak near 500 nm

CIE-
(0.352,0.578)
CCT- 5174
CP-92.4

CIE-
(0.345,0.627)
(1600°C)
CCT-

CIE-
(0.361,0.367)
CCT- 4531K
CRI- 89.5

White LEDs

WLEDs

(28]

[29]

[30]
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11

12

13

Singh et al
(2021)

Hu et
al.(2021)

DU et
al.(2021)

Y3AI501
2: Dy3+

Gd3
(ScAl)
2A13012:
Ce3+

YAG: Ce

Solution
combustion
method
with the use
of Urea

Sol- gel
technique

Solid-state
method

Crystalline 352 nm
size varies

between 40-

50 nm with

an increase

of sintering
temperature

from 600-

1050°C.

The lattice 565 nm
constant

rises with

the increase

due to the

increase in
substitution

of Sc/Al.

450 nm
and 525
with the nm

Grain size
decreases

increase in
doping
concentratio
n and falls
between
21-5 pm.

With 352 nm
excitation strong
emission was
found at
480nmowing to 4
F9/2—6 F15/2
and 577 nm
caused by 4
F9/2—6 F13/2
(577 nm)
transition of
Dy3+.

The peak at 315-
370 nm is due to
4f-5d, and 370-
400 nm due 4f-
5d; transition of
Sc3+.

With 525 nm
emission peaks
found at 340 nm
and 460 nm.

At 450 nm broad
emission peak
was found at 530
nm.

At 1050°C
CIE:
(0.357,0.336)
CCT: 4470 K
CP:

CIE:
(0.379,0.370)
CCT: 3981
CRI: 82.1

At 0.0005
doping

CIE:
(0.331,0.382)
CCT:5528
CRI: 62.8

White-light

illumination.

LEDs

[31]

[32]

[33]
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14 Aliet
al.(2021)

15 YuSet
al.(2021)

16 Tomalaet
al.(2021)

Sm doped
YAG

(Gd,Y)A
G:Mn2+,
Ce3+

Gd..97Thy,
03Gas—~Al
xO 12

Co-
precipitatio
n method

Solid state
Reaction
method

Pechini
Method

Crystalline
size is 30-40
nm shown
from
HRTEM
and XRD.

Particle
diameter
falls
between 20-
100 nm with
respect to
doping

At x=1
crystalline
size is 124
nm and
decreases
with
increase in
doping
concentratio
n.

360 nm

585 nm
and 461
nm

542.6 nm

Peak at 567 nm
(yellow)

, 618 nm
(orange),652 nm
(red) and 712 nm.

At 585 nm
excitation peaks
were found near
461 nm and 330
nm due to Mn3+
and Ce3+.

At 461 excitation
strong peak was
obtained at 585
nm.

Peak near 280nm
and 330 nm due
to forbidden
transition of
Tb3+.

CIE:(0.404,0.4 Lighting

23)
CCT: 3763
CRI: 86

CIE:
(0.49,0.50)
CCT:2919

At x=1
CIE:

(0.341,0.489)

Application

Use in the
field of
lighting

[34]

[35]

[36]
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17

18

19

20

Zl“(‘;({);t) GdsScaAl
’ 30 12- CCSJr
Zaman Gd-based
stal.(2019)  doped
with
Dy3+

Baklanova  Li6SrLa2
et al.(2019)

xEuxTa2
012

Wang et [(Gd0.9Y

al.(2018) 0.1)0.9-
xTb0.1Ce
x]AG

Vacuum
Sintering
Technique

Melt
quenching
technique

Solid-State
reaction
method

Co-
precipitatio
n method

Crystalline
size and
lattice
volume
increase
with doping
concentratio
n

Crystal
glass
thickness
0.44 cm.

Large
irregular
particle-
sized 1-20
pum

Particle size
near 40nm

460 nm
and 578
nm

575nm

298 nm

546 nm

For 460 nm:
peaks at 552 nm
(strong) due to
Ce3+.

For 578 nm:
peaks at
275nm,312 nm
due to Gd3+.

Seven peaks at

324nm, 350nm,
365nm, 425nm,
452nm, and 472
nm due to Dy3+

Intense peaks at
609 nm owing to
Eu3+ and peaks
around 590 nm,
655 nm, and 708
nm.

Major peaks at
223nm, 275 nm,
and 327 nm due
to transition pf
Tb3+.

CIE:(0.320,0.2
27)

CCT:7766
CRI: 69.5

At lowest
conc.
CIE:(0.36,0.40

)
CCT:4488

CIE:(0.637,0.3
46)

CCT: 2212
CP: 94.5%.

CIE:
(0.43,0.53)
CCT: 3853

High power
white LEDs [37]

WLEDs

[38]
White LEDs

[39]
Lighting and
display [40]
devices
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22

Chen et
al.(2018)

Liu S. et
al.(2018)

(Gd0.97—
XxEuxTb0.
03)Al103

GAGG:C
e3+

Co- 617 nm
precipitatio
n method

Solid-state Grain size 570 nm
reaction 5-12um
method

The broad peak at
263 nm due to
Eu3+ and minor
peaks at 320 nm,
367 nm, 377 nm
and 395 nm .

Peaks around 340
nm and 455 nm
due to Ce3+ and
the narrow band
near 275 nm due
to Gd3+.

CIE:
(0.65,0.35)
CCT: 2558

At 0.75 % of
Ce3+ doping
CIE:(0.289,0.2
02)

CCT:3485
CRI:63.1

Lighting and
display
devices

WLEDs or
LEDs/ LD
lighting.

[41]

[42]
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Research Gap

While extensive research has been conducted on singly rare earth-doped garnets, there is a
notable scarcity of investigations focused on transition metal co-doped garnets. To the best
of our knowledge, no studies have been identified regarding the characterization of cubic
aluminum garnet (CAG) both in its pure host state and when subjected to doping. This
research gap highlights the potential for novel insights and advancements in the field of
garnet-based materials, particularly in exploring the effects of transition metal co-doping

on the properties of CAG.
Research Objectives

GAG (Gadolinium aluminum garnet, Gd3A15012) and CAG (Cerium aluminum garnet,
Ce3AlsO12) were investigated to study luminescence properties by doping/co-doping with

transition metals.

1. To Synthesis of the un-doped and doped GAG and CAG by sol-gel.
2. To study the effect of singly and doubly doping of transition metal in CAG and
GAG on excitation and emission spectra.

3. Qualitative analysis of emission response for solid-state light sources.
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Chapter 3

Research Methodology

3.1 Introduction

The garnets are now produced synthetically for a variety of applications in various areas
like industry, scientific field, and technical. These are expanding ahead of their original
function as gemstone replicas. The encroachment in synthesis techniques has performed a
fundamental job in matching the demands of modern applications such as magnetic
material, solid-state lighting, laser systems, and many more. From past research found that
various methods used to prepare garnets for instance solid-state reaction method, sol-gel
auto combustion methods, forced hydrolysis method, homogeneous precipitation method,
and hydrothermal method, etc. The Solid-State method known for its simplicity and used
for bulk materials and hydrothermal synthesis is suitable for controlling crystal growth and
solubility but at high temperatures. After that Sol-gel auto combustion is the single step
synthesis method utilized for production of voluminous, fine powder particularly in the
realm of materials science and chemistry. Moreover, forced hydrolysis method also used
to prepare nanoparticles concluded controlled hydrolysis of mrtal precursor under precise
conditions and it require intensive energy and complex conditions to prepare pure material.
However, among all these sol-gel method is the more advantageous and demanding method
due to its versatility and capability to form homogeneous material at low temperatures.
Therefore, the current research employs the sol-gel method to fabricate the material. The
focus of the current work is on the Gadolinium Aluminum garnet (GAG) and Cerium
Aluminum Garnet (CAG) and their single and double doping with transition metals alike:
Cobalt (Co) and Chromium (Cr). The Co and Cr have been added in tandem to both the
garnets. This work examines the structural and optical properties of GAG and CAG host
and transition metal-doped GAG and CAG are investigated. The purity and homogeneity
of material are prerequisites for the exploration of these properties of material via the sol-

gel technique of both the GAG and CAG host as well as for Cobalt and Chromium doped
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GAG and CAG materials and the synthesis method affects the structural as well as optical
properties of material. The synthesized material was examined via XRD, FTIR, UV-Vis

Spectroscopy, and Fluorescence Spectroscopy.
3.2. Sol-Gel Method

The sol-gel method also known as the wet chemical process is used to create a
variety of metal oxides and nanostructures. There are undoubtedly many other techniques
that might be used to create nanoparticles, but the sol-gel approach has a high demand in
both academic and commercial settings due to its extremely distinctive characteristics. This
technique seems effective for producing fibers and powder. The materials produced by the
sol-gel process are of good purity and composition, and share many of the same chemical
and physical characteristics as experimental materials. The technique might be used to
simultaneously produce two or more various types of nanoparticles. Consequently, alloy
compounds may be created by combining the various metal oxide precursors in the right
proportion. Several processes or several chemically irreversible actions are performed to
create the end product in this approach, which creates nanoparticles from a precursor. Sol-

gel method involves the following steps:

In the first step the metal salts are individually dissolved in water to produce a clear
solution, and then combined while being continually stirred and heated. This process is
known as hydrolysis and poly-condensation. Then, the next step of Chelation and gel
formation involves the addition of a chelating agent, such as citric acid, to the prepared
mixture, and continuing to heat and agitate it at a sufficient temperature will result in the
creation of a sol. After that Gelation is the most significant phase in the sol-gel process, in
which generated sol after some time converts into a network of condensed colloidal clusters
with micrometer holes. Moreover, Aerogel is created in the drying step where all
pore liquids have been evacuated. The final step of the sol-gel method i.e. crystallization
proceeds to the transformation of a substance into pure nanoscale powder, fibers, or films

by heating. All these steps of the sol-gel method are shown in the figure below.
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Fig 3.2. Hierarchy tree diagram of sample materials synthesized and prepared.
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Table 3.1. List of chemicals used to prepare GAG and CAG pure host and doped samples.

Sr.No Chemical name Chemical Formula Molecular Chemical

Weight (g/mol) Purity

1 Gadolinium Nitrate Gd(NO3)3.6H,0 343.26 99.9%
2 Cerium Nitrate Ce (NO3)3.6H,O 43423 99.9%
3 Aluminum Nitrate Al(NO3)3.9H,0 375.13 98.0%
4 Citric Acid CsHs07.H,O 210.14 99.5%
5 Cobalt Nitrate Co(NO3)2.6H,0 291.03 98.0%
6 Chromium Nitrate Cr(NO3)3.9H,0 400.15 98.0%

3.4. Synthesis of pure host and doped Gadolinium Aluminum Garnet

(GAG) and Cerium Aluminum Garnet (CAG)

3.4.1 Synthesis of Gadolinium Aluminum Garnet (GAG)

Using the sol-gel technique, the gadolinium aluminum garnet host and doped GAG with
Co and Cr were produced. Gadolinium nitrate and aluminum nitrate were each dissolved
separately in 100 ml of distilled water, maintaining the proper stoichiometric ratio (3:5).
The corresponding solutions were continually and independently stirred until a clear
solution was seen at room temperature. Both solutions were combined, and the temperature
was raised to between 60 and 70°C while being constantly stirred by a magnetic field. A
chelating agent, citric acid, in the quantity of 0.04 gm, was added to the solution after 3
hours of constant stirring and heating, and the resulting mixture was then heated and
continuously stirred to evaporate water. After 8—10 hours, a gel that is a linked, stiff
network with sub-micrometer-sized holes was produced. To dry the obtained gel, it was
placed on a hot plate. The dried material was then placed in a motor pestle and ground into
a fine powder. The sample that was prepared was subjected to drying in an oven set at
150°C for 4-5 hours. Subsequently, the sample was divided into four portions and sintered

at temperatures of 500°C, 700°C, 900°C, and 1100°C.
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Fig 3.3. Pictorial representation for the synthesis of Gadolinium Aluminum Garnet via sol-gel method.

Table 3.2. List of GAG samples synthesized with different concentrations of Cobalt and Chromium.

Sr.  Concentration of  Sample Sample Sintering

No Chromium composition(GAG:Cr) composition(GAG: Co) Temperature
/Cobalt (wt %) (°O)

1 0.2 Gd25Cro2Al5012 Gd25C002Al5012 1100

2 0.4 Gd2.6Cro4 AlsO12 Gd2.6Co0.4 AlsO12 1100

3 0.6 Gd2.4Cro.6Al5012 Gd2.4Co0.6A15012 1100

4 0.8 Gdz2 Cros AlsOr2 Gd22Co0s AlsO12 1100

5 1.0 Gdz Cr10 AlsOr2 Gd2.0Co1.0 AlsO12 1100
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3.4.2 Synthesis of Cobalt and Chromium doped Gadolinium Aluminum Garnet

Gadolintum nitrate Chromium nitrate Aluminum nitrate Cadoliniun piate Cobalt e JR—

(GAN:09.6H:0) + de (Cr (NO3)3 -9H20) (AL(NO3): 9EL0) . N Mm@mmw

ionized water + dz ionized water +d2 tonized water (GAN:05 61,0)+ de (Co(NO3)3 -9H20) (A1(N03: ,0)
jonized water +de onized water +letonized water

Homogeneous transparent solution

[ Homogeneous transparent solution ]

: 0
Stir for 3hr at 650C l Stir for 3 hr at 650C

[ 0.04 moles of Citrc acid J 0.04 moles of Citrie acid

Stir for 10 hr at 65°C

l Stirfor 10hrat 65°C

[ Gel- formation Gel- formation
| Drdattsvc l Dried at 150°C
[ Dried powder Dried powder
¥ i
Sintered at 1100°C Sintered at 1100°C

Fig 3.4. Typical flowchart for synthesis steps of GAG: Co and GAG: Cr by sol-gel method.

3.4.3 Synthesis of Cerium Aluminum Garnet (CAG)

To synthesize the CAG, Cerium Nitrate, and Aluminum Nitrate were first taken in distilled
water at a stoichiometric ratio of 3:5 and mixed to create a transparent solution. Both
solutions were combined to create a homogenous mixture, which was then heated and
agitated for three hours. Then, citric acid was added, and the mixture was agitated at a
temperature between 60 and 70°C until gel formation occurred. The prepared gel was
placed on a hot plate and cooked until it turned into a powder. To get the ideal temperature

for the garnet phase, the finished powder product was sintered at various temperatures.
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Fig 3.5. Flowchart representation of sequential steps in the synthesis of CAG by sol-gel method.

3.4.4. Synthesis of Chromium doped Cerium Aluminum Garnet (CAG: Cr) and
Cobalt doped Cerium Aluminum Garnet (CAG: Co)

The preparation of CAG: Co and CAG: Cr followed a similar technique as used to employ
for synthesis of the CAG host. However, for CAG: Cr Cerium nitrate, aluminum nitrate,
and chromium nitrate were first individually dissolved in de-ionized water in an
appropriate stoichiometric ratio. Similarly, CAG: Co was also synthesized using a similar
technique by adding Cobalt nitrate in the place of Chromium nitrate. The samples were

prepared with different concentrations of Chromium and cobalt shown in the table.
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Table 3.3. CAG prepared samples with different doping concentrations of cobalt and chromium.

Sr.No Concentration of Sample composition Sample composition Sintering
Chromium /Cobalt (CAG: Cr) (CAG: Co) Temperature(°C)
(mol %)

1 0.05 Ce2.95Cro.05Al5012 Ce2.95C00.05Al5012 1200

2 0.10 Ce2.90Cro.10 AlsO12 Ce2.90C00.10A15012 1200

3 0.15 Ce2.85Cr0.15A15012 Ce2.35C00.15A15012 1200

4 0.20 Cez.30 Cro.20 AlsO12 Ce1.50C00.20A15012 1200

3.5. Characterization Techniques:

To explore the structural and optical attributes of all prepared GAG and CAG samples, a
range of characterizations was conducted using various analytical tools, including XRD,

FTIR, FE-SEM, TEM, UV-Vis Spectroscopy, and Fluorescence Spectroscopy.
3.5.1. X-Ray Diffractometer:

XRD is used to identify the phase of crystal material along with a couple of things like its
crystallographic structure, chemical composition, and physical properties of prepared
samples or material. It works on the principle of constructive interference of
monochromatic X-ray and crystalline material. When subjected to incident X-rays, the
sample interacts and generates diffracted rays that adhere to Bragg's law, indicating

constructive interference. Bragg’s law is
niA = 2dsin(0)............. (3.1)

Where d is the spacing between the lattices A denotes the wavelength of the X-ray, and the
angle of diffraction is represented with 6. Lattice parameters like lattice constant, lattice
strain, and crystal structure of garnets are calculated by using XRD data. XRD principle
depends on the Braggs law.

Since the garnets have a cubic structure, a cubic crystal
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Where, ‘a’ is the lattice parameter, A= 1.5405 A and h k | are miller integers.

Now, crystalline size is considered by Scherer’s equation:

Here, D represents the crystalline size, k is a constant (0.94), X-ray wavelength denotes
by A having value 1.5406 and 3 corresponds to the FWHM of peaks shown in the XRD

pattern and 0 is an angle between the incident and diffracted beams.

Here 6 denotes to the dislocation density which is the count of dislocation/displacement in

a unit volume of crystalline material.

Normal to Surface

Incident X-Rays I Diffracted X-Rays

Fig 3.6. Working Principle of X-ray Diffraction.

52



XRD done with the Bruker Diffractometer in the range of 20°-80° using Cu-Ka radiations
and Figure 3.7 shows the image of the Diffractometer and the typical XRD pattern

obtained from the sample.

10 T l T [ T | T T T
—— GAG at 1100°C
8 - -
> 67 7]
=
7]
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£

Fig 3.7.X-ray Diffractometer instrumental image and results of XRD pattern of GAG at 1100°C.

3.5.2. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is utilized to get the IR spectra of emission or absorption of the sample
and to identify the presence of the chemical functional groups, as well as the presence of
unknown compounds in a sample. It operates on the principle that while the infrared (IR)
radiations are used to pass through the sample, a portion of these radiations get absorbed
by the sample, while the rest pass through the sample and are captured in the form of

spectra.
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Fig 3.8. The pictorial representation for the working principle of FTIR.

The FTIR spectra were captured using PERKIN ELMER’s spectrometer. A thin pallet of

the mixture of sample and potassium bromide (KBr) was employed to examine the FTIR

at room temperature and studies spanned under 4000 cm™' to 400 cm'spectral range. The

image of the spectrometer and spectra found from it are shown in the figure 3.9.

Table 3.4. Bonding or vibrations of functional group in FTIR spectra.

Sr. No. Element Bonding/Vibration Range (cm™)
1 Gd-O ~423, 500, 556
2 Al-O ~598, 670, 648
3 Co-O ~492

4 H-O ~1400

5 C=0 ~2344

6 Cr-O ~430-490

7 Ce-O ~836, 571

8 Nitrate vibrations ~1246,1330
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Fig 3.9.(a) Image of the FTIR (b) Typical FTIR spectrum of GAG at 1100°C.

3.5.3. Field Emission Scanning Electron Microscope (FESEM)

FESEM is an advanced technique used to capture the typical topographic image of the
material with high magnification and unlimited depth of field and it produces a clearer
and less distorted image of material with spatial resolution three to six times better than
the conventional Scanning Electron Microscopy (SEM). Apart from this FESEM also
can investigate contaminant spots with a reduced area at electron-accelerating voltages
through Energy Dispersive Spectroscopy (EDX). EDX is also used for providing
information on crystalline with a depth of a few nanometers of the material surface via an

Electron Back Scattered Detection System (BDS) attached to a microscope.

The morphology of the prepared samples was analyzed using the JEOL JSM-7610F
plus Field Emission Scanning Electron Microscope (FESEM), which has a
magnification capability ranging from 25 to 1,000,000. The image of the FESEM

instrument and the corresponding results of the material are given in the figure 3.10 below.
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Fig 3.10. FESEM instrumental setup and view of results obtained from SEM.

3.5.4. UV-Vis Spectroscopy

When the radiations interact with matter (solid or liquid) the absorption or emission of
atoms or molecules occurs, the absorption is typically measured with the UV- Vis
spectrum. Light is the manifestation of energy, and when it is absorbed by matter, the
atoms or molecules in the substance become energized. The incident photons from
ultraviolet (UV) and visible light can lead to transitions between the various energy
levels within specific molecules and atoms. The wavelength of absorbed light carries
the requisite energy for elevating an electron by a lower energy level to a higher one.
If the gap within these energy levels is larger, a higher amount of energy will be
required for transition as Beer-Lambert's law asserts that the absorbance of light is
directly proportional to both the path length and the concentration of the sample.

a = €Lc

Where a is the amount of light absorbed, € is the proportionality coefficient, L is the
path length i.e. light covered a distance through the matter and c is the amount of sample
or the concentration of absorbing species. The UV has an energy range of 200-400 nm

and a visible range from 400-800 approximately.
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The Wood-Tauc method as well as the Kubekla-Munk function (derived from the theory
of P. Kubelka and F. Munk) utilized to determine the optical band gap. According to Wood-
Tauc formula:
_ A(hv—Eg)"
O=———" .
by equation the a denotes the linear absorption coefficient, Eg stands for optical band-gap
energy and A is the constant. The type of transition determined by the value of “n” is, such

as if value is % then, it is direct transitions, and for indirect it is 2. Now according to the

Kubekla-Munk function:

K (1-R)
R) = ST R, e (3.5)
L . . . A(hv-Eg)"
By substituting the F (R) in equation (1) in place of a, we get:F(R)or a = i

ahv = A(hv — Eg)"......... (3.6)

The plot of F(R)hvus hv used to calculate the optical band gap of the material.
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Fig 3.11. Working principle of UV-Vis absorption detector.
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The Shimadzu UV-Vis Spectrophotometer was used for the UV-vis spectroscopy

characterization of all the samples. The Image of the apparatus and its corresponding

results are shown below.
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Fig 3.12. Image of apparatus of UV-vis spectroscopy and absorption spectra obtained for GAG at
1100°C.

3.5.5. Fluorescence Spectroscopy

Fluorescence spectroscopy is electromagnetic spectroscopy that is used to investigate the
fluorescence properties of the material and it involves the beam of light falling on the
material to excite the electron in a molecule that causes the emission of light. The principle

of fluorescence spectroscopy depends upon the Jablonski’s diagram shown in the figure

3.13.
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Fig 3.13. (a) Working principle of fluorescence spectroscopy and (b) Jablonski’s diagram.

The characterization of fluorescence has been done for all the prepared by using a PERKIN
ELMER spectrometer (xenon lamp) with 200-900 nm excitation as well as emission range.

The image of the apparatus and the results obtained are shown in the figure 3.14 below.
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Fig 3.14. Fluorescence spectrometer and obtained spectra for GAG at 1100°C.
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Chapter 4

Transition Metal Doped Gadolinium Aluminum Garnet

(GAG)

4.1. Gadolinium Aluminum Garnet (GAG)

Gadolinium Aluminum Garnet (GAG or Gd3Als012) exhibits a cubic crystal structure with
a space group of [a3d and a general formula of Gd;AlsO12, showcasing favorable physical,
chemical, and optical properties, as outlined in Chapter 1. The current research focuses on
exploring the application of GAG in Solid-State Light Sources (SSLS), particularly White
Light Emitting Diodes (WLEDs). In the ongoing study detailed in Chapter 3, GAG
powders doped and co-doped with cobalt (Co) and chromium (Cr) were prepared through
the sol-gel technique. Subsequently, these powders underwent sintering at various
temperatures, with a maximum of 1100°C, facilitated by a temperature-controlled, muffle
furnace. Doping concentrations ranging from 0.2 to 1.0 were investigated, and a series of
GAG samples—pure host, doped, and co-doped with chromium and cobalt were
scrutinized for structural and optical characteristics. Characterization of the prepared
samples involved techniques such as XRD, SEM, TEM, EDX, FTIR, and fluorescence
spectroscopy. The systematic analysis aims to provide insights into the structural and
optical properties of GAG under various doping conditions, contributing to the

understanding of its potential applications in Solid-State Light Sources.
4.1.1. X-Ray Diffraction

Bruker Diffractometer was used to analyze the X-ray diffraction (XRD) of the powder
sample. Figure 4.1 illustrates the XRD spectra for Gadolinium Aluminum Garnet (GAG)
recorded between 0° to 70° of Bragg’s angle (20) that were sintered at 500°C,700°C, 900°C,
and 1100°C temperatures. In Figure 4.1, no diffraction peaks were observed at 500°C and
700°C, indicating the amorphous nature of the material. At 900°C, the crystalline phase

started developing and consisted of two crystalline phases: Gadolinium Aluminium Garnet
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(Gd3Al5012, GAG) and Gadolinium Aluminate Perovskite (GdAlO3, GAP). The XRD
pattern is in excellent concurrence with the reference data for GdsAlsO12 (JCPDF -32-383)
and GdAIO3 (JCPDF -46-395).
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Fig. 4.1 Typical powder XRD pattern of Gd3AlsO;; sintered at 500, 700, 900, and 1100 °C.

At a temperature of 1100°C, the pure phase of garnet was found and peaks could be directly
indexed to the cubic phase with no intermediary phase. So, these results designate that
garnet configurations appear to be an established phase. Table 4.1 shows the crystalline
size (D), d-spacing (d), and lattice constant at 900°C and 1100°C. The d-spacing and
crystalline size was calculated by using Bragg’s Law and Scherer's formula in equations
(3.1) and (3.2). Crystallite size increase with an increase in temperature indicates

improvement in the crystalline phase of the sample. The full crystalline phase was
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developed at 1100°C. [1-3] The results of crystalline size, d-spacing and lattice constant
depicts in table 4.1.

Table 4.1. Summaries the Crystallite size (D), d-spacing, and lattice constant (a) of GAG at 900 and
1100°C.

Sr.No. Temperature (°C) 20 (hkl) D (nm) d-spacing (A) Lattice
(degrees) constant(a)
1. 900 23.9 (220) 11.93 3.7173 10.5141
1100 23.9 20.80 3.7175 10.5149
2. 900 34.0 (420) 17.17 2.6293 11.7587
1100 34.0 20.52 2.6299 11.7613
3. 900 42.0 (521) 19.38 2.1471 11.7605
1100 42.3 20.69 2.1479 11.7650
4. 900 48.8 (611) 21.38 1.8612 11.4738
1100 48.9 21.80 1.8605 11.4692
5. 900 55.0 (640) 13.10 1.6661 12.0150
1100 55.1 22.41 1.6638 11.9980
6. 900 60.9 (651) 16.18 1.5188 11.9595
1100 60.9 17.21 1.5189 11.9598

4.1.2. Fourier Transform infrared spectroscopy (FTIR)

FTIR spectroscopy was carried out by using Perkin Elmer Fourier Transform Spectrometer
in the range of 400cm'-4000 cm™ and GAG was sintered at 500°C ,700°C ,900°C, and
1100°C as shown in figure 4.2. In FTIR, absorption peaks were found at lower regions i.e.
around 400cm™-700 cm™! is a pure metal-oxide bond i.e. Gd-O metal-oxygen and Al-O

metal bonds established for GAG.

Peaks at 2922 cm™! and 2975 cm-1 were due to the presence of water in the sample and the
absorption peak at 1330 cm™! was indicated as a nitrate peak i.e. C=N. With the increase in
temperature, the concentration of water and nitrate in the GAG reduced and peaks

diminished. The absorptions around 598cm™ and 670cm™occurred as the presence of
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stretching frequency Al-O vibrations (M: metallic elements) [4,5] and absorption peaks

423cm™, 499cm™, and 556cm™ were due to stretching and vibrations of Gd-O bond in

GAG [6].
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Fig 4.2. FT-IR spectra of GAG sintered at different temperatures recorded in the range of 400 cm-1 to

3500 cm—1.

4.1.3. UV-Vis Spectroscopy

UV-Vis spectrum was carried out to examine the typical emission of GAG with the
increase of temperature shown in figure 4.3 and around the 200-350 nm absorption peaks
were observed. The broad emission spectra observed in the UV graph from 200-350 nm
were due to the defect states. As the temperature increased the area under the curve and
FWHM both found increased which signifies the increase in defect states.[5] The band gap
(Eg) for GAG was calculated by (ahv)? /hv and the formula used, that shown in equation
3.6.
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Where a is the linear absorption coefficient; h is Planck's constant; v is the frequency of
light; A stands for the proportionality constant; Eg band gap energy; n = 1/2 for direct band
gap material. It was found that the band gap of the material decreases with the temperature

rise i.e. 4.19 eV and 4.17 eV at 900° and 1100°C respectively. [7]
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Fig. 4.3 Typical UV-visible absorption for GAG sintered at (a) 900° ,and (b) at 1100°C temperature.

4.1.4. Fluorescence Spectroscopy

Figure 4.4 (a,b,c) shows the fluorescence spectra of GAG sintered at 900°C and 1100°C
excited by 256,291 and 391 nm corresponding to ®I72,°D 912, and ®G7transition from state
83712 as shown in table 4.2 [8,9]. Down conversion (DC) visible emission spectra had been
produced with UV excitation. Visible emission from GAG was attributed to F centers. The
F centers were due to electrons trapped at oxygen vacancy. These F centers usually
produced visible and UV bands attributed to the recombination of electrons (donor) and
holes (acceptor) on the deep host lattice defects center. F centers were produced when the
sample is heated at a high temperature.

The sharp emission peak around 450 nm might be due to aluminum ions and the peak near
533 nm due to the presence of Gadolinium ions in the base compound. Figure 4.5 is the bar
graph showing integrated intensities versus excitation wavelength at 900°C and 1100°C.
At 900°C it has been observed that intensity increases with increases in excitation energy,

it may be due to the participation of more F states at higher energy excitation. Non-
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radioactive transition plays a major role in DC emission. The emission in 400°C -700 °C

was found due to ®S; to °Ij (Gd**) transition also. [10]
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Table 4.2 Transition line of Gd*" [26].

Type Wavelength (nm) Transition
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Fig4.4. Fluorescence spectra for GAG at 900°C and 1100°C excited by (a) 290 nm, (b) 391 nm, and (c) 256

nm.

At 1100°C, integrated intensity is almost independent of excitation wavelength (very small

decrease). At 1100°C integrated intensity decreases with an increase in temperature which

may be due to the increase in the crystalline nature i.e. decrease in defect centers [11-12].
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Fig. 4.5 Integrated intensity in 300-800 nm region for various excitation wavelengths at 900 °C and

1100 °C.

Figure 4.6 illustrates the International Commission on Illumination (CIE) coordinates on
the chromaticity diagram (0.31, 0.31), (0.32, 0.32), and (0.30, 0.34) for GAG calcined at
1100°C on different excitations of 256nm, 290 nm, and 391 nm respectively. These
coordinates showed the mixed-color components. Color Purity (CP), Correlated Color
Temperature (CCT), and CIE coordinates were calculated for the prepared GAG sample.
The color purity of GAG was calculated by using equation 1.5. Color purity value can lie
between 0-100 and it is a unit-less number describing the purity of color of the light that
the source gives. CCT and Color purity and value of GAG can be calculated by using
equations (1.4) and (1.5) correspondingly. According to equation (Xs, ys) stand for the
coordinates of GAG, (Xj, vi) are illuminate points of the 1931 CIE standard source with

coordinates, and (X4, yq) are the coordinates of the dominant wavelength. [13,14]

Consequently, the values of color purity of GAG were calculated as 11.7%, 4.02%, and
10.3% for 256 nm, 290 nm, and 391 nm respectively. CCT values calculated for GAG at
256 nm, 290 nm, and 391 nm excitation were 6451.61, 6016.05, and 6956.48, respectively.
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Fig. 4.6 Chromaticity diagram with CIE color coordinates (X, y) of GAG for 256 nm, 290 nm, and 391 nm

excitations.

4.2 Gadolinium Aluminum Garnet Doped with Chromium

As study investigates Gadolinium Aluminum Garnet (GAG) with a focus on varying
sintering temperatures to examine its structural and optical properties. Successful
development of the GAG phase is observed at 1100°C, resulting in a pure garnet phase
with visible region emissions, suggesting potential for white light generation. However, to
enhance these properties and address limitations in the host material can be doped with a
suitable dopant. Thus, this research emphasizes the strategic doping of GAG with transition
metals and rare earth ions, aiming to stabilize the crystal structure and produce effective
red phosphors. The study specifically explores the introduction of Chromium (Cr3+) into
GAG phosphors to enhance the red component emission. Chromium doping is expected to
influence the energy levels and transition lines of Cr3+ and facilitate energy transfer
between Cr3+ and Gd3+. Chromium (Cr3+) doping is chosen due to its significant
transition in the far-red region. The introduction of Chromium is expected to improve red

component emission by influencing energy levels and transition lines, as characterized
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through XRD, FTIR, SEM, and fluorescence measurements in this comprehensive

investigation.
4.2.1. Structural characterization X-ray diffraction

The X-ray diffraction (XRD) of the prepared powder sample was characterized by a Bruker
Diffractometer. Figure 4.7 shows the XRD pattern of GAG: Cr powders sintered at 1100
°C and it was compared with the XRD pattern of host GAG. Observed XRD pattern of
GAG: Cr confirmed the formation of cubic phase and diffraction peaks are well indexed
with JCPDS file No. 01-071- 4644. The Cr3+ addition does not alter the crystal structure
of the GAG garnet.
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Fig. 4.7 XRD patterns of the GAG and GAG: Cr precursor powder samples with different concentrations
of Cr’* sintered at 1100 °C .

In Fig. 4.7, peaks marked with the symbol “x” signify the garnet phase and also there are
some additional peaks at 0.2 and 1.0% which may be due to impurity or defect induced by
Cr*" doping marked with the symbol “0”. The Diffraction peak shift of plane (420) has
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been observed toward the lower angle as mentioned in Table 4.3, which may be due to the
doping of Cr**. Also, dopant ionic size is different from host cation i.e. Gd (3+), Al (3+),
and Cr (3+) have ionic radii of 107.8 pm, 57 pm, and 75 pm, respectively. The average
crystallite size was calculated by the well-known Scherer’s Formula given in Equations
(3.1) and (3.2) which is around 20.57 nm at 1100 °C for un-doped GAG and changes with
the doping concentration of chromium in GAG [15,16].

The dislocation density of samples is calculated using Eq. (3.3), where 6 is the dislocation
density and D is the size of the crystallites. Dislocation density reduces as the value of
crystallite size increases. A further observation was that the peak intensity and crystalline
size of the material increased and the diffraction peaks became narrow with the increase
in the doping concentration of chromium in GAG because absolute destructive
interference arises at angles to some extent above and below the Bragg angle. The peak
appears to be shifted towards the lower angle of the graph which leads to the tensile strain
after doping. Moreover, lattice volume and d-spacing were found to increase with doping
concentration which may be due to the incorporation of large Cr** ion at the lattice
position of AI** ion. Hence, the shift towards lower angles in the XRD pattern on doping
in the host material can also be attributed due to lattice expansion that caused by the

incorporation of larger ions, strain effects, and formation of impurity phases.

The x-ray density, bulk density, and porosity were calculated by using Equations (4.1),
(4.2) and (4.3) given below:

TSR @.1)
. m
Pm = TIZ R (42)
_, pm
P=1 P TP STRTES (4.3)

Porosity, a critical material property, is influenced by variables like n (atoms per unit cell),
M (molar mass), N (Avogadro's number), V (unit cell volume), m (mass), r (radius), and h

(pellet thickness) [17]. Controlled by factors such as preparation method, processing
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conditions, and doping, porosity plays a crucial role in determining a material's physical
and mechanical characteristics. In materials like GAG garnet, reduced porosity positively
impacts luminescence by preventing light trapping, and enhancing emission intensity, and

overall emission properties.

Table 4.3. The Crystallite size (D),d-spacing, lattice constants (a), cell volume (V),lattice strain, peak shift,
X-ray density (px), bulk density (pm), porosity (P), of GAG: Cr at 1100°C.

Parameter X= x=0.2 x=0.4 x=0.6 x=0.8 x=1.0
Crystallites size, D (nm) 20.52 23.58 23.80 22.76 22.61 24.33
Dislocation Density(m?) x1015 2.37 1.79 1.76 1.93 1.95 1.68
d-spacing(A) 2.629 2.637 2.656 2.633 2.634 2.635
Lattice Constant (a) 11.76 11.79 11.88 11.77 11.78 11.78
Lattice Volume (a®)(nm?) 1626 1638 1676 1630 1635 1634
Lattice Strain(x10?) 6.02 5.25 5.24 5.43 5.47 5.08
Peak shift 0 0.090 0.035 0.033 0.064 0.082
X-ray density(px ,g/cm®) 4.890 4.843 3.156 3.240 3.234 3.229
Bulk density(pm ,g/cm®) 1.395 1.380 1.329 1.976 1.302 1.616
Porosity (P, %) 0.72 0.71 0.59 0.40 0.59 0.50

4.2.2. Fourier transform infrared spectroscopy

The interpretation of the Fourier transformation infrared spectroscopy (FTIR) spectra of
GAG: Cr can provide valuable information about the crystal structure, the coordination
environment of the dopant ions, and the local symmetry of the crystal lattice. The FTIR
spectra of GAG: Cr typically show characteristic absorption bands at specific wave
numbers, which correspond to different vibrational modes of the atoms in the crystal lattice.
These bands can be assigned to various chemical bonds such as O-H, Al-O, Gd-O, Cr-O,
and Cr—O—Gd, depending on their location in the spectrum and their intensity. The Perkin
Elmer Fourier Transform Spectrometer was utilized to investigate the functional groups in
the precursors, within the range of 400-4000 cm™'. Figure 4.8 shows GAG doped with

various concentrations of Chromium, sintered at 1100 °C.
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Fig. 4.8 FTIR spectrum of the GAG: Cr precursor at 1100 °C with different concentrations of dopant.

The position and shape of absorption bands in the spectra can provide information about
the presence of defects or impurities in the lattice, or changes in the crystal structure due
to the doping process. The FTIR spectrum of GAG and GAG: Cr in Fig. 4.8 exhibit the
same main spectral features, indicating that the crystal structure remains unchanged after
the doping of Cr**. In the spectra from 400 to 800 cm™!, the metal-oxygen (Al-O, Gd-O,
Cr—0, and Cr—O—Gd) vibrations in the tetrahedral garnet structure are observed. The Cr—

1

O bond appears at around 430490 cm™!. The band at approximately 484 cm ' may be

linked to oxygen vacancy or oxygen deficiency, which may result in an enhanced green
emission. The characteristic bands for Gd-O and Al-O bonds are observed at 528 cm™!
and 604 cm™!. It is worth noting that Gd—O vibrational modes are relatively weak and can
overlap with other peaks in the FTIR spectrum, making their identification challenging.
The strong absorption band from 665 to 730 cm ™! is assigned to C=C bending. The shallow

1

absorptions near 2344 cm ' arise from surface-adsorbed CO> and can be assigned to the

C=0 vibrations [18, 19]
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4.2.3. Scanning electron microscopy

Figure 4 shows the typical scanning electron microscopy (SEM) image of the GAG and Cr
(1.0) doped GAG. As seen in Figure 4.9 a, b, the powder sample of the Cr (1.0) doped
GAG and GAG was composed of spherically shaped particles along with some large-size
particles, which might be due to the occurrence of agglomeration in particles. The average
particle size was around 26 and 28 nm which was close to the crystallite size calculated
from XRD data. This indicates that the sample was well dispersed and less agglomerate at
high temperatures as shown in Figure 4.9 c, d for the GAG and Cr (1.0) doped GAG

respectively.
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Fig. 4.9 SEM micrograph (a, b) and particle size distribution (c, d) GAG and GAG: Cr (1.0 )powder
sample sintered at 1100 °C.

In Fig. 4.10 a, b EDX element mapping in SEM mode of Gd, Al, O, and Cr showed, and
during EDX different areas of samples were exposed. The peaks of Gd, Al, O, and Cr
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confirm the formation of GAG and Cr*" doping shown in Fig. 4.10 c. The weight% and

atomic % are mentioned in Table 4.4

Weight %

(©)

Fig. 4.10 a, b EDX element mapping in SEM mode of Gd, Al, O, and Cr and ¢ EDX spectra of GAG: Cr
0.1wt%.

Table 4.4.EDX weight (%) and atomic (%) for area exposed for sample GAG: Cr 1.0Wt%.

Element Weight % Atomic %
Gd 65.46 19.96

Al 16.88 29.99

(0] 16.27 48.77

Cr 1.39 1.28

4.2.4. UV spectroscopy
Figure 4.11 shows the UV—visible spectra of Cr-doped GAG nano phosphors of samples
that show strong absorption region around 270-285 nm. The plot of (ahv)? versus hv for

GAG: Cr at different concentrations of Cr is shown in Figure 4.11 and the optical Band-
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gap (Eg) has been calculated by the intersection point of tangents drawn on curves. For Cr:
The GAG value of Eg decreases with the increase of doping concentration of Cr. The
change in Eg can depend on numerous things like grain size, carrier concentration, lattice
strain, etc. Figure 4.12 shows how crystalline size and Optical band gap vary for the doping
concentration of Cr’" in GAG [20,21]

250

300 325 350

3.6 3.8 4.0

hoapwphoanes

Absorbance (a.u.)
O AN BoaNw

N &

H— GAG:Cr 1.0 %

— GAG:Cr0.8 %

1 " 2 ]
H—— GAG:Cr 0.6 %

. ]
—— GAG:Cr 0.4 %

GAG:Cr0.2 %

(ahu)*2

GAG:Cr 1.0 %] ' ) ' ) .

4.03

GAG:Cr0.8 %

| ———
GAG:Cr0.6 %

———

GAG:Cr0.4 %

4.02

| GAG:Cr0.2 %

_1- [ i 1 " L I

275 300 325

3.6 4.0

Wavelength (nm) Eg

Fig 4.11 (a) UV- visible absorption and (b) Energy band gap for GAG: Cr sintered at 1100°.

The crystallite size and band gap of a material are often interrelated. The crystallite size
can affect the band gap of a material due to quantum confinement effects. As the crystallite
size decreases to the nanoscale, the energy levels of the electrons can become quantized,
leading to changes in the band gap and the resulting optical and electronic properties of the

material.
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Fig. 4.12 Variation of Crystalline size and band gap at different doping of chromium in GAG.

4.2.5. Fluorescence spectroscopy

This investigation focuses on the fluorescence spectra of GAG: Cr, denoting the
measurement of emitted fluorescent light from gadolinium aluminum garnet (GAG) doped
with chromium (Cr) under UV light excitation (depicted in Figure 4.11). Fluorescence
spectroscopy, a potent tool for probing material electronic structure and dynamics,
highlights GAG: Cr potential applications in optical devices and scintillators. Figure 4.14
illustrates the integrated area of chromium-doped GAG at varying concentrations in the
300-800 nm range. The fluorescence spectra exhibit sharp emission peaks in the visible
spectrum, their positions and intensities contingent on dopant concentration and excitation
wavelength. Interpretation of GAG: Cr fluorescence properties involve analyzing the
energy levels of Cr’" ions within the garnet lattice and their interactions with the host
lattice. Gadolinium, a lanthanide series element, showcases distinctive magnetic properties

due to its seven unpaired electrons in the 4f sub-shell.
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Fig. 4.13 Fluorescence spectra of GAG: Cr (Different concentration) excited by 282 nm sintered at
1100 °C.

The most prominent line in the electronic spectra of chromium is the red line at 690.7 nm,
which corresponds to the transition from the 4F excited state to the ground state. Other
prominent lines in the chromium electronic spectra include the blue line at 425.4 nm, the
green line at 520.6 nm, and the violet line at 438.4 nm. In addition to the sharp lines in the
visible region of the spectrum, chromium also exhibits several lines in the ultraviolet and
infrared regions. These transitions correspond to the excitation of electrons from the lower
energy levels of the 3d sub-shell to the higher energy levels. Overall, the electronic spectra
of chromium exhibit several sharp lines corresponding to the transitions of electrons from
the excited states to the ground state.

The FL emission spectra were traced by using a Xe lamp ranging from 350 to 750 nm
shown in Figure 4.13 excited by 282 nm wavelengths and show the typical emission
spectra. The emission spectra for all doping concentrations of Cr in GAG have mostly the
same spectral positions whereas observed a considerable change in intensity pattern. From

the spectra following results were observed.
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a) Inthe FL spectra of the GAG, the host found a peak at 430 nm, and after doping of
Cr’" in GAG peak was found at 445 nm at all the doping concentrations i.e. 0.2,
0.4, 0.6, 0.8, and 1.0. As the doping concentration of Cr increases the intensity of
the peak increases and the observed peak is due to the *A, — *Ttransition of
Cr’*[22]

b) Similarly, the intensity of peaks around 532 nm and 610 nm was also found to
increase with the increase in the doping concentration of Cr** in GAG, and these
broad and weak peaks observed between 525 and 650 nm are consequently by
*A; — 4T, of Cr** [18]

c) A peak was observed in the red region around 712 nm caused by transition
4T, — A, of Cr*". There found energy transfer in Gd** and Cr** shown in figure
4.15. The intensity of the peak increased as it found 14,187 a.u. at 0.2 mol% of
GAG: Cr and with the increase of doping concentration intensity reached 25,142
a.u. at 1.0 mol% of GAG: Cr [23,24]. Moreover, as the doping concentration of Cr
increases insignificant blue shift of absorption is seen near 480 nm. The intensity
of the fluorescence spectra increases when the Cr-doping concentration is increased
from 0.2 to 1.0 mol%, which is expected as increases in the number of emitting
centers with doping concentration.

Figure 4.14 illustrate the integrated area of chromium-doped GAG at different
concentration and a bar graph plotted for three regions i.e. UV (300400 nm), visible (400—
700 nm), and IR (700-800) region. The area of the visible region increased with the rise in
the doping concentration of Cr in GAG. At 1.0 concentration of chromium GAG had
maximum integrated area for the visible region and for the white light emission, visible

light is required. So, a 1.0 concentration of GAG: Cr is optimized.
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4.2.6. Quantum yield

Fluorescence Quantum Yield (QY) is a good luminescent property that is useful for the
appliance of luminescence techniques. By definition, QY is calculated by evaluating the
fluorescence emission of the sample to that of the reference standard of the known quantum
yield. There are optical and non-optical ways to measure quantum yield. Non-optical
techniques include calorimetric approaches such as Photo-Acoustic Spectroscopy (PAS),
and thermal lensing for assessing the indirect conversion of excitation energy into heat and
its dissipation to the solvent. These techniques need specialized setups and thus are
typically used to ascertain the quantum yield of significant standards. Thus, optical
measurements of quantum yield either using the relative or absolute method are most
frequently used. The absolute method includes an integrating sphere that detects all sample
fluorescence to get the quantum yield directly. On the other hand, with the relative
approach, the quantum yield of an unknown sample is determined by correlating its

fluorescence intensity to that of a standard sample [25-27].
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Fig. 4.16 Quantum Yield with doping obtained for GAG: Cr sintered at 1100 °C.
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In this work, QY is calculated by the relative method. The quantum yield of the sample is
determined using Eq. (1.2) by comparing the emission spectra of the sample with the
reference standard under similar excitation conditions. The Quantum yield of GAG: Cr is
calculated for different doping and increases with the increase of doping concentration of

Cr3+ in GAG shown in Fig. 4.16. [28].
4.2.7. Fluorescence Lifetime

To investigate the luminescent lifetime of the garnet synthesized in this study, the decay
behavior was analyzed using GAG: Cr sample sintered at 1100 °C shown in Figure. 4.17.
The inset given away in the figure is the lifetime for GAG: Cr emission spectra obtained
with excitation 282 nm, plotted aligned with the temperature. The decay curve for GAG:
Cr can be fitted to a single exponential function according to the following equation 1.1
Where, as per equation [ =relative intensity, x is decay time, t is fluorescence lifetime and

A and B are constants. The calculated results displayed in table 4.5 below [29,30].
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Fig. 4.17 Fluorescence Decay times obtained for GAG: Cr sintered at 1100 °C

Carrier lifetime and decay time, crucial parameters in material science, characterize charge

carrier behavior in different contexts. Carrier lifetime, detailing recombination in electronic
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devices, typically diminishes with doping, indicating increased recombination. In contrast,
decay time, relevant in luminescence, tends to rise with doping due to additional
recombination centers. Understanding these effects is vital for optimizing semiconductor
performance. In the case of GAG with 0.2 doping of Cr’*, maximum decay time and
minimum lifetime are observed, contrasting with pure GAG. This insight aids in tailoring

semiconductor materials for enhanced electronic and optoelectronic applications.

Table 4.5. Summarize Decay times and a lifetime of chromium-doped GAG.

A B t (lifetime)  Decay time(ms), x
0 12782.746 + 70.229 1010.941 £3.739 0.126 0.160
0.2 3333.023 +37.359 954.610 + 1.929 0.120 0.223
0.4 5009.289 + 45.491 956.863+2. 433 0.121 0.201
0.6 5812.669+ 55.126 923.777 +2.881 0.122 0.186
0.8 5173.410 + 52.842 936.729 +2.803 0.125 0.202
1.0 7869.679 + 37.664 961.989 + 1.997 0.126 0.178

4.2.8. Colorimetry

Colorimetry is a scientific field that involves measuring color and expressing it in
numerical terms. CRI, CCT, and CIE are three important concepts related to color science
and lighting. The human eye has specialized cells called cones, which are responsible for
color vision. There are three types of cones in the human eye, each sensitive to different
wavelengths of light. This is known as the three-color cone theory or trichromatic theory
of color vision. The trichromatic theory of color vision is a well-established theory that
explains how humans perceive color. It suggests that the human eye has three types of color
receptors, which work together to produce the full spectrum of colors we see. CRI (Color
Rendering Index) is a measure of how well a light source can accurately reproduce the

colors of objects in comparison to a reference light source.

CIE (Commission Internationale de L’Eclairage): CIE is an international organization that

sets standards for color measurement and communication. The CIE was established in 1931
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and has developed several color models and systems that are widely used today. These
include the CIE 1931 XYZ color space, which provides a mathematical representation of
color based on three color coordinates, and the CIE Lab color space, which is designed to
be perceptually uniform, meaning that equal distances in the space correspond to equal
differences in perceived color. The CIE also developed the CIE standard illuminates, which
are used as reference light sources for measuring the color properties of objects under

different lighting conditions.

CIE chromaticiy diagram 1931
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620
704

Fig.4.18 CIE chromaticity diagram with CIE color coordinates (x, y) of GAG: Cr sample under the

282 nm excitation.

CCT (Correlated Color Temperature): CCT is a measure of the color appearance of a light
source, expressed in degrees Kelvin (K). CCT is based on the principle that a heated object
predictably emits light depending on its temperature. For example, a piece of metal glows
red when it’s heated to a certain temperature and blue when it’s heated to a higher
temperature. Similarly, a light source with a low CCT (less than 3000 K) appears warm
and yellowish, while a light source with a high CCT (above 5000 K) appears cool and
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bluish. CCT is often used to describe the “color” of white light, with lower values
corresponding to warmer (more yellow) colors, and higher values corresponding to cooler

(more blue) colors.

Table 4.6. Summaries the CIE coordinates, CCT, color purity, and CRI values of chromium-doped GAG at

excitation wavelengths 282 nm.

Doping conc. CIE coordinates CCT Color Purity CRI
0 (0.333,0.334) 5476 0.2% 96
0.2 (0.295,0.295) 8302 13.9% 90
04 (0.283,0.287) 9734 17.5% 94
0.6 (0.287,0.295) 9009 15.7% 94
0.8 (0.291,0.295) 8636 15.3% 94
1.0 (0.276,0.290) 10347 18.5% 96

The CRI scale ranges from 0 to 100, with higher values indicating more accurate color
reproduction. A CRI value of 100 represents the maximum accuracy possible, which is
achieved by using a reference light source that has the same spectral power distribution as
natural daylight. A light source with a high CRI is often preferred for applications where
accurate color rendering is important, such as in art galleries, clothing stores, and makeup

studios.

The International Commission on Illumination -CIE chromaticity coordinates of GAG
doped with different concentrations of Cr** observed by the excitation 282 nm were shown
in Figure 4.18. It can be seen from the figure that the GAG: Cr transparent ceramic exhibits
good CIE color coordinates close to the pure white light (0.33, 0.33). The observed
fluorescence spectra of GAG: Cr is used to evaluate some optical parameters like Color
Rendering Index (CRI), Correlated Color Temperature (CCT), and Color Purity (CP) are
calculated by equations 1.3, 1.4 and 1.5 respectively and results are shown in Table 4.5.

[31,32].
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4.3. Gadolinium Aluminum Garnet doped with cobalt

The research delves into Gd3;AlsO12-based ceramics for solid-state light sources, leveraging
the stability of the rare earth element Gadolinium in forming robust Garnet materials. The
garnet formula for Gadolinium Aluminum Garnet (GAG) typically involves doping with
transition metals, lanthanide elements, and rare earth ions. Cobalt-doped GAG, explored
in this research, exhibits optical properties with potential applications in optical devices,
and lighting technologies. The incorporation of cobalt aims to enhance GAG's properties.
Ultimately, doped GAG garnets show promise for eco-friendly applications such as light
devices and white LEDs. The investigation involves comprehensive characterization
through XRD, FTIR, SEM, and Fluorescence measurements to elucidate the structural and
luminescent properties of GAG: Co.

4.3.1. X-Ray Diffraction

The powder sample prepared for this study was analyzed using a Bruker Diffractometer to
determine its X-ray diffraction (XRD) patterns. The XRD patterns of the GAG: Co
precursors calcined at 1100°C were compared with those of pure host GAG phosphors, as
depicted in Figure 4.19. The XRD spectra confirmed the crystal structure and were indexed
with the JCPDS file no. 1-73-1371 [33]. Interestingly, no additional peaks were observed
in the XRD patterns of GAG doped with different concentrations of Cobalt, indicating that
the phase of the material remained the same after doping. However, the intensity and
crystalline size of the material changed with increasing doping, as indicated by the results.
The peak shifted towards a lower value of 20, which suggests that the material underwent

a tensile strain effect during the heating process due to the Cobalt doping.
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Fig.4.19 XRD patterns of the GAG: Co precursor powder samples annealed at 1100 °C with different

concentrations of Co.

Table 4.7 Crystallite size (D), d-spacing, lattice constant (a), and peak shift of GAG: Co at 1100°C.

Doping 20(degree) D (nm) d-spacing Lattice Lattice Peak
Cons. A) constant (a) volume (a%) shift

0 34.06 20.5 2.629 11.761 1622.523 0

0.2 34.09 24.0 2.627 11.750 1638.982 0.02

04 33.97 28.1 2.636 11.790 1627.381 0.10

0.6 34.06 26.1 2.630 11.762 1630.027 0.06

0.8 34.04 28.0 2.631 11.768 1638.982 0.07

1 33.97 26.4 2.636 11.790 1622.523 0.14

While the diffraction peaks shift or may expand when a crystal deviates somewhat from its
perfectly ordered array. This might be caused by several things, including defects
in crystalline, crystalline size, and lattice strain. Moreover, the thickness of the peak, its

intensity, and the shift in its position may be caused by crystalline size as well as lattice
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strain. The XRD results show the shift in peaks after doping of Cobalt (Co) in the GAG
sample towards the lower angle of 20. [34] Furthermore, a measurable shift in the peak
position was observed when the XRD pattern of doped GAG: Co was compared to that of
pure host GAG, implying that doping had altered the crystal structure of GAG. This was
supported by an increase in the lattice volume and d-spacing with the rise in doping
concentration. It's crucial to emphasize that due to the extremely small size of the
nanoparticles, there's a possibility that not all of the added dopant has penetrated the host

lattice. Some of it might be found on the surface or at the grain boundary.

XRD data analysis suggests that 0.2, 0.6, and 0.8 doping of Co might have entered the
GAG unit cell at substitutional sites, while at 0.4 and 1.0, the migration of Co to the surface
might have been the dominant process. The ionic radii of Gd (3+), Al (3+), and Co (3+)
are 107.8 pm, 57 pm, and 75 pm, respectively. [35] The d-spacing, lattice parameters, and
average crystalline size were calculated by the well-known Bragg’s Law and Scherer's
Formula given in equations (3.1) and (3.2), and crystalline size is around 20 nm at 1100°C

for host GAG and changes with the doping concentration of Cobalt in GAG [16][36-38]
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Fig.4.20 Variation of Lattice strain and crystallite size of GAG: Co with respect to doping concentration.

X-ray diffraction (XRD) is a potent method revealing crystalline size and lattice strain in

materials, especially due to doping-induced deformation. In GAG, Figure 4.20 illustrates
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an inverse relationship between crystallite size and lattice strain. Tensile strain impedes
crystallite growth by pushing them apart, while compressive strain compacts crystallites,

resulting in smaller sizes compared to unstrained samples.
4.3.2. Fourier transforms infrared spectroscopy:

The Perkin Elmer Fourier Transform Spectrometer was employed to conduct FTIR
spectroscopy within the 400-4000 cm-1 range and GAG doped with various concentrations
of Cobalt, was sintered at 1100°C as shown in figure 4.21. FTIR spectroscopy was

performed to examine the functional group present in precursors.
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Fig 4.21 FTIR spectrum of the GAG: Co precursor at 1100 °C with different concentrations of dopant.

FTIR absorption peaks found at the region around 400-700 cm™ were pure metal-oxide
bonds i.e., Gd-O metal-oxygen and Al-O metal bonds established for GAG and these do
not change with the doping of Cobalt [39]. Peaks at 2897 cm™! were due to the presence of
water in the sample. The absorptions peak near 2359 cm™ due to starching of carbon

dioxide (O=C=0).[4] around 1071 cm!, peak observed due to C-C starching bond. The
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peaks in the range 1250-1560 nm absorption band were observed due to the 4A2 — 4T1
(4F) transition of the tetrahedral coordinated Co ions [40].

4.3.3. Field Emission Scanning Electron Microscopy; FE-SEM:

The Field Emission Scanning Electron Microscopy (FE-SEM) images of Co (1.0) doped
GAG precursor, calcined at 1100°C shown in Figure 4.22. The powder sample prepared by
using the sol-gel method had a crystalline size between 50 to 200 nm. The powder sample
consisted of particles with a spherical shape, and certain particles exhibited agglomeration.
This agglomeration can be attributed to the presence of a cage network in the sample, which

resulted from the addition of citric acid before the gel decomposition process. The

precursor was found with an average particle size of around 30-35 nm.

| S
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Fig 4.22 FESEM micrograph and histograms representing the particle size distribution of the GAG: Co
(1.0) powder sample sintered at 1100 °C.
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Fig. 4.23 (a,b) EDX element mapping in SEM mode of Gd, Al, O, and Co and (¢) EDX spectra of
GAG: Co 0.1 wt%.

In Figure 4.23(a,b) EDX element mapping in SEM mode of Gd, Al, O, and Co showed,

and during EDX different areas of samples were exposed. The peaks of Gd, Al, O, and Co
confirm the formation of GAG and Co doping shown in Figure 4.23(c).The weight and

atomic % are mentioned in Table 4.8.

Table 4.8 EDX weight (%) and atomic (%) for the area exposed for the sample GAG: Co 1.0Wt%.

Element Weight % Atomic %
Gd 68.11 21.11

Al 11.81 21.34

0] 18.45 56.21

Co 1.63 1.34
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4.3.4. High-Resolution Transmission Electron Microscope (HRTEM)
High-Resolution Transmission Emission Spectroscopy (HRTEM) for GAG: Co (1.0)
has been done with Tecnai G2 20 S-TWIN [FEI]. Figure 4.24 displays the HRTEM
images for GAG: Co and shows that the cubic structure of material found from these
images and HRTEM calculations indicate that the d-spacing of the material is around
0.28 nm. These findings are entirely confirmed by the XRD results and the images
demonstrate that GAG: Co has good crystallinity.

Fig.4.24 Typical HRTEM images of GAG: Co (1.0).
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4.3.5. UV-Vis Spectroscopy

UV-Vis absorption spectroscopy is a useful tool for examining the effect of doping
on the host lattice and its coordination location. To investigate the typical emission of
GAG doped with cobalt, UV-Vis spectra were obtained for increasing concentrations
of doping, as shown in Figure 4.25.

An absorption peak was observed around 200-400 nm. The broad emission spectra
observed in the UV graph from 200-400 nm were attributed to defect states. As the
doping concentration of Cobalt increased, both the area under the curve and full width
at half maximum (FWHM) increased, indicating an increase in defect states. The band
gap (Eg) for GAG was calculated using the formula 3.6. It was found that the band

gap of the material decreases with the increase in doping concentration.
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Fig.4.25 (a) UV- visible absorption and (b) Energy band gap for GAG: Co sintered at 1100°.
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Figure 4.26 shows the variation of the optical band gap and crystalline size of doped GAG
and observed that the optical band gap of un-doped GAG is less than that of Co-doped
GAG. Moreover, the increase in doping percentage in GAG found a reduction in the optical
band gap. After approaching some reports, the reduction in the band can be explained based
on exchange interactions of s-p electrons with the d-electron of dopant or it may be due to
the presence of some mid-band gap states that results in a shift of optical band gap [41].
The crystalline size gets increased after doping. The absorbance intensity had increased

with the increase of dopant since the crystallinity of the sample was increased.
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Fig.4.26 Variation in Crystalline size and band gap with different doping of cobalt in GAG.

4.3.6. Fluorescence Spectroscopy:

Gadolinium aluminum garnet (GAG) doped with cobalt shows exciting fluorescent
properties that make it suitable for various applications such as light-emitting diodes
(LEDs) and scintillators. Cobalt-doped GAG's fluorescence emission has been thoroughly

investigated and its distinctive emission peaks have been established.
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The fluorescence emission spectra of cobalt-doped GAG were measured using different
excitation wavelengths 270nm and 282 nm shown in figure 4.27. Cobalt-doped GAG was
discovered to have fluorescence emission peaks in the violet, blue, and green parts of the
spectrum. While the blue and green emission peaks were seen in the area 450550 nm, the
violet emission peaks were seen at 420—445 nm. The violet emission peaks are defined as
band edge emission that results from an indirect transition from the edge to the center that
is helped by phonons. The peaks around 450 nm and 545 nm were due to the defect centers
allied with oxygen vacancies, and defect centers originated due to the entrapping of one or

more electrons in oxygen vacancies.

The 463 nm peak can be associated with the d—d transition Co from * Ty (F) to *T; (P). The
fluorescence intensity of cobalt-doped GAG was found to increase with the increase in the
concentration of cobalt. The increase in the concentration of cobalt also led to an increase
in the area under the curve and FWHM (full width at half maximum) of the UV-Vis
spectrum, indicating an increase in defect states. Cobalt is a transition metal that displays

several transition lines in its electronic spectra.

Cobalt's transition lines are of special relevance in the context of doped materials because
they can provide important details about the material's electrical structure. The *T; to *A,
transition line was observed in cobalt-doped Gadolinium Aluminum Garnet (GAG). This
transition line is responsible for the peak observed around 601 nm in the fluorescence
spectra of the material. It arises from the excitation of an electron from the ground state of
the Co®" ion (“T1) to an excited state (*A») through the absorption of a photon of appropriate
energy. The transition lines of cobalt are generally associated with the d-d transitions of

the ion, where the valence electrons of cobalt transition between the 3d orbitals.
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Fig. 4.27 Emission spectra of GAG: Co (Different concentration) at 1100°C at excitation (a) 270nm

and (b) 282 nm.
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Cobalt-doped gadolinium aluminum garnet (GAG: Co) displays intriguing fluorescent
characteristics upon excitation at 270 nm. This excitation induces violet emission peaks
(420-445 nm) attributed to band edge emission, facilitated by phonon-assisted indirect
transitions from the crystal edge to its center. Additionally, GAG: Co exhibits blue and
green emission peaks (450-550 nm) resulting from defect centers linked to oxygen
vacancies and trapped electrons. A distinct peak at 463 nm corresponds to the d-d transition
of Co from *T/(F) to *Ti(P), contributing to the vivid blue emission. Excitation at 282 nm
reveals detailed fluorescence emission, with violet, blue, and green peaks. The blue and
green emissions intensify with increased cobalt doping, indicating elevated defect center
concentrations. This is corroborated by the widening of emission spectra, signifying a rise

in defect concentration with higher cobalt doping levels. [42-45]

Overall, the fluorescence emission of cobalt-doped GAG excited by 282 nm is a result of
various transitions involving cobalt ions and defect centers in the lattice, and it can provide

valuable insights into the structural and optical properties of the material.
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Fig. 4.28 Energy level diagram of Gd ** and Co3+ ion.
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Fig.4.29 Integrated intensity with a doping concentration of GAG: Co (Different concentration) at
excitations (a) 270 nm and (b)282 nm.

Figure 4.29 shows the integrated area of cobalt-doped GAG at various concentrations and
a bar graph plotted for the UV (300-400 nm), visible (400-700nm), and IR (700-800)
regions. At 0.2 concentration of cobalt in the GAG integrated area for the visible region is
maximum and for the white light emission visible light is required. So, 0.2 concentration

of GAG: Co is optimized.
4.3.7. Fluorescence Lifetime

The fluorescence decay for GdsAlsO12 doped with cobalt was synthesized at 1100°C shown
in Figure4.30 The inset shown in the figure is the lifetime for GAG: Co of 270nm emission,
plotted aligned with the temperature. The decay curve for GAG: Co was fitted in a single
exponential function according to the following equation: I = A*exp (-x/t) + B. Where I=
relative intensity, X is decay time, t is fluorescence lifetime and A and B are constants. The
results of fitting are shown in table 4.9 [19][29,30][46]. Form results found that the lifetime
decreases with the doping concentration of cobalt in GAG and decay time increases as the

doping concentration increases.
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Fig 4.30 Fluorescence lifetime for GAG: Co sintered at 1100°C.

Table 4.9 Decay time and lifetime of cobalt-doped GAG.

A

B

0.2
0.4
0.6
0.8
1.0

12782.746 +70.2
4859.151 £37.8
7239.052 £ 51.0
7316.133 +50.0
6350.672 £ 46.9
3511.113+41.7

1010.9411 £3.7
786.2143 £ 1.9
969.3645 £2. 6
984.7285+ 2.6
1059.5711 £ 2.4
817.8638 £ 2.1

t (lifetime) Decay time(ms)
0.126 0.160
0.124 0.177
0.124 0.174
0.123 0.176
0.124 0.180
0.123 0.196

4.3.8. Chromaticity

In Figure 4.31, the Commission Internationale de L’Eclairage (CIE) color coordinates (X,

y) of GAG: Co (where Co = 0.2, 0.4, 0.6, 0.8, and 1.0) samples are calculated. The

chromaticity diagram shows that coordinates shifted to the white area after doping of

Cobalt in GAG. The color coordinates found for various doping were located in the white

light area in the middle of the chromaticity diagram. So, tuned color with doping of Co3+
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in GAG shows the application of the material in solid-state white light sources and also for
a few other optical fields. The CCT ,and color purity of GAG-doped Cobalt were calculated
by using equations (1.4) and (1.5) correspondingly and results are shown in the table 4.10.

Table 4.10 CIE coordinates, CCT, color purity, and CRI values of cobalt-doped GAG at excitation

wavelengths 270 nm and 282. nm.

Doping CIE coordinates CCT Color Purity CRI
conc.
270 nm 282 nm 270 nm 282 nm 270nm  282nm 270nm  282nm

0 (0.333,0.332) (0.333,0.334) 5513 5476 03% 0.2% 95 96

0.2 (0.333,0.333) (0.332,0.332) 5464 5498 0% 0.4% 95 95

0.4 (0.333,0.333) (0.332,0.332) 5457 5508 0% 0.4% 95 95

0.6 (0.333,0.334) (0.333,0.333) 5475 5460 03% 0% 96 95

0.8 (0.333,0.332) (0.332,0.333) 5477 5504 02% 0.2% 95 95

1.0 (0.333,0.333) (0.333,0.333) 5470 5488 0% 0% 95 95

CIE chromaticiy diagram 1931

) 56!
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percentof Co | x ¥
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Fig. 4.31 CIE chromaticity diagram with CIE color coordinates (x, y) of GAG: Co sample under 270 nm

and 282 nm excitation.
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4.4. Gadolinium Aluminum Garnet co-doped with Chromium and

Cobalt

Gadolinium aluminum garnet (GAG) has been extensively investigated for its optical and
structural properties, particularly with single doping of cobalt and chromium. The observed
positive impact of both dopants on the host GAG makes the material promising for
applications in solid-state light sources. Building upon this, further co-doping of Cr3+ and
Co3+ in GAG has been explored, anticipating energy transfer within the host and between
the two dopants. The distinctive and impactful transition lines of Cr3+ and Co3+ suggest
that the emission from the material should incorporate contributions from both, potentially
yielding favorable results for achieving white light emission. In an extension of this
research, the present study focuses on understanding the influence of Cr** and Co®" co-
doping on the structural and luminescent properties of GAG. The objective is to enhance
emission characteristics, color rendering, and overall efficiency. The anticipated outcomes
hold significant implications for diverse applications, including display devices, white
light-emitting diodes (WLEDs), and solid-state light sources. This research seeks to
contribute valuable insights into tailoring the properties of GAG for advanced

optoelectronic applications.
4.4.1. X-ray Diffraction

X-ray diffraction analysis of Cr** and Co®" co-doped GAG garnet deposited at various
concentrations and sintered at 1100°C is shown in Figure 4.32 (a). The figure represents
the diffraction peaks belonging to the cubic structure of the GAG phase in conformity with
JCPDS (no 01-073-1371) confirming the occurrence of a single garnet phase. This shows
that no impurity peak was found in the XRD pattern after the co-doping in GAG. The (420)
major peak of GAG: Co, Cr has the computed crystalline size, d-spacing, peak shift, lattice
constant, and dislocation density. The changes in crystalline size, lattice strain, defects in
the lattice, and unit cell expansion, may be due to replacing Al3+ or Gd3+ after doping of
Cr3+ and Co3+ in GAG that causes. The d-spacing and the estimated crystalline size are

calculated by Bragg’s law and Scherrer's formula respectively shown in equations 3.1 and
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3.2. The crystalline size of pure host GAG is around 20 nm and after doping or co-doping
it is found to increase since dopant enters a crystal lattice. Hence, for GAG: Co (0.2), Cr(0),
and GAG: Co(0), Cr(1.0) crystalline size increase to 26 and 23 nm respectively, and GAG:
Co0(0.2), Cr(1.0) has around 24.7 nm. The Dislocation Density for the prepared sample was
determined by using the relation given in equation 3.3 for the cubic phase structure of

GAG: Cr, Co.

L —
sbE T T T T ——GAG:Col05Cr 05)

5 F ]
% ]

— GAG :Co(0.5)Cr (0)
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180

o
o

@
>
[}
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o
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Intensity (a.u.)
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20 25 30 35 40 45 50 55 60 65 70 75 80 — L v v

Fig 4.32. (a) Typical XRD spectra for GAG: Co, Cr sintered at 1100°C, (b) shift in diffraction peak with
doping and co-doping of Co and Cr in GAG.

In comparison to the GAG host, the diffraction peaks of co-doped GAG get shifted towards
the lower angle of 20 seen in Figure 4.32(b). The peak position for pure host GAG at 34.19°
of 20, but after doping for GAG: Co(0.5) and GAG: Cr the peak position was found at
33.96° and 33.98° which means the peak gets shifted towards the lower angel of 26 due to
the lattice distortion or lattice strain induced by doping of Co(0.2) and Cr (1.0) in the GAG.
Moreover, for co-doping of Co (0.2) and Cr (1.0) in GAG, the peak found shifted to the
higher value of 20 and the peak position observed at 34° which implies that Co-doping of
Co and Cr reduces the distortion as compared to single doping in GAG.
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4.4.2. Fluorescence Spectroscopy

Fluorescence spectroscopy is a significant technique for the analysis of the optical
properties of material. It works on the principal excitation of an electron from the lower
ground state to the excited state and after the instability of exited states gets back to the
ground state. The spectra for GAG co-doped with Co3+ and Cr3+ are shown in Figure
4.33.

490 —GAG ——GAG: Co(0.2) Cr(0)

10900 10850 4

10800
10800

S 107504
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10700 4

10700
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Fig 4.33. Fluorescence spectra for excitation 282 nm of GAG: Co, Cr sintered at 1100°C.

The spectra were observed by examining under the excitation 282 nm and the spectra of
pure host GAG show the multiple emission in the visible region due to the Gd3+ transition
lines and defect states. The peaks centered at 590 nm and 650 nm correspond to 4f—4f
transitions of Gd3+, being the °G7,—°P72 and °G7,—°P3), transitions, respectively. After
doping of Cobalt and Chromium in GAG the energy is transferred within host and dopant.
[49,50] The emission spectra of GAG: Co (1.0) observed peaks at 460 nm, 500 nm, and
685 nm due to the Co3+ transition. Apart from these peaks around 445 nm, 530 nm, and

632 nm are also due to the *A» — *T1and *A; —*T, transition of Cr3+.
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The International Commission on Illumination (CIE) chromaticity diagram and
coordinates for the host, singly and co-doped samples are shown in figure 4.34. The CIE
color coordinates (x,y) for all samples have been calculated and listed in Table 4.11.
Herein, a change in CCT, CRI and CP values has been detected with the incorporation of
doping. Moreover, the values are found enhanced and improved in case of double doping

of Cr’" and Co*" in GAG.
Table 4.11 Shows the value of CIE, CCT, CRI, and Color Purity of co-doped GAG with Cr and Co.

Sample Code CIE coordinates CCT Color CRI
Purity

GAG (0.333,0.334) 5476 0.2 96

GAG: Co (0.2) (0.332,0.332) 5498 0.5 95

GAG: Cr(1.0) (0.276,0.290) 9353 18.0 94

GAG: Cr(1.0) Co(0.2) (0.333,0.333) 5457 0.1 96

CIE chromaticiy diagram 1931

520 vGAG
: 2 GAG: Co (0.2)

540 2 GAG: Cr (1.0)

+ GAG: Cr(1.0)Co(0.2)

620
704

Fig. 4.34. Shows the CIE coordinates of Chromium and Cobalt co-doped GAG.
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Chapter 5

Transition Metal Doped Cerium Aluminum Garnet (CAG)

5.1. Cerium Aluminum Garnet (CAG)

In recent times, researchers have been captivated by the exceptional qualities of newly
synthesized garnets, specifically their outstanding structural, chemical, and optical
characteristics, coupled with an impressive color rendering index. Garnets have found
diverse applications spanning LEDs, display panels, lasers, field emission displays (FEDs),
luminescent solar concentrators (LSCs), and more. Several well-known rare-earth garnets,
including Yttrium Aluminum Garnet (Y3Al5012), Terbium Aluminum Garnet (TbzAlsO12),
Lutetium Aluminum Garnet (LuzAlsO12), and Gadolinium Aluminum Garnet (Gd;AlsO12),
have become staples in research applications. However, certain lanthanide aluminum
garnets, such as Ce3AlsO12, Pr3AlsO12, Nd3AlsO12, Dy3AlsO12, and ErsAlsO12, have not yet

undergone synthesis using the sol-gel method, based on current knowledge.

Despite this wealth of information, the synthesis of Cerium Aluminum garnets (CAG) via
the sol-gel method has not been reported to date. Thus, the primary objective of the ongoing
research study is to create and characterize CAG using the sol-gel technique at various
temperatures. The cubic symmetry of garnets, along with their face-centered lattice
structure and space group la3d, contributes to their unique properties. The intricate cation
positioning within unit cells further enhances their distinctive characteristics. Notably, the
luminescence properties of garnets undergo variation through the substitution of different
elements, such as rare earths, at sites A and B. In garnet structures, trivalent ions such as
AI** and Ga®" occupy octahedral sites (A) and tetrahedral sites, respectively, while larger
rare earth ions like Y**, Gd**, and Tb>" preferentially locate themselves in dodecahedral
sites (B). The present investigation explores the possibility of Ce** occupying dodecahedral
sites within the garnet structure. As the research progresses, the focus remains on
understanding the optical and structural properties of Cerium Aluminum garnets, shedding

light on their potential applications and paving the way for advancements in the field of

108



solid-state lighting. This chapter explores the structural and luminescent properties of CAG
thorough characterization utilizing X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and Fluorescence

measurements.
5.1.1 X-Ray Diffraction (XRD):

Figure 5.1 illustrates the XRD spectra meant for Cerium Aluminum Garnet (CAQG)
recorded by varying the range of the Bragg’s angle (20) from 0° to 80° which sintered at
900°C, 1000°C, 1100°C, 1200°C, and 1300°C temperatures. The XRD pattern confirmed
the formation of poor crystalline CeO2 and, probably, amorphous aluminum oxide (Al,O3)
up to 1000 [1]. But at 1100 peak start traces of Ce3AlsO12 could be detected in the XRD
pattern. The positions of diffraction peaks were found similar and compatible with the
conventional cubic structure of other garnets at 1200°C, which indexed with JCPDS-00-
067-0123. The peaks identified in the XRD pattern for CeO> are marked with ‘o’, peaks of
Al,O3 marked with the symbol ‘x’, and peaks that show the phase of CAG garnet marked
as ‘G’. It suggested that the homogeneous phase of CAG can be achieved at 1200°C. [2-4]

Meanwhile, crystalline size can be calculated by Scherrer’s formula (equation 3.2), and
found that as calculations temperature rises crystallinity of the material increases. This

means grain size increases with the increase of sintering temperatures.

The peak intensity of CAG was found to increase with temperature which indicates that
the crystalline quality of material increased with the rise of temperature and the material
became more crystalline with the rise of temperature. The lattice volume and dislocation

density of GAG seem to be decreased with the temperature rise.
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Fig.5.1 Typical XRD pattern of the CAG precursor powder samples sintered at different temperatures.

Porosity, in the realm of material science, measures the number of voids present within a
material. This property is significant because it influences the material’s physical and
mechanical properties. Several factors, such as preparation method, sintering temperature,
processing conditions, and the inclusion of dopant may be manipulated to regulate porosity.
Calculated results indicate that the porosity of CAG seems to decrease as the sintering

temperature rises. So, it may indicate that as the temperature increases the space or voids

of the lattice of CAG have decreased which causes a decrease of porosity.
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Table 5.1. The Crystallite size (D), d-spacing, lattice constants (a), lattice strain, and porosity (P), of CAG
at 900°C, 1000°C, 1100°C,1200°C and 1300°C temperatures at hkl 321.

900 1000 1100 1200 1300
20 28.614 28.592 28.572 28.484 28.699
FWHM(p) 0.608 0.383 0.263 0.254 0.155
D 14.065 22.309 32.543 33.662 55.184
d-spacing 3.117 3.119 3.121 3.131 3.108
Lattice constant 11.663 11.671 11.679 11.715 11.629
Lattice Volume 1586.51 1590.10 1593.35 1607.92 1572.76
Dislocation Density(x10-3) 0.0050 0.0020 0.0009 0.0008 0.0003
Lattice strain 0.0104 0.0065 0.0045 0.0043 0.0026
Porosity 0.71 0.67 0.66 0.65 0.69

5.1.2 Scanning Electron Microscopy (SEM):

Scanning Electron Microscopy (SEM) pictures of synthesized CAG samples at various

sintering temperatures are provided in Figure 5.2 to illustrate the nanostructure nature and

morphology of the sample. It observed from the images that particle size and morphology

of CAG changes with the temperature. The Nano powder of CAG has spherical

morphology, along with it some larger particles (large grain size) were also seen which

may be because of agglomeration and stress/stained in compass in the lattice structure. As

the average particle size of CAG had been calculated from SEM appeared to grow with the

rise in temperature like the crystalline size obtained from XRD. The particle sizes

determined by SEM and XRD analysis are highly comparable and exhibit a similar pattern

with temperature, as illustrated in the figure.
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Fig 5.2. SEM micrograph at 900°C and 1200°C shown in a and b respectively and a bar graph(c,d) show
particle size of the CAG powder sample synthesized at 900°C and 1200°C respectively.

5.1.3 Energy Dispersive X-ray (EDX):
The EDX for the prepared sample of CAG sintered at 1200°C is shown in Figure 5.3 and
observed that without the presence of any extra or other elements (impurity), pure

composition of required elements of CAG has been found which indicates the effectiveness

of the synthesized method and purity of prepared material. Figure 5.3 (a,b) illustrates the
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EDX element mapping in SEM of Ce, Al, and O shown, and through EDX different areas
of samples were visible. The peaks of Ce, Al, and O verify the configuration of CAG shown

in Figure 5.3 (¢). The weight and atomic % are mentioned in Table5.2.

Table 5.2. EDX weight (%) and atomic (%) for area exposed for sample CAG at 1200°C.

Element Weight Atomic
% %
Ce 62.74 19.72
Al 19.88 35.45
(0) 17.38 47.83

EDS Layered Image 1

Jolalg]cccvon
Spm

(a)

5pm Spm Spm
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Fig. 5.3 (a,b) EDX element mapping in SEM mode of Ce, Al, O and (¢) EDX spectra of CAG.

5.1.4 Fourier Transform Infrared Spectroscopy (FTIR):

Figure 5.4 illustrates the FTIR spectroscopy results for CAG sintered at temperatures
ranging from 900°C to 1300°C. The FTIR spectrogram revealed absorption peaks within
the 400-800 cm™'range, signifying the presence of pure metal-oxide bond specifically Ce-
O metal-oxygen and Al-O metal bonds, which are recognized for CAG.

Notably, peaks at 639 and 437 corresponded to the Al-O absorption, while 836 and 571
peaks were indicative of Ce-O absorption. The bonds due to the presence of moisture or
water are identified as O-H vibrations that were observed at 2980 and 2901 cm™'for the
samples and absorption peaks at 1401 and 1246 cmindicated OH bending and C=N
bonding respectively. Therefore, the IR results support the conclusions made by XRD

measurements. [5,6]
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Fig 5.4 FTIR spectrum of the CAG precursor at various temperatures.

5.1.5 UV- spectroscopy

The absorption properties of the prepared CAG sample that sintered at 1200°C were studied
via UV-vis spectroscopy. The resulting absorption spectrum is depicting in Figure 5.5
which consists of broad absorption region from 200-450 nm, this may indicate the presence
of defects states between the bands. The absorption near 350-400 nm is caused by the 4{-
5d transition of Ce. [7,8] The material's band gap was manually computed via a formula in
equation 3.6 and plotting a graph of (ahv)? v/s hv.

Where in this formula o stands for the coefficient of linear absorption, v denotes the
frequency of light, hrefer the Plank’s constant, A denotes the proportionality constant, Eg
stands for the band gap energy, and the value of n is 1/2 for a material with a direct band
gap. From results observed that the band gap is 2.35 eV for the prepared material sintered
at 1200°C.[2][9]
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Fig 5.5 (a)UV- visible absorption spectrum recorded for CAG sintered at 1200° and (b) Energy band gap
for CAG sintered at 1200°.

5.1.6 Fluorescence Spectroscopy

Fluorescence spectroscopy is an investigative characterization technique that is used for
quantitative measure or analysis the optical or fluorescence properties of a phosphor or any

semiconductor material.

The cerium ion (Ce**) has quite a straight forward configuration of electrons in both ground
as well as excited states. Spin-orbit coupling divides the *f; ground state configuration into
two levels, 2Fs;» and 2F72. There is a 2000 cm “'difference in energy between the two levels.
However, in exceptional cases, because of the strong coupling of vibrational lattice, these

emission bands get prolonged as compared to 2000 cm . [10,11]

Figure 5.6 shows typical Fluorescence spectra for CAG sintered by 1200°C under the
excitation of 227 nm and 278 nm and it consists of multiple broad peaks in the region 400-
800 nm. Under the excitation of 227 nm spectra show the five peaks at 455nm, 490 nm,
530 nm, 585 nm, and 655 nm. The two major peaks around 455 nm and 530 nm observed

due to the 4f' (*F7) — 4/°5d' and 5d'-4f' (°Fsp) transitions of Ce3+ ion respectively.
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Further, peak at and 585 nm was observed due to the 5d'-4f' (*F2) transition of Ce*" ion.
[1][12]

Similarly, FL spectra of CAG excited by 278 nm shows same peaks but the intensity of
peaks found less as compare. In the spectra of CAG, the Ce®" ions responsible for the
emission in yellow region, but the whole spectrum has numerous peaks in the visible range,

indicating the suitability of CAG material for WLEDs and other white light sources.
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Fig.5.6 The fluorescence emission spectra of CAG sintered at 1200°C at excitation 227 nm and 278 nm.

5.1.7 Fluorescence Lifetime:

The fluorescence lifetime i1s defined duration in which a fluorophore stays in its excited
state prior to releasing a photon and going back to its ground state. Frequently, it is
expressed in terms of time units, like nanoseconds (ns) or picoseconds (ps). It is a crucial

feature of a precise fluorophore is its fluorescence lifespan, which varies greatly among
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them. This characteristic is essential for many fluorescence-based methods and uses,
including fluorescence spectroscopy and microscopy, since it tells us something about the
behavior of the fluorophore. The time it takes for energy lost over fluorescence emission
or other non-radiative processes to origin a population of excited fluorophores to shrink to
around 37% of its initial size (N/e). In this framework, "lifespan" is often referred to the
fluorophore population kinetics. It is closely associated with the lifespan of fluorescence

of each individual fluorophore in the population.[13]

The fluorescence lifetime of the garnet investigated to check the decay behavior of the
sample sintered at 1200°C shown in figure 5.7. The sample’s decay curve can be modeled
by employing a single exponential function outlined in equation 1.1. By equation, I stand
for relative intensity, x denotes the decay time, t signify fluorescence lifetime and A and B
considered as constants.[14] The lifetime and decay time of CAG sintered at 1200°C are

0.124 ms and 0.21 ms respectively.
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Fig 5.7 Fluorescence lifetime and Decay times for CAG sintered at 1200°C.
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5.1.8 CIE chromaticity analysis:

The fluorescence spectra have been used to calculate a few parameters like International
Commission on Illumination (CIE coordinate), Color Coordinate Temperature (CCT),
Color Purity (CP), and Color Rendering Index (CRI) to analyze lighting applications of
prepared material (CAG). The CIE coordinates of CAG at excitation 227nm and 278 nm

are shown in Figure 5.8.
Color Rendering Index (CRI)

The color rendering index parameter used to measure the capacity of fluorescence emission
spectra of CAG that how much resemblance of color with the natural light source as likes
sunlight. The value of CIR lies between 1-100 and if it is between 70-100 then considered
as good or excellent quality of light source. In this study, the calculated value of CRI was
found very near 100 which indicates that the material is highly applicable for a good white
light source or solid-state light source. The value of CRI has been calculated by using

equation 1.2.[15]
Color purity

The color purity value of CAG can be calculated by using equations (1.4). The computed
value of CP for CAG is 1.2% and 0.5% for material excitations at 227 nm and 278 nm,

respectively, as shown in the table. It indicates the pure white light emission.[16]

Correlated Color Temperature (CCT):

CCT, or Correlated Color Temperature, is a metric employed to gauge the perceived color
of a light source. It relies on the concept that an object, when heated, emits light in a
consistent manner according to its temperature, and this measurement is expressed in units
of degrees Kelvin (K). The value of CCT tells about the warmness and coolness of light
alike if material has a value below 3000K it will count as a warm source of light which
give yellowish light and if the value if above 5000 K, then the source will shows bluish
light which is cool light. In the case of this study, the value of CCT clearly indicates that
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the material will be an applicable candidate for cool white light source. The CCT value can

be calculated by using equation 1.3.[17]

CIE color coordinate is (0.329,0.334), color purity is 1.2%, CRI value is 96, and CCT value
is 5635 for the CAG sample at excitation 227 nm and CAG at 278 nm excitation
correspondingly has CIE color coordinate is (0.331,0.333), color purity is 0.5%, CRI value
1s 96, and CCT value is 5576.

CIE chromaticiy diagram 1931

520 ¥ CAG12 EX227

« CAG12 EX278

Fig 5.8 CIE chromaticity diagram for the CAG at excitation 227 nm and 278 nm.
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5.2 Cerium Aluminum Garnet doped with cobalt

In prior investigations, cerium has demonstrated remarkable luminescent properties as a
dopant. In the current study, cerium serves as the host for the preparation of Ce3AlsO12
garnet. The luminescence behavior of Ce** ions is notable, involving both fluorescence and
phosphorescence processes, contingent upon the specific energy levels engaged. As a rare
earth element, cerium exhibits visible light emission through the broadband transition
between its 5d and 4f energy levels, making it an excellent candidate for a host material
capable of generating white light. To enhance the luminescent characteristics, the
introduction of cobalt as a dopant into the Ce3AlsO12 host has been chosen. Cobalt-doped
materials are known for their luminescent properties, with cobalt displaying absorption in
the blue and green regions due to its d¢ configuration, as well as absorption in the red or
infrared (IR) region owing to its ds configuration. This study delves into the structural and
optical properties of cobalt-doped Ce3;AlsO12 garnet (CAG), exploring its potential as a
white light source based on considerations such as energy efficiency, Color Rendering

Index (CRI), Correlated Color Temperature (CCT), and Color Purity (CP).
5.2.1 X-ray Diffraction (XRD):

The XRD study was conducted to investigate the phase and structure of all cobalt doped
CAG samples. Figure 5.9 displays the obtained XRD pattern for CAG: Co sintered at
1200°C. The positions of diffraction peaks were matched and consistent with the typical
cubic phase of CAG (JCPDS-00-067-0123).It was clearly seen in figure that the phase of
material remains unaltered even after doping of cobalt in CAG. Hence, it implies that no
impurity peaks were found at all the doping concentrations of cobalt. The crystalline size,
lattice volume, peak shift and lattice strain are calculated for the 220 hkl plane for all the
doping concentrations of cobalt in CAG. The Scherrer’s formula (equation 3.2) used to
quantify crystalline size and it was found that the crystalline size decrease with the rise of
doping concentration of cobalt.[15][18] With an increase in doping concentrations, the
major peak's full width at the half-maximum (FWHM) rises, this can be ascribed to a

reduction in crystalline size.

121



265 20 25 280 285 280 295 300

80 | —CAG Co(0.20 mol%} .I ]
F232 L i
n PR E. L
H174 g =——CAG :Co0 15 mol¥) ! ]
>0 : ]
[ i
116 § L ]
e
ey L AR R e e | R
58 > |——CAG:Co(0.10mal%} 4 .
S ;
M = | !
| ﬂ 2l ]
A N s : X 2
% - - et CAG %
: ' ' £ [—caccoposmarey
’ — — B i E
#w u ?JL‘A l_ - ] ‘JM UK CAG : Co (0.05 %) - ]
) J / J - ]
ol , : JM o CAG: Co 0.10%) :
/ n 1 L | | | :. 1 1
— JW_JL._ =G

CAG: Co(0.15%)

Mwwt LJL Y CAG:Co(0.20%)

: . . . i . .
0 30 40 50 80 i 80 265 270 25 280 285 200 295 300
20
20

Fig 5.9 Typical powder XRD pattern of the CAG: Co powders calcined at 1200 °C.

Further observing that the XRD peaks shift towards the lower angle 20 using the (220)
peak as shown in figure 5.9. The peak gets shifted might be caused by several factors like
strain in lattice or change in lattice parameters and also because of occupation of the
interstitial sites in host lattice by dopant and vice versa. The change in lattice parameters
leads the change in diffraction angles that cause the shift in peaks. The strain in lattice leads
to shift the peaks and makes them broad. It is observed that the crystalline size and strain
are inverse shown in figure 5.10 and the strain of lattice increases as the doping

concentration of cobalt increases in CAG: Co.
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Table 5.3. Summarize crystalline size, d-spacing, lattice strain, lattice volume and dislocation density of

CAG: Co sintered at 1200°C.

Dopin 20 Crystalline d- Lattice Lattice  Peak lattice Dislocation
g (degree) Size, D(nm) spacing Constant Volume Shift strain density
Conc. (ex10-3)

0 28.66 33.8 3.111 8.800 681 0 0.00431 0.00087
0.05 28.56 50.8 3.121 8.830 688 0.09 0.00288 0.00038
0.10 28.58 47.4 3.120 8.826 687 0.10 0.00309 0.00044
0.15 28.54 48.1 3.124 8.838 690 0.13 0.00304 0.00043
0.20 28.55 48.6 3.122 8.832 689 0.11 0.00301 0.00042

The Williamson and Hall used to obtain the comparison of crystalline size and the strain in

lattice of CAG: Co by considering the below formula:

Bcos(0) = %.4r]sin(0) ............. (5.1)

Where £ denotes the Full Width Half Maxima and A stands for X-ray wavelength and D is

the crystalline size. In order to obtain strain and particle size component the graph plotted

between Bcos(8) on y-axis and 4sin(6) on x-axis shown in figure 5.11.[19,20]

pcose
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|
00030 = .
n
0.0028 H
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0.9861 0.9864 0.9867 0.9870 0.9873 0.9876
4sind

Fig 5.10 Williamson Hall plot for CAG: Co of (220) plane.
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Fig 5.11 Comparison of the lattice strain and crystalline size corresponding to doping concentration in

CAG: Co.

The radius variance (A) calculation can be used to check the doing position of Co®" in

CAG host. The formula for the radius variance given in equation below:

_ Ry(CN)-Rp(CN)
= —RH

A X 100%............. (5.2)

Where Ry and Rp are the ionic radius of host (Ce*") and ionic radius of dopant (Co>")

respectively and CN is the coordination number [21]. By applying formula, the radius

13+

variance of Ce®" with respect to Co** is 54% and the radius variance of AI** with respect

to Co>*is 1.8%. According to research the required radius variance of dopant ions and host
3+

ions must be below 15-20%. So, results show that the radius variance of AI’*" with Co

found favorable.
5.2.2 Fourier Transform Infrared Spectroscopy (FTIR)

To explore the presence of functional group composition in GAG: Co, the FTIR analysis

was performed. Fig 5.12 displays the observed FTIR spectra of CAG: Co sintered at
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1200°C. The absorption bands centered at 842 cm™ and 577 cm™! were ascribed to the Ce-
O (metal-oxide) absorption bonding. Moreover, the appearance of absorptions peaks near
~439 cm™ and ~648 cm™ were providing the evidence of Al-O metal-oxide bonding
[5][22]. These absorption bands of metal oxide bonding gave the confirmation of structure
of CAG: Co.
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Fig 5.12 FT-IR analysis of CAG .Co precursor synthesized by different cobalt
concentrations 0.05,0.10,0.15 and 0.20.

5.2.3 UV-Vis Spectroscopy

The absorption properties of prepared CAG: Co samples that sintered at 1200°C were
studied by UV-vis spectroscopy. UV spectra observed in the range of 150-400 nm for the
CAG: Co was shown in Figure 5.13. The spectra show the broad absorption band between
200-300 nm and the absorption peaks centered in this region near 295 nm is attributed to
the transition of Ce*" ions. Similar absorption region was seen for all the doping
concentrations of Cobalt in CAG.Apart from it the UV absorption spectra were also utilized
to determine the optical band-gap of CAG: Co for various doping concentrations. The band
gap is quantified via the Wood-Tauc formula shown in equation 3.4 [23] Where a stands

for linear absorption coefficient, h is Plank’s constant, v is for the frequency of light, A
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denotes the proportionality constant, and Eg is for the optical band gap energy, and n
having value according to band gap, thus n is1/2 and 2 for direct and indirect band gap
respectively. The garnets are material that shows the direct band gap. To calculate the
optical band gap values for CAG: Co samples the plots of (ahv)> v/s hv at various

concentrations of Cobalt and shown in figure 5.13.[24]
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Fig 5.13 (a)UV- visible absorption and (b) Energy band gap for cobalt doped CAG at various

concentrations sintered at 1200°.

From the graph seen that the optical band gap seems increases with the rise in doping
concentrations of Cobalt in CAG and the optical band gap was observed as inverse to the
crystalline size of the material depicts in figure 5.14 in which crystalline size for different
doping concentration of Cobalt in CAG found in XRD data compared with the Optical

band gap of same material.

126



I : I : l =@-Band Gap 51.0

4.36

l & Crystalline Size
4.34 - L 505
4.32 5 | 50.0
- A \ -49.5
4.28 S i

® | 490

|

4.26

] /’ - 48.5

4.24 ] i
] ¢ - 48.0

422 -] -
® - 47.5

4.20 -

Band Gap (eV)
Crystaline Size (nm)

47.0

0.05 0.10 0.15 0.20
Doping Concentrations

Fig 5.14 Variation in crystalline size and optical band gap with respect to doping concentrations of

cobalt in CAG.

5.2.4 Fluorescence Spectroscopy

Figure 5.15 displays fluorescence spectra of CAG: Co sintered at 1200°C under the
excitation wavelength 294 nm. The fluorescence spectroscopy was carried out to
investigate the optical or fluorescence properties of prepared material CAG: Co at various
doping concentrations. The Spectra had well-known peaks in the region 400-700, two
major peaks around 450 nm due to the 4f' (*F72) — 4/°5d' and 533 nm observed 5d'-
4f' (°Fs;) transitions of Ce** ion.[1][10-12]The emission peak at 530 nm caused by
transition of Ce*" shifted to the 580 nm after the doping of Co>" in CAG because of the
energy of Ce®* gets transferred to the Co** .Therefore, peak at 580 nm was observed due
to the 5d'-4f' (F7) transition of Ce*" ion. It has been seen that there are peaks at 450nm
(blue emission peak) that is due to the transition of Ce** . Apart from it there found several
peaks due to the cobalt transition alike emission peaks at 512 nm and 580 nm (yellow
emission peak) were ascribed by the *T> (F) — Ti (G), *Ti (P) — *T» (F) transition of
Co*". Moreover, another emission peaks in the region 620-650 are identified because of

the T (4P)-*A,(4F) transition of Co**. [25,26] Clearly seen from figure 5.15 the peaks in
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the region 550 nm -800 nm found enhanced after the doping of cobalt in CAG due to the
transition and energy enhancement of Co** ions. In the spectra of CAG: Co, the Ce*" ions
responsible for the emission in yellow region and Co** ions show the blue, green and red
region, thus the whole spectrum has multiple peaks in the visible range that can produce
the white light, hence indicating the suitability of CAG: Co material for WLEDs and other

white light sources.
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Fig 5.15 The fluorescence spectra of CAG: Co calcined at 1200 °C with different concentration of Co. The

spectra observed at the excitation of 294 nm.

Figure 5.16 illustrates a bar graph displayed the combined area of cobalt-doped CAG at
various concentrations within the visible range (400-700 nm), and the infrared range
(700-800 nm). Therefore, it can be seen from graph that after doping of cobalt in CAG
the integrated area in Visible and IR region at various doping concentration shows
approximately close fluctuations. However, can be concluded that in contrast to other

doping concentrations, 0.10 (mol %) of Cobalt doping concentration in CAG had highest
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visible region and lowest area in IR region. Hence 0.10 doping concentration shows

favorable results for CAG: Co material in order to be suitable for white light sources.
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Fig 5.16 Bar graph of an integrated area at 294 nm with a different doping concentration of CAG: Co at
1200°C.

5.2.5 Fluorescence Lifetime

3+

Figure 5.17 depicts the fluorescence decay curves of CAG: Co samples with different Co
doping concentrations sintered at 1200°C. These curves used to be fitted using single-
exponential function i.e. [ = A*exp (-x/t) + B. Here. I=relative intensity, x shows the decay
time, t denotes the fluorescence lifetime and A and B are known as constants. The lifetime
and decay time for the CAG: Co has been calculated and seen that both are in inverse
relation, however as doping concentration of cobalt rises, the lifetime of the CAG: Co

decreases.
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Fig 5.17 Fluorescence lifetime of CAG: Co at various doping concentrations.
5.2.6 Calorimetry

Figure 5.18 depicts the CIE chromaticity coordinates and color temperature of CAG: Co
calcined at 1200°C. It has been clearly seen from figure the value of CIE coordinates for
different doping concentrations of Cobalt in CAG are (0.333,0.333) which are very similar
and also found very close or undistinguishable from ideal CIE coordinates i.e. (0.333,
0.333).

Similarly, the values of CRI for all the doping concentrations of Cobalt seem same 95 and
CCT 1is also distinguished by very negligible difference for all samples. Apart from its
Color Purity (CP) is the very important chromaticity property of phosphor/garnet for white
light and by calculating CP for all the doping concentrations, observed that all the values
are very close but at 0.10 concentrations of cobalt CP (0.13%) is most favorable and

demonstrating the vivid white light emission.
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Table 5.4. CIE, CP, CCT, and CRI of cobalt-doped CAG at excitation 294 nm.

Conc. CIE CP (%) CCT CRI
0 (0.331,0.333) 0.5% 5576 96
0.05  (0.333,0.333) 0.17 5469 95
0.10  (0.332,0.333) 0.19 5452 95
0.15  (0.333,0.333) 0.15 5465 95
0.20  (0.333,0.332) 0.19 5453 95
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Fig 5.18 CIE chromaticity diagram for CAG: Co at 294 nm excitation.
5.3. Cerium Aluminum Garnet doped with Chromium

The investigation into Cerium Aluminum Garnet (CAG) stands as a significant exploration
into the nuanced relationship between sintering temperatures, structural and optical
properties, and the potential for white light generation. Successful synthesis of the CAG
phase is achieved at 1200°C, leading to the formation of a pure garnet phase exhibiting
emissions in the visible region. This observation suggests the potential for white light

generation, laying the foundation for further enhancements. However, recognizing the need
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for further refinement and enhancement, the study pivots towards the strategic introduction
of dopants, specifically transition metals and rare earth ions. The primary goal is to stabilize
the crystal structure and generate effective red phosphors. In this context, the study places
particular focus on the incorporation of Chromium (Cr3+) into CAG phosphors to intensify
the red component emission. The rationale behind selecting Chromium as the dopant lies
in its unique electronic configuration and significant transitions in the far-red region.
Specifically, the doped Cr3+ ions are expected to exert influence over the energy levels
and transition lines within the CAG lattice. This, in turn, is anticipated to facilitate a highly
efficient energy transfer mechanism between Chromium and Cerium ions (Cr3+ and Ce3+,
respectively). The far-red region transitions of Chromium make it an ideal candidate to

enhance the red component emission, a key aspect in the pursuit of white light generation.

This comprehensive investigation employs techniques such as X-ray Diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM),
and fluorescence measurements to thoroughly characterize and quantify the impact of
Chromium (Cr3+) doping on CAG phosphors, shedding light on the intricate details of the

structural and optical modifications induced by this deliberate dopant introduction.
5.3.1 X-ray Diffraction

The XRD pattern of Ce3AlsO12 has been compared with XRD pattern of chromium doped
CAG sintered at 1200°C at different doping concentrations of Cr and the XRD pattern
depicted in figure 5.19. Sintering at high temperature improves the crystallinity and sharp
peaks obtained in pattern. From the obtained XRD pattern we can clearly see that the pure
phase of garnet remains same (JCPDS:) as doping of Cr** changes. Thus, the garnet phase
remains unchanged because there is no impurity peak of extra peak found in XRD pattern
even after doping of Cr** in CAG indicating that doping of Cr*" is effective to stabilize the
garnet structure. The crystalline size of material is estimated by calculating through the
Scherrer formula shown in equation 3.2 and found crystalline maintained between 45-51

nm. The calculated results depicts in table 5.5.
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Fig 5.19. XRD pattern of CAG: Cr powders sintered at 1200°C.

The difference of ionic radius (A) among dopant (Cr*>*) and host (Ce*") ions was considered

to recognize the substitution of Ce** by Cr’* ions via the equation 5.8. [27]

Here, Ru symbolize the host cation has ionic radius i.e. Ce ** = 115 pm and AI**=53.5 pm,
Rp denotes the actual radius of the dopant (Cr ** = 61.5 pm) and the coordination number
denotes with CN of corresponding ions. The adequate percentage variance of ionic radius
between ions is up to 30%, though, in the current study, Ce**/Cr** values is considered to
be 73% and for AI**/Cr** value is 14.9%, hence signifying the effective substitution of Al**

with Cr*" ions within the host lattice.

Table 5.5 Crystallite size (D), d-spacing, lattice constant (a), and peak shift of CAG: Cr at 1200°C.

Dopin 20 Crystalline  d- Lattice Lattice  Peak Shift lattice Dislocation
g (degree) Size, D(nm) spacing Constant Volume strain density (10
Conc. (£x10%)

0 28.66 33.8 3.115 8.8003 681.5 0 4.3 8.7

0.05 28.55 45.0 3.123 8.8353 689.7 0.107 32 4.9

0.10 28.55 46.8 3.123 8.8355 689.8 0.108 3.1 4.5

0.15 28.53 51.0 3.125 8.8390 690.5 0.120 2.8 3.8

0.20 28.53 46.0 3.126 8.8395 690.7 0.121 3.0 4.7
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5.3.2 Fourier Transform Infrared Spectroscopy:

The FTIR spectra carried out to analyses the chemical bonding of CAG: Cr** garnet. Figure
5.20 depicts the spectrum of synthesized garnet (CAG: Cr) in the range of 400-4000 cm’'.
In the spectra range 400 to 800 cm—1, the metal-oxygen (Al-O, Ce—O, and Cr-O)
vibrations in the garnet structure are detected. The characteristics band at 435 cm™appears
due to Cr-O [28] and the absorption band around 850 cm'and 561 cm™ were allocated due
to Ce-O vibrations. [29,30] The occurrence of absorption peaks at 502 cm™ and 635 cm’!
indicates the Al-O bond starching.[31]

CAG :Cr0.20%
CAG :Cr0.15%
AG :Cr0.10%
S—CAG :Cr 0.05%
—CAG

Transmittance %

I b '
T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500

Wavelength (cm™)

Fig 5.20. FT-IR analysis of CAG: Cr synthesized by different Chromium concentrations R =0.05, 0.10,
0.15, and 0.20.

5.3.4 UV-Vis Spectroscopy:

Fig 5.21(a) depicts the UV-Vis spectra of CAG: Cr with different doping concentrations.
The spectra show the broad absorption band between 200-400 nm and these spectra arise
due to the transition of Ce*" because of its partially filled 4f orbital. Fig 5.21(b) shows the
optical band gap, which is calculated by use of equation 5.2. [32]
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It was found that the band gap of the material decreases with the increase in doping
concentration. The Optical band gap is calculated by plotting graph ahv(y-axis) and Eg (x-

axis). The optical band gap was observed to rise with increase in the doping concentration.
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Fig 5.21. (a) UV- Vis absorption spectra for CAG: Cr and (b) optical band gap with different doping

concentrations of Cr3*.

5.3.5 Fluorescence spectroscopy

The Cerium Aluminum Garnet doped with chromium (CAG: Cr) illustrates the exciting
fluorescent properties of other garnets such as YAG and GAG suitable for white light
sources. GAG show excellent fluorescence properties and emission in visible region that
favors the emission suitability for white light. The cerium aluminum garnet doped with
chromium also shows the spectra in the visible region 400-750 nm. The spectra illustrate

the multiple peaks in the visible region.

The typical fluorescence spectra for the CAG: Cr at various doping concentrations of Cr3+

sintered at 1200°C, illustrated in Figure 5.22, show the multiple emission lines in the region
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400-800 nm assigned due to characteristics transitions of Cr** and Ce**. The most intense
peak found near 532 nm caused by the energy transfer from Ce** to Cr** and overlapping
of transition 5d'-4f' (*F’s) transitions of Ce*" ion to the *A,—*T; transition of Cr**. A peak

around 608nm is also due to the same transition of Cr>*. The peak at 700 nm was assigned

because of the transition “T>—*Azof Cr*". [33-34]
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Fig 5.22. Typical fluorescence spectra at excitation 294 nm for chromium-doped CAG at different doping

concentrations.

Figure 5.24 depicts the integrated intensity of chromium-doped CAG at different
concentrations and it shows integrated intensity in the visible range i.e., 400-700 nm and
Infrared range i.e. 700-800 nm. The results concluded that the doping of chromium at 0.05
mol% in CAG has the highest integrated intensity in the visible region among all the doping
concentrations of chromium. Although all the integrated intensities at different doping
concentrations are very near to each other. Thus, can conclude that 0.05 doping

concentration of chromium in CAG gives the best florescent properties.
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Fig 5.23. Representation of energy transfer process via transition energy level diagrams of Ce3+ and Cr3+.
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Fig 5.24. Bar graph representing the integrated intensity of CAG: Cr with variation in doping concentration
of Cr*.
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Figure 5.25 displays the CIE chromaticity coordinates and color temperature of the
chromium-doped CAG sintered at 1200°C. The various doping content of chromium shows
CIE coordinates very close to the ideal coordinates (0.333, 0.333) for an ideal white color
on the chromaticity diagram. Even the values of CRI, CCT, and color purity are almost
perfect for ideal value of white light. The color purity is an important chromaticity
parameter, which calculated by using formula given in equation 1.4. The CCT considered

by equation 1.3.

CIE chromaticiy diagram 1931

520 & CAG12

# CAG Cr-0.05 (mol%)
+ CAG C-0.10(mol%)
+ CAG C-0.15(mol%)
x CAG C-0.20{mol%)

620
704

Fig 5.25. Typical chromaticity diagram for CAG: Cr with different doping concentrations sintered
at 1200°C.

Table 5.6 CIE coordinates, CCT, color purity, and CRI values of chromium-doped CAG

Conc. CIE CP (%) CCT CRI
0 (0.331,0.333) 0.5 5576 96
0.05 (0.335, 0.340) 1.9 5331 96
0.10 (0.336, 0.342) 2.2 5334 97
0.15 (0.336, 0.341) 1.9 5359 97
0.20 (0.338, 0.345) 1.9 5330 96
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5.4. Structural and optical properties of Cerium Aluminum Garnet co-

doped with Cobalt and Chromium

Advancing the understanding of Cerium Aluminum Garnet's (CAG) optical and structural
properties remains a central focus of ongoing research, with a keen eye on its potential
applications in solid-state lighting. Previous investigations into CAG have extensively
explored the impact of single doping with cobalt and chromium, revealing positive
enhancements in the material's properties and positioning it as a promising candidate for
solid-state light sources. Building on these findings, the study delves into the realm of co-
doping with Cr** and Co’", anticipating energy transfer dynamics within the host lattice
and between the two dopants. Leveraging the distinctive transition lines of Cr** and Co**,
the research anticipates a synergistic emission, promising favorable outcomes for
achieving white light emission. Extending the scope of inquiry, the present study shifts its
focus to comprehensively understand the influence of Cr** and Co®" co-doping on the
structural and luminescent properties of CAG. The overarching objective is to refine
emission characteristics, color rendering, and overall efficiency. The anticipated outcomes
carry significant implications for a broad spectrum of applications, encompassing display
devices, white light-emitting diodes (WLEDs), and solid-state light sources. This study
employs a multifaceted approach, utilizing XRD, FTIR, FE-SEM, and Fluorescence
measurements for thorough characterization of CAG and aim to contribute valuable
insights, shaping the tailored properties of CAG for advanced applications in

optoelectronics.
5.4.1 X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) analysis for investigating the phase composition of the
prepared CAG: Cr, Cr material was conducted at room temperature using Cu-Ka radiation
with nickel filtration in the 20-80° range. The XRD pattern obtained for CAG: Co, Cr is
depicted in the provided Figure 5.26. Based on visual inspection, it is evident that the CAG:
Co, Cr phase maintains the pure CAG phase sintered at 1200°C. Even after variations in

the concentration of Co®>*/Cr**, the garnet structure of CAG remains unaltered, indicating
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that the co-doping of Co/Cr does not significantly change the host structure of CAG. The
primary peak at (220) was selected for further analysis, and its characteristics were used to
calculate the crystalline size, lattice constant, d-spacing, and dislocation density for CAG:
Co, Cr. Changes in these parameters, such as crystalline size, lattice strain, defects, and
unit cell expansion, may be attributed to the replacement of Al** or Co®" following the
doping of Cr** and Co®" in CAG. The crystalline size was determined using Scherrer's
formula, indicating an increase from approximately 33 nm for pure host CAG to 46 nm
and 48 nm for CAG: Co (0.10), Cr (0), and CAG: Co (0), Cr (0.05), respectively. CAG:
Co (0.10), Cr (0.05) exhibited a crystalline size of around 38 nm.
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Fig 5.26. Typical XRD pattern for CAG: Co, Cr sintered at 1200°C with variation in doping concentrations.

Bragg's law (equation 3.1) was employed to calculate the d-spacing, revealing variations
associated with the doping. The observed changes in crystalline size and d-spacing indicate
that dopants have entered the crystal lattice. Additionally, the dislocation density for the
prepared sample, determined using a specific formula applicable to the cubic phase

structure of GAG: Cr/Co, was also discussed. This comprehensive XRD analysis sheds
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light on the structural modifications induced by Co/Cr co-doping in CAG, providing

valuable insights into the material's crystalline characteristics.
5.4.2 Fluorescence spectroscopy

The fluorescence spectra of Co**/Cr** co-doped CAG, as illustrated in Figure 5.27, were
obtained by monitoring at 294 nm excitation. In the spectra of CAG: Co, Cr samples,

distinct peaks appeared at 437 nm, 505 nm, 560 nm, 606 nm, and 637 nm.
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Fig 5.27. Fluorescence spectra for CAG: Co, Cr at various doping concentration under the 294 nm

excitation.

When comparing the spectra of optimized concentrations of singly doped Co®" and Cr**
with co-doped CAG: Co**/Cr*", it became evident that energy transfer occurred from Ce
to both Co and Cr. Consequently, emission peaks at 437 nm and 505 nm were attributed to
the *fi (*F7,2) — *°5d" and 5d'-4f' (*Fs)) transitions of Ce>". [10,11] Additionally, the peak
“at 560 nm was identified as arising from the *A> (F) — *T; (P) transition of Co**, and
another emission peak in the 637 nm region was attributed to the *T; (4P) - *A, (4F)
transition of Co®". [25, 26] The intense peak at 506 nm was explained by the *A,—*T>
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transition of Cr’*. The presence of multiple peaks in the visible region strongly suggests

the emission of white light from the material.

The calculated values of CIE, CRI, and color purity from the fluorescence spectra further
support the likelihood of white light emission. These optical parameters closely align with
the values associated with ideal white light, affirming the potential for the material to

exhibit high-quality white light emission.

Table 5.7 CIE coordinates, CCT, color purity, and CRI values of cobalt and chromium co-doped CAG

Sample Code CIE coordinates CCT Color Purity CRI
CAG (0.331,0.330) 5576 0.5 96
CAG: Co (0.10) (0.332,0.333) 5452 0.2 95
CAG: Cr(0.05) (0.335,0.340) 5331 1.9 94
GAG: Cr(0.05) Co(0.10) (0.331,0.361) 5590 0.9 91
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Fig 5.28. Chromaticity diagram showing CIE coordinate of CAG: Cr, Co under the 294 nm excita
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Chapter 6

Summary and Future Scope

Transition metal doped Gadolinium Aluminum Garnet (GAG) and Cerium Aluminum
Garnet (CAG) were successfully synthesized for solid-state light sources by the sol-gel
method. GAG and CAG doping specifically employ incorporating transition metals cobalt
and chromium. The cobalt and chromium were chosen as dopants due to their well-known
transition lines for visible emission. The optimum temperatures for synthesizing precursor
ceramic material were determined to be 1100°C for GAG and 1200°C for CAG. The
structural and optical properties were investigated. X-ray diffraction (XRD) analyses
confirmed a pure-phase and single-phase cubic structure for both CAG and GAG. Further,
found no alteration in crystalline structure was observed after the introduction of chromium
and cobalt dopants. As an indication of the sol-gel method spherical shape and nano-sized
particles were confirmed by SEM and agglomeration for the material was also confirmed
by SEM. The EDS results revealed the effective stoichiometric composition of elements in

both garnets.

Interestingly, the Dopants exhibited a discernible influence on the strain and porosity
within the crystal lattice. To delve deeper into the materials' characteristics, extensive
analyses of their optical properties were conducted using Fourier-transform infrared
spectroscopy (FTIR), ultraviolet (UV) spectroscopy, and fluorescence spectroscopy. The
FTIR results support the XRD findings and identify the functional groups present in the

material.

In the case of GAG, the observed emission spectrum under the UV-excitation and spectrum
shows the transition lines of Gd** i.e. 3S72 - °Py, ®I; - ¥S7, °Py - °G7/2. The emission spectra
show the CIE coordinates of (0.332,0.334), color purity of 0.2%, and CRI of 96. To
enhance the optical efficiency of the GAG doping of Cobalt (Co) and Chromium (Cr) was
undertaken. The introduction of cobalt doping in GAG did not bring about a discernible

change in the optical parameters such as CIE, CRI, and color purity, even the integrated
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intensity also increased with a minor difference from the host. But from emission spectra,
the transition lines of cobalt are seen and the energy transfer between the host and dopant
is shown in Figure 4.28. The major peaks 463 nm and 601 nm were observed due to cobalt
* T (F) to *T1 (P) and *T to *A, transition as discussed in section 4.3.6. Thus, cobalt did
not make a major change or effect on the optical behavior of GAG. On comparing cobalt

doping in GAG, the best results were optimized on the 0.2 concentration of GAG: Co.

Furthermore, chromium doping in GAG had a notable impact on the behavior of the garnet.
While the GAG: Cr material is excited with the UV the emission is found in the visible
region and the emission spectra include several peaks due to Gd** and Cr** transition lines.
How energy gets transferred between Gd** and Cr*" is illustrated in Figure 4.15 clearly and
transition lines are also shown. The integrated intensity increased with doping and the CIE,
CRI, and color purity values shifted the light to the greenish-blue side of the chromaticity
diagram. Thus, chromium did not enhance the GAG behavior for white light. Moreover,
co-doping of cobalt and chromium in GAG, utilizing their optimized concentrations (Co at
0.2 and Cr at 1.0), yielded more promising results. The values of CIE coordinates, CRI,
and color purity were enhanced, approaching closer to the ideal values for good white light.
This suggests that the combined presence of cobalt and chromium had a synergistic effect,
positively influencing the optical properties of GAG and moving it closer to the desired
characteristics for white light emission. The obtained results for co-doping were excellently
favorable for the ideal white light as it has CIE is (0.333,0.333), CRI is 95 and color purity
is 0.2%.

On the other side, in the case of another host CAG while the material gets excited with the
UV light the material exhibits a broad emission spectrum characterized by multiple peaks
in the visible region. The sharp and clear peaks due to transition lines of Ce*" were found
in spectra at 455 nm [4f! (*F7r) — 4/°5d" ] and 530 nm [and 5d'-4f' (*Fsp)]. The cerium
transition lines show the yellow color emission and with UV excitation complete emission
spectra give the near white light emission which is verified with calorimetry (CIE, CCT,

CP, CRI) results. The CIE (0.331, 0.332), CRI of 95, and color purity of 0.5% for CAG
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indicate its optical properties. The chromium and cobalt transition metals were doped in
CAG to enhance the optical properties and investigate the effect of doping on the CAG.
Surprisingly, the results indicated that the incorporation of Co and Cr did not significantly
alter the behaviors of the CAG host material. the fluorescence emission spectra in both
cases show the multiple peaks in the visible region and the transition lines of cobalt near
512 nm [*T2 (F) — *T1 (G)] and 580 nm [*T; (P) — *T> (F)] observed and due to Ce*" and
Co*" transition lines the spectra emission of multiple color and overall emission spectra
found quite advantageous for the production of white light in CAG: Co case. Similarly in
the case of CAG: Cr the clear transition lines of Cr** and Ce** are found as explained in
section 5.3.5 and energy transfer between Ce*" and Cr*" is shown in figure 5.23. However,
a detailed analysis comparing different doping concentrations revealed that optimal
improvements occurred at concentrations of 0.10 for CAG: Co and 0.05 for CAG: Cr. Thus,
on the comparison of doping concentrations in both dopants 0.10 for CAG: Co and 0.05
for CAG: Cr were optimized as the best doping concentrations for co-doping. Thus, these
concentrations are considered for co-doping. The co-doping of Co and Cr demonstrated
visible enhancements in CAG properties notably reflected in the increased integrated area
of the spectrum with the introduction of dopant. Moreover, the CIE, CRI, and color purity
values approached those ideal for white light. In essence, the co-doping strategy at the
specified concentrations proved to be the most effective in achieving desirable optical

characteristics for CAG, showcasing promising outcomes for potential applications.
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Cr’** and Co** doped GAG & CAG as a Solid- State White Light Emission
Excited by 310 nm on UV chip

The synthesized material comprising CAG and GAG exhibits promising optical
characteristics and colorimetry parameters conducive to emitting white light. To evaluate
its performance, we subjected the material to examination using a UV chip emitting light
at 310nm. Remarkably, the material displayed white emission upon exposure to this UV
light source. The accompanying figure 6.1 illustrates a visual comparison between the UV
chip with and without the synthesized material. This outcome suggests that the synthesized
material effectively converts the UV light emitted by the chip into white light, showcasing
its potential utility in various applications requiring white light emission. These
applications could range from advanced lighting technologies to optoelectronic devices

where the generation of white light is essential.

(b) (© (d)

Fig 6.1. (a)UV Chip light 310 nm without material, (b) UV Chip light with CAG Coating, (c) UV Chip
light with CAG: Cr Coating, and (d) UV Chip light with GAG: Co Coating.

150



Annxure-1

List of papers published

List of publications in the journal

1. Bala, A. and Rani, S., 2023. UV excited emission spectra of gadolinium aluminum

garnet. Journal of Optics, 52(2), pp.868-874.

Jopt
hittps:iidosong/ 10, 1007451 2596-002-01052-2

UV excited emission spectra of gadolinium aluminium garnet

Anu Bala' - Suman Rani'

Received: 17 May 2022 / Accepled: 7 Decemnber 2022

10 The Author(s), wader exclasive licence to The Optical Society of India 2022

Abstract  Gadolinium aluminum garnets (GAG) in recently
times are d for their application in enhancing the

become a vigorous area for researchers to enhance solid-
state light sources as they have excellent properties and

fliciency of ph ic devices. A of les for

perior color rendering propertses. These are highly chal-

gadolinium aluminum garnet (Gd;AlO,,) was synthesized
cffectively using the sol-gel method. The prepared sumple
was si d at various temp but at 1100 °C pure
phase developed was identified by X-ray diffraction, and
luminescence properties were studied by several charac-
terizations such as Fourier trunsform infrared spectroscopy
(FTIR), UV-Vis spectroscopy. and fluorescence spectros-
copy. XRD gave the confirmation of the phase formation
of GAG, and analyses of FTIR were also coordinated with
XRD results. Emission spectra ponding 10 "1;,."Dy,
and "G, energy transition from state S, were determined
for three UV excitations, i.¢.. 256 nm. 2% nm, and 391 nm,
and show mixed color P s on the ch icity

lenging for light-cmitting diodes (LEDs), display pancls,
fickd emission displays (FEDs), luminescent solar concen-
trators (LSC), and more. Primurily in the case of the garnets
formula, host material plays a significant job in the enhance-
ment of lumi properties | . |: for the hetic gar-
nets, the general formula is AB,C,0,, with cubic symmetry
of space group la3d where A in the site is dodecahedrul, B is
octahedral, and C is tetrabedral, But in the case of commonly
used ternary synthetic garnets, a general chemical formula
ABLO,, is usexd b it considers B = C. Nowadays, rare-
carth aluminate garnets (RE;ALO ;) have generted great
interest from rescarchers since they have distinctive photo-

diagram.

Keywords  Gurnets - Gadolinium - Energy transition -
GdALO,, - UV excitation

Introduction

As per economical demand, energy is a basic need for
the /| of the P y world and h

has always been looking for material that can give a more
efficient source of energy. Newly developed garnets have
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1 (PL) propertics and have excellent thermal,
and photochemistry stability and cfficiency. In RE;ALO, .,
rare earth (RE)=A and Al=B | - |. There are some well-
known rare-earth garnets are yurium aluminum garnet
(Y3ALO ), terbivm aluminum garnet (Th;ALO, ), hutetivm
aluminum garmet (LuALO,,), gadolinium aluminum garnet
(G, ALOy ) listed in Table | etc,

Along with REAG, yttrium aluminum garnet (YAG) isa
commonly used garet, and in YAG the Y** can be effort-
lessly replace by other sare-carth ions like Ce™, To™, Eu™,
and more. Among these ions, the Th*™ in YAG reveals a
green emission through a narrow band, and that is why it
has found excellent applications in cathode tubes and display
devices | - ). However. in Gamet's formula placement of
Gd™ at sites A and B leads 10 the formation of stable garnet
GdAlLO; (GAG). At the room, temperuture GAG has cubic
space-grouped 1a3-d [ |. Doped GAG can transfer charge
casily as gadolinium has less electro-negativity. GAG can
attain stability around 1300 K. and above this temperature, it
may be decomposed into GAAIO, and ALO, The study aims
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Abstract

The preparation of gadolinium sluminium garnet {GAG) doped with Cr' bons (Cr: GAG)
was carmed oul usiuj: the wi:-|—ﬂ|:| |lc.!l..‘|ll|1l.|l..|l.!'.. Tolbovwed by .\illll:nng al D000 0, Xonwy il
Frsction charclerization was performed o investignte the elfects of Or doping on the
GG phise, The results revealed that Or'™ doping induced strain in GAG, leading to o
phase efect ond an increase in erystallite size. Field emission scanning electron micros-
copy was wtilized 1o observe the particle size, morphology, and o comparison of crystallite
sime with particle size. Fourier transform infrared spectroscopy was used o confirm the
imeraction between metal and oxygen in the Lattice and assess the material’s composition.
UV spectroscopy and Aucrescence specira wene employed o comprehensively stody the
optical characteristics of Cn GAG. Chromaticity coordinaes, correlated color tempsera-
wire, and color rendering index were explosed @ 2R2 nm excitation, Decay curve analysis
revealed tha the muterial's lifetime incrensed with an incresse in the OF'" doping con-
centration i GAG, Fluorescence spectr exhibited mulople peaks. indicating multicokor
emission and suggesting the potential for cresting efficient white light sources using Cr;
GAG, Orverll, thess findings highlight the potentiol of Cr'™ doping in GAG for tuning the
optical propertics and creating novel light-emitting energy- efficient materials with promis-
ing applications.

Keywords Sal—oel process - Crystal structure - Garnets - Absorption - Flusrescence -
Emergy efficiency

1 Introduction

Garnets proved as great candidates for their promising chemical stability, and luminescent
and thermal propertics when doped with transition metal ions or rare carth ions (Birkel
ctoal. 20125, The general formula of garnets is [A]y[B]0y, have cubic face-cantered lat-
tice cryatal swructure with complex positioning of differemt cations in the unit cell due w
whileh behaves exclusively in their luminescence properties and these properties clanges o
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ABSTRACT
Received: 30 March 2023 The luminescent properties of GAG: Co (Gd,Al0,.:Co) arises from the absorp-
Accepted: 8 November 2023 tion of light in the visible and near-infrared regions by the Co ions. When excited
Published online: by light, the Coions can transfer their energy to other ions in the material, which
15 December 2023 can emit light of a different color. The color of the emitted light depends on the

specific energy levels of the ions involved in the luminescent process. In GAG:
© The Author(s), under Co, the emitted light is typically in the blue-green region of the spectrum. A series
exclusive leence bo Springer of singly doped gadolinium aluminum gamet with cobalt (GAG: Co) of different
SciencerBusiness Media, LLC, concentrations were synthesized by the sol-gel method after sintering at a tem-

perature 1100 °C. The X-ray Diffraction (XRD) and Scanning Electron Microscopy
(SEM) show the precipitation of GAG: Co with a size around 2540 nm and phase
formation was acknowledged by X-ray Diffraction. Fourier infrared transforma-

part of Springer Nature, 2023

tion spectroscopy (FTIR) analysis gives the system evaluation and composition
of a material. Energy Dispersive X-ray (EDX) analysis confirms the incorporation
of Cobalt ions in GAG. The luminescence properties of the material were investi-
gated by FTIR, UV-Vis spectroscopy, and Fluorescence spectroscopy. Analyses
of FTIR were also supportive of XRD results. Emission spectra were determined
for excitations 270 nm and 282 nm and lifetime was found to decrease with an
increase in doping concentration. The material shows mixed color components
on the chromaticity diagram which makes it a supportive matenal for application
in white light sources.

1 Introduction and white light sources. They are well-known for

their good efficiency, thermal stability, and photo-

In the current era of research, the Rare-Earth Alu-
minate Garnets (REAG) with a general formula
Re,Aly0ys is a category of best-known cubic oxides
and these are the most active inorganic materials
that are used in the application of display devices

chemical stability [1-9).For its optical characteristics
and applications, Yttrium aluminum garnet (YAG),
Terbium aluminum garnet (TAG), and Lutetium alu-
minum garnet (LuAG) has been the subject of much
investigation. Gadolinium Aluminum Garnet (GAG)
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Garnet: Structural and Optical
Properties
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Abstract Gamets are seems like good material for solid-state light because of their
excellenmt chemical amd physical stability and fvorable luminescence propemies,
These materials emit multicolors (red, blue, and green). They have been recom-
mended optical properties as they have large emi=sion range and have excellent
thermal conductivity, high mechanical strength, high-temperature resistance, and
radiation resistance. Bescarch had been done for the improvement of luminescence
properties with doping at sites A and B in [ALIBLIC] O] (Garmet), Garnets
included rarc-carth series have great luminescence propertics and were also very
defendable For the amazing down-comversion properiies,

Keywords Garnet © Rare earth « Optical © Luminescence

1 Introduction

Garnets have general formula [ A3 (B2 [Cla0] 2, where A site 1= occoupied by dodec-
abedral coordination and B site by octahedral cocrdination and C site by tetrahedron
coordinae. Gamet has cubic lattice structure where space A can be occupied by
alkali metal, alkali eanth metal, and rare-earth metals. They belong o Body-centered
cubic la3d space group. Gamets are scems like good material for solid-state light
because of their excellent chemical and physical stability and favorable luminescence
properties, These materials emit multicelors (red, blue, and green). Most common
gamets like Terbiom aluminum garnet (TAGE Yorivm aluminum gamets {YA0),
gadolinium gallivm gamet (GGG, Europium Gallivm Garnet (EGG), ete. have been
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Down conversions excitation dependent luminescent

properties of Terbium Aluminum Garnet
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Abmrraet TAG (erbium aluminam gamel [ ThaAldD 3 @ B anveatagatad recently Tor thoir
gpplications in the realizativn of photonic devices becasse of its hrasd tansmission mnging
from 250 s |1 500nm. An omission property of any material depends upon electronic trunsition
levels, temperabare, excitmtaon wavekngh ec, A lot of research hod hesn reported on
tlempermture dependent emision properties of TAG n this study an attempt Bad been made to
enplore the excitation dependent emission properties of TAGTAG was prepared by sol pel
lechmigee fodlowed by sinbering ar | 100°C  Structural phose was analysis from the XRD specim
MBI sodics comblirmed the fooestion oF s eoatorial and has cobse strucieme, Thi cmission
prapertics were souddied by exciting the TAG by LW light amd blae light i 280em, MHinm,
3B mm, HMinm, 480 and 484nm Spectra power distribulion curve was ablained from emission
datn excived by with UV madiacon and blas lighi, Prom emission specire, Caoloss so-ordinsies
(CIE), eolour comelated temperature (OCT) and colour purity were caleulated for TAG at
different excinsticn . E ot promesTics ik ® Chil TAG i potgibial nanophasplios for
aptical devices.

Key words: ClE coomfinates, OCT, colour purity, TAG, UV lghl. excitstion wavelength

1. Introduction

In down conversion (D), high-snergy visible photons are absorbed and re-emit oo or mare photons
of lower energy at higher wavelengths, DO lumingscence has number of host lattices bt highly
extensively mclede single or multi-cation axides, oxysullfide, phosphates, vinsdbtes, borabes and
tngstates. In ocrystal growing wechnology, parmers atiract great interest of rescarchers for s
luminescence propertics becouse it has unipue optical, magnetic amd clectne propertics, Hence, this
dievelops its vast arca of applications in various fickls. The general formula of garmets is [A]B]s0:
They have cubic face centred Iattice crystal structure with complex positioning of different cations in
umnit eell. e to this gamet behaves uniguely in their luminescence propertics and these propertics
changes with the replacement of different sites as A, B with unlike ¢lements like rear enrths [1.2]. The
garnets have distinet chembesl composidon, photoluminescence emission and their cormresponding
implemendations, Most widely used yiirium alaminium garmet (Y 341002, Y AG), doped with rear earth
materials 10 produce white light but YAG i a good candidate for produsing lurminescence
ramsfoeming LEDs which are tremendous for warm white LEDY applications as there is absence of red
companenl ok Za, lerbium aluminium gamets (TAGH nses as best altemative for YAG in
luminescence as it able to absorb radiation in huge range e from UV fo blue whereas it emits
radiations of braad spectrum 350nm ke | 50hom e UV, visible and andrared. Moreover, TAG also
shows the red colour range of spectrum which is advantagecus to overcome with high teniperature
prablem in LEDs. [3]
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