Tailoring Luminescence Properties of Rare Earth
Doped Aluminate and Garnet phosphors

Faculty of Natural and Agricultural Sciences

Department of Physics

UNIVERSITY OF THE
FREE STATE
UNIVERSITEIT VAN DIE

VRYSTAAT
YUNIVESITHI YA UV
FREISTATA

University of the Free State
Republic of South Africa

S—

Ali Halake Wako

September 20135




Tailoring Luminescence Properties of Rare Earth
Doped Aluminate and Garnet Phosphors

By
Ali Halake Wako

M.Sc¢ (Cum Laude) UFS, B. Sc (Hons) UFS, B.Ed (Sc) (Hons) Egerton University

A Thesis Presented in Fulfillment of the Requirements for the Degree of

Philosophiae Doctor/ Doctor of Philosophy (PhD)
In the

Faculty of Natural and Agricultural Sciences,

Department of Physics
At the
University of the Free State
Republic of South Africa
Promoter: Prof. F.B Dejene

Co- Promoter: Prof H.C Swart

September 2015



Declaration

This research has not been previously accepted for any degree and is not being currently
considered for any other degree at any other university.

I declare that this thesis contains my own research work except where specifically

acknowledged.

Name: ALI HALAKE WAKO Student Number: 2009171303

e

Signed:

Date: 1°' September 2015



Dedication

This thesis is dedicated to my beautiful children, my loving
wife and my dear parents.



Acknowledgements

First and foremost, without any preconditions whatsoever and with immense sense of
humility and reverence, I express my most special heartfelt and sincere gratitude to my
Creator Almighty ALLAH (Subhanahu Wa Ta’aala) for the gift of living and His
continuous and everlasting guidance. My dear family and my lovely parents are thanked
for enduring the tough and lonely days and nights while afar from each other for the
whole period of my studies.

It is my pleasure to profusely thank my Promoter, Prof. F.B. Dejene, for his generous
suggestions, invaluable scientific advice and guidance during the research stage,
presentations of my work, conferences and the discussions we had together during the
final review process of this thesis. I learnt a lot from his scholarly remarks, mastery of
content, constructive criticisms and relentless support he offered throughout the duration
of this study.

I would also like to convey sincere gratitude and deepest appreciation to my co-
Promoter, Prof. H.C. Swart for his well thought comments, unwavering, fatherly
assistance, guidance and support during the whole duration of my study. His constructive
criticisms, valuable comments and suggestions were quite helpful for the completion of
my thesis and also for his great role in sourcing funds for my study and research
program.

I am deeply honored to have been a part of Prof. F.B. Dejene’s and Prof. H.C. Swart’s
research group. Their many achievements, awards, and contributions to the field of
materials science are a true inspiration. This work would not have been possible without
their knowledge and expertise.

It is my pleasure to also thank Prof Martin Ntwaeaborwa for assistance with the
measurements involving particle morphology on the JSM-7800F Field Emission
Scanning Electron Microscope (SEM).

My thanks go to Prof. Ted Kroon and Dr. Hassan Seed Ahmed for their assistance with
the photoluminescent (PL) data collection from the PL carry eclipse and He-Cd laser
techniques.

My gratitude also goes to Dr. Mart-Mari Duvenhage for the professional coaching she
offered on many different techniques which was of great benefit to my research work.

My appreciation for Mart’s help cannot be adequately expressed with mere words.



I wish to express my special thanks to Dr. Liza Coetsee-Hugo for the training and
support she rendered during the AFM, AES and XPS measurements which added a lot of
weight to my publications.

I wish to express my gratitude to staff members and colleagues in the Physics
Department at the University of the Free State, Qwaqwa campus, South Africa,
especially, Dr. LF. Koao, Dr. K.G. Tshabalala, Dr. S.V. Motloung, Mr. R.O. Ocaya, Ms
K.E. Foka, Mr. A.G. Ali, Ms W.M. Winfred, Mr. S.J. Motloung, Ms M.A. Lephoto and
Ms L. Meiki of the UFS QwaQwa campus physics department for their continuous help
during my studies.

I would like to acknowledge the frequent consultations and in-depth discussions with our
M.Sc colleagues during the departmental group presentations; Mr. T.M. Sithole, Mr. J.
Ungula, Mr. T.D. Malevu, Mr. F.V. Molefe, T.L. Lotha and Ms. A.S. Tebele which
added some insight to my research work.

It is my pleasure to remember staff members and research colleagues in the Physics
Department at the University of the Free State Bloemfontein; Prof. J.J Terblans (Head of
Physics Department), Ms. Karen Cronje, Ms. Yolandie Loots, Dr. S. K. Shaat, Dr. W.
Tabaza, Dr. A M Yuosif, Dr. L.L. Noto, Mr. Y. Mubarak, Mr. Shaun Cronje, Mr. A.
Abbass, Mr. R.L Nyenge, Mr. Xinliang Yan, Ms. R.M Jafer, Ms. A.M. Tshabalala, Ms.
A.M. Pulane and Ms. P. Mokoena for their assistance and support.

Dr. P. Motolane, Dr. K. Roro, Dr. S. Nkosi, Mr. Henk Van Wyk and Ms. B. Masina
would always be remembered for their assistance with the Pulsed Laser Depositon
(PLD) technique during their period of service at the Council for Scientfic and Industrial
Research —National Laser Centre (CSIR-NLC) of South Africa.

I also wish to express my best and sincere gratitude to the Muslim ulamaa and brothers;
Mufti Saheb E.M.H Salejee (CEO-Siraatul Haq Islamic school and madrasah-Estcourt),
Molana Abulhamid Saheb (Principal -Darul uloom —Azaadville), Molana I. Bhayat
(Alimdaad Foundation), Molana K. Chohan (Imam-Masjidul Ansaar-Harrismith),
Molana Mohamed Moolla, Yacoob Vaahed (CEO-Alimdaad Foundation), Faruk Ismael
(Amiir - Harrismith Markaz), Dr. FKX Lakhi (MBChB), Mr. Zahir Bhayat, Iqra
(Muadhin- Masijidul Ansaar, Harrismith) and the Harrismith Muslim community at large
for their constant prayers, religious, spiritual, moral support and encouragement during
my stay in South Africa. Jazaakumullahu kheiran (May Allah reward them with good).

I would also like to express my appreciation and gratitude to my lovely sister Ms.
Halima Halake, her Husband Mr. Wako Gollo and their son Gollo Wako all in

Tennessee, USA for their encouragement and moral support throughout my study.



e My appreciation and thanks also go to my brothers; Dr. Wario G. Wako, (Jomo
Kenyatta University of Agriculture and Technology - JKUAT) and Cpl. Galgalo H.
Wako, (Kenya Police - General Service Unit-GSU) and their families for encouragement
and logistical/technical support.

e [ would like to extend my special gratitude to Hon. Charfana G. Mokku, a great leader
and Former Member of Parliament (MP) — Isiolo North Constituency, Kenya, for
accepting to chair my fundraiser that supported me at the initial stages of this noble
course.Hon. Mokku’s help cannot be sufficiently expressed with mere words.

e I would like to extend my special gratitude to Mr. Gabriel Lengoiboni, former Secretary
of the Teachers’ Service Commission (TSC) - Kenya for granting me study leave to
undertake this noble course.

e [ wish to express my utmost thankfulness to the National Research Foundation (NRF) of
South Africa, The South African National Laser Centre (NLC), the African Laser Centre
(ALC), the Cluster program of the University of the Free State, the South African
Research Chairs Initiative of the Department of Science and Technology (DST) and the
Alimdaad Foundation for their financial and logistical support.

e Finally, I would like to express my sincere indebtedness to my family and parents for
their constant prayers and blessings.

e Iwantto thank my wife, Habiba, for her patience, love and support. She is the proof that
“behind every good man, there is a better woman”. Mere words cannot sufficiently and

adequately express what is in my heart. She is the pillar of my family.

“The undertaking of a study as intense as this was not possible without the contribution of
many. It was not possible to single out all those who offered support and encouragement during
what at times seemed to be a ‘never ending journey’. However, those are the ones without
whom this project would not have been realised, and my deep, heart-felt special gratitude and

acknowledgement of their contributions goes to them.

Vi



Abstract

This work covers several aspects about different phosphors activated with rare earth (RE) metal
ions which were synthesised and characterised using different techniques with the sole aim of
tailoring their chemical and structural properties so as to optimize their output in order to meet
the requirements for industrial and commercial applications.

Eu”" doped and Dy’" co-doped strontium aluminate (SrAl,O,Eu®’, Dy**) phosphors were
prepared by solution - combustion synthesis technique at 500 °C using urea as a reducer and
fuel, a widely known method for preparing nano sized phosphors. The SrAl,O,:Eu’’, Dy*" was
irradiated with beta (/) rays and thermoluminescence (TL) properties studied with regards to the
electron-trapping properties in terms of TL glow curves. The results of the peak shape method

showed that the kinetics of the obtained glow curves were of first order.

Blue-green emitting Eu’" and Nd** doped polycrystalline barium aluminate (BaAl,O,:Eu’”,
Nd**) phosphor was prepared by a solution - combustion method at 500 °C without a post-
annealing process. The characteristic variation in the structural and luminescence properties of
the as-prepared samples have been evaluated with regards to when the Ba/Al mole ratio changed
from 0.1:1 to 1.4:1. The XRD and TEM results reveal that the average particle size of the
BaAl,O,:Eu’’, Nd** phosphor is about 60 nm. The broad-band UV-excited luminescence of the
phosphors was observed at Ay, = 500 nm due to transitions from the 4f°5d' to the 4f’
configuration of the Eu®" ion. The results indicated that the main peaks in the emission and
excitation spectrum of the nanophosphors slightly shifted to the short wavelength because of
changes in the crystal field effect due to structural changes caused by the variation of quantity of

Ba ion in the host lattice.

Thin films of cerium doped yttrium gadolinium aluminium garnet (Y,Gd);AlsO;:Ce’”
(YGAG:Ce) were grown on Si (100) substrates by a pulsed laser deposition (PLD) technique
using a 266 nm Nd:YAG pulsed laser under varying deposition conditions. The effect of
annealing temperatures on the structure and luminescence properties of the as-deposited
(YGAG:Ce) thin films were analysed. A slight shift in the wavelength of the PL spectra was
observed from the thin films when compared to the PL spectra of the phosphor in powder form,
which is probably due to a change in the crystal field.

Thin films of Strontium Aluminate (SrALO,:Eu’", Dy*", Nd*") phosphors were grown on Si
(100) substrates using a 266 nm Nd-YAG laser. XRD patterns showed that with increasing
substrate temperature and argon partial pressure the peaks in the direction (220) shifted to the
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lower 2-theta angles. Photoluminescence (PL) data revealed a slight shift in the peak wavelength
which is probably due to crystal field effects.

The structural and optical properties of commercially obtained Y3Als0,,:Ce® phosphor with
respect to substitution of AI*" with Ga®" and Y** with Gd* in the Y;Al;0,,:Ce’" garnet
structure resulting in Y3(Al,Ga)sO,,:Ce’” and (Y,Gd);Als0,,:Ce’" systems respectively were
investigated. X ray diffraction (XRD) results show slight shifts in the 2theta angles; to the lower
angles when Ga®" was used and to the higher angles when Gd** was used with respect to the
XRD peaks from Y;Al;0,,:Ce*” and JCPDS card No. 73-1370. This could be attributed to the
induced crystal field effects due to different ionic sizes of Ga*" and Gd3+ as compared to the
A’ and Y*" respectively. .

Trap characteristics of commercially obtained Y3(Al,Ga)sO,,:Ce’” phosphor powder is also
reported. The effects of UV irradiation time and different heating rates have been discussed. The
TL glow curves showed two TL peaks, a maximum centered around 74 °C and a shoulder at
around 163 °C when excited with UV radiation. Varying the UV irradiation (exposure) time or
hence the absorbed dose and heating rate significantly affected the peak intensity (I,.,,) and peak
temperature (T, ) of the glow curve. The intensity of the two TL peaks moved to the higher

side with an increase in the heating rate.
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Chapter 1

General Introduction

1.1. Background

Designing/tailoring of highly optimized phosphor powders for related practical use requires a
proper understanding of the dependence of a given optical property of that phosphor on certain
physical parameters such as host structure, grain/particle size, presence of impurities/dopants,
synthesis method, post synthesis treatment etc. These mechanical or functional parameters
control the chemical composition of the phosphor material that will in turn influence the
electronic properties of the phosphor and hence luminescence characteristics.

Selection of a suitable host material is very important and can lead to improved luminescence
performance of a material. A host material should possess high chemical durability, thermal
stability for high-temperature processes and be more chemically stable depending on the
potential application. By controlling the host matrix composition via chemical modification for
instance, co-doping with metal ions with different ionic radius; Al, Ga, Gd ions etc influences

the host chemical environment and hence the resultant optical characteristics [1].

It has been reported that the sulfide component in a sulfide-based phosphor degrade rapidly in
moisture and also at high current density necessary for field emission display (FED) while oxide
based phosphors have been found to be more stable under these conditions [2]. Silicate oxide
phosphors such as Zn,SiO4:Mn are more chemically stable than sulfide phosphors under high
coulomb loading which makes them useful in Cathode Ray Tube (CRT) applications due to its
high efficiency and relatively long persistence [3]. It has also been reported that Y,0,S particles

are chemically stable materials in acid and basic solution [4].

To obtain the highest up conversion luminescence efficiency, it is important to choose an
appropriate host material with lower phonon energy since high phonon frequencies of the host
lattice lead to non-radiative relaxation [5]. The other factor which needs to be exploited by
researchers is that of thermal heating (annealing/calcination/sintering). The appropriate choice of
the temperature and atmosphere for a particular material during the annealing process remains a
major challenge. Annealing enhances the luminescence properties of a phosphor. It was found

that emission intensity increased significantly with increasing calcination temperature due to the
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increase in particle crystallinity and homogenized distribution of the dopant components within
the phosphor particles by reducing localized concentration quenching [1]. Also reduction
reaction of RE’" and activation of the e —h" pair in the host matrix are strongly dependent on
high sintering temperature. As the temperature increases, the e —h' pair gets activated and the
trapped electrons are ejected from the network reacting with RE*" to generate RE*" ions [6].
Revaux et al (2011) investigated the optical properties of YAG:Ce nano- particles as a function
of annealing temperature [7]. They observed that the higher the temperature, the stronger the
emission intensity which they believed was because by annealing the nanoparticles at high
temperatures, the formation of YAG phase is completed and the YAG crystallinity is improved

and hence the luminescence due to insertion of cerium ions inside the YAG structure in the

process [7].

The annealing atmosphere also plays a major role. For instance, the redox state of Ce ions in
YAG:Ce are significantly affected by the annealing atmosphere. When annealed in air, a part of
the Ce’* is oxidized to Ce*” which partially quenches the luminescence leading to a very low
efficiency, however treatment in a reducing atmosphere (10%H,/Ar) was found to help enhance
the initial luminescence by reducing a part of the Ce*” into Ce®" [7]. In another study Yousif et al
(2013) reported on structural, photoluminescence (PL) and Cathodoluminescence (CL)
properties of Y3(Al,Ga)sO,,:Tb thin films annealed at different temperatures [8]. They observed
an enhancement in the PL intensities as a function of annealing temperatures which was
attributed to the improvement of the crystallinity of the films with an increase in the annealing
temperature. They also noted that PL intensity increased with an increase in the Ga
concentration up to an optimum amount and then decreased with a further increase in the Ga

concentration due to diffusion of the Ga to some parts of the surface of the film at 800 °C.

A photoluminescence (PL) spectrum shows the emitted light intensity as a function of the
excitation wavelength at particular excitation energy. Varying the excitation energy brings about
changes in the intensity and peak position of the corresponding emission. This fact can be
exploited when controlling optical properties of a phosphor according to the type of application
for which it is being designed. Jin He et al (2013) observed a pronounced emission band around
450 nm ascribed to Eu’’ ions in mesoporous AIPO, glasses doped with Eu ions when the
excitation wavelength was 340 nm [6]. As the excitation wavelength was adjusted to 360 nm
there was a tendency to increase the fluorescent intensity of Eu®" ions around 590 and 613 nm
The difference in excitation bands for RE*" and RE’" offers a probability to control the

fluorescence/luminescence [6].



The nature or form in which a material is used during application such as, powder, pellet, liquid,
spray, dyes and films (thin/thick) etc is very paramount and influences its optical output.
Phosphors in thin film form have low brightness and efficiencies due to internal reflection
compared to those of phosphor powders, but they posses advantages such as better thermal
stability, higher lateral resolution, better adhesion to the substrate and less out-gassing in device

operation [9,10].

Introduction of impurities (dopants/Co-dopants) into the host generates defects or surface states
which influence the band gap such that its absorption edge covers the visible spectrum. Doping
induces oxygen vacancies that form electron-trap centers which helps delay the decay of the
charge carriers, enhances the visible light absorption property and decreases the electron—hole
recombination rate [11]. Modifying of luminescence of RE*" and RE*" can also be achieved by
controlling the RE ions concentrations. The fluorescent color can be tuned by controlling the

ratio of RE**/RE*" [6].

The properties of materials are strongly associated with geometrical factors, such as shape,
dimensionality, size, etc. Crystalline, spherical-shaped, uniform size particles with narrow size
distribution with and well-defined morphologies can reduce light scattering and produce fine

luminescence properties [1].

The presence of adsorbed particles, molecules or groups on the surface of phosphors greatly
affects its luminescence behavior. OH and CO groups can significantly quench the luminescence
emission. The amount of OH and CO groups adsorbed has been found to decrease with
increasing calcination temperature [1]. Smith et al (2005) reported that when a molecule with a
chromophore which fluoresces is adsorbed on the SERS (surface-enhanced raman scattering)

active metal surface, the fluorescence is almost completely quenched [12].

The development of nanoscience and nanotechnology so far has been made possible by the
success in the production of nanomaterials. The preparation of nanomaterials involves control of
size, shape and structure of the materials. During the past few years, nanoparticles of ceramic
materials have been produced in large quantities by use of physical and chemical techniques.
The significant improvements in the preparation of nanomaterials such as long afterglow
phosphors, ceramics and semiconductor has been due to the discovery of new various synthesis

techniques such as co-precipitation, sol-gel, combustion method, etc.

In this thesis, a systematic investigation was carried out on some aluminate and garnet phosphor
powders and thin films. They are aluminates; BaAl,Oy.Eu'", Dy, and SrALO,:Eu* co-doped
with Nd*/Dy*" and garnets; Y;Al;055:Ce®”, Y3(Al,Ga)sO,»:Ce’" and (Y,Gd);Al;0,,:Ce’”
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systems respectively. Particularly the effects of variation of concentration of host matrix
composition [mass ratio of Barium to aluminium (Ba:Al)] of BaAl,04Eu*", Dy,
Thermoluminescence (TL) behaviour of as-prepared SrAl,O4Eu’’, Dy’ , dopant (Eu’"),
Structural and luminescence properties of SrAl,O4:Eu®", Dy*", Nd** phosphor thin films grown
by pulsed laser deposition (PLD), Characterization of cerium doped yttrium gadolinium
aluminate garnet (Y-Gd);AlsO,,:Ce®" phosphor thin films fabricated PLD, Effect of Ga’* and
Gd*" ions substitution on the structural and optical properties Ce**-doped yttrium aluminium
garnet phosphor mnano-powders and Thermoluminescence properties of UV irradiated
Y;(Al,Ga)5013:Ce3’ phosphors  with a view of modifying their structures using different
techniques so as to tailor their luminescence properties and make them suitable for various

commercial applications.

The phosphors were characterized by detailed use of a variety of techniques such as, X-ray
diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive x-ray
Spectroscopy (EDS), Photoluminescence Spectroscopy (PL), Ultra Violet-Visible (UV-VIS)
spectroscopy, Thermoluminescence (TL), Atomic Force Microscopy (AFM), Auger electron
Spectroscopy (AES), and X-Ray Photoelectron Spectroscopy (XPS) techniques, respectively.



1.2. Statement of the Problem

Presently scientific research is geared towards developing inorganic materials/phosphors that can
be effectively and efficiently used in solid state lighting applications such as phosphor lamps,
light emitting diodes (LEDs) and new types of high resolution and high efficiency display
devices such as field emission displays (FEDs), Plasma display panels (PDPs). Tailoring
luminescence properties of a material is significant in the development of efficient materials
albeit many challenges faced during the manufacturing in the process of these materials.
Researchers and scientist will have to come up with ways that would help overcome these
challenges and enhance the luminescence properties of phosphors.

The ability to synthesize tailor-made inorganic materials, which allows fine tuning of
luminescence characteristics such as the color, intensity and decay time of a given phosphor,
depends on several factors. These optical properties could be influenced by accurately
controlling the parameters such as; annealing/ sintering/calcination temperature, excitation
wavelengths, host matrix, nature or form in which the material is used for application such as
powder, pellet, liquid, spray, dye and thin/thick films, type and concentration of impurities,
geometrical factors or size effects, presence of adsorbed groups and the method or synthesis
technique used. Since the properties of materials are strongly influenced by these factors the

precise manipulation of the parameters remains a major research focus and a challenging issue.



1.3. Objectives of the Study
1.3.1. Main Objective

The main objective of the present study is to develop rare earth (RE) doped aluminate and garnet

phosphors.

1.3.2. Specific Objectives

Tailor the optical properties of the phosphors; color, intensity/brightness and decay/glow time

by;

1. Modifying their structure through incorporation of impurities (Eu’",Nd*",Dy’",Ce*,
Al*¥,Ga*" and Gd*),

2. Annealing at different temperatures in different atmospheres and by pulsed laser
deposition (PLD) under different chamber conditions into thin films.



1.4. Thesis Layout

Chapter begins with a general introductory overview of phosphor materials outlining the need
for designing/tailoring of phosphors for practical use while considering optical property of that
phosphor vis-a-vis certain physical parameters like host structure, grain/particle size, presence of
impurities/dopants, synthesis method, post synthesis treatment etc. It also presents the objectives
of this undertaking. The shortcomings encountered and areas that need to be streamlined or
emphasised in research works involving phosphor materials are schemed out under the subtopic
‘statement of the problem’.

Chapter 2 follows by outlining the theoretical background information relating to phosphors; the
structural and electronic properties of phosphors with respect to the crystal structure of the
aluminate and garnet host matrices, the crystal field theory and the electronic transitions of the
co-activators as per the selection rules.

Chapter 3 gives a brief description of the experimental equipment, environmental and/or
atmospheric requirements, techniques used to design, synthesize and characterize alkaline earth
aluminate phosphors. The Pulsed laser deposition (PLD) and solution - combustion method used
to synthesize the phosphors are discussed in detail. A summary of the different characterization
techniques are also given. This includes a description of the operation of each of the techniques
such as SEM, TEM, EDX-S, AFM, XRD, XPS, UV-VIS, PL and TL

Chapter 4 discusses the Thermoluminescence of beta (pB)-irradiated SrAl,O,Eu®’, Dy’*
phosphors using the heating rate method.

In Chapter 5, Combustion synthesis, characterization and luminescence properties of barium
aluminate phosphor is presented in details, particularly the effect of Ba/Al molar ratio and its
effect on the photoluminescence (PL) and thermoluminescence (TL) properties were studied.

In chapter 6, the Characterization of cerium doped yttrium gadolinium aluminate garnet
(Y,Gd);Al501,:Ce” phosphor thin films fabricated by pulsed laser deposition is discussed with
respect to the effect of variation of chamber parameters.

Chapter 7 deals with the structural and luminescence properties of SrAl,O,Eu®’, Dy*" /Nd**
phosphor thin films grown by pulsed laser deposition.

In chapter 8, the Effect of Ga’ and Gd** ions substitution on the structural and optical properties
of Ce’*- doped yttrium aluminium garnet phosphor nanopowders is presented.

Chapter 9 covers the Trap characteristics of UV activated Y3(Al,Ga)s0,,:Ce’” phosphors.

In chapter 10, conclusions and recommendations for possible future works are summarized here.
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Chapter 2

Review of Theoretical Concepts

2.1. Structural and Electronic Properties of Phosphors

A phosphor is a material that absorbs energy from radiations and converts it into light.
Essentially it emits light by converting one type of energy into another thereby acting as a
transducer or a photon-converter. Luminescence, which includes both fluorescence and
phosphorescence, is defined as a phenomenon in which the electronic states of a substance is
excited by some kind of external energy and the excitation energy is given off or emitted as
light of various wavelengths [1]. Thus, a phosphor is referred to as being luminescent because it
emits energy from an excited electron as light over and above thermal radiation [2]. The
excitation of the electron is caused by absorption of energy from an external source such as
another electron, a photon or an electric field [3]. Photoluminescence (PL) which is
luminescence in the visible range involves a radiative transition between the energy levels within
the band gap of a material’s host lattice followed by photo (light) excitation [4]. Generally
during luminescence, a higher energy photon is absorbed and a lower energy photon is emitted a
process known as Stokes process. The energy difference (excess energy) is absorbed by the

solid and appears as lattice vibrational (heat) energy [5].

When designing a phosphor for a particular kind of application one needs to understand the
properties of the constituents of the phosphor. Generally inorganic phosphors consist partly of a
host material (insulator or semiconductor) which makes up the bulk and partly impurities (rare
earth, transition metal) called dopants/activators, purposely incorporated in small amounts into
the host. The luminescence observed in phosphors emanates either directly from the host or
from the dopants [5] or both simultaneously. An activator/dopant is an impurity ion which is
incorporated into the host lattice and forms a luminescence centre which absorbs the energy and
gives off luminescence when excited. In some cases when the activator ions show weak

absorption other impurities known as sensitizers, co-activators or co-dopants can be added to



enhance the luminescence. They absorb the energy from the primary excitation and subsequently

transfer it to the activator [6].

Having briefly looked at the basic principles of an inorganic phosphor let’s discuss in detail the

characteristics of these ingredients;

Bl Host Structure

In a given host, the emission of from the luminescent centre is influenced by a number of
factors. For a phosphor to exhibit the required properties, the essential requirements of the host

are [4,7,8];

. Purity. It should be free from all other impurities except the intentionally incorporated

activators/dopants hence high color purity.
. Close lattice matches to dopant ions for achieving high doping levels.
. Adequate optical transparency within the wavelength range of interest,
. Low phonon energy,
. High optical damage threshold,
. Low thermal expansion,
. Low acoustic loss,
. Hardness,

. Stability against chemical and mechanical changes/ strain fields induced by the application

of an external stress or electric field,
. Covalency,
. Size of the cations and anions,
. Strength of the crystal field,
. Alignment-directions of linear chains in the lattice,
. high quantum efficiency and

. luminescence lifetime
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In light of the above we will study the crystal structures of two host systems: aluminates
(MA1204), BaA1204, SI'A1204 and garnets (YAG}, Y3A150§2, Y3(G3.,Al)5012 and (Y,Gd)3A15012.

2.2.1. Crystal Structure of Alkaline Earth Aluminates

The crystal structures of the aluminate compounds studied in this research are all derivatives of
the stuffed tridymite structure. In this type of structure there are large open channels in the
framework, which provide suitable sites for large cations[9]. Phosphor hosts based on the
alkaline earth aluminate can be grouped into three categories; (a) Binary alkaline earth
aluminates (MAI,0,4), where M= Ba Ca and Sr, such as; BaAl,0,, CaAl,0, and SrAl,O, (b)
Hexaaluminates which are hexagonal poly-aluminates having a structure related to either that of
beta(f5)-alumina (ideal formula NaAl,,0,;) or magnetoplumbite (ideal formula PbFe,0,5) have
a similar hexagonal symmetry of space group P6i;/mmc. Alkaline earth hexaaluminates
(MALl;,0,9) such as CaAl;,0,9 and SrAl;,O,, related to magnetoplumbite and beta-alumina and
their superstructures and (c) Rare earth hexaaluminates with the magnetoplumbite structure. The
large cation is 9-coordinated in the beta-alumina structure and 12-coordinated in the

magnetoplumbite structure [10,11].

In contrast, the compound Ba magnetoplumbite, BaAl ;0,9 does not exist except as a mixture of
two distinct non-stoichiometric phases, referred to as phase I and phase II in which one is
deficient in barium and the other one with excess barium, that were shown to have the beta-
alumina structure[11]. Also the magnetoplumbite-type crystals, like SrAl;,0,¢:Eu’” and
CaAl,,0,9:Eu’” have close packed structures of 19 oxygen ions and one large cation, with
smaller cations occupying the interstitial sites. In this structure no preferential orientation of d

orbitals of Eu’* on a large cation site can occur, and a blue Eu®” emission will be observed [9].

The compounds MAI;O4, M= Ba_ Ca and Sr are formed of a three-dimensional framework of
corner-sharing AlQ, tetrahedra. Each oxygen is shared with two aluminium ions so that each
tetrahedron has one net negative charge [10]. The charge balance is achieved by the large
divalent cations like Ba*’, Sr**, Ca®" etc. which occupy interstitial sites within the tetrahedral
framework. The tetrahedra framework is isostructural with the tridymite structure. The stuffed
tridymite structures are derived from the structure of SiO, B- tridymite [12] (figure 2. 1).
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Figure 2.1: Structure of (a) SiO, B-tridymite along [001] direction [12, 13] and (b) B- tridymite
(red are oxygen atoms) [14]

Barium Aluminate (BaAl,O,) has the ideal stuffed tridymite structure with a high-melting-
point of 1815 °C and good dielectric, pyroelectric, and hydraulic-hardening properties [15]. The
BaAl,O, materials investigated in this study at ambient temperature possess the hexagonal
superstructure with space group: P6;22, no. 182, having unit cell parameters 2a, ¢, where a and ¢
correspond to the hexagonal tridymite lattice parameters with a= 5.218 A, ¢=8.781 A and Z: 2
[16]. The structure consists of Ba®" ions located within the channels consisting of six
interconnected AlO, tetrahedra (figure 2) with two Ba, four Al and six O sites[17]. As AI’*
replaces Si*" in the tetrahedra of SiO, tridymite, Ba will occupy sites in channels parallel to the
c-axis [12].

According to the BaAl,O crystal structure in which the channels are along the c axis, there are
two different Ba®" sites occurring in separate chains; one occurs 3 times more frequently than the
other. The less frequently occurring Ba>* site forms chains in which the Ba®" ions are exactly
above each other. The other Ba® chain, which contains the more frequently occurring Ba™” sites,
is not exactly linear. In the latter chain the distance between two successive Ba®" ions is slightly
longer than in the perfectly linear chain [9]. Also the first Ba®' site (2a) has the multiplicity of
two and a site symmetry of C; while the second one (6¢) has six and C;. Both Ba®" sites have
nine-coordination and the sites are similar in average size (d(Ba—0)a,. = 2.86 and 2.87 A) [18].
However, the lower symmetry site has also shorter Ba—O distances (2.69 A) corresponding to
those typical of Eu*’— O (2.68) hence the Eu”” ion is expected to substitute for Ba®" in both nine
coordinated sites (Bal (2a) and Ba2 (6¢), with C3 and C1 site symmetries, respectively. The
Eu’" ion prefers the smaller Bal site (0.077 A) because of being statistically 12 % smaller than
Ba® [17] it would therefore seem reasonable that this 6¢ site is filled preferentially [18].
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Figure 2.2: The BaAl,0, hexagonal structure (space group P63) with Ba®" ions situated within
channels of AlO, tetrahedra [16].

Structural changes may also occur due to the size difference between Eu®" (1.30 A) and Ba™
(1.47 A)[17.19]. On the other hand Eu®" cannot not fit into the four coordinated Al’" site (0.39
A) which is much too small also for Eu>" (CN: 9, 1.12; CN: 6, 0.95 A; AI>" with CN 6: 0.54 A)
[17]. Also the rather complicated structural chemistry of the MAI,O, host as well as the
considerable size mismatch between the host (Ba>") and the main dopant (Eu®") cations may
affect the luminescence efficiency of the Eu®" when compared to that from the Ca’" and Sr*’
aluminates [18]. When heated, BaAl,O, has been observed to undergo a phase transformation
over a wide temperature range of between 400-670 K [20].

SrAl,O4 also belongs to distorted stuffed B- tridymite type structure, which is a member of the
nepheline family, constructed by corner-shared [AlO,]” tetrahedron framework composed of
lattice distortions which form large interstitial cavities that accommodate Sr*" ions to
compensate for the charge mismatch. The AlO, tetrahedral connect together to form six-member
rings whereby each oxygen ion (0%) is shared by two aluminium ions (AI*" ) so that each
tetrahedron has one net negative charge [21]. The SrAl,O. structure consists of two nine
coordinated crystallographic low symmetry sites occupied by Sr** sites which occur in equal
amounts in the lattice and have channels/chains in the a- and c-directions where the Sr chains are
located along the g-axis [9,22].

The chains are not perfectly linear and the two sites are said to only differ by a slight distortion
of their square planes [23]. The distance between two successive strontium ions is 3.9 and 4.6 A,
respectively while the bond length between the Sr?*" and the neighbouring O are different for
the two strontium sites. In one site, the O atoms are at a larger distance from the Sr?" than the

other [10]. The ionic sizes of Eu>" (1.20 &), Eu® (1.01 A), Dy’ (0.97 A) and St* (1.21 A) are
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very similar, so that Eu** (1.20 A), Eu’* (1.01 A), and Dy*" (0.97 A) ions can readily occupy the
sites of Sr*". Therefore, it is expected that Eu®* or Eu?" should also lie in these two kinds of low
symmetric sites one of the sites has centro- symmetrical surrounding, while the other has no
symmetry of inversion [24].

SrAl,O4 exists in two different phases, namely monoclinic (M) with space group P2, and cell
parameters; a = 8.447 A, b=18.816 A, ¢ = 5.163 A, f= 93.42°) and hexagonal with space group
P6;22 and cell parameters; (a = 5.140 A and ¢ = 8.462 A [23]. At room temperature, SrAl,O; is
monoclinic with space group P2, and stable. The stuffed tridymite monoclinic structure (space
group P2,), has the lowest symmetry in the SrAl,O, species and is constructed of corner-sheared
AlO, tetrahedra forming distorted quasi- hexagonal rings, and Sr ions penetrate to the void space
of the honeycomb-like framework structure for charge compensation.

During heating it undergoes a phase transition from a low-temperature monoclinic structure to a
distorted form of hexagonal SrAl,O, at high temperatures (950 K) with space group P6522 [25].
The change from space group P6; to its subgroup P2, eliminates the triad axis of the former
phase. Thus, the distortion causes a reduction in the symmetry of the trigonally distorted rings.
The disappearance of the triad axis would also result in the formation of three twin domains,
which are related to the other by the lost symmetry axis. Structural phase transitions also occur
between these two structure types during cooling. It has long been suggested that at high
temperatures the hexagonal SrAl,O, structure is isomorphous with that of BaAl,O, [4, 8, 20].
Fukuda et al (2005) [20] investigated the crystal structure of SrAl,O, at 1073 K and observed
that [Al,;0,] and [Al,O4] tetrahedra are alternatively linked in trigonally distorted rings, with
tetrahedra pointing up and down, to form layers perpendicular to the c-axis (Fig. 2.4). The layers
are stacked as in tridymite with a two layer repeat and joined by tetrahedral apices a derivative
of stuffed tridymite, in which all of the Si*" is replaced by Al’* and the charge balancing cation

St occupy the channels between the rings of tetrahedra [20].
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Figure 2.4: Structures of the of SrAl,O4 monoclinic phase along the a- and c-directions [20, 26].

The crystal structures of hexagonal SrAl,O4 and BaAl,O, differ distinctly in the linkage pattern
of the [AIOJs tetrahedra. In SrAl,O, structure, all of the tetrahedral rings are equivalent and

trigonally distorted. In BaAl,O,. there are two types of tetrahedral rings; trigonal rings and
asymmetrical rings. In the BaAl,O,~SrALO; system it has been observed that at ambient
temperature there exists another superstructure of V3A and C with probable space group
P65[20]. A related study by Carpenter et al (2010) on the elastic and inelastic properties of a
ceramic SrAl,O,:Eu also highlighted on the reports of the existence of an intermediate structure
with P6; space group and unit cell with a-dimension V3 times that of the P6522 parent structure
[8]. They observed that neither of the P6;22 or P6; (V3A) structures is expected to contain a
microstructure, such as ferroelastic twin walls, which would be displaced by the application of

an external stress. A feature common to both structures is the tilting of AlO tetrahedra such that
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the apical oxygen between successive sheets is located away from the three-fold symmetry axis.
They concluded that the P6,22 P6; (V3A) transition behaves in respect of its strain and elastic
relaxation as a normal displacive transition which is close to tricritical in character and that the
elastic and inelastic properties of SrAl,O4:Eu, in the P2, form which has the properties of current

interest for elasticoluminescence, are dominated by the influence of phase transitions [8].

2.2.2. Crystal Structure of Garnets

The unit cell of yttrium aluminium garnet compound (Y3;Al;0;,) or YAG with a general
chemical formula, ({A}3(B),[C]50;,) contains eight formula units where A,B,C are metal ions
Y*" and AI* located at different symmetry sites [27]. It has a symmetrical cubic structure in
which A, B, and C are at the dodecahedral, octahedral and tetrahedral sites respectively [28]. A
and B are usually di- and tri-positive cations. It has a bee structure (space group la3d or 0:°)
with 160 (80) atoms in the cubic (primitive) cell (Figure 2.5). The Y ions (A atoms) occupy the
24(c) sites and each is dodecahedrally coordinated to eight O. The O atoms occupy the 96(h)
sites whose exact locations depend on three structural parameters x, y, and z and are different for
different garnet oxides. There are two different sites for Al, Aloct (B atom) occupy the 16(a) site
with an octahedral point symmetry (C3i) and Altet (C atom) occupy the 24(d) sites with a
tetrahedral point symmetry (S4) [29]. The garnet structure can be viewed as interconnected
octahedrons, tetrahedrons, and dodecahedrons with shared O atoms at the corners. Each oxygen

is a member of two dodecahedra, one octahedron and one tetrahedron [27].

There are three crystalline phases in a Y,03;-AlLO; pseudobinary system, i.e. orthorhombic
perovskite (YAP) and hexagonal YAH (YAlO;), monoclinic Y, Al,Oy, (YAM) and cubic
garnet Y;Al;O,; (YAG) [32]. The different phases occur depending on the molar ratio and
thermodynamic conditions whereby the Y,04/Al,05 ratio in orthorhombic YAP (YAIO;) and
hexagonal YAH (YAIO;) is 1:1, in YAM itis 2:1 and in YAG it is 3:5 [33]. In as much as the
synthesis of YAG is carried out under stoichiometric conditions of Y,0; and Al,O; mixture,
other phases, YAM and YAP, often appear as by-products [34]. It has been reported that as the
firing temperature is increased YAM forms first, followed by YAP second and finally YAG

[35].
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Figure 2.5:(a) Unit cell of YAG crystal -Green, white and red sites are occupied by yttrium,
aluminium and oxygen, respectively (b) The local surrounding of one yttrium site[29] and (c)
garnet structure of Y3Al;0;2 compound showing linked AOg,(Y-sites), BO, (green-Al sites)
and MOg (blue- Al sites) polyhedral [31].

The YAIOj; phase has a perovskite structure (YAP) of the GdFeOs type [35]. In YAP, the Y and
Al are both octahedrally coordinated in a distorted octahedral formed by the O atoms [37]. YAP
contains 20 atomic % Y and 20 atomic % Al or in terms of mol% it is 50 mol% Al,O; in Y,0;.
At thermal equilibrium more than 50 mol% but less than 62.5 mol% Al,O; in Y,O; forms
mixture of YAP and YAG while a combination of less than 50 mol% but greater than 33.3
mol% Al,O; in Y»0s, forms a YAP plus YAM mixture[38].

The Y;AlL O, phase has a monoclinic structure (YAM), with Y/Al ratio of 2/1 [37]. It is one of
the three compounds that occur within the pseudo-binary system between aluminum oxide
(Al,05) and yttrium oxide (Y203) [39]. Yamane et al (1998) reported that at room temperature
the space group of the crystal structure of monoclinic Y3Al;Oq is P21/c [40]. In the unit cell of
Y,Al,Oo, the Al atoms are connected to four oxygen atoms and the Y atoms connected to either
six or seven oxygen atoms with site symmetry C, [41,42]. Two of the Y ions are sevenfold
coordinated and the other two are six fold coordinated, while all of the Al ions are tetrahedrally
coordinated. The Oxygen sites are more complex with four distinct arrangements among the nine
sites[37]. YAM contains 13.3 atomic % Al and 26.7 atomic % Y. YAM is 33.3 mol% Al;O; in
Y,0;. At thermal equilibrium a mixture containing more than 33.3 mol% and less than 50 mol%
Al,O; in Y,0; is a combination of YAM plus YAP. While less than 33.3 mol% Al,O5 in Y505
forms a combination of YAM and Y,0; at thermal equilibrium [38].

The Y;AlsO,, phase has a cubic structure of the garnet type (YAG) and is also known as yttrium
aluminium garnet or YAG. YAG has a complicated structure with 160 atoms in the cubic cell. In
YAG, there are two Al sites, an octahedral and a tetrahedral, and Y is eightfold coordinated[36]
as shown in Fig.5. YAG contains 15 atomic % Y, and 25 atomic % Al or 62.5 mol% Al,O; in
Y,0;. At thermal equilibrium more than 62.5 mol% Al,O; in Y203 is a mixture of YAG and
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Al O;. A combination with less than 62.5 mol% but greater than 50 mol% Al,O; in Y,04

consists of a mixture made of YAG and YAP at thermal equilibrium [38].

2.5, Crystal Field Theory (CFT)

Crystal Field Theory (CFT) is a model that describes the interaction between a central metal ion
that is surrounded by anions (ligands) in a crystal. It describes the effect of the attraction
between the positive charge of the metal cation and negative charge on the non-bonding
electrons of the ligand. It describes the breaking of degeneracies of electron orbital states
(having the same quantum energy level), usually d or f orbitals, due the effect of the static
electric field produced by a surrounding charge distribution (anion neighbours). Crystal field
theory states that d or f orbital degeneracy can be broken by the electric field produced by
ligands, stabilizing the complex [43]. The simplest form of crystal field theory is the point
charge electrostatic model (PCEM). Each anion that coordinates the metal ion is represented by
a monopole having the valence value of the anion. They produce a crystal field consisting of a
spherically symmetric part and a non-spherical part. The interaction of the non- spherical part
with the 5d electron causes the crystal field splitting [43, 44]. This splitting is affected by:

* The nature of the metal ion

* The metal's oxidation state (a higher oxidation state leads to a larger splitting)

* The arrangement of the ligands around the metal ion

* The nature of the ligands surrounding the metal ion
The interactions between the metal ion and the ligands are purely electrostatic (ionic). The
ligands are regarded as point charges. If the ligand is negatively charged, ion-ion interaction

occurs. If the ligand is neutral the interaction is described as, ion-dipole interaction. The
electrons on the metal are under repulsive from those on the ligands. In metals the electrons
occupy the d-orbitals farthest away from the direction of approach of ligands.

The other analogy is the effect of moving a set of negative point charges (anions) close to a
metal ion on a metal d or f orbital energies. The energies of the d orbitals would rise as the
negative charges approach the metal ion, due to the repulsive force between the orbital electrons
and the surrounding charge. When point charge enters a region of high electron density, the
orbital energy rises significantly owing to the repulsion between the electron and the point
charge. If the surrounding anion is spherically symmetric, all the orbitals will be equally
affected. However the surrounding negative charge is never spherically distributed, because the

charge is associated with specific ions that occupy specific positions. As a result each orbital is
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affected differently depending on the geometry of the surrounding point charges. This effect is
clearly seen in the splitting of the energy levels of the orbitals.

The perturbing crystal field reduces the symmetry of the free-ion Hamiltonian and splits each
free-ion energy level into a set of crystal-field levels. The numbers and degeneracies of these
crystal-field levels are determined both by the numbers and dimensions of the point-group
irreducible representations contained in the subduced representations and by additional
degeneracies arising from time-reversal invariance.

The efficiencies and emission wavelength bands of solid state devices are being modified based
on color centres via crystal field engineering by use of transition-metal ions and rare-earth ions
as impurities or defects in crystals. It involves improving performance by tailoring the
environment of an isolated optical centre in a crystal through the crystal growth process in which
the structure and composition of the unit cell is modified in a controlled and known manner [44,
45]. CFT has been used to describe various spectroscopies of transition metal coordination
complexes, in particular optical spectra (colors).

The impurities intentionally incorporated in to the host lattice perturb the band structure of the
host by creating local quantum states that lies within the band gap. Luminescence mechanism is
generally an electron-hole recombination process which involves transitions from conduction

band to acceptor level, donor level to valance band or donor level to acceptor level (Figure 2.6).
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Figure 2.6: (a) Transitions from conduction band to acceptor level, donor level to
valence band or donor level to acceptor level. (b) Trap (impurities or defects) levels ina
crystal band gap

In some cases, this mechanism is localized on the activator atom center. However, these

localized transitions are only allowed when two selection rules are met [3]:
1. Spin selection rule, i.e. As = £1, where s is the spin quantum number, and
2. LaPorte selection rule Al = 0, where 1 is the orbital angular momentum quantum

number.
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24. Electronic Transition in RE Metal Ions

The Rare Earth (RE) metals constitute a group of seventeen elements, which include fifteen
lanthanides (commonly symbolized as Ln), Scandium (Sc) and Yttrium (Y). The atomic numbers
of lanthanide elements increase from 57 (lanthanum-La) to 71 (lutetium-Lu). They are found in
the 6™ and 7" periods or rows of the periodic table. Apart from Lu which is a d-block element,
all of the La elements belong to the f-block characterized by the filling of the 4f electron shell.
All La elements form trivalent cations (Ln’") whose ionic radii decrease from La to Lu. However

they can occur as activators in phosphors in their divalent (Ln>") charge state.

Lanthanides have their electron configuration in the form; [Xe]4{"6s™. As atoms or as free ions
the 6s shell can be empty (m = 0), occupied by one electron (m = 1) or occupied by two
electrons (m = 2). The dominant oxidation state of the lanthanides is (III) and that the electron
configuration of a trivalent lanthanide ion is of the form [Xe]4f" [45, 46]. In compounds, the 6s
shell is empty, and moving through the lanthanide series from La to Lu, the 4f shell is partially
filled with at most n = 14 electrons. They are effectively shielded from the environment by the
closed 5p° and 5s” shells of the [Xe] configuration. Hence the 4f* energy levels are inert to the
crystal field environment but the shielding of an electron in a 5d orbital is relatively poor and its
energy is very sensitive to the environment and can be easily split by the crystal field effect [47].
The magnitude of the splitting of the 5d levels depends strongly on the shape and the size of the

anion polyhedron coordinating the Ln dopant ion [48].

Emission of light from phosphors doped with lanthanide ions as luminescent centers is mainly
due to two types of electronic transitions: 4f - 4fand 4f" - 4f"'5d transition. 4f - 4f transitions are
generally characterized by sharp emission lines, long lifetimes and excellent coherence
properties while the 4f" - 4f"'5d wansitions show broad band, shorter lifetimes and large
oscillator strength [49,50]. Since the 4f electronic energy levels of lanthanide ions are
characteristic of each ion [51], the energy E (n,m, Q,A) needed to excite an electron from the
ground state of the 4{"6s™ configuration to the lowest energy of the 4" '6s™5d configuration
depends on the type of lanthanide ion (characterized by n, m and its ionic charge Q) and the host
crystal denoted by A. Figure 2.7 shows E(n, m, Q, free) for the lanthanides in free space (A =
free) as a function of n [46].
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Figure 2.7: {-d transition energies E(n, m, Q, free) for the free atomic and ionic lanthanides as a
function of n [47].

The 5d-electron has a strong interaction with the neighboring anion ligands in the compound
since the 5d orbital is not shielded from the surrounding crystal environment and thus the 5d
energy level is perturbed by changes in the band gap of the material. Figure 2.8 shows that
changes in the 5d energy level of the RE*" are influenced by factors such as; the shift of the
energy centroid (E.) of the 5d orbit, the Coulomb interactions between 4f and 4f electrons (Ec,.l
(ff)) and between 4f and 5d electrons (AEc,, (fd)) and the effect of the crystal field (E.;) [49].
The centroid of 4f'5d level in crystals are lower than in the free ions and the reduction is
similar for all lanthanides since it is affected only by the interaction of the outer 5d electrons

with the surrounding anion ligands [44].
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Figure 2. 8: Schematic energy diagram of the (a) 4f'5d configuration of Re’” (b) 4f-41°5d"
configuration of Eu®” with respect to changes in a crystal [49].

The energy level diagram of the relevant 4f" energy levels of various trivalent lanthanides ions
are shown in figure 2.9. From the foregoing and the numerous reports in the literature it is
understood that changes in the unit cell affects the crystal field around the luminescent center
which causes a blue-shift or red-shift phenomena in the spectral-optical characteristics of the
material [52]. This property can be used to tune the optical properties of a material so as to meet
the requirements for various applications in device fabrication and manufacturing. Changes in
the unit cell can be achieved in a number of ways: when a large/small cation is substituted by
another smaller/larger cation the original unit cell will be changed. This is because of the lattice
distortions in the host structure due to the differences in the radii affecting the crystal field
around the dopant. Chun-Jia et al (2007) observed a blue-shift when Y* is substituted by Ce*’
in YAG unit cell. The weak reduction atmosphere (provided by acetylene black) was exhausted
when the holding time was prolonged leading to oxidation of Ce® to Ce*" and then Ce*’
occupies the position of Ce’". Since the radius of Ce*" is less than that of Ce’’, the original unit
cell will be changed affecting the crystal field around the dopant Ce*, and the blue-shift

phenomena of spectra was observed [53].
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Figure 2.9: Energy level diagram of 4f" in trivalent Ln’" ions doped in a low-symmetry crystal
(LaF3) [55].

Temperature variations during or post-synthesis also affects the crystal field. Xia et al (2005)
reported a little shift/increase in the 26 value of XRD diffraction peaks of YAG:Ce”" phosphors
due to the change of crystal field around Ce*" ions as the lattice parameter decreased with

increasing of sintering temperature [54].

23



2.5. Selection Rules

Only a fraction of all possible transitions are observed. The possibility or probability of a
transition to occur (allowed) or not (less likely/not allowed) and its intensity are determined by
what is known as selection rules. These are a set of restrictions governing the likelihood that a
physical system will change from one state to another or will be unable to make such a
transition. Allowed transitions are electric dipole interaction transitions which have high
probability of occurring and high intensity while forbidden transitions have low probability,
weak intensity and are non-electric dipole interaction. Selection rules for electronic, vibrational,
and rotational transitions in molecules and compounds have been formulated and may differ

depending on the technique used to characterize the transition. The following selection rules
apply;

2.5.1. Angular Momentum: (Al==1)
It states that the only allowed transitions are those in which the orbital quantum number of an

electron changes by one and its magnetic quantum number remains the same or changes by one

for instance p — d or d — p are allowed but d «<> d transitions are not allowed.

2.5.2. Spin-Selection Rule: (AS =0)
The multiplicity of a state is calculated as the total number of unpaired electrons + 1, or twice

the total spin + 1 written as 2S+1. It is the number of possible orientations of spin angular
momenta. Multiplicity is used to distinguish between several degenerate wave functions that
differ only in the orientation of their angular spin momenta. It is defined as 2S+1, where S is the
angular spin momentum. When all electrons are paired S = 0, and the multiplicity =2(0) +1=1.
This case is called a singlet. [f a molecule has 1 unpaired electron S =+ and 2S + | =2, which
is called a doublet. Two unpaired electrons would result in a triplet, etc. Atoms and molecules
with odd multiplicities are usually more stable than those with even multiplicities. The singlet
ground state is S, excited singlet states are S; where I is the number of states above ground state
it is, for doublet states it's D;, for triplet states it's T;, etc. As a result of spin orbital interactions
energy levels may split into 25+1 sublevels [56]. The spin selection rules specifies that there
should be no change in the number of unpaired electrons. Spin allowed transitions occur
between states which have the same spin multiplicity for instance, ’T - ’E transitions are
allowed. Spin forbidden transitions are those that occur between states with different spin
multiplicity for instance, “T— 'E are not allowed. For the electron to change its spin energy must

be used up and so any spin forbidden transitions are usually very weak. The spin forbidden
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transitions can occur due to the help of spin-orbit coupling. In heavy atoms spin-forbidden

transitions are more intense usually larger spin-orbit coupling.

2.5.3. LaPorte Rule (parity): (A1=0)
This is based on the inversion symmetry of the complex. For centro-symmetric molecules,

transitions between energy levels with the same symmetry with respect to the centre of inversion
(g = g u — u) are not allowed for example, T,,—E, are forbidden and also transitions between
like atomic orbitals such as s-s, p-p, d-d, or f-f, transitions are forbidden but transitions between
states of different inversion symmetry (g < u) are allowed. All transitions of octahedral and
square planar complexes are LaPorte forbidden. The Laporte selection rule can however be

overcome (i.e LaPorte forbidden transitions can occur) due to the following reasons [57];

e As a result of distortions from centro-symmetry that occurs continuously as the complex
vibrates. These distortions cause d-p mixing and set up transitions between states with
varying amounts of p character. Various ligands around the molecule disrupt the perfect
symmetry around the complex, or because the molecule can vibrate to remove the centre
of symmetry. The vibration-induced breakdown of the LaPorte Rule makes the d-d
transitions vibronically allowed. The intensity of vibronic bands increases with
temperature as vibrational amplitudes increase.

e [Lack of inversion symmetry. Tetrahedral ML, complexes (T;) have no inversion
symmetry which allows easier mixing of levels to give more intense transitions with
higher molar absorptivities (¢ 2100 — 1000). This is further magnified by the fact that the
t; orbitals in T4 complexes have the same symmetry as the (n+1)p orbitals, so e—t, has a
partly d-p character. For this reason, d-d transitions for tetrahedral complexes are LaPorte

allowed.

e Charge transfer (CT) transitions are (g < u) and are LaPorte allowed hence posses very

high molar absorptivities (& >> 1%).

2.5.4. Magnetic dipole transitions
Magnetic dipole transitions describe the effect of the coupling to the magnetic part of the

electromagnetic wave. Depending on the frequency at which they are observed, magnetic dipole

transitions fall into two categories:

2.5.5. Optical magnetic dipole transitions
These can occur at frequencies in the infrared, optical or ultraviolet between sublevels of two

different electronic levels
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2.5.6. Magnetic Resonance transitions
These occur at microwave or radio frequencies between angular momentum sublevels within a

single electronic level. These are further subdivided into two [57];

e Electron Paramagnetic Resonance (EPR) transitions- those transitions associated

with the electronic angular momentum of the atom or molecule and
e Nuclear Magnetic Resonance (NMR) transitions- those associated with the nuclear
angular momentum
The selection rules for magnetic dipole transitions states that only transitions between states in
which the matrix elements of either L or S are nonzero are magnetic dipole allowed. Therefore
the magnetic dipole selection rules are:
(1) No change in electronic configuration,
(2) No Parity is changed,
(B)YAl =0, =1,
(4) AM; =0, £1,
(5) AJ = 0 together with AM; = 0 is not allowed; in particular, J = 0 < 0 is not allowed;
(6) AL=0;
(MHAS=0
2.5.7. Electric dipole transitions

Electric dipole transitions due to the effect of interaction of an electron in an atom with the
electromagnetic field as it jumps between the energy levels in a system. Between certain electron
states the electric dipole transition may occur or not according to one or more selection rules,
particularly the angular momentum selection rule in which a case, the transition is termed
electric dipole allowed or forbidden. Selection rules for magnetic dipole transitions states that
only transitions between states in which the matrix elements of either L or S are nonzero are

magnetic dipole allowed. Therefore the electric dipole selection rules are:
(1) Only one electron changes its n/ state;

(2) Parity must change;

{3) A =0, £];

(4) AMI] =0, £1;

(5)J=0 < 0is not allowed;

(6) AL=0, +1;
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(7) L=0 « 0 is not allowed;
(8) AS=0;

Where J = L+S is the total orbital plus spin angular momentum

2.5.8. Spin-orbit coupling (SOC).
Spin-orbit coupling originates from the movement of electrons in a crystal's intrinsic electric

field. It links a particle's velocity to its quantum mechanical spin thereby uniting a particle’s spin
with its momentum. In spectroscopy the magnitude of a spin-orbit coupling is measured as a
splitting of spectral lines. Spin-orbit coupling requires the introduction of a new quantum
number j, and is caused by the magnetic moments due to electron orbit and electron spin. In fact,
j=1=%1/2, which gives rise to a splitting of each energy level into two levels, unless | = 0 (no
orbital magnetic moment) [3]. The principal characteristics of spin-forbidden transitions induced
by spin-orbit coupling are their weakness relative to spin-allowed transitions, but with strength
strongly dependent upon the atomic numbers of the atoms m the molecule The latter is often

called the “heavy atom™ effect, and is very familiar to spectroscopists of substituted m-electron

systems [58].

2.5.9. L-S coupling (Russell-Saunders Coupling)
LS- or Russel-Saunders coupling is an appropriate way of describing small electronic

configurations because the spin-orbit coupling is weak in comparison to the electrostatic effects.
In light atoms (Z < 30) the spins and the orbital momenta are interacting with themselves, i.e.
spin-spin (s — s) and orbit-orbit (L — L) interactions are larger than the individual spin-orbit
(S—L) interactions. The spins can be combined into a total spin and the L’s into a total orbital
angular momentum. The interaction between the resulting L and S is called Russell—-Saunders
coupling or L-S coupling. The allowed LS terms of a configuration consisting of two
nonequivalent groups of electrons are obtained by coupling the S and L vectors of the groups in
all possible ways, and the procedure may be extended to any number of such groups. The total
angular momentum J then can be calculated as J = L + S. The presence of large external

magnetic fields would decouple these two momenta.

2.5.10. J-J coupling
In heavier atoms with bigger nuclear charges spin-orbit coupling is frequently as large as or

larger than the spin-spin or orbit-orbit interactions. In those cases not the total spins and orbital
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momenta, but the individual total angular momenta J, = L, +S, must be combined, this is called

j-j coupling.

Summary

In ground configurations of heavy atoms and in many excited configurations of light and heavy
atoms, the spin-orbit energy of the valence electrons contributes to a larger fraction of the energy
perturbation than the residual electrostatic energy. LS coupling inadequately describes the
observed states in these cases. The levels given by j-j - coupling may then be used to explain the
absences of multiplets predicted by LS coupling, as well as the presence of LS-forbidden

transitions that are allowed by j j-coupling selection rules.

2.5.11. Judd-Ofelt theory
In this theory, the initial and final states of an absorption transition are written as [SLJ> and

[S"L'J">, respectively, where S, L, and J denote the quantum numbers for the total spin, orbital
angular momentum, and total angular momentum, respectively [6]. The Judd-Ofelt theory is
based on the static, free-ion and single configuration approximations. In the static model, the
central ion is affected by the surrounding host ions via a static electric field, referred to as the
ligand or crystal field. In the free-ion model, the host environment produces the static crystal
field, and is treated as a perturbation on the free-ion Hamiltonian. In the single configuration
model, the interaction of electrons between configurations is neglected. In simple terms, the
Judd-Ofelt theory describes the intensities of lanthanide and actinide transitions in solids and
solutions [59, 60].

From the Judd—-Ofelt theory, some general rules have been derived for ED transitions between
4f" states of (RE) ** ions in crystals [60]:

Al <6;AS=0,and AL <6.

For ions with an even number of electrons:

(i) J =0 J=0is forbidden;

(ii) J = 0«>o0dd J* values are weak transitions;

(iii) J = 0 J'= 2, 4, 6 should be intense transitions.

These rules can be useful in establishing initial predictions, although the actual rules that govern
a particular transition must be determined by group theory considerations. Table 2.1 shows the

selection rules for allowed transitions.
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Table 2.1: Allowed transitions; J=L+S is the total angular momentum, L is the Azimuthal
quantum number, S is the Spin quantum number, and M, is the secondary total angular

momentum quantum number [62].
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As a general remark, one can state that in cases where the rare-earth ion occupies a site with
inversion symmetry, the selection rule states: AJ =0, £1. In cases where AJ =0, any transition to
another state with J = 0 is forbidden as well. In such a case, A[J| is necessarily +1. These are all
magnetic dipole transitions. In lattices without inversion symmetry there is also electric dipole
emission. For these transitions, the selection rule is: A[J|<6. Here again, for initial or final states
with J = 0, other selection rules are operative. In such a case, for electric dipole transitions,
AJ=2, 4, or 6. Therefore the presence of an inversion center opens up the possibility to tune the

emission spectrum to a small extent [6].

2512 Zeeman Effect
Zeeman Effect is the effect of splitting a spectral line into several components in the presence of

a static magnetic field. Zeeman Effect is as a result of distortion of the electron orbitals where
the angular momentum quantum state undergoes a displacement from degeneracy because of the

magnetic field. The presence of a magnetic field and its strength corresponds with the pattern
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and amount of splitting. The splitting is associated with the orbital angular momentum quantum

number L of the atomic level. This quantum number can take non-negative integer values. The

number of split levels in the magnetic field is 2L + 1. Figure 2.10 illustrates the Zeeman Effect.
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Figure 2.10: Zeeman Effect [63]
Zeeman Effect can be divided into three groups a follows [63];

e Normal Zeeman Effect- whereby for some atoms, the spectral lines split in three under
a magnetic field.

e Anomalous Zeeman Effect — in which case the spectrum displays a more complex
pattern of splitting.

e Paschen-Back Effect — as the magnetic field becomes stronger, some spectral lines

merge and the anomalous Zeeman splitting are join into a normal splitting

2.5.13. Stark effect
Stark effect is the shifting and splitting of spectral lines of atoms and molecules due to presence

of external electric fields. The amount of splitting and or shifting is called the Stark splitting or
Stark shift. Stark effect can be classified into two [62];
e First-order Stark effect which is linear in presence of electric field.

e Second order Stark effect is quadratic in presence of the electric field.

The splitting of the energy levels by an electric field first requires that the field polarize the atom
and then interact with the resulting electric dipole moment. That dipole moment depends upon

the magnitude of M;, but not its sign, so that the energy levels are split into J+1 or J+1/2 levels,

for integer and half-integer spins, respectively.
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2514, Jahn-Teller effect
The Jahn-Teller effect, describes the geometrical distortion of molecules and ions that is

associated with certain electron configurations. The Jahn-Teller theorem essentially states that
any nonlinear molecule with a spatially degenerate electronic ground state will undergo a
geometrical distortion that removes that degeneracy, because the distortion lowers the overall
energy of the species. The distortion reduces the symmetry and energy of a non-linear molecular
system that The distortion normally takes the form of elongating the bonds to the ligands lying
along the z axis, but occasionally occurs as a shortening of these bonds instead When such an
elongation occurs, the effect is to lower the electrostatic repulsion between the electron-pair on
the Lewis basic ligand and any electrons in orbitals with a z component, thus lowering the
energy of the complex. If the undistorted complex would be expected to have an inversion

centre, this is preserved after the distortion [64].

2.6. Optical transition in Lanthanide Ions

Rare Earth (RE) metals constitute a group of seventeen elements, which include fifteen
lanthanides (Commonly symbolized as Ln), Scandium (Sc) and Yttrium (Y). Since the objective
of the present study is to develop rare earth (RE) doped aluminate and garnet phosphors and
tailor their optical properties; color, intensity/brightness and decay/glow time by modifying their
structure through incorporation of impurities (Eu*’,Nd**,Dy*",Ce*", AI*’,Ga’" and Gd*), we

briefly study the optical transitions of these ions.

2.6.1. Cerium (Ce'™")

As one of the RE elements in the lanthanides group, Cerium (Ce) has electron configuration of
[Xe] 4f' 5d' 6s”. The 4f" energy levels are not affected by the host environment because they are
completely shielded by the filled 5p® and 5s” shells of the [Xe] configuration [63]. However an
electronin a 5d orbital is not completely shielded and its energy is very susceptible to changes in
the crystalline environment [63]. The ground and excited electronic configurations of Ce®” ion
are 4f' and 5d' and it has only one electron in the 4f state. The excited 5d' level strongly
interacts with the host lattice due to the large spatial field of the 5d wave-function and the crystal
field splitting dominates over the split spin-orbit interaction. Therefore emission transition is an
allowed one since the 5d — 4f transition is parity and spin-allowed/ electric-dipole allowed. As a

consequence, the emitting level has a short life- time, a common property in certain phosphors
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[65, 66]. The 5d — 4f transitions of Ce’ ion are electric-dipole allowed. Figure. 2.11 shows the

energy level diagram of the 4f — 5d configuration of Ce *" ion in a garnet structure.
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Figure 2.11: A simplified energy level scheme and crystal field splitting of the Ce’” ion (4f')
[68].

Emission observed from cerium differs greatly with the type of host material. In Y s Al Ce?,
there are two Ce’” absorption bands in the region between 250 and 500 nm. They centred at 342
and 462nm due to the crystal-field splitting of the 5d state. During the 4f-5d transition, upon
excitation with the electron in 4f' ground state is photo-excited to the 5d" levels leaving the 4f
shell empty, relaxes and then gets de-excited and returns to 4f" state thereby emitting light
photon which covers a broad band from 450 to 650 nm with a maximum in the green-yellow
region (530 nm) as a result of electronic transitions within Ce’* between the [Xe]4f'5d"6s"
(*Fs,°F72) and [}(6]41‘0 5d" 6s° (*Dy) states. In the ground (4f) state Ce* splits up into a doublet
2Fj (j = 5/2 and 7/2) state due to spin-orbit coupling [53]. Sun and Kwok (1999) observed that
Y,Si05:Ce’™ showed a blue emission band peak at around 400 nm attributed to the 5d — 4 f

transition of Ce** [67].

2.6.2. Europium Eu’* (4f)’

Europium (Eu) has electron configuration of [Xe] 4f’ 6s”. Divalent europium (Eu®") ion gives a
very intense and broad emission spectrum in the visible range due to the inter-configurational
electronic f ’( S7,) — £°d (f-f) transition. The transition of one f electron from an f to d- orbital

occurs between two configurations of opposite parity and therefore it is electric dipole allowed

transition [69,70].
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Figure 2.12: Energy level diagram showing (a) the 4f7 (*S;/5) — 4f° 5d' configuration of Eu?*
ion [71]. (b) Crystal field and distortion in the MAI,O,4 (Ca, Ba, Sr) phosphors [72].

The energy of the 4f°5d' state depends on the crystal field, because unlike the 4f electrons the 5d
electron is in the outer shell and not shielded by the 5p°® and 5s shells [69]. As a result the 5s’p°
excited 5d energy levels are split by the crystal field into t,, and e, components as illustrated by

figure 2.12 (a).

The Eu®" emission is caused by the electronic transition from the lowest excited state to the
4f(%S;),) state. The interaction of the crystal field strength will determine whether the lowest
41°5d" is above or below the excited 4f” multiplets which are not affected by the host lattice [25]
‘When the lowest excited state °P;, of 4f” - configuration is located below the lowest state of the
4*5d' — configuration, a sharp emission line will be observed [70]. On the contrary, when there
is no 4f state below the 6P7‘; the broad emission band in Eu®” will arise from 4f°5d' — 4’ dipole
allowed transition. Furthermore, the emission wavelength depends on the strength of the crystal

field around the Eu®" ion [70].

The PL characteristics obtained from Eu®" doping also depends on the crystal field strength
imposed by the host matrix structure. The 5d excited states are not shielded from the surrounding
electronic shell, and the d-electron wave function is greatly affected by the crystal field and
strong coupling to the lattice can take place. The d-orbit is generally 5-fold degenerate in free
space and it may split further under the action of the crystal field and the split interval should be
proportional to the crystal field strength. Cheng et al (2009) studied the room-temperature (RT)
photoluminescence excitation (PLE), photoluminescence (PL), and afterglow spectra of
SrAl,O4:Eu”, Dy3 * bulk and nanostructures [73]. The PLE spectrum for the nanostructures,
monitored at 518 nm, showed four sub-bands peaking at about 273, 325, 365 and 418 nm,
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clearly demonstrating the crystal field splitting of five-fold degenerate 5d excited level of Eu’
ions. In the PL spectra under different excitation wavelengths, they observed only one greenish-
yellow broad band emission peak located around 518 nm, corresponding to the 4£°5d" - 4£(®S;,)
electric dipole-allowed transition of Eu** [74].

Compared to those of its bulk counterpart, the PL, PLE, and afterglow peaks of the
nanostructured SrAIZO.J,:EuQJ',DyJ+ slightly shifted to shorter wavelength. They observed a
conspicuous change in the relative intensity and position of the excitation peak in the blue
region. For the nanostructured SrAl,Q,, the unit cell volume becomes small and the width of the
band gap becomes large. And thus the energy centroid of the 5d configuration ascends
correspondingly since the 5d energy level has a closer relation to the conduction band of the
compound [75]. Furthermore, the 5d states are vulnerable to the surrounding electronic shell, and
the d-electron wave function is greatly affected by the crystal field and strong coupling to the
lattice can occur. Eu*" ions, substituting for the Sr¥* sites, in monoclinic SrAl,O4 phase also
possess no symmetry [76]. The relatively large contraction of the lattice constants » and ¢ also
indicates the existence of deformation in distorted quasi-hexagonal rings, and therefore, the
crystal symmetry around the Eu®" ions is further lowered due to the nanometre size of the
crystallites. As a consequence, there is a smaller split of the mixed states of 4f and 5d due to the
weakness of the crystal field strength which resulted in a blue shift of Eu”'- related optical

transitions [77].

Wako et al (2014) also in investigated the excitation and emission spectra of CaAl,04:Eu’",Nd*"
with various concentrations of Eu”” and Nd** ions. They observed the that the excitation spectra
of CaAl,04: Eu’" phosphor were similar in shape and showed a broad band from 280 to 400 nm
which contained two excitation peaks; one main peak at 325 nm and a shoulder at 260 nm both
due to 41°5d' — 4f transition of Eu’". The emission spectra were all symmetrical in the blue
region and peaked around 440 nm also attributed to the 4£°5d' — 4f” transition of Eu®" although
the luminescent intensities varied greatly. They also observed that high concentrations of Eu®"
generally reduced both intensity and lifetime of the phosphor powders. Compared with the
CaAl,Oy: 0.01Eu*" phosphor, they found out that CaAl,O,: 1mol% Eu’", Nd** showed relatively
higher luminescence intensity and a longer duration. This may be explained in two ways: Firstly,
the co-doped Nd** ions efficiently transferred the absorbed energy to the Eu*” emitter. Secondly,

the depth of traps formed by the co-doped Nd** ions was more suitable [78].

In another experiment on the effect of varying the Ba:Al molar ratios on the luminescence

characteristics of the BaAl,O,:Eu*"Nd"* phosphor, Wako et al (2014) observed two maxima
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curve fits, peaking at 490 and 525 nm (blue-green) in the PL spectra of BaAl,O4Eu’" Nd**
which arise from the two emissions of Eu’" in the two Ba’" sites within in the BaAl,Oy,
structure[15]. These are due to the transitions from the lowest 2D level of the excited 4£°5d'

configuration to the ground *S,, level of the 4f” configuration of the Eu?* ion [17].

2.6.3. Europium Eu’* (4f) °

Among the rare-earth ions, Eu’" is an efficient red emitter because this ion has a large energy
gap between the emitting °D, level and next lower 'Fg level [79, 80] as represented in the energy
level diagram of Eu®" shown in figure 2.13. The emission of this ion usually consists of sharp

emission lines in the red spectral region which arise from the f-f transition of the Eu®".

For Eu®' ions in free state, The D, — Fy emission is forbidden due to the electric dipole rule
(AS = 0) and is not usually observed. The D, = ’F, transition is forbidden according to
magnetic dipole (AS = AL =0, AJ = 0, =1) and electric dipole (AS = 0) selection rules. According
to the theory of Judd (1962) and Ofelt (1962) [60, 81], the °D, — 'F, transition becomes electric-
dipole allowed, due to an admixture of opposite parity 4f""' 5d state through an odd parity crystal
field component. The Dy — 'F3 5 transitions show first order magnetic-dipole and second order

electric-dipole character [82,83]. The Dy — 'F, ¢ transitions have electric dipole character [82].
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Figure 2.13: Energy level diagram showing the *Dy — 'F; (J = 0 - 6) configuration of Eu’" ion
[85].
The origin of this emission line may be explained by the mixing of odd parity J = 1 states into

the "F, and D, states [30] and fluorescence line-narrowing experiments, have shown that the

D, = 'F, borrows its intensity from *Dy — 'F, line through J- mixing in this material [84].

Theoretically, transitions between {" levels involve no change in parity and hence are forbidden
by the LaPorte rule. However, the ligand field about the rare earth distorts the “free ion” levels

and causes higher energy states of opposite parity to admix, thus a 4f" is really a linear
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combination of 4f"'5d, 4f"'5g, etc and transitions can occur. 4f electron energy levels are
determined by a combination of the Coulomb interaction among the electrons, the spin-orbit

coupling and the crystalline electric field [85].

The transitions from the singly degenerate excited state °D, to the different sublevels within the
terminal states 'F; (fromJ = 0 to 6), correspond to different emission lines depending on the kind
of host structure. Kumara et al (2013) studied the emission properties in the CaAl,O4:Eu*/Eu®*
JNd** nanostructured phosphor [86]. The emission bands they observed which are assigned to
the °D, - 'F; (J =0,1,2,3, 4, 5 and 6) transitions with excitation 532 nm are as shown in Table
232

Table 2.2: Emission bands in CaAl,O,:Eu’/Eu’" phosphor with 532 nm excitation due to Eu’”
[86].

Transition Wavelength (nm)
Do — 'Fo 578
Do — Fy 591
Do = ’F; 612
Do — ’Fy 653
Do — 7Py 702
Dy — 7Fs 747
Dy — Fe 811

The magnetic dipole and electric quadrupole transitions are forbidden for J° = 0 —»J = 0 and
Judd— Ofelt theory cannot explain the observation of °D, —F, fluorescence [86]. In
SrALO4Eu’ the transitions within Eu’" may give sharp luminescence lines between 580 and
720 nm [87]. Roy etal (1997) fabricated Y3A150,5:Eu (1 and 2at%) powder and thin films by
sol-gel processes from the organic precursors. They observed that the samples activated with 2
at% Eu showed emission concentrated in the 590nm orange line due to the D, — 'F, (magnetic
dipole) and the 610 nm red line corresponding to the D, — 'F, (electric dipole) transition of

Eu’ though relatively weak [88].
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Chapter 3

Investigation Techniques of Phosphors

3.1. Synthesis Methods

3.1.1. Solution-Combustion Method

The solution — combustion method is an important chemical route for the synthesis and
processing of advanced ceramics (structural and functional), catalysts, composites, alloys, inter-
metallics and nanomaterials [1]. The method has generated more interest in the field of
nanomaterials such as luminescent materials (phosphors) and other ceramic materials, because
fine particle sizes, multi-component, crystalline and homogenous materials can be achieved at
relatively low temperature and less time [2].

In this technique (3-8) a saturated aqueous solution of the desired metal salts and a suitable
organic fuel is made to boil, until the mixture ignites and a self-sustaining and rather fast
combustion reaction occurs, resulting in a dry, usually crystalline, fine oxide powder. To form a
mixed oxide, a mixture containing the desired metal ions, in the form of, for instance, water
soluble nitrate salts, a fuel such as urea, glycine or ethylene glycol can be used. Usually redox
reactions such as this are exothermic in nature and often lead to explosion if not controlled, but
in this technique the combustion of metal nitrates-urea mixtures usually occurs as a self-
propagating and non-explosive exothermic reaction. The large amounts of gases formed can
result in the appearance of a flame, which can reach temperatures in excess of 1000 °C.

A schematic diagram showing the synthesis of SrAl,O4; Eu, Dy phosphors via combustion
method is given in figure 3.1. The energy released from the exothermic reaction between the
nitrates and the fuel, which is usually ignited at a temperature much lower than the actual phase
trans formation temperature, can rapidly heat the system to a high temperature and sustain it long

enough, even in the absence of an external heat source, for the synthesis to occur [9].
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Figure 3.1: Schematic diagram showing synthesis of SrAl,O,: Eu, Dy phosphors via combustion
method [10].

The luminescent materials (phosphors) prepared by this method have low density, fluffy texture
and ultra fine particles. As more gases are released, either agglomerates are not formed or
disintegrated into fine particles [11].

In recent years, with the development of the synthesis technologies on materials, several
chemical methods have been applied to prepare luminescence powders [12], of which
combustion synthesis is the most important one. There are many merits of the combustion
synthesis. First, the process is conducted in the liquid state, so that each component can be
accurately controlled and uniformly mixed. Second, the process, which has been extensively
applied to preparation of various nano-scale materials, takes only a few minutes [13]. Third, it
involves inexpensive processing equipment. Fourth, the final product is obtained in only one
step using the chemical energy of the reactants and finally the final products are of high purity

due to liberation of volatile impurities [14].
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3.1.2 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a thin film growth technique in which the photon energy of a
laser characterized by pulse duration and laser frequency interacts with a bulk (target) material

[15, 16].
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Figure 3.2: (a) and (b); Schematic diagram of a pulsed laser deposition system [17, 18].

The working mechanism of PLD is shown in figures 3.2 (a) and (b). A laser beam is directed and
focused onto the surface of a target (solid or liquid) in a chamber and ejects (ablates) material.
Ablation of materials occurs above a certain threshold power density, and the ejected, partially
ionized material forms a luminous ablation plume. The threshold power density required to
create such plasma depends on the absorption properties of the target material, the laser
wavelength, and pulse duration. The removed material is directed towards a substrate where it
re-condenses to form a film. The growth kinetic of such films depends on the material flux,
repetition rate, growth temperature, substrate material, pressure, and background gas (vacuum,
reactive).

The laser material interaction during ablation and deposition processes that takes place within a

localised interaction volume at, and close to, the surface of the target is shown in figure 3.3;
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Figure 3.3: Schematic illustrating the PLA process [19]; (a) Initial absorption of laser radiation,
melting and vaporization begin. (b) Melt front propagates into the solid, vaporization continues
and laser-plume interactions starts. (c) Absorption of incident laser radiation by the plume and

plasma formation. (d) Melt front recedes leading to eventual re-solidification

The target will absorb the incoming laser energy which causes extremely fast heating of a
significant volume of target material. The fast and strong heating of the target surface by the
intense laser beam (typically up to temperatures of more than 5000 K within a few ns,
corresponding to a heating rate of about 1012 K/s) ensures that all target components
irrespective of their partial binding energies evaporate at the same time [18]. This introduces
high amplitude stress waves in the solid target and may cause phase transitions. Material will
start to boil off forming a high-temperature plasma and expand into the gas phase, which then
adiabatically expands in a direction perpendicular to the target surface [17] [18]. Ablation of the
material begins on a picoseconds timescale. Thus, unless one is working with high frequency
laser pulses, the ensuing plume will be irradiated by the later part of the incident laser pulse.
This radiation will, in many cases, be absorbed by the plume, leading to reduction of the light
intensity incident on the target and excitation and ionisation of species in the plume. Plasma
formation and subsequent optical emission will result [19].
To use PLD for thin film growth has advantages for a number of reasons [20]:

v" The flexibility in wavelength and power density allows ablating almost any material or

combination of materials.
v" The laser is not part of the vacuum system. Therefore, a considerable degree of freedom

in the ablation geometry is possible.
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v' The use of a pulsed laser beam enables a precise control over the growth rate.
v The congruent transfer of the composition can be achieved for most ablated material or
materials combinations.
v Moderation of the kinetic energy of evaporated species to control the growth properties
and growth modes of a film.
There are also disadvantages to perform PLD. Some of them are of a technical nature; some are
intrinsic to the ablation process and the electromagnetic interaction between photons and matter
[14];
v" The large kinetic energy of some plume species causes re-sputtering and similar defects
in the substrate surface and growing film.
v" An inhomogeneous energy distribution in the laser beam profile gives rise to an
inhomogeneous energy profile and angular energy distribution in the laser plume.
v Light elements like oxygen or lithium have different expansion velocities and angular
distributions in a plume as compared to heavier elements. Therefore, an addition source
to supplement these elements to obtain the desired film composition is required, e.g.,
adequate background gas or an adapted target composition.
v Due to the high laser energies involved, macroscopic and microscopic particles from the
target can be ejected which can be detrimental to the desired properties of films and

multi-layers.

There are different types of pulsed lasers used for the ablation of solid materials. Currently
Nd:YAG and excimer nano-second (ns) lasers are the most common lasers for PLD systems.
Nd:YAG lasers are relatively inexpensive, require little maintenance, there is hardly any
divergence of the laser beam, and they can be easily incorporated into small commercial ablation
systems, In addition, the beam profile at the base frequency is in most cases close to a Gaussian
or a super-Gaussian distribution. Excimer lasers are based on halogen gas-filled laser cavities
rather than solid-state crystals. Handling issues demand greater care and laser devices are rather
bulky. However, excimer lasers have much bigger power output and typically provide a better
defined beam profile [20].

In this study after initial characterization, the powders were pressed into a pellet and used as a
target for laser deposition. The pellet was heated at 200 °C for 2 hrs in an oven to expel moister
that may be present and make it hard and strong for use as a target for laser ablation. The target
was then loaded on to a rotatable carousel inside the PLD chamber. The carousel raster and
rotates the target to prevent constant ablation by the laser beam from the same spot on the target.

Silicon (100) wafers of approximately 1 ¢m’ were used as substrates. The wafers were first
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cleaned in ultrasonic bath of acetone, ethanol and distilled water in that sequence then blow -
dried with clean dry N, gas and placed on a fixed substrate holder in the PLD chamber
perpendicular to the target at a fixed distance of 4.5 cm form the target. The chamber was then
pumped down to vacuum of about 3.0 x 10 Mbar. The target was ablated in and then under
varying working atmospheres of vacuum, argon and oxygen. Different ambient pressures were
used for the gases; 10, 20, and 30 mTorr each for 30 45 and 60 minutes at substrate temperatures
of 100, 200 and 300 °C using a Q-switched Spectra-Physics Quanta Ray 266 nm Nd:YAG
nanosecond (ns) pulsed laser operating at 15 Hz with energy and frequency fixed at 45ml/pulse
(fluence of 0.2 Jem™) and 10Hz, respectively.

3.2. Characterization Methods for Phosphors

In this research work, the phosphor powders and thin films were characterized using Scanning
Electron Microscopy (SEM), Energy Dispersive x-ray Spectroscopy (EDS), X-ray Diffraction
(XRD), Photoluminescence spectroscopy (PL), UV-VIS spectroscopy and Thermoluminescence
spectroscopy (TL). The theory of these characterization techniques are covered in this chapter. It

also gives the experimental set-up and layout of the methods used for characterization.

3.2.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is used to study the topographical and morphological
structures of specimens at very high magnifications which can go to more than 30 000 X.
During SEM analysis, a beam of energetically well-defined and highly focused electrons is
scanned across a sample. The SEM consists of an electron optical column mounted on a vacuum
chamber with electron gun placed on top of the column [14], as illustrated in figure 3.4. The
microscope electron gun consists of tungsten or lanthanum hexaboride (LaB;) filament source or
a field emission electron gun which is used to generate electrons, when the applied current
causes resistance heating which generates the electrons [21]. It is pumped using turbo and ion

pumps to maintain the highest possible vacuum [22].
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The technique can provide information about the sample including external morphology
(texture), chemical composition, and crystalline structure and orientation of materials making up
the sample [23].

The SEM is also capable of performing analyses of selected point locations or areas on the
sample [24]. If the system is equipped with energy dispersive x-ray spectrometer (EDS), it can
also provide information about chemical composition of the material [25].

The basic principle of the system is that, when a high energy electron beam impinges on the
sample surface it generates a splash of electrons with kinetic energies much lower than the
primary incident electrons called secondary electrons [22]. Depending on the nature of the
sample, these can include secondary electrons (electrons from the sample itself), backscattered
electrons (beam electrons from the filament that bounce off nuclei of atoms in the sample) and

X-rays [14] as shown in figure 3.5.

Secondary electrons

Figure 3.5: Electrons produced in SEM [26].

An image of the sample surface is constructed by measuring the secondary electron intensity as a
function of the primary beam position. The SEM has many advantages over traditional
microscopes. It has a large depth of field, which allows more of a specimen to be in focus at one
time. The SEM also has much higher resolution, so closely spaced specimens can be magnified
at much higher levels. Because the SEM uses electromagnetic lenses, the researcher has much

more control in the degree of magnification. All of these advantages, as well as the actual
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strikingly clear images, make the scanning electron microscope one of the most useful
instruments in research today [25].
In this research a highly advanced JSM-7800F field emission Scanning Electron Microscope
(SEM) coupled with an Energy Dispersive X-ray Spectrometer (EDS) shown in figure 3.6 below
was also used. The JSM-7800F has superb resolution and stability for imaging and analysis
which makes it possible to: [27]

e observe the finest structural morphology of nanomaterials at 1,000,000X magnification

with sub-1nm resolution

e collect large area EBSD maps at low magnifications without distortion

e Perform low kV imaging and analysis of highly magnetic samples.

e Image very thin, electron transparent samples with sub 0.8 nm resolution using an

optional retractable STEM detector.

SEM with thermal Field Emission Cathode

JSM-7800F

Figure 3.6: JSM-7800F field emission Scanning Electron Microscope (SEM) [27].

The JSM-7800F uniquely combines an in-lens field emission gun with an aperture angle control
lens (ACL), optimizing large probe currents (up to 200 nA) for operation at the smallest probe
diameter. The new super hybrid lens design allows high resolution imaging of (0.8 nm (15 kV))
of any type of specimen. The SEM excels at low accelerating voltage X-ray spectroscopy and
Cathodoluminescence (CL), combining large beam currents with a small interaction volume and

dramatically increasing analytical resolution to the sub 100nm scale. Beam deceleration in GB
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Mode provides charge balance and extreme high resolution imaging of surfaces and
nonconductive samples by effectively reducing effects of lens aberrations.

The JSM-7800F is suitable for a wide variety of applications, from cryo-microscopy to electron
beam lithography. It accommodates multiple analytical attachments, including EDS, WDS,
STEM, BSE, CL, EBIC, and an IR camera and stage navigation camera. The SEM comes with a
choice of three stage sizes and three specimen exchange airlock sizes. It can also be equipped
with tensile, heating, and cooling stages for in situ experiments. The system can be configured

for low vacuum operation for imaging non-conductive samples [27].

3.2.2. Energy Dispersive x-ray Spectroscopy (EDS)

The surface chemical or elemental composition of the synthesized powders grown in this
research study was determined by EDS spectroscopy. (EDS or EDX) is a chemical microanalysis
technique used in conjunction with scanning electron microscopy (SEM). The EDS technique
detects X-rays emitted from the sample during bombardment by an electron beam to characterize
the elemental composition of the analyzed volume. Features or phases as small as 1 um or less
can be analyzed [28]. Information about the chemical composition of the sample is obtained by
measuring the intensity distribution and energy of the signal generated by a focussed electron
beam impinging on the sample. The source of the electron is the electron gun of a scanning
electron microscope. The incident beam of electrons interacts with core electrons of the sample’s
atoms transferring sufficient energy to it, thereby ejecting it from the target atom. This results in
the creation of a hole within the atom’s electronic structure.

An electron from an outer, higher energy shell then occupies the hole releasing excess energy in

the form of an X-ray photon. As a result of electronic transitions which occur between the outer
and inner core levels a characteristic X-ray is emitted when the ionized atom ‘relaxes’ to a lower
energy state by the transition of an outer-shell electron to the vacancy in the core shell which
provide a quantitative and qualitative elemental composition of the sample [29]. Due to a well
defined nature of the various atomic energy levels, it is clear that the energies and associated
wavelengths of the set of x-rays will have characteristic values for each of the atomic species
present in a sample [29] as shown in figure 3.7.

A characteristic X-ray is usually emitted when the ionized atom ‘relaxes’ to a lower energy state

by the transition of an outer-shell electron to the vacancy in the core shell. The X-ray is called
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Figure 3.7: Characteristic x-ray radiation (a) electrons beam interacts with core electrons (b) X-
rays emitted during EDS analysis [30].

characteristic because its energy equals the energy difference between the two levels involved

in the transition and this difference is characteristic of the material.
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Figure 3.8: EDS spectrum of (a) SrAl,0,:Eu”’, Dy’ and (b) CaAl,O,:Eu®", Nd*".

From the output of an EDS analysis we obtain an EDS spectrum, see figure 3.8. The EDS
spectrum shows the frequency in counts of X-rays received for each energy level. The spectrum
normally plots the peaks corresponding to the energy levels for which the most X-rays have been
received. Each of these peaks corresponds to a specific atom, and therefore characteristic of a
specific element. The intensity of a peak in the spectrum correlates with the concentration of the

element in the sample [31].

3.2.3. Transmission Electron Microscope (TEM)

Transmission Electron Microscopy (TEM) is an imaging technique whereby a beam of electrons
is transmitted through a thin solid or diluted sample/specimen and then an image is formed
through the interaction of the electrons with the sample. The image is then enlarged and focused
on to a fluorescent screen or photographic film, or to be detected by a sensor such as a CCD
camera. Compared to the light microscopes TEMs have significantly higher resolution, because
of the small de Broglie wavelength of electrons. This makes the system capable to view fine
details in animal and plants cells or other materials down to near atomic levels. It can investigate
the size, morphology (shape) and arrangement of the particles which make up the
sample/specimen on the scale of atomic diameters [32]. It can be used to study structures of
crystals including features like dislocations and grain boundaries. In semiconductors, TEM can
be used to study the growth of films, their composition and imperfections/defects, and also to
analyze the morphology/shape, quality, size and density of quantum wells, dots, nanowires and

nano-rods. Therefore TEM is a valuable analysis technique applied in a wide range of scientific
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fields, such as in medical (virology and cancer research), environmental (pollution),
biological/physical sciences and material sciences (semiconductors and phosphor) research.

Preparation of materials for TEM analysis requires samples with very small dimensions about a
few hundred nano-metres in thickness (less than 200 nm) [33]. Powder samples are finely milled
and then dispersed in ethanol. A drop is then placed onto a porous circular metal support grid

generally copper (figure 3.8 (b)).
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Figure 3.9: (a) Schematic diagram of TEM and (b) TEM sample support mesh “grid”, with

ultramicrotomy sections [34].

The suspension is normally a volatile solvent such as ethanol, ensuring that the solvent rapidly
evaporates allowing a sample that can be quickly analyzed. In material science/metallurgy the
specimens tend to be naturally resistant to vacuum and must be prepared as a thin foil, or etched
so that some portion of the specimen is thin enough for the beam to penetrate [35]. Figure 3.9 (a)
shows a schematic diagram of the layout of a typical TEM and Figure 3.9(b) shows the sample
holders that are used in TEMs.

The operation of the TEM requires an ultra high vacuum (UHV) and a high accelerating voltage
(300 kV) than in an SEM. The electrons emitted by a source are focused and magnified by a set

of magnetic lenses. The image that is formed is either shown on a fluorescent screen or on a
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monitor and it is printed on photographic film. The resolution power is usually determined by
the technique with which the preparation was achieved and the quality of the lens system.
Today’s transmission electron microscopes offer resolutions up to 0.Inm at 300 kV and probe
diameters up to 0.34nm.

TEM exploits three different interactions of electron beam-specimen; unscattered electrons
(transmitted beam), elastically scattered electrons (diffracted beam) and inelastically scattered
electrons. Different types of images are obtained in TEM, using the apertures properly as well as
the different types of electrons. As a result, diffraction patterns are shown because of the
scattered electrons. If the unscattered beam is selected, we obtain the Bright Field Image. Dark

Field Images are attained if diffracted beams are selected by the objective aperture [6].

Figure 3.10: The PHILIPS CM 100 model Transmission Electron Microscope.

3.2.4. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a form of scanning probe microscopy (SPM) where a small
probe scans across the sample surface to obtain information about the sample’s surface
roughness [36]. One advantage of AFM over other microscopy techniques is that it can make

three dimensional measurements of a sample surface [37]. Also it can be operated not only in an
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ultrahigh vacuum but also at ambient conditions or even in liquids [38]. A schematic layout of

the atomic force microscopy is shown in figure 3.11.
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Figure 3.11: A schematic diagram of the atomic force microscopy [39]

The AFM uses a probe with a very sharp silicon tip less than 10 nm in diameter at the end of a
cantilever spring. The probe is attached to a piezoelectric scanner tube, which scans the probe
across a selected area of the sample surface. Interatomic forces between the probe tip and the
sample surface causes the cantilever to deflect as the sample’s surface topography changes.
During the scanning process, the force between the tip and the surface is determined by the
deflection of the cantilever. The deflection of the cantilever is controlled by using the optical
lever technique. A beam from a laser diode is focused onto the end of the cantilever and the
position of the reflected beam is monitored by a position sensitive detector (PSD) [40].

A laser light reflected from the back of the cantilever measures the deflection of the cantilever.
A topographic image of the sample is obtained by plotting the deflection of the cantilever versus
its position on the sample. This information is fed back to a computer, which generates a map of
topography or other properties of interest. Areas as large as about 100 pm square to less than 100
nm square can be imaged [36]. AFM can be operated in three modes; contact mode with the tip
touching the sample, or tapping mode where the tip taps across the surface, or non-contact
mode when the tip interaction with the sample is minimal [41].

In the current study the AFM images were recorded using Shimadzu SPM-9600 model shown in
figure 3.12.
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Figure 3.12: Atomic Force Microscopy Shimadzu SPM-9600 model at the University of the
Free State.

3.2.5. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is an efficient analytical non-destructive technique used to investigate
structural properties of crystalline materials. It is also used for phase identification,
determination of grain size, composition of solid solution, lattice constants, and degree of
crystallinity in a mixture of amorphous and crystalline substances [42].

An amorphous sample consists of atoms arranged in a random way for example glasses. A
sample is said to be crystalline if the atoms are arranged in such a way that their lattice positions

are exactly periodic.
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Sample Powder

Figure 3.13: An x-ray powder diffractometer [33].

Crystalline materials include ceramics, metals, electronic materials, organics and polymers. The
X-ray diffractometer fall into two broad classes viz; single crystals and powder. The powder
diffractometer, figure 3.13 is routinely used for phase identification and quantitative phase
analysis [43]. X-ray diffractometer consist of three basic elements: an X-ray tube, a sample
holder, and an X-ray detector. X-rays are produced in the X-ray tube. Such a tube is illustrated in
figure 3.14. It consists of an evacuated chamber with a tungsten filament at one end of the tube,
called the cathode, and a metal target at the other end, called an anode.

Electrical current is run through the tungsten filament, causing it to glow and emit electrons. A
large voltage difference (measured in kilovolts) is placed between the cathode and the anode,

causing the electrons to move at high velocity from the filament to the anode target.
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Figure 3.14: Schematic diagram of an X-ray tube [45].

Upon striking the atoms in the target, the electrons dislodge inner shell electrons resulting in
outer shell electrons having to jump to a lower energy shell to replace the dislodged electrons
[44]. These electronic transitions results in the generation of X-rays. The X-rays then move
through a window in the X-ray tube producing characteristic X-ray spectra which can be used to
provide information on the internal arrangement of atoms in crystals or the structure of internal
body parts. These X-ray spectra consist of several components and the most common are Ka

and Kp as shown in figure 3.15 [45].
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Figure 3.15: Characteristic X-ray Radiation [33]
The target materials that are usually used are Cu, Fe, Mo and Cr. Each of these has specific

characteristic wavelengths [44] as shown in table 3.1.

Table 3.1: Characteristic wavelengths of target materials [33].

Element | K « Wavelength (1)
Mo 0.7107
Cu 1.5418
Co 1.7902
Cr 2.2909

3.2.3.1. Continuous and Characteristic X-ray Spectra
When the target material of the X-ray tube is bombarded with electrons accelerated from the

cathode filament, two types of X-ray spectra are produced. The first is called the continuous

spectra. The continuous spectra consist of a range of wavelengths of X-rays with minimum
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wavelength and intensity (measured in counts per second) dependent on the target material and
the voltage across the X-ray tube. The minimum wavelength decreases and the intensity

increases as voltage increases as shown in figure 3.16.
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Figure 3.16: The continuous X-ray spectra [45].

The second type of spectra, called the characteristic spectra, is produced at high voltage as a
result of specific electronic transitions that take place within individual atoms of the target
material. This is easiest to see using the simple Bohr model of the atom. In such a model, the
nucleus of the atom containing the protons and neutrons is surrounded by shells of electrons. The
innermost shell, called the K- shell, is surrounded by the L- and M - shells. When the energy of
the electrons accelerated toward the target becomes high enough to dislodge K- shell electrons,
electrons from the L - and M - shells move in to take the place of those dislodged. Each of these
electronic transitions produces an X-ray with a wavelength that depends on the exact structure of
the atom being bombarded. A transition from the L — shell, to the K- shell produces a Ka X-
ray, while the transition from an M - shell to the K- shell produces a KB Xray. These
characteristic X-rays have a much higher intensity than those produced by the continuous
spectra, with Ko« X-rays having higher intensity than K3 X-rays see figure 3.17. The important
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point here is that the wavelength of these characteristic x-rays is different for each atom in the
periodic table (of course only those elements with higher atomic number have L- and M - shell

electrons that can undergo transitions to produce X-rays).
A filter is generally used to filter out the lower intensity K # X-rays. For commonly used target

materials in X-ray tubes, the X-rays have the well-known experimentally determined

wavelengths shown in table 3.1.
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Figure 3.17: Intensity of characteristic Ko X-rays and K X-rays [45].

3.2.3.2. Interference

A beam of X-rays consists of a bundle of separate waves which can interact with one another.

Such interaction is termed interference. Interference of waves can be either constructive or

destructive.
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3.2.3.3. Crystal Lattice
A crystal lattice is a regular three-dimensional distribution (cubic, rhombic, etc.) of atoms in

space. These are arranged so that they form a series of parallel planes separated from one
another by a distance d (figure 3.18), which varies according to the nature of the material. For
any crystal, planes exist in a number of different orientations - each with its own specific d-

spacing.

3.2.3.4. Bragg’s Law

The atoms in crystals interact with X-rays in such a way as to produce interference. The
interaction can be thought of as if the atoms in a crystal structure reflect the waves. But, because
a crystal structure consists of an orderly arrangement of atoms, the reflections occur from the
atomic planes. Consider a beam of monochromatic X-rays entering a crystal with one of its
planes oriented at an angle of 6 to the incoming beam. Figure 3.18 shows two such X-rays,

where the spacing between the atomic planes occurs over the distance, d.

Figure 3.18: Monochromatic X-rays entering a crystal [46].
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Ray A reflects off of the upper atomic plane at an angle 6 equal to its angle of incidence.
Similarly, Ray B reflects off the lower atomic plane at the same angle 6 . While Ray B is in the
crystal, however, it travels a distance of 2a farther than Ray A. If this distance 2a is equal to an
integral number of wavelengths (n 1), then Rays A and B will be in phase on their exit from the
crystal and constructive interference will occur. If the distance 2a is not an integral number of
wavelengths, then destructive interference will occur and the waves will not be as strong as
when they entered the crystal. Thus, the condition for constructive interference to occur is
DA = s 3.1

But, from trigonometry, we can figure out what the distance 2a is in terms of the spacing, d,

between the atomic planes.

a=dsin @ ......coeeneen.... 3.2
of2&8=2d sl B cviiiiniiiinnien 33
thus,nA =2dsin 6 .....ccu.......... 34

This is known as Bragg's Law for X-ray diffraction.

What it says is that if we know the wavelength , 4 , of the X-rays going in to the crystal, and we
can measure the angle 6 of the diffracted X-rays coming out of the crystal, then we know the
spacing (referred to as d-spacing) between the atomic planes.

d=nid /2sin 6 .ovvvveee. 35

3.2.6. Photoluminescence Spectroscopy (PL)

Luminescence refers to the emission of light by a material through any process other than blackbody
radiation [47]. Photoluminescence is luminescence by which electromagnetic radiation, i.e.
photons, are used to excite a material, usually by use of ultraviolet light. Excitation occurs when
light is directed onto a sample and it gets absorbed and imparts excess energy into the material.

This excess energy can be released by the sample through the emissions of light [48], a process
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called luminescence. When the luminescence is accompanied by photo-excitation it is called

photoluminescence (figure 3.19).

Photoluminescence Spectroscopy is a contactless, nondestructive method of probing the
electronic structure of materials. In PL one measures physical and chemical properties of
materials by using photons to induce excited electronic states in the material system and
analyzing the optical emission as these states relax. Typically, light is directed onto the sample
for excitation, and the emitted luminescence is collected by a lens and passed through an optical

spectrometer onto a photon detector. See figures 3.20 (a, b and ¢).
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Figure 3.19: Excitation and Emission processes

The spectral distribution and time dependence of the emission are related to electronic transition
probabilities within the sample, and can be used to provide qualitative and, sometimes,
quantitative information about chemical composition, structure, impurities, kinetic process and
energy transfer. Sensitivity is one of the strengths of the PL technique, allowing very small
quantities (nanograms) or low concentrations (parts-per-trillion) of material to be analyzed.
Precise quantitative concentration determinations are difficult unless conditions can be carefully

controlled, and many applications of PL are primarily qualitative.
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Figure 3.20: (a) Schematic diagram of the PL system (b) PL system used to investigate the
luminescent properties of phosphors.
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Figure 3.20: (c) Cary Eclipse fluorescence spectrophotometer.

In PL, a material gains energy by absorbing photon at some wavelength by promoting an
electron from a low to a higher energy level. This may be described as making a transition from
the ground state to an excited state of an atom or molecule, or from the valence band to the
conduction band of a semiconductor crystal or polymer (electron-hole creation). The system then
undergoes a non-radiative internal relaxation involving interaction with crystalline or molecular
vibrational and rotational modes, and the excited electron moves to a more stable excited level,
such as the bottom of the conduction band or the lowest vibrational molecular state. After a

characteristic lifetime in the excited state, electron will return to the ground state.

In luminescent materials some or all of the energy released during this final transition is in the
form of light, in which case the relaxation is called radiative. The wavelength of the emitted light
is longer than that of the incident light. It should be noted that depending on the characteristic
life-time of emission, fast PL with life-time of sub microsecond is also called “fluorescence”,

whereas slow ones, 4 to 10 s, are referred to as “phosphorescence™ [49].

In this study in addition to the carry eclipse, two other models of PL spectrometers were used; F-
7000 FL Spectrophotometer and a 325 nm He-Cd Laser. In the 325 nm He-Cd, a laser beam is
focused on to a sample via optical lenses, mirrors and then the chopper that ensures the light

beam is sent in packets as illustrated in figure 3.21. To ensure that only the light beam from the
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sample is sent through the photomultiplier tube detector, the glass GG 385 was used to block the

laser beam [14].

Lock-in:
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Figure 3.21: Schematic representation of the 325 nm He-Cd laser PL [14].

3.2.7. Ultraviolet —Visible (UV-VIS) Spectroscopy

When radiation is incident onto a sample (solid/liquid) it may be partly absorbed (%A), partly
scattered or reflected (%R) and partly transmitted (%T). The absorbed radiation does the work
of exciting the electrons within the band gap from the ground state to the excited state. In UV-
VIS spectroscopy the amount of radiation absorbed (%A), reflected (%R) or %T is measured as
a function of wavelength (1) from which important qualitative and quantitative deductions can
be made about the sample. A spectrophotometer is an instrument used to register the different
amounts, %R, %T or %A of the radiation at each wavelength by scanning the Ultraviolet-
Visible-Near-Infrared (UV-Vis-NIR) wavelength range and record the spectrum. Figure 3.22

shows a schematic diagram with the main elements of a simple single-beam spectrophotometer.
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Figure 3.22: Schematic diagram of a single-beam spectrophotometer [50]

The basic elements are: (i) a light source (usually a deuterium lamp for the UV spectral range
and a tungsten lamp for the VIS and IR spectral ranges) that is focused on the entrance to (ii) a
monochromator, which is used to select a single frequency (wavelength) from all of those
provided by the lamp source and to scan over a desired frequency range; (iii) a sample holder,
followed by (iv) a light detector (usually a photomultiplier for the UV—VIS range and a SPb cell
for the IR range) to measure the intensity of each monochromatic beam after traversing the

sample; and finally (v) a computer, to display and record the absorption spectrum

Figure 3.23: Schematic diagram of a double-beam spectrophotometer [50].

Single-beam spectrophotometers pose some challenges due to the spectra being affected by
spectral and temporal variations in the illumination intensity. The spectral variations are due to
the combined effects of the lamp spectrum and the monochromator response, while the temporal
variations occur because of lamp stability. These problems can be overcome by use of double-

beam spectrophotometers. Figure 3.23 shows a schematic diagram of the main components of
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such spectrophotometers. The illuminating beam is split into two beams of equal intensity by a
beam splitter, which is directed toward two different channels; a reference channel and a sample
channel. The outgoing intensities correspond respectively to I, and I, which are detected by two
similar detectors, DI and D2. As a consequence, the spectral and temporal intensity variations of
the illuminating beam affect both the reference and sample beams in the same way, and these
effects are minimized in the resulting absorption spectrum. The system can still be improved if a
unique detector is used instead of the two detectors, DI and D2. In such a way, the errors
introduced by the usual unequal spectral responses of these detectors are also eliminated. This
can be achieved by introducing fast rotating mirrors so that the intensities lo and I can be always
sent to the same detector [50].

In this project a Perkin Elmer Scan-Lambda 950 UV-Vis spectrophotometer (LAMBDA™ 950)
was used to record the absorbance characteristics of samples in reflectance mode. Figure 3.24

illustrates the anatomy of the LAMBDA™ 950 spectrophotometer.
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Figure 3.24: Diagram showing the insides of a Perkin Elmer Scan-Lambda 950 UV-Vis
spectrophotometer (LAMBDA™ 950) [51].

Reflectance measurements are made using either an integrating sphere or a specular reflectance
accessory. Integrating spheres are used for samples with a significant diffuse reflectance
component such as powders, and other ‘rough’ materials. The sphere's internal surface is made

of the polymer Spectralon, which offers levels of diffuse reflectance approaching 100%.
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Samples are placed at the back of the sphere, and the light is reflected back off the sample, and
then, it is collected by the sphere [51.

3.2.8. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is also referred to as Electron Spectroscopy for
Chemical Analysis (ESCA). It is a surface technique mainly employed to obtain information
about the chemical states of surfaces of materials such evaluation of valence states, bonding
environments and the molecular and atomic composition of surface layers. Today, XPS can be

used for elemental analysis, imaging, depth profile and thin-films [51].
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Figure 3.25: Schematic outline for an XPS Instrument [53]

XPS is based on the photoelectric effect where a photon was used to impinge upon as surface

and eject electrons from it. XPS utilizes photo-ionization and analysis of the kinetic energy
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distribution of the emitted photoelectrons to study the composition and electronic state of the
surface region of a sample [39].

During the XPS analysis, energetic x-ray photons incident on a sample surface in vacuum ejects
electrons (photoelectrons) from the K-shell level of an atom. Mostly AlKa (1486.6eV) or MgKa
(1253.6eV) are the preferred photon energies [52].

Photoelectrons are collected and analyzed giving a spectrum of emission intensity versus
electron binding energy. Figure 3.25 shows a schematic layout of an XPS.

The binding energies of the photoelectrons are characteristic of the element from which they are
emitted. The peaks at particular energies indicate the presence of a specific element in the
sample under study while the intensity of the peaks is related to the concentration of the element

within the sampled region. In this research the PHI 5000 XPS Versa probe (monochromatic

AlKa lines) system shown in figure 3.26 was used for recording the binding energies (Eb) of

electrons within the samples.
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Figure 3.26: The PHI 5000 XPS Versaprobe at the University of the Free State.

329, Thermoluminescence (TL) Spectroscopy

When a phosphor with deep traps is excited for a while at rather low temperatures and then

heated, it shows an increased after-glow called thermally stimulated luminescence due to the
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recombination of electrons thermally reactivated from the deep traps. This emission is also

called thermoluminescence, and the temperature dependence of the emission intensity is called

the glow curve, which is a good means to measure the depth (i.e., the activation energy of traps)

[48]. The measurement of a glow curve of a phosphor sample proceeds as follows.

1. The sample is cooled to a low temperature (liquid nitrogen is often used as coolant).

2. The sample is excited by UV light until the traps are filled with electrons or holes.

3. The excitation is terminated, and the temperature of the sample is raised at a constant rate,
dT/dt=p, while the intensity is recorded.

4. The temperature dependence of fluorescence is then measured under a constant UV excitation,

which is used to calibrate the effect of temperature quenching on the thermoluminescence

intensity.

3.2.6.1. The TL Spectrometer

Figure 3.27: Thermoluminescence Reader Type TL10091 [54].
The TSL glow curves in this study were obtained by Thermoluminescence Reader Type

TL10091 (Figure. 3.27) with PMT type 9924 designed and offered by M/s Nucleonix Systems

Pvt. Ltd.. India interfaced to a PC where the TL signals were analyzed. It is a versatile controller
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based unit, facilitating the user to subject the TL sample under study to the desired heating
profile, to record the digitized TL glow curve.

This unit stores both integral value and digitized glow curve into EEPROM memory.

It records the data in 200 channels, temperature, TL intensity & Run time values.

Entire electronics including PMT, HV bias, Temperature controller circuit, Heater transformer
heater strip, sample drawer assembly, data acquisition electronics is all integrated into a single
enclosure. The block diagram of the experimental setup of thermoluminescence (TL) is shown in
figure 3.28.

The user interface to the unit is through a powerful software GUI, coded in VB which runs on
Windows platform. This system essentially works as a PC controlled TLD reader with command
buttons and dropdown menus defined for various functions. Built-in serial port in the unit

facilitates the user to connect it to a PC for GUI and to achieve full functionality [54].
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Figure 3.28: A block diagram of the experimental thermoluminescence (TL) setup.

Some TL studies in this research were carmried out using a Rise model TL/OSL-DA-20
Luminescence Reader [55] shown in figure 3.29. As compared to the TL10091 whose irradiation
source is mostly ultraviolet (UV) and manually operated. The Rise TL/OSL-DA-20
Luminescence Reader is designed for automated measurement of thermally and optically
stimulated luminescence. The luminescence is detected by a photomultiplier (E<I 9235QA).
Transmission filters consisting of Hoya U-340, Schott BG39 and Corning 7-59 are used to
discriminate between the luminescence and scattering stimulating light. This limits the

transmission band for the luminescence to 300 — 400 nm. Samples for both thermal and optical
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stimulation are placed on a 48 — sample carousel which can be rotated in position under the

photomultiplier.

Figure 3.29: A Riso model TL/OSL-DA-20 Luminescence Reader [55].

CGireen laser
(532am)

Figure 3.30: A Schematic diagram of the single grain OSL attachment [55].

The heating element located underneath the photomultiplier heats the sample and also lifts the
sample to the measurement position. Samples can be heated up to 700 °C at rates from 0.1 to 10
°C/s. If necessary, the sample chamber can be flushed with nitrogen to improve thermal

condition between sample disk and the heater and to prevent oxidation of the heating systems at
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high temperature. Optical stimulation is done using clusters of light-emitting diodes (870 nm
infrared and 470 nm blue LEDs). 532 nm and 830 nm laser stimulation source are optional. The
LEDs can be operated at constant intensity for continuous-wave optical stimulation. LM-OSL
can be operated if the intensity of the LEDs are pulsed, then time-resolved spectra may be
measured.Samples are excited using beta irradiation using a detachable beta irradiator fixed
above the sample carousel. The irradiation source is a 1.48 GBq 90Sr/90Y beta source which
emits beta particles with a maximum energy of 2.27 MeV. Optional sources are a 10.7 MBq
241Am foil alpha source and a Varian VF-50] X-ray tube [55]. The schematic diagram of figure
3.30 shows how optical stimulation (OS) is achieved using a laser beam focused by three lenses.

The position of the laser spot on the sample is controlled by moving the two mirrors.
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Chapter 4

Thermoluminescence of beta-irradiated SrAL,O,:Eu’”,
Dy’* phosphors

4.1. Introduction

When an insulator, a semiconductor or a phosphor with deep traps is exposed to ionizing
radiation for a while at rather low temperatures, it absorbs energy from the radiation and gets
excited. When the temperature of the material is raised, it shows an increased after-glow called
thermally stimulated luminescence (TSL) due to the recombination of electrons thermally
reactivated from the deep traps and the energy is converted to luminescence and released in the
form of visible light. This phenomenon is known as thermoluminescence (TL) [1]. The heat only
acts as a stimulant whereas the ionizing radiation plays the role of an exciting agent. During the
process of irradiating a material with a-rays, f-rays, UV-rays, y-rays, or y-rays, part of the
irradiation energy is used to transfer electrons to traps [2]. Some of these electrons are trapped
and locate themselves at a depth (E) below the conduction band. The trap levels or centers play a
significant role in energy storage for persistent photoluminescent and thermoluminescent
phosphors. This radiation energy stored in the form of trapped electrons is released by raising the
temperature of the material and the released energy is converted to luminescence. This trapping
process followed by the release of the stored energy in thermoluminescent materials is widely
applied in radiology such as in ionizing radiation dosimeters. All phosphorescent materials have
a minimum temperature; but many have a minimum triggering temperature below normal
temperatures and are not normally thought of as thermoluminescent materials [3]. By cooling a
TL material and reheating it again does not make it emit light. It should first be exposed to the
radiation and then heated for it to emit light again. The storage capacity of a TL material makes
it in principle suitable for dosimetric applications [4]. Materials that exhibit TSL include glasses,
ceramics, plastics and some organic solids.

In order to obtain information about luminescence process of phosphors and to apply them in
various fields, the knowledge of defects or traps and their location in the band gap of materials is
very important. TL measurement is a very important and convenient method of investigating

and providing information concerning the nature of traps and trapping levels in crystals. The
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glow curve which is a representation of the temperature dependence of the emission intensity is
a good means to measure the trap depth (i.e., the activation energy of traps) [5]. During TL
measurements the irradiating source is cut off and the thermally stimulated luminescence
recorded while gradually increasing the temperature. Various parameters of the trapping process
such as activation energy (E), amount of trap depth (n,), trapping rates, etc are then deduced by
analysing the shape and position of the obtained TL glow curve [6]. When a TL glow curve
having several overlapping peaks is obtained deconvolution is carried out in order to isolate one
of the glow peaks from the others to enable the calculation of these parameters. The term peak
shape method is reserved in the TL literature for such methods, although there are other methods
for finding activation energy, (E) which are also based on the glow-peak shape (i.e. curve fitting
methods) [7, 8]. The work by Chen [9] is a reference point in the derivation of the peak shape
methods.

SrAIQO4:Eu2+,Dy3+ has been studied by many researchers on its use as luminescent material.
Nevertheless, there are few reports dealing with its use as a TL material. In this paper we report
the TL behaviour of as-prepared SrALO,Eu’", Dy’ synthesised by solution-combustion method
at initiating temperature of 500 °C to find out its suitability in various TL applications. In
particular it is concerned with the dosimetric analysis of the SrAl ,04Eu”, Dyl "TL glow curves
such as the dose response. Also kinetic analyses were carried out using variable heating rate
method and the peak shape method to study the energy levels and the discrete trapping and

recombination centres within the phosphor material.

4.2. Experimental

4.2.1. Synthesis
SrAL,O4:Eu”’, Dy*" phosphor was synthesized using the solution - combustion method. The

starting raw materials used in the experiment included various proportions of analytical pure
grade Sr(NOs),, AI(NO1)3.9H,0, Eu(NO;);.5H,0, Dy(NOs);, and urea (CO(NH,),). The raw
materials were weighed according to the chemical composition of SrAl,O4:Eu®", Dy*", dissolved
in 10 ml of de-ionized water and thoroughly mixed using a magnetic stirrer for 15 minutes
without heating to obtain a uniform saturated aqueous solution.

The solutions were then poured into China crucibles and placed one at a time in a muffle furnace
pre-heated at 500 'C. The mixture ignited and a fast, self-sustaining combustion reaction took
off. At first, the solution boiled losing all the water in the form of steam followed by
decomposition letting off large amounts of gases (oxides of carbon, nitrogen and ammonia). The
mixture then frothed and swelled enormously forming foam, then spontaneous ignition and

smoldering occurred which gradually led to an explosion which ruptured the foam with a flame
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that glowed to incandescence. The product of combustion was a voluminous white
SrAlL,O4Eu®, Dy’" foam. The foam was taken out of the muffle furnace, cooled then milled
resulting in a dry, and usually crystalline, fine white oxide powders. The whole combustion
process took about 5 minutes. The powders were stored in transparent glass sample bottles for

characterization.

4.2.2 Characterization
Thermoluminescence measurements were made on SrAl,O4Euw’’, Dy’" phosphor. The samples

were prepared into discs of 5 mm in diameter and 1 mm thick. A B-source based on the *’Sr
isotope was used for thermoluminescence excitation prior to heating. The radiation dose rate at
the location of the samples was 10.75 Gy per minute. TL measurements were made in a nitrogen
atmosphere using a Riso model TL/OSL-DA-20 Luminescence Reader. The TL was detected by
an Electron Tubes Ltd model 9235QB photomultiplier through a BG-39 band-pass filter
(transmission band 340-620 nm FWHM). Samples were heated from 30 to 150 or 200 °C at

various heating rates and doses.

4.3. Results and Discussion

4.3.1. Dose response
To check the dose dependence effect on the peak positions, the samples were irradiated at

different doses between 26 Gy and 185 Gy at a constant linear heating rate of 1 °C s™'. Figure 4.1
shows the effect of variation in the TL intensity with different irradiation exposure time. The
total TL signal and glow curve peaks show in all cases a linear response and the degree of
linearity increases with the energy of the incident beta radiation and the temperature T, of the

TL peak.
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Figure 4.1: TL glow curve of StAl,O,:Eu*’,Dy’" phosphor showing effect of irradiation doses
on TL intensity.

From figure 4.2 it is clearly seen that the dose responses of peaks first increase linearly up to 154
Gy (Iyax = 188 a.u) with a slope of 1.1 after which the intensity starts to saturate at higher doses.
The glow curve intensity (I) during heating is found to be proportional to the concentration (n,)
of the trapped charge carriers [10]. The increase in TL intensity can be attributed to the increase
in luminescence centre with irradiation dose. The higher concentration of defects that generate
non-radiative states within the band gap is responsible for decrease in TL the intensity after
saturation. In TL theory [8]. the peak temperatures of glow peaks are expected to be influenced
only by changes in the heating rate. But on the contrary, as seen in figure 4.2, the position of the
peak temperature T, is observed to continuously shift towards the higher temperature from 86-
95 °C with increased radiation dosage levels. This might also be attributed to the population of
the trap centers and luminescence centers. This result indicates that the peaks in the glow curve

of SrAl,O,:Eu®", Dy’ between RT and 200 °C should have first-order kinetics.
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Figure 4.2: Variation of Ty and Iy with irradiation doses on TL glow curve of SrAlL,O4:Eu™,
Dy** phosphor.

4.3.2. Variable heating rates

This method was used to determine the kinetic parameters in this investigation. The behavior of
the glow curve was monitored as the heating rate increased from 0.6 °Cs! to 5 °Cs”. The
normalized glow curves of figure 4.3 (a) shows the effect of these heating rates. The peak TL
intensity (I,nay) of the phosphor exponentially decreased with an increase in heating rate (from
I,w.= 350 to 230 a.u) as shown in figure 4.3 (b). The maximum intensity (I;x) of the peak at the
low-temperature side was about 350 a.u at a heating rate of 0.6 C/sec. However from figure. 4.3
(c) the peak temperatures (T, of the glow curves are seen to exponentially shift to the higher
temperature side from 72 to 95 °C with increased heating rate. The higher the peak temperature
the deeper trap depth [11]. Glow curve peaks at higher temperature are a result of deeper traps
which have higher activation energy Er. Hence, larger heat energy is required to free charge

carriers from the deep traps.
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Figure 4.3: (a) and (b); Variation of T y,yand I, with heating rate on TL glow curve of

SrAl,O4:Eu®", Dy’ phosphor.
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phosphor.

The trap depths were calculated by the Hoogenstraaten method, which relates the TL peak
temperature and heating rate [12]. The depth of each trap was determined using the following

equation:

In (i’iﬂ) - G) Tn:ax +1In (&) o s e i

where 8 is the heating rate, T, is the peak temperature of the glow curve, E is the trap depth, k

is the Boltzmann constant, and s is a frequency factor or “escape frequency” of the trapped

1

; T4 - : : ; E ;
charge carriers. A plot of In (—':‘G—“x) versus —— gives a linear relation with slope (E) as shown in

max

figure 4.4 The solid line through the data points gives the line of best fit for equation 4.1 and

inset is a table of the fitting parameters.

86

A.H Wako et al Proc., SAIP (2013)



24.0 4 ® In (T’m/B) = (e/k)1/Tm + In (e/sx)
Linear fit
23.5 4
- |
E 2304
o=
£
22.5 1
| [Equation y=a+b'x Gl
'Weight No Weighting
| Value Standard Error
22.0 " Intercept .6.17958  412.13865
| Slope 10368.58579 1.16186
U T ' I . | 1 1
0.00270 0.00275 0.00280 0.00285 0.00290
1UTm(K™)
: Thhax 1
Figure 4.4: A plot of In (T) versus ——

Hence it is possible to obtain the trap depth or thermal activation energy (E) from the slope of
the straight line. In this investigation, the frequency factor (s) is found to be 5x10°s" and the
trap depth due to Dy’" ion substitution is 0.89 = 0.0001 eV, which agrees with the theoretical
value reported and shows a positive correlation between the trapping depth and the 4f-5d
transition energy of Dy’  [13,14,15].

The mechanism of electron trapping by rare earth ions can be explained using the model by
Dorenbos [14]. The Eu*" (4f7) ground energy state is 3.2 eV below the bottom of the conduction
band and the Dy (4f'°) ground state is at about 0.9 eV below. On exposure to photons of
sufficient energy from pS-irradiation, the electron from Eu’" is optically excited. When the
material is thermally activated through the TL process, the 5d electron is excited to the
conduction band forming Eu’". The electron is then trapped by Dy*" to form Dy*" [16]. The
energy difference between the lowest 5d state and the bottom of the conduction band is 0.017
eV.

The model shows that the ground state of Dy is located 0.9 eV below the bottom of the

conduction band, which gives a value close to the trap depth of about 1 eV derived from TL
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studies by Yamamoto and Matsuzawa [17] and Nag and Kutty [18]. The trapped electron is
thermally released and recombines with Eu’" yielding the 5d—4f emission of Eu". Or in other
words the Eu’" ion releases a hole into the valence band reducing to the divalent Eu®* state again
becoming a source of electrons for the surrounding traps thus forming a cycle of continuous
excitation. This explains the slow saturation and slow thermal release that brings about the

persistent luminescence in phosphors.

4.3.3. Peak-shape method
This method known as “general order kinetics” was proposed by Chen in1969 [9]. Based on

determination of a few relevant parameters on a single glow-peak, it provides a way to avoiding
the problem of the unknown order. The parameters necessary for use with the various
expressions developed using the peak shape method include the peak maximum temperature

Tinax» the temperatures at half maximum TL intensity T, (lmax) and T, ( at the low and
2

%max)
high temperature side of the glow-peak respectively and half width parameters; 0=
T 2 (tmax)

-T; (1 )2 6=T, (%mnx) Loy a0l T=Thae— T (1 )

Emax zmax
According to this method, the kinetic order b of a single peak is easily obtained by means of the

Halperin — Braner geometrical factor geometric/symmetry factor of the glow-peak [19, 8];

T 2 3 _Tma.x
Gy

8

2 dmax) " Tt Emax)

Chen (1969) deduced the following expression to determine E+ using the peak shape method:
kT?me

E= C“(T) = b (2kTingx) ovee on vvevee cvn vnn venvee 4.3

Where a stands for .8 or w [9]. The values of ¢, and b, depend on which of these three

observed parameters of the peak is used. In the form given by Chen [8, 9], these are;

€y = :—;"—; e oo ere oot eeseee eeeeee e ees e e een e wee e B
cs = ;:1”; e srums wememcsnen o e et e s S5
¢, = EE—TT) RO ¥ -
with n,, = j;; 0 Y b

where [,, is the peak maximum intensity, n,, the high temperature half integral of the glow
peak, T, the time at peak maximum intensity and c¢,,, s and c; are quantities which describe the
kinetic order. Chen [8, 9] evaluated the coefficients ¢, and b, for first and second order kinetics
and used an interpolation — extrapolation method to evaluate the values for intermediate order

kinetics. His final expressions are;
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When 7 is used in Eq.4.3;

e = LA+ 800ty = DALY, i sisin catisnnds ianime ionsmosmmsinmmumns anninse S8
b= 168 + R0, — O o covsmuvinn somammss e waassis v sisiay osaiD
When 6 is used

65 =0976+F 7.3 (g =082 ) a0 so v mimw v s smmoas soea wa D

When w is used
Co= 2.52+10.2(ug —0.42), Dy=lon oo e et v et e e e e e, 41

Long after glow is influenced by concentration of the traps. Exposure to f-irradiation generates
free electrons and hence the larger the amount of traps the more the number of free electrons
captured leading to a longer afterglow. The values of different parameters calculated from the
glow curves are presented in table 4.1. From table 4.1 and figure 4.5, it can be seen that the
calculated values of activation energy lies between 0.49 and 0.55eV. For these glow curves the
activation energy with maximum intensity (large trap concentration) using Chen method [20] is
calculated to be 0.49 eV. It is well known that a suitable energy level within the host matrix
plays a significant role for afterglow luminescence. Shallow traps (with a depth lower than
around 0.4 eV [8]) are completely emptied at low temperatures, or the trapped electron can
easily return to the excited state and do not actively contribute to luminescence processes at

room temperature, thus resulting in short afterglow lifetime.

Table 4.1: Values of different parameters calculated from TL glow curves

Glow curve Temperature Glow-peak shape parameters TSL parameters

N(°C) | T.(°C) | °C) | = E w He E: Ea Ea E(eV) | noem”)

62.91 94.9 125.34 | 31.99 | 30.44 | 62.43 | 0.48759 | 0.3749 0.536 | 0.56281 | 0.49124 | 6.65x10°

64.34 93.75 | 123.39 | 29.41 | 29.64 | 59.05 | 0.50195 | 0.42834 | 0.59529 | 0.61538 | 0.54634 | 7.48 x10°

63.17 | 94.35 125.6 | 31.18 | 31.25 | 62.43 | 0.50056 | 0.39744 | 0.55894 | 0.58182 | 0.51273 | 7.78 x10°

64.34 05.23 | 125.08 | 30.89 | 29.85 | 60.74 | 0.49144 | 0.39661 | 0.56128 | 0.58597 | 0.51462 7.9 x10°

62.13 94.43 | 126.25 | 32.3 | 31.82 | 64.12 | 0.49626 | 0.37613 | 0.53483 | 0.56017 | 0.49038 | 8.43 x10°

Average E(eV) 0.51+0.02
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Figure 4.5: A plot of the activation energy E (eV) and T max (°C) for a series of partial heating

measurements made on a sample irradiated to 215 Gy and measured at | oCs™.

On the other hand, if the energy level is too deep (very deep traps around 2 eV or deeper [14]),
more energy is needed for the electron to return to the excited state level or the deep traps to be
emptied than is available at room temperature hence the electron cannot return, and therefore
cannot generate persistent luminescence resulting in a poor afterglow property. For persistent
luminescence to occur at room temperature, the activation energy of the traps should be between
these two limits, a trap depth =0.65 eV is considered to be optimal [21, 22]. However trap
depths of materials with persistence luminescence have been estimated to spread over a wide
range from E(eV) =0.5 to =1.25 eV [23]. The shape factor p,, which ranges from 0.48 to 0.50,
shows that the kinetics of the obtained glow curves for the as-prepared samples are of first order

i.e. the charge gets untrapped very fast [24].
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Conclusion

SrALO,:Eu*’, Dy’" phosphor was synthesized using the solution - combustion method. Samples
were heated from 30 to 150 or 200 °C at various heating rates and doses. In all cases, the total
TL signal and glow curve peaks show a linear response and the degree of linearity increases with
the energy of the incident beta - radiation and the temperature (T,g,). At higher doses the
intensity starts to saturate due to higher concentration of defects that generate non-radiative
states within the band gap. The position of the peak temperature (T ) shifts towards the higher
temperature with increased radiation dosage levels. This might also be attributed to the filling of
the trap centers. The peak TL intensity (I, of the glow curves exponentially decreased with an
increase in heating rate while the peak temperatures (T ) are seen to exponentially shift to the
higher temperature side. The higher peak temperature the deeper the trap depth. The calculated
values of activation energy lie between 0.49 and 0.55 eV. The shape factor (ug) shows that the

kinetics of the obtained glow curves for the as-prepared samples are of first order.
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Chapter 5

Combustion synthesis, characterization and
luminescence properties of barium aluminate
phosphor

5.1. Introduction

Rare earth doped aluminates form a group of luminescence materials which exhibit high
stability, brightness, and versatile industrial processing characteristics suitable for manufacture
of lighting and display devices [1,2]. They exhibit high quantum efficiency in the visible region
[3]. The Eu”*" doped solid state materials usually show strong broad band luminescence with a
short decay time of the order of some tens of nanoseconds [4]. The very short decay time and
strong intensity of the luminescence arise from the allowed states of the electronic transitions
both in the excitation and emission. The luminescence is very strongly affected by changes in the
structure of the host and can range from the ultraviolet to the red region of the electromagnetic
spectrum. The high intensity emission of Eu’" finds important industrial applications in, for
example, the tricolor low pressure mercury fluorescence lamps.

The discovery of the plasma display panel (PDP) and light-emitting diode (LED) has contributed
significantly to comprehensive studies for large-scale flat panel display and lighting devices [35].
Plasma display panels (PDPs), are gaining considerable popularity because of its obvious merits,
such as a fast response, a wide viewing angle, large screen, low energy consumption and high
scalability [6]. Ew’" and Nd*'-doped alkaline earth aluminate phosphors exhibit afterglow which
is visible to the naked eye for longer duration after exposure to a fluorescent light or sunlight.
The synthesis of oxide phosphors has been achieved by a variety of methods. The solution-
combustion process is very simple, safe, energy saving and takes only a few minutes. The
technique makes use of the heat energy from the redox exothermic reaction at a relatively low
igniting temperature between metal nitrates and urea as fuel. In the present work,
BaAlL,O,:Eu’" Nd*" materials were prepared with different Ba/Al molar ratios and constant Eu®*
and Nd*~ concentrations. The effects of this on the stability, homogeneity and structure as well
as persistence luminescence were presented and discussed based on the analyses of the X-ray

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy
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(SEM) and transmission electron microscopy (TEM) imaging as well as photoluminescence

spectroscopy (PL) studies.

5.2. Experimental

6.2.1 Synthesis

BaAl,0,:Eu’’, Nd** phosphors were synthesized using the solution-combustion method under
atmospheric pressure without any post treatment. The starting raw materials used in the
experiment included various proportions of analytical pure grade Ba(NO;),, Al(NO;); 9H,0,
Eu(NO;)3-5H,0, Nd(NO;);, and urea (CO(NH>),). No flux was added. The precursors were
prepared with different Ba/Al molar ratios of 0.1:1, 0.4:1, 0.7:1 and 1.4:1, respectively. The
doping concentrations of both Eu*" and Nd** were kept constant at 0.2 mol. %. A minimum
amount of distilled water together with excess amount of urea was added and then thoroughly
mixed at room temperature using a magnetic stirrer for 15 min without heating to obtain uniform

aqueous solutions.

The solutions were introduced into a muffle furnace previously maintained at 500 °C.
Dehydration occurred as the solution boiled and decomposed letting off large amounts of gases
(CO,, NO; and NHy). The mixture then frothed and swelled enormously into foam. Spontaneous
ignition and smoldering occurred which gradually led to an explosion rupturing the foam with a
flame that glows to incandescence producing white foamy and voluminous BaAl,O4:Eu®’, Nd*".
The foam was taken out of the muffle furnace, cooled then milled resulting in a dry, usually
crystalline, fine white oxide powders of BaA1204:Eu2+, Nd*". The whole combustion process

took about 5 min. The powders were stored in glass sample bottles for characterization.

5.2.2 Characterization
The structure and phase purity of the phosphor samples was checked with a Bruker-AXS D8

Advance X-ray diffractometer (Bruker Corporation of Germany) operating at 40 kV and 4 mA
using Cu Ka=0.15406 nm. The morphologies of the phosphor powders were obtained by using a
Shimadzu Superscan SSX-550 SEM coupled with an energy dispersive X-ray spectrometer
(EDS) for elemental composition. For analysis of molecular bonding, binding energy, chemical
and valence state of the samples, XPS was done using a PHI 5000 Versa probe - scanning XPS
microprobe. Absorption spectra were recorded using a Perkin Elmer Scan-Lambda 950 UV-Vis
spectrophotometer. The PL excitation and emission spectra were measured at room temperature
using a Cary Eclipse luminescence spectrometer (model LS-55) with a built-in 150 W xenon

flash lamp as the excitation source and a grating to select a suitable excitation wavelength.
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5.3. Results and Discussion

5.3.1 XRD analysis
Figure 5.1 shows the XRD pattern of different phases of BaAl,O, along with the (hkl) values for

the various peaks recorded from the BaAl,04Eu’’,Nd+ samples with varying Ba/Al
concentrations. Non-stoichiometric Ba/Al molar ratio were selected in order to investigate how
the different phases formed by a shortage or excess of Ba ions as compared to Al ions would
affect the luminescence properties of the phosphors. The results of X-ray phase analysis of the
as-prepared powders at 500 °C revealed that several crystalline phases are formed depending on
the ratio of these main components of the host [7]. The patterns could separately be indexed to
the various hexagonal systems of the BaAl,O, and the lattice parameters were in agreement with

the JCPDS data 072-0387 and 075-0707.

It is observed that the peaks for hexagonal BaAl,O, with space group P6;22 began to appear
distinctly producing the highest intensity for samples with Ba/Al molar ratio of 0.7:1. Impurity
phases including Eu,0;, Ba;Als, and Ba;Aly, could be identified. These impurities are attributed
to the unreacted reagents that could be present in the as-prepared phosphor. Line broadening
features are characteristics of samples exhibiting smaller particle size, indicating that the

phosphor nanocrystallines can be prepared in a far low temperature (about 500 °C).

It is well known that broadening occurs in the diffraction rings as the particle size of the powders
decreases. The average crystallite size deduced according to the Scherrer's equation using full-

width at the half maximum (FWHM) data [8] was 70 nm.

The crystal structure of BaAl,O, is depicted in figure 5.2(a) and (b). It belongs to the P6522
space group and has a stuff tridymite (hexagonal) structure with lattice parameters a = 0.5218
nm and ¢ = 0.8781 nm [9]. Usually it consists of two types of tetrahedral rings: trigonal and

asymmetrical rings.
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Figure 5.1: Effect of varying Ba:Al molar ratios on the XRD structure of the BaAl,O,:Ev*" Nd*'
phosphor as compared with JCPDS # 72-0387 and 075-0707 of hexagonal BaAl,O..
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Figure 5.2: The hexagonal crystal structure of BaAl,O, viewed along the (111) direction

The trigonal rings, comprising a quarter of the total number of rings, contain in their centre the

Ba atoms. In the asymmetrical rings the Ba atoms are located at the general position (6c¢) site

(figure 5.2(b)).
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5.3.2 XPS analysis

Figure 5.3: (a), (b) and (c) shows the fitted XPS spectra of BaAl,0,:Eu”", Nd** phosphor

powder with a Ba:Al molar ratio of 0.1:1.
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Figure 5.3: Fitted XPS graphs of BaAl,0,:Eu’",Nd** sample with Ba/Al molar ratio of 0.1:1 (a)-
(¢) and UV reflectance spectra for Ba/Al molar ratio of 0.1:1 and 0.4:1, respectively (d)

From figure 5.3 (a) it can be seen that the 3d spectrum for Ba has two peaks of O-Ba-O bonds
for the 3d5/2 as well as the 3d3/2 existing within the BaAl,O4:Eu®", Nd”'structure at 779.2,
780.8 and 794.6, 796.1 eV, respectively. These two peaks can be attributed to have emanated
from the two Ba®' sites of BaAl,O,. A single peak depicted in figure 5.3 (b) presents the Al 2p
spectrum with a typical Ba—Al-O bond at 74.3 eV. This could be characteristic of Al species in
the AlO, tetrahedra [10]. Figure 5.3 (c) shows two fitted peaks of the 1s spectrum for O at 530.2
and 531.7 eV respectively which arise from the Ba—Al-O bonds within the BaAl,O, matrix.

The binding energy (E;) of O 1s in BaAl,O, has been reported to be at 531.3 and 529.6 eV [10].
The E, = 531.3 eV could be ascribed to the characteristics of O species in the surface hydroxyl
(OH) groups from H,O molecules absorbed by the BaAl,O, material [11] as well. The optical
property of a material revealed by its UV reflectance/absorption spectrum tells about the energy
separation between the filled valence band and the empty conduction band i.e. the band gap.

Optical excitation of electron across the band gap is strongly allowed, producing an abrupt
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increase in absorption at the wavelength corresponding to the band gap energy. This feature in

the optical spectrum is known as the optical absorption edge [12].

Figure 5.3 (d) presents the diffuse reflectance spectra of BaAl,O,:Eu*",Nd*>* samples with Ba/Al
molar ratio of 0.1:1 and 0.4:1. It reveals that reflectance decreases with an increase in the Ba:Al
molar ratio. The band gaps (Eg) corresponding to the absorption edges of A=210 nm and A=280
nm are found to be 5.9 and 4.43 eV for samples with Ba/Al molar ratio of 0.1:1 and 0.4:1,
respectively, which further reveals that as the Ba:Al molar ratio increased the band gap
decreased. Such changes in the host matrix leading to the shift of the band gap width also caused

changes in the energy of the Eu”" ion in the transition process [13].

5.3.3 SEM, TEM and EDS analysis

Figure 5.4 shows the micrographs of the as-prepared BaAl,O4:Eu*",Nd"" material. Figures. 4 (a)
and (b) are the representative SEM micrographs taken for Ba/Al molar ratio of 0.4:1 and 0.7:1,
respectively. The nanostructures crystallized to form fine, regular hexagonal platelets exhibiting
smooth surface and well-developed faces with size around 70 nm calculated from the Scherrer
method. The endothermic reactions during the solution-combustion process are characterised by
decomposition and removal of nitric oxides and significantly vary depending on the precursor
ingredients and the ratio of metal nitrate to urea [14]. Consequently, the surfaces of the samples
reveal pores and voids, which may be attributed to these evolved gases during combustion. The
presence of hexagonal platelets with well-developed faces seem to dominate the morphology of
the samples with Ba/Al molar ratio of 0.7:1 (figure 5.4(b)). Phosphors with regular morphology
are well known to improve the packing density, slurry properties and improve the luminescence
of phosphor [15]. This explains the high luminescence intensity obtained by the sample with
Ba/Al molar ratio of 0.7:1 in the next section. Figure 5.4(c) presents the TEM image taken for
Ba/Al molar ratio of 0.1:1. It can be seen that the BaAl,O,Eu " ,Nd* nanocrystals exhibit an
ideal spherical morphology which is more beneficial at increasing packing densities and
brightness than irregularly shaped particles [16]. Furthermore, it reveals that the synthesized
grain sizes calculated using Scherrer’s formula are in the same range of 45-74 nm of the TEM
results. The EDS spectrum of figure 5.4(d) confirms the elemental composition of the phosphors.

However the very low concentration of the rare earth dopants was the reason for their tiny peaks

in the EDS spectra.
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E/keV

Figure 5.4: SEM images of samples with Ba/Al molar ratios of 0.4:1 and 0.7:1 at2 um FOV (a)
and (b), TEM micrograph for the 0.1:1 Ba/Al molar ratio ona 100 nm scale bar (c¢) and the EDS
spectra of the BaAl ,04:Eu*", Nd*" phosphor (d).

5.3.4 PL analysis

Figure 5.5 shows the effect of varying the Ba:Al molar ratios on the luminescence characteristics
of the BaAl,O,:Eu*"Nd** phosphor. From figure 5.5(a) there is an excitation peak at around 333
nm in the excitation spectrum (Aem=500 nm) which is in conformity with the absorption of the
host BaAl,O, as observed in the absorption results earlier in this study. Two maxima curve fits,
peaking at 490 and 525 nm, were observed in the luminescence spectra of BaAl,O,:Eu’" Nd**
(Figure 5.5(c)) which arise from the two emissions of Eu® in the two Ba’' sites within in the
BaAl,O, structure. These are due to the transitions from the lowest 2D level of the excited 4f°5d"

configuration to the ground *S;, level of the 4f configuration of the Eu*" ion [17].
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Figure 5.5: Effect of varying Ba/Al molar ratios on the excitation characteristics (a) and the
emission spectra (b) of the BaAl,O4:Eu’",Nd** phosphor, two maxima curve fits peaking at 490
and 525 nm (c), and decay curves of the BaAl,O4:Eu”",Nd** phosphor (d) (The inset graph
shows the natural log of intensity In (I) versus time (t) plot for the samples).

The emission intensity at 490 nm was observed to be higher relative to the one at 525 nm (Fig.
5(c)) indicating that the Eu®" ions preferred occupying one of the Ba®" sites. Both Ba’’ sites are
coordinated with nine oxygen (O) ions and the sites are similar in average size (d(Ba-
0)Ave=0.286 and 0.287 nm). However, the lower symmetry site also has shorter Ba—O distances
(0.269 nm) corresponding to those typical of Eu®— O (0.268 nm) [18]. According to the crystal
structure, the first Ba®" site (2a) has the multiplicity of two and a site symmetry of c3while the
second one (6¢) has six and cl. It would therefore seem reasonable that this 6c site is filled

preferentially.

This is also supported by the higher PL intensity as a result of contribution from six instead of
two Eu’" ions [17]. Slight shifts in peak positions can be observed in both the excitation and
emission spectra (figure 5(a) and (b)) which may be ascribed to structure changes caused by the
variation in the quantity of Ba ions in the host. The changes in the structure shifts the peak
position of Eu*" ions since the 41°5d'—4f of Eu™" is parity allowed transition in addition to the

oscillation strength which is strongly affected by the crystal field due to the extended nature of
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the 5d wave function[19]. The narrow emissions in red region at 615 nm arise from the f-f

transitions of the remnant unreduced Eu’" ions.

From the decay curves of figure 5.5(d), the effect of the increase in number of Ba ions is very
clear. It can be seen that the Ba/Al=0.7:1 gives higher luminescence intensity in agreement with
both the excitation and emission spectra. The inset graph of figure 5.5(d) shows the natural log
of intensity In(I) versus time (t) plot giving a number of straight lines. The decay curves were

fitted using the second order exponential decay equation [20]:
I = Ay exp[Z] + Az exp ] 5.1

where [ is the phosphorescence intensity, A, and A, are constants, t is the time after switching
off the excitation source, and 1, and 1, are decay times for the exponential components
representing the decay rate for the fast and slow exponential decay components, respectively.
The second order exponential decay fit may be attributed to a number of possibilities; (i)
variations in the concentration of dopants which arise from their non-uniform distribution in the
host matrix, (ii) the probability of non-radiative decays for lanthanide ions at or near the surface
could be different from those at larger depths of the particles and (iii) energy transfer from donor
to activators [21,22]. We consider parameters with the lowest and highest intensity shown in the
inset of figure 5(d) since the parameters in between are too close to each other that accuracy of

results could not be guaranteed.

Table 5.1 shows decay times for the fitted curves of all the samples. It shows that the initial
luminescence intensity and the decay time of phosphors are greatly affected with the increase in
the Ba/Al molar ratios. The result of sample with Ba:Al molar ratio of 0.7:1 shows good
agreement with the emission spectrum within the range of experimental errors. The long decay
time and strong intensity of the luminescence is due to the allowed nature of the electronic inter
configurational transitions both in the excitation and emission which makes this material suitable

for plasma display panel PDP applications.

Table 5.1: Decay times for the fitted curves of all the Ba: Al molar ratios

Ba:Al molar ratio 0.1:1 04:1 0.7:1 1.4:1
Fast(r;) 0.84=0.15 1.54£0.02 0.4620.008 0.730.04
Slow (1) 2.8=0.05 0.55+0.04 1.4240.02 1.61+0.03
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5.4 Conclusion

Blue-green emitting BaAl,OgEu*",Nd** phosphor was synthesised by a solution- combustion
method. The influences of the varying quantity of Ba on the structural and luminescent
properties of the phosphor were studied. SEM results indicated that the nanostructures
crystallized to form fine, regular hexagonal platelets exhibiting smooth surface and well-
developed faces. XRD analysis revealed several crystalline phases formed depending on the
ratio of the main components (Ba/Al) of the host. XPS results showed that the 3d spectrum for
Ba had two peaks of O-Ba—O bonds for *ds, and *dy), existing within the BaAl,O,Eu’*" ,Nd*".
The absorption spectra showed the absorption edge at A=210 nm and A=280 nm for which the
corresponding band gaps (Eg) were 5.9 and 4.43 eV respectively. The long decay time and

strong luminescence intensity of BaAl,O4:Eu*’,Nd** makes it suitable for PDP applications.
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Chapter 6

Characterization of cerium doped yttrium gadolinium
aluminate garnet (Y,Gd);Als0;,:Ce’" phosphor thin
films fabricated by pulsed laser deposition

6.1. Introduction

Yttrium aluminium garnet (YAG) has proved to be an excellent host material compatible with
lanthanides and most trivalent rare earth dopants. YAG are mostly applied in solid state lasers
especially the white light emitting diodes (LEDs) by incorporating them with suitable rare earth
dopants. YAG activated by trivalent Cerium (Ce*") has excellent chemical and thermal stability
and is also well known for good scintillators [1]. The optical band gap energy for YAG bulk
powder is in the order of 6.6 eV comprising of filled O, 2p orbitals in the valence band and
empty 4d orbitals [2].

Yttrium-gadolinium aluminium gallium garnet (Y,Gd);Al;0,:Ce®” is a modified form of
Y3Al50,,:Ce®" where Ce** and Gd** are incorporated into the Y3Al;0,, lattice such that Gd**
substitutes Y*" in the system (Y, Gd,_,);Al;0,,:Ce*". Since the ionic radius of Gd*" is larger than
that of Y*" replacing Y*" with Gd®" results in lattice expansion. This way depending on the
concentration of Gd** the host matrix structure can be modified in order to blue-shift or red-shift
the emission from the Ce*". (Y,Gd);Al50,5:Ce’" can efficiently absorb a wide range of excitation
wavelengths from ultra-violet (UV) to visible light and it can give out a broad band emission in
the spectral range of 510 nm to over 600 nm [3] which makes it suitable for white LED
applications. This color shift can be attributed to the fact that the characteristic broad yellow
emission band from the 5d' - 4f' transitions of Ce®" is highly sensitive to changes in the chemical
environment of the host which induces crystal-field effect in the lowest 5d' orbital [4].

Several methods have been used to grow thin films such as Physical Vapour Deposition (PVD)
and/or Chemical Vapour Deposition (CVD) [5], Chemical Bath Deposition [6], rf magnetron
sputtering [7] pulsed laser deposition (PLD) [8] and epoxide-catalyzed sol-gel methods [9].
However PLD has several advantages over other techniques such as the homogeneous
stoichiometric evaporation of the ablated material on to the substrate [5] and good quality thin
films can be obtained at low temperatures [10] by varying parameters such as substrate distance,

atmosphere and substrate temperature among others. These parameters affect the thickness,
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roughness and overall quality of the obtained films which in turn influence the structure and
photoluminescence (PL) properties of the (Y,Gd);Al;0,,:Ce’" phosphor.

In this study thin films of (Y,Gd);Al;0,,:Ce*” were prepared using PLD. The effect of different
annealing temperatures on the structure and photoluminescent (PL) properties of the
(Y,Gd);A1505:Ce*" thin films were investigated.

6.2. Experimental

A Commercial yellow (Y,Gd);Al;0,,:Ce’" powder obtained from Phosphor Technology (UK)
was pressed into a pellet and used as a target for laser deposition after initial characterization.
The pellet was then heated at 200 °C for 2 hrs in a furnace to expel moisture that may be present
and make it hard and strong for use as a target for laser ablation. The target was then loaded on
to a rotatable carousel inside a PLD chamber. The carousel raster and rotates the target to

prevent constant ablation by the laser beam from the same spot on the target.

Silicon (100) wafers of approximately 1 cm” were used as substrates. The wafers were first
cleaned in an ultrasonic bath of acetone, ethanol and distilled water in that sequence then blow -
dried with clean dry N, gas and placed on a fixed substrate holder in the PLD chamber
perpendicular to the target at a fixed distance of 4.5 cm form the target. The chamber was then
pumped down to vacuum of about 3.0x10° mbar. The target was ablated using a 266 nm
Nd:YAG nanosecond (ns) pulsed laser with energy and frequency fixed at 45mJ/pulse (fluence
0f 0.2 Jen?) and 10 Hz respectively.

The ablation of the (Y,Gd);Als0,,:Ce’” target was carried out in the PLD chamber with a
vacuum pressure of 10 mbar at constant substrate temperature of 200 °C. To investigate the
effect of annealing, the as-deposited films were first characterized and then post-annealed in air
for 60 minutes at 400 °C, 800 °C and 1000 °C in an XD-1200 NT tube furnace. The room
temperature PL excitation and emission fluorescence spectra were recorded using an F-7000 FL
Spectrophotometer at scan speed of 60 nm/min at 400 PMT voltage and excitation and emission
monochromator slit widths of 5 nm. X-Ray Diffraction (XRD) continuous scans were recorded
using a Bruker-AXS D8 Advance X-ray diffractometer operating at 40 kV and 4 mA using Cu
Ka = 1.5406 nm from 15° to 65° (26), with a scan rate of 0.39° (26)/min and step scans with a
step size 0f 0.02° (20).
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6.3. Results and Discussion

6.3.1. Structure
XRD patterns of the (Y,Gd);Alsolg:CeJ* phosphor powder and thin films that were post-

calcined at 400 °C, 800 °C and 1000 °C are shown in figure 6.1(a). Except for impurity peaks
the rest fitted well with the powder and the JCPDS card number 072-1315 for the cubic
Y;Al50,, of space group la-3d(230), cell ratios a/b=1.0000 b/c=1.0000 c¢/a=1.0000 and cell
parameters a=12.0160A. increased FWHM is an indication of peak broadening [11]. From the
figure it was observed that XRD peak broadening occurred with an increase in the annealing
temperature up to around 700 °C (estimated from the smoothed curve) and then narrowed down
as the temperature was increased to 1000 °C. This is also displayed on figure 6.2(a) which shows

the comparison of FWHM with annealing temperature.
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Figure 6.1: (a) XRD patterns of the (Y,Gd) 3AL05:Ce? phosphor powder and thin films that
were deposited in vacuum at 300 °C for 10 minutes and annealed at 400 °C, 800 °C and 1000 °C
respectively and (b): CIE color chromaticity as a function of annealing temperature.

The average crystallite sizes calculated for the (420) direction were obtained using Scherrer’s
equation

A
T . SO . |

wcos @

where D is the mean particle size, « is a geometric factor, A is the X-ray wavelength and o is
Full With at Half Maximum (FWHM).

Figure 6. 2 (a) and (b) also shows how the crystallite size varied with annealing temperature. The
crystallite size reduced as the temperature increased up to around 700 °C suggesting improved
crystallinity and growth [11] but as annealing temperature increased above 700 OC, the sample
was gradually losing crystallinity which could be attributed to phase change that may have
introduced impurities. As was also reported by Deng et al (2006) that Y3;Al;s0;5: Gd thin films

deposited at 700 °C were amorphous, supports this fact [7].
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Figure 6. 2(a) and (b): FWHM, Crystallite size and Lattice parameter as a function of
annealing temperature.
It was also reported elsewhere that the phases:Y3AlsOy; (cubic) and YAIO; (perovskite) were
stable between room temperature and their melting points of 1970 and 1870 °C respectively but
Y,AlL,Og was unstable below 1000 °C [12]. Yousif et al (2013) showed that new phases were
formed after annealing the Y;(Al,Ga)solg:TbL films at temperatures greater than 1073 K [8].
From figure 6.2(b) we observed that the lattice parameters are also influenced by the annealing
temperature in a similar manner. It was observed to decrease with increasing temperature up to
around 700 °C.

It was also observed that diffraction peaks in the directions; (420), (552), (640) and (642) shift
toward smaller angles compared to those of the (Y»Gd);Alsolg:Ce} commercial powder and the
JCPDS card #072-1315 which could be due to the impurities phases; Gd3;AlsO;2. YsAl,Oy and
GdAl,,0,s that were formed as the temperature was increased. It has been reported that the
phases YAM (Y;AL,0q), YAP (YAIO;) and YAG (Y;Al50,2) are often present in the Y,0;-
Al,O5 system even if YAG is prepared stoichiometrically [13]. Therefore, this shift could be due
to lattice expansion caused by differences in ionic radius when Y(r =0.104 nm) is substituted by
Gd (r =0.108nm) from the impurities phases [14] formed during the ablation process.

The crystallization temperature of the samples prepared by solid-state reaction (>1600 W 18
quite higher than the highest annealing temperature of 1000 °C in our experiment. But, during
laser ablation, the temperature within the irradiated target volume rises rapidly exceeding the
melting/boiling points of the target composition leading to explosive boiling because the laser

heating rate significantly exceeds that of thermal diffusion and radiative losses [15].
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6.3.2 Photoluminescence
Figures 6.3(a) and (b) show the PL excitation and emission spectra recorded from the

(Y,Gd);A1502:Ce” as-prepared powder and thin films annealed at 400 °C, 800 °C and 1000 °C.
The PL emission spectra from the powder sample with a maximum at 546 nm is a broad band
ranging from 450 nm to 650 nm when excited with 337 nm UV due to the 4f-5d electronic
transition of Ce*" attributed to the de-localization of electrons from the lowest 5d level to the

crystal field split 4f (°Fs / *F75) levels of Ce™".

(a, 337 nm
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Figure 6.3 (a) and (b): Excitation and emission spectra of the (Y,Gd); Al50,,:Ce’" phosphor
powder and thin films that were deposited in vacuum at 200 °C for 10 minutes and annealed at
400 °C, 800 °C and 1000 °C, respectively.

The normalized PL spectra for the annealed samples reveal changes in the peak positions and
intensities relative to that of the powder sample. The PL intensity of the samples increased as the
annealing temperature was increased from 400 °C to around 700 °C and then decreased with
continued increase in the annealing temperature as shown in figure 6.4 (a). Such observation was
reported by Yousif et al (2013) who observed that intensity ratio of Lioonm/Isaanm and Igasnm/Isaanm
for Y3(Al,Ga)sO2:Tb*>" phosphor, gradually decreased when the annealing temperature was
increased from 1073 K (800 °C) to 1473 K (1200 °C) [8]. This can be attributed to stress and
cracking that led to the diffusion of Si film at higher temperatures [16]. Also it can be due to the
impurity phases, Gd;Als0; and GdAl, 0,3 that are higher in Gd concentration since it is well
known that for a phosphor to exhibit the required properties, purity is very important. The PL
intensities of the films are generally low in all cases compared to those of the powder of the
same chemical composition due to total internal reflection in thin films [17]. However thin films
have advantages over the powders in that they posses better thermal stability, better adhesion to

the substrate, higher lateral resolution and less out gassing in device applications [8,18]. As
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shown in figure 6.3(b) the centers of the emission bands red-shift from 515 to 541 nm as the
annealing temperature increased. This red-shift can be explained by an increase in the crystal
field effect when the Y>* vacancies are occupied by the larger Gd*". Since the ionic size of Gd**
is larger than that of Y*" it results in lattice expansion confirmed by the shifting of XRD peaks
towards the smaller angles, which correlates with the red-shift of Ce*" emission. The variation of
the lowest crystal-field energy level of the 5d1 state is strongly influenced by the electrostatic
field in the surrounding host lattice which in turn depends on the crystalline structure of the host

(Y,Gd)3A! 50 12 lattice [3]
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Figure 6.4: (a) PL intensity (a.u), Peak wavelength (nm) and (b) Peak Wavelength and band gap
energy as a function of annealing temperature
The CIE chromaticity co-ordinates of PL spectra of all the samples compared with the powder

are shown in figure 6.1(b). It is clear that as the annealing temperature increases the co-ordinates
shift to red as pointed out by the arrow. This is also supported by the PL spectra wavelength
shifts in figure 6.3(b).

Figure 6.4(a) also shows how the PL wavelength peak positions vary as a function of annealing
temperature. The wavelength peaks slightly shifted to higher wavelengths (red-shift) from 515 to
541 nm as the annealing temperature was increased from 400 — 800 °C and then blue-shifts to
lower wavelengths at temperatures above 800 °C. The optical band gap calculated with respect
to the PL peak positions shifted to a lower energy from 2.41 - 2.29 eV with increasing annealing
temperature from 400 - 800 °C and then to higher energy 2.29 - 2.31 eV above 800 °C as shown
in figure 6.4(b). These changes have been attributed to the morphological dependent properties
of the energy band gap [19]. The band gap of the thin film nanophosphors was calculated to be
~2.34 eV, which is generally red shifted in comparison to the band gap (~6.6 eV) of its bulk
counterpart. The blue shift in band gap is a clear signature of nanostructure formation and may

be attributed to the quantum size effect [20].
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Conclusion

In this study thin films of (Y,Gd);Al;05:Ce*" were prepared using the PLD technique. The
effect of varied annealing temperature on the structure and PL properties of the
(Y,Gd);A15:0,,:Ce”" thin films were investigated. It was found that as the annealing temperature
increase broadening of the XRD peaks occurs. Since the ionic size of Gd*" is larger than that of
Y*" substitution of Y** with Gd*" leads to lattice expansion confirmed by the shifting of the
XRD peaks towards the lower angles which in turn cause slight shifts in the wavelength of the
PL spectra toward red with respect to the annealing temperature which is probably due to a

change in the crystal field caused by lattice expansion.
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Chapter 7

Structural and luminescence properties of
SrALOgEu™, Dy**, Nd** phosphor thin films grown
by pulsed laser deposition

7.1. Introduction

Long afterglow or persistent phosphors have the ability of absorbing energy from UV or sunlight
and then release it slowly in the dark [1,2]. Inorganic phosphors doped with rare earth elements
show broad band emission from blue to red which makes them suitable for a variety of industrial
applications, such as luminescent pigments, fluorescent lamps, color display, plasma display
panels (PDP), radiation dosimetry and X-ray imaging [3]. The type and duration of emission
from a phosphor is affected by a number of parameters such as the type and amount of activators
or dopants, the structure of the host lattice, the method of preparation or growth conditions and
other post-treatments. These parameters play a significant role in inducing a crystal field effect
within the host matrix which in turn influences the emission wavelength, its intensity and
lifetime. The main task would therefore be to optimize these factors so at to obtain a phosphor

that gives the best performance for the desired application.

Long afterglow or persistent phosphors have the ability of absorbing energy from UV or sunlight
and then release it slowly in the dark [1,2]. Inorganic phosphors doped with rare earth elements
show broad band emission from blue to red which makes them suitable for a variety of industrial
applications, such as luminescent pigments, fluorescent lamps, color display, plasma display
panels (PDP), radiation dosimetry and X-ray imaging [3]. The type and duration of emission
from a phosphor is affected by a number of parameters such as the type and amount of activators
or dopants, the structure of the host lattice, the method of preparation or growth conditions and
other post-treatments. These parameters play a significant role in inducing a crystal field effect
within the host matrix which in turn influences the emission wavelength, its intensity and
lifetime. The main task would therefore be to optimize these factors so at to obtain a phosphor

that gives the best performance for the desired application.

Luminescent Eu2+-doped strontium aluminate (SrAl,O4;Eu®" ) phosphors have been studied

extensively because they exhibit excellent properties such as bright and long-persistent
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phosphorescence which glow for many hours and are also safer and chemically stable and free
from radioactive radiations as compared with sulfide phosphors like ZnS:Cu [4]. Persistent
luminescence and intensity can be enhanced by co-doping SrAl,O,Eu*” with other rare earth
elements [5]. Most of the research mainly focused on the trivalent dysprosium (Dy3+) and not
Neodymium (Nd3+) ions as co-dopants. SrAl,0,Eu”’, Dy’" Nd** phosphor powder can be
synthesized using methods such as co-precipitation [6], solid state reaction [2] and sol-gel [7].
As compared with these conventional methods, solution-combustion synthesis technique [3-5]
used in this work to prepare SrALLO4Ew’, Dy’" , Nd** phosphor powders is facile, energy

saving, safe and fast [8].

Most of the previous studies on SrAl,0,:Eu”” were carried out on the phosphor powder and there
are few reports on thin films more so those made using the PLD technique [9]. In this paper we
report the structural and luminescence properties of as—prepared SrAl,O,Eu’’, Dy*" , Nd**
phosphor powder and thin films. Thin film phosphors have several advantages over powders in
that they exhibit better thermal stability, better adhesion to the substrate, higher lateral resolution
and less out gassing in device applications [10]. Several methods have been used to grow thin
films such as Chemical Bath Deposition (CBD) [11], rf magnetron sputtering [12], pulsed laser
deposition (PLD) [13] and epoxide-catalyzed sol-gel methods [14]. However PLD has several
advantages over other techniques such as the homogeneous stoichiometric deposition of the
ejected particles on to the substrate [15] and good quality thin films can be obtained at low
temperatures [16] by varying parameters such as substrate distance, atmosphere and substrate
temperature among others.

These parameters affect thickness, roughness and overall quality of the obtained films which in
turn influence the host structure, inducing crystal field and hence photoluminescence (PL)
properties of SrALLO,Eu’’, Dy’ , Nd*". In this study thin films of SrAl,O,Eu*", Dy**, Nd**
were prepared using PLD. The effect of varying argon gas pressure and substrate temperatures
on the structure and photoluminescent (PL) properties of the SrAl,O,:Eu*’, Dy**, Nd** thin films

were investigated.

114

A.H. Wako, et al., Physica B (2015), http://dx.doi.org/10.1016/j.physb.2015.09.049i



7.2. Experimental

7.2.1. Synthesis

Stoichiometric amounts of analytical pure grade (Sigma-Aldrich, 99.9%) Sr (NO,),,
Al(NO;);.9H,0, Eu(NO;);.5H,0, Dy(NO;);, Nd(NO;); and urea (CO(NH,),) were taken to
prepare polycrystalline SrAl,O,Eu®, Dy*" , Nd** phosphor via a solution - combustion
method where the metal nitrates and urea were used as reactants and fuel, respectively. All the
precursors were pulverized in agate mortar to obtain better homogeneity before being dissolved
in the smallest possible amount of 10 ml of de-ionized water and thoroughly mixed using a
magnetic stirrer for 15 minutes without heating to obtain a uniform aqueous solution. The
nominal concentration was maintained at 1:0.035 mol% for Eu’": Dy’ and 1:0.015 mol% for
Eu”" : Ndy’" while that of Sr to Al was 1 mol% : 2 mol% in all samples respectively. The
optimum concentration was calculated to give a final composition of SrAl ;04 Eu*t, Dy”, Nd**.
The solutions were then poured into China crucibles and placed one at a time in a muffle furnace
pre-heated to 500 °C. The mixture ignited and a fast, self-sustaining combustion reaction took
place. At first, the solution boiled losing all the water in the form of steam followed by
decomposition letting off large amounts of gases (oxides of carbon, nitrogen and ammonia). The
mixture then frothed and swelled enormously in to foam, followed by spontaneous ignition and
smoldering which gradually led to an explosion rupturing the foam with a flame that glowed to
incandescence. The product of combustion was a voluminous white dry SrAl,O4:Eu®, Dy“,
Nd** foam. The foam was taken out of the muffle furnace, cooled then milled resulting in a dry,
and usually crystalline, fine white oxide powders. The whole combustion process took about 5
minutes. The powders were then stored in transparent glass sample bottles for characterization
and PLD.

The SrAl,O4:Eu’’, Dy’", Nd*"powder was then pressed into a pellet and used as a target for laser
deposition after initial characterization. The pellet was heated at 200 °C for 2 hrs in an oven to
expel moisture that may be present and make it hard and strong for use as a target for laser
ablation. The pellet was not sintered at higher temperatures to avoid causing changes to the
certain properties of the material and hence maintain the initial properties of the powder from
which it was formed. However the low temperature could be the reason for the high density
droplets formed on the surface of the deposited films. The target was then loaded on to a
rotatable carousel inside the PLD chamber. The carousel rasters and rotates the target to prevent

constant ablation by the laser beam from the same spot on the target. Silicon (100) wafers of
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approximately 1 cm® were used as substrates. The wafers were first cleaned in ultrasonic bath of
acetone, ethanol and distilled water in that sequence then blow-dried with clean dry N gas and
placed on a fixed substrate holder in the PLD chamber parallel to the target at a distance of 4.5
cm. The chamber was then pumped down to vacuum of about 3.0 x 10°® mbar. The target was
first ablated in vacuum and then under varying argon working atmosphere of 10mTorr, 20mTorr
and 30 mTorr each for 60 minutes at a constant substrate temperature of 100 °C and again
ablated under varying substrate temperatures of 100, 200 and 300 °C at a constant 20mtorr
argon partial pressure respectively using a 266 nm Nd:YAG nanosecond (ns) pulsed laser with
energy and frequency fixed at 45mJ/pulse (fluence of 0.2 Jem™) and 10 Hz, respectively. Low

laser fluence is one way for reducing particulate formation on the deposited films[17].

7.2.2. Characterization

The structural composition of the SrAl,O;Eu’", Dy’* Nd** phosphor powder and thin films
were determined using a Bruker-AXS D8 Advance x-ray diffractometer (Bruker Corporation of
Germany) operating at 40 kV and 40 mA using Cu Ka = 0.15406 nm from 15° to 65° (20), with
a scan rate of 0.39° (20)/min and step scans with a step time of 152s and step size of 0.02° (260).
The morphologies of the phosphor powders and films were obtained using a JSM-7800F field
emission Scanning Electron Microscope (SEM) coupled with an Energy Dispersive X-ray
Spectrometer (EDS) for analysis of elemental composition and mapping while the surface
topography and roughness were examined in contact mode using a Shimadzu SPM-9600 atomic
force microscopy (AFM) with an in-built commercial software for calculating the root mean
square (rms) values which indicates roughness of the films. The (PL) spectra were recorded at
room temperature using a 325 nm He-Cd Laser. Reflectance (UV-Vis) characteristics were
measured in the range 200 nm -700 nm using a Perkin Elmer Scan-Lambda 950 UV-Vis
spectrophotometer using 319 nm excitation lamp and a 860 nm monochromator with a slit width
of 2.0 nm and scan speed of 141 nm/min and step size of 0.5 nm to select a single frequency
(wavelength) from all of those provided by the lamp source and to scan over a desired frequency

range.
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7.3. Results and Discussion

7.3.1. Structure and morphology analysis

XRD patterns of the SrAl,O4.:Eu®’, Dy*, Nd** phosphor powder and thin films deposited in
vacuum, 10, 20 and 30 mTorr argon and at 100, 200 and 300 C substrate temperatures for 60
minutes, are shown in figure 7.1(a) and (b) respectively. The peaks fitted well with the powder
and the JCPDS card number 74-0794 for the monoclinic SrAl,O, of space group P1211 (4), cell
ratios a/b=0.9581 b/c=1.7075 c/a=0.6112 and cell parameters; a=8.4470A, b=8.8160 A,
¢=5.1630 A and B=93.42°. A peak representing SrAl,O, phase was also detected as indicated
by * which could be due to a small percentage change during the synthesis stage of the powder

samples.
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Figure 7.1: XRD patterns of the StALOs:Eu”’, Dy’ Nd** phosphor powder (SrAl,O,) and thin
films that were deposited in (a)vacuum,10, 20 and 30 mTorr argon, (b) at 100, 200 and 300 °C

substrate temperatures for 60 minutes and log (intensity) plots for vacuum (¢) and substrate
temperatures(d)
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Figure 7.1(c) and (d) show log of XRD Intensity versus argon pressure and substrate
temperature. It is observed that the intensities increase exponentially with argon pressure and
substrate temperature respectively. It can be seen in figure 7.2(a) that with increasing argon
pressure the peaks in the direction (220) shifted to the lower 2-theta angles from 29.1° in vacuum
to 27.9° in 30 mTorr argon pressure accompanied by width - narrowing and increased intensity,
an indication of increasing particle size as displayed in figure 7.2(b).

The average crystallite sizes calculated for the (220) direction were obtained using Scherrer’s

equation,
KA
D wcos@

where D is the mean particle size, K is a geometric factor, X is the X-ray wavelength and o is
Full With at Half Maximum (FWHM). The same trend was observed when substrate temperature
was varied as seen in figures 7.1 (b), 7.2(c) and 7.2(d). With increasing substrate temperature,
the peaks in the direction (220) shifted to the lower angle from 28.5° at 100 °C to 28.3° at 300
°C accompanied by width -narrowing and increased intensity, an indication of increasing

particle size as displayed in figure 7.2(b).
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Figure 7.2: 2theta, FWHM, particle size and intensity as a function of argon pressure; (a) and
(b) and substrate temperature; (c) and (d).
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Broad XRD peaks is an indication of decreasing particle size, beginning of crystallization and
short-range ordering [18] while the reverse case would mean that the material is amorphous
which can be observed from the XRD patterns . However the drastic increase of particle size at

300 oC is not that evident from the AFM images but SEM.
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Figure 7.3: 3D AFM images of SrALO;Eu’", Dy*", Nd*" thin films deposited in (a) 10mTorr,
(b) 20mTorr (¢) 30mTorr argon pressures; (d) 100 °C (e) 200 °C, (f) 300 °C substrate
temperatures; and (g) AFM oscilloscope showing surface topography profile of SrAl 204:Eu?,
Dy*",Nd*" thin films.
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Argon being a heavier gas scattered away more particles in the plume and this affected the
arrival rates of all the species. Light atoms are scattered more than heavy atoms [19,20]. From
figures 7.2(a-d) it was deduced that the XRD peak positions, FWHM, intensity and crystallite
size were influenced by the ambient gas pressure and the variation of substrate temperature. 3D
AFM images of the surface topography of the films deposited on Si (100) under different argon
pressures were shown in figures 7.3(a, b and ¢) and those deposited under different substrate

temperatures were shown in figures 7.3(d, e and f).

The films showed well defined and generally spherical grains of different sizes uniformly
distributed over the surface which could be attributed to the reduced speed and hence arrival
rates of the particles in the plume by the gas molecules thereby allowing a better nucleation
process of the film particles on the substrate during the ablation process [21]. The AFM
oscilloscope signal obtained from a section of the sample during the scanning of the surface
topography of the SrAl,O4Eu*", Dy*", Nd** thin films was shown in figure 7.3(g). It depicted
the spherical shapes of the grains and revealed sections where the particles agglomerated and
formed larger clusters. From the figure the average particle size estimated from the vertical z-
axis was found to be 100 nm which is within the same range as those shown in figures 2

calculated using the Scherrer equation.

The variation of film roughness indicated by the root mean square (rms) or Rq values with argon

pressure and substrate temperature were shown in figure 7.4(a) and 7.4(b) respectively.
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Figure 7.4: Variation of film roughness (Rq value) with (a) argon pressure and (b) substrate
temperature.

It was observed that the film roughness increased with increasing argon pressure and decreased
with increasing substrate temperature. A decrease in surface roughness with the increase in

substrate temperature has also been reported elsewhere [9]. Also from figure 7.2 it was observed
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that the grain sizes increased as the ambient argon gas pressure increased. The reason for this is
that when the gas pressure in the chamber is low the mean free path (MFP) of the particles is
longer hence yielding less effective collisions, whereas as the gas pressure increases the MFP
also increases resulting in more effective collisions between the particles leading to nucleation
and growth resulting in bigger particles [21,22]. It was also reported elsewhere that background
gas of Ar has a higher mass density and therefore tends to reflect lighter atoms in the plume

more and these results in a film with big particles on the substrate [23].
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Figure 7.5 : (a) (a) SEM micrograph, (b) EDS profile, (c) Elemental map (d) SiKal (e) SrLal
(f) AlKal (g) OKal, (h) DyMa and (i) EuM a energy distributions of SrAL,Og:Eu*", Dy, Nd*
thin films.

The SEM micrograph, elemental map, and EDS energy distribution micrographs of
SrAlLOgEu®, Dy*", Nd*" thin films and SrAl,O4:Eu®’, Dy*", Nd** powder are shown in figures
7.5(a) to (h). In the SEM micrograph, figure 7.5(a) it is clear that the thin films have larger

particles on the surface. In the past these particles showed more intense luminescence than the
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rest of the film due to less internal reflection [23]. Figure 7.5(b) shows the relative compositional
quantities of the individual elements in the sample. The EDS energy microanalysis was
employed to approach elements’ contribution in the sample. However the very low
concentration of the rare earth dopants could be the reason for not being detected in the EDS
spectra. Also Nd** was not detected even in the SEM owing to the very low concentration as

compared to Eu*" and Dy*",

The 2D elemental maps revealing the coordination and distribution of the different species (Sr,
Al, O and Dy) in the SrAl,O, host nanophosphor at the nanoscale are shown in 7.5(c). It
confirmed their elemental composition, locations and distributions within the SrAl,O4:Eu’,
Dy’* phosphor thin films. The EDS elemental mapping micro images of Si, Sr, Al, O, Dyand Eu
in the films are also shown in figures 7.5(d) to (i). From the mapping images it seems that the
bigger particles were slightly enriched with Al and O with respect to the rest of the thin film and
as such 7.5(e) and 7.5(f) droplets seem to contain more Al, O and less Sr in accordance with the
relative chemical composition of SrAl,O,. The rest of the elements were uniformly distributed in

the thin films.

7.3.2. Photoluminescence analysis

PL emission spectra recorded with the F-7000 FL Spectrophotometer from the SrAl,O,:Eu”’,
Dy’" as prepared powder and He-Cd laser at an excitation of 325 nm from SrAl,04:Eu’", Dy,
Nd’* thin films deposited on Si (100) under different argon pressures and substrate temperatures
respectively was shown in figure 7.6. Figure 7.6(a) represents the SrAl,O,:Eu’", Dy’ phosphor
powder which yielded a bright green luminescence emission peaking at 507 nm resulting from
transitions between the 4£°5d'—4f" electron configurations of Eu’" with only one emission broad

band which is symmetric, an indication that only one luminescent centre, which is Eu’" exists

[5].

The effect of the varied chamber parameters was observed as shown in figure 7.6(b) and 7.6(c)
whereby emission peaks are shifted to the longer wavelength side as also seen in figure 6(d). In
RE ions the 4f" electron shell is shielded from outside by the 5s and 5p electrons thereby
screening them from surrounding crystal field effects hence Nd** acts as traps of holes and the
trap level lie in between the excited and ground states of Eu*" which enhances luminescence
[24]. The slight wavelength shift could therefore be attributed to the different deposition
conditions of argon pressure and substrate temperatures which induced crystal field effect within

the SrAl,O, host lattice.
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Figure 7.6: Emission spectra for (a) SrAl,O;Eu®, Dy'’, Nd** phosphor powders (b)
SrALO4Eu®, Dy*", Nd*' thin films variation with argon pressure (¢) SrALO,:Eu*" Dy’ ,Nd*'
thin films variation with substrate temperature and (d) Comparison of emission peak shifts due
to argon partial pressure (black) and substrate temperature (blue) as a function of argon partial
pressure and substrate temperature (red) for SrAlLO4:Eu*’, Dy*", Nd®* thin films.

The PL intensities of the films are generally low compared to those of the powder due to total
internal reflection in thin films [25]. However thin films have advantages over the powders in
that they possess better thermal stability, better adhesion to the substrate, higher lateral
resolution and less out gassing in device applications [10,26]. The shift in the PL emission peaks
of figure 7.6 is clearly seen on the CIE color chromaticity plots of figure 7.7(a) and 7.7(b)
depicting color shifts with respect to changes in argon partial pressure and substrate temperature,
respectively. As indicated by the arrows it is clear that as the argon gas pressure varies from 10

to 30 mTorr and substrate temperature from 100 to 300 °C, the CIE co-ordinates shift toward the

longer wavelength of the CIE map. The arrows correspond to the peak shifts of the PL spectra in

figure 7.6.
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Figure 7.7: Chromaticity diagram depicting CIE color co-ordinates with respect to the changes
in (a) argon pressure and (b) substrate temperature during ablation.

7.3.3. UV-VIS analysis

Figures 7.8(a) and (b) also show how the UV-reflectance is affected by the deposition
atmospheres of argon and substrate temperature. It was observed that % reflectance decreased
with increase in the gas pressure and substrate temperature. Also the absorption edges of the
different spectra varied according to the different PLD chamber environment. This could be
explained in the same way as the PL wavelength shifts attributed to the crystal field effect due to

changes in the host structure.

The average band gap energies were obtained from the intercept of the extrapolated linear
portion from of the (f(R(v)hv) n versus hv plot known as Tauc’s plot along the hv axis as shown
in figures 7.8(c) and (d) for vacuum, 10, 20 and 30 mTorr Ar and substrate temperature
respectively. It revealed that absorption was greatly influenced by the presence of a background
gas. The band gap energy reduced as the amount of ambient gas increased (figure 7.8(c)) and
increased with increasing substrate temperature (figure 7.8(d)). This energy gap shift
corresponds with the shifts observed in figure 7.6(d).Since Energy is inversely proportional to
the wavelength (Eg a (1 )/A ), as the wavelength increased the Eg decreased. Also as the
wavelength shifted towards the higher wavelength side the Eg is reduced. Narrow band gap
materials exhibit novel properties such as small effective masses, improved surface and interface

properties and the possibility of incorporating more impurity/dopant ions [27].

124

A.H. Wako, et al., Physica B (2015), http://dx.doi.org/10.1016/].physb.2015.09.049i



40
Substrate temperature
- (a) Deposition pressure ( )
— Vacuum b — 100 oC
—— 10 mtorr Argon s ——2000C
& —— 20 mtorr Argon - ——3000C
i ) —— 30 mtorr Argon 3
®
§ :
g
2 $
E :
3 4
20
b T &
W- -"' - -—I-’
L I-:-l--l ["" L] T L] L] ’ol ¥ T T Ll T L l: T L]
200 300 350 400 450 S00 550 600 650 70 200 250 300 350 400 450 S00 550 600 650 700
Wavelength (nm) Wavalength (nm)
0.08
0.10 4 (C) — (d)
Substrate Temperature
— 100 0C
0084 —2080c
—3000C
g i 0.08 <
lﬁ E 0.04 o
€ £
< = 0034
0.02 -
0.01 4
0.00 o ’ ’
LJ - T - L L] T T T T
45 65

70

Figure 7.8: (a) — (d) UV-VIS reflectance and Tauc’s plot as per the deposition atmospheres of
argon and substrate temperature.

Conclusion

In this study thin films of SrAl,O4Eu", Dy*" , Nd were prepared using the PLD technique. The

effect of varied background gas pressure and substrate temperature on the structure and PL

properties of the SrAl,O,:Eu®’, Dy*" , Nd*" thin films were investigated. It was found that with
increasing argon pressure and substrate temperature the peaks in the direction (220) shifted to
the lower angle accompanied by width - narrowing and increased intensity an indication of
increasing particle size. Also the film roughness increased with increasing argon pressure and
decreased with increasing substrate temperature. The emission peaks were observed to shift to
the longer wavelength side which could be attributed to the different deposition conditions of
argon partial pressure and substrate temperatures which induced crystal field effect within the
SrAl,O; host lattice. The reflectance intensity decreased with increasing gas pressure and

substrate temperature.
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Chapter 8

Effect of Ga’* and Gd’" ions substitution on the
structural and optical properties of Ce’*-doped
yttrium aluminium garnet phosphor nanopowders.

8.1. Introduction

Extensive research on inorganic luminescent materials with activators showing allowed f-d
transitions has gained momentum over the past decade. Lanthanide ions are very sensitive to the
chemistry of their environment because the d —states are not shielded. This is important for the
manufacture of white light emitting diodes (LEDs) since the f-d absorption has to be in the UV
to blue spectral region. Changes in the chemical environment can be due to a number of factors
such as changes in the charge density of the bond-lengths caused by differences in
electronegativity between the dopant and its surroundings leading to changes in the covalency ,
changes in the crystal field splitting of the 5d state due to differences in the charge of the
surrounding ion or changes in the metal-ligand distances [1] etc. Increase in crystal field splitting
and high covalency will shift the f-d transition to lower energies and vice versa.

Yttrium aluminium garnet (Y3Al;0,,) is one of the most important optical materials which finds
a wide range of applications such as in cathode ray tubes (CRTs), field emission displays (FEDs)
and scintillators owing to their wide band gap and excellent radiation conversion efficiency [2].
It is also suitable for use as a host material for solid state phosphors due to its good chemical
stability, high quantum yield, low toxicity, low thermal expansion and a tunable emission
wavelength [3]. Next generation solid- state lightning are preferred over the conventional light
sources such as incandescent and fluorescent lamps due to their brightness, high radiation
efficiency, long life time, compatibility with the environment, low cost, mercury free,
compactness, energy saving and reliability [4,5,6].

Conversion of UV/blue radiation by a phosphor into white radiation is one of the most
significant technologies of solid state lighting [7]. Cerium activated yttrium aluminum garnet;
Y;Al;0,,:Ce™, upon excitation with blue radiation, emits a yellow broad band which when
combined with a blue LED produces white light [6]. The yellow emission band ranging from
510 nm to over 600 nm originates from the allowed 5d-4f electronic transition of Ce*>" to the

spin-orbit split °Fy, and “Fs), levels [8] which efficiently absorbs blue excitation light from 450
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nm to 470 nm to produce white light [4]. For general lighting purposes ideal white light need to
be generated. Hence there is a need to obtain a phosphor with a broad emission band covering
the green and red regions in the blue-light excitation [5].

One way to achieve this is to modify the composition of the host lattice so as to obtain phosphors
with adjustable wavelength matching blue LEDs. This can be done by doping the garnet lattice
with suitable cations to slightly adjust the emission color [6] either by expanding the
Y3Al;0,,:Ce” emission band to induce a red shift [7] or reducing the Y3Al;0,,:Ce®>” emission
band to cause a blue shift. The emission wavelength can be tuned by partially or totally
substituting trivalent ions of different sizes in the Y;Al;0,,:Ce’" lattice matrix. Larger ions will
cause lattice expansion resulting in a red shift while smaller ions will blue shift the emission
wavelength. This is because by increasing or decreasing the ionic radii in the garnet host lattice,
the cubic symmetry around the rare earth ions gets distorted [3].

In the present work, we report the effect on the structure and emission wavelength of
commercial Y3;Als0;,:Ce’™ phosphor when Y>© was substituted with Gd** to obtain
(Y.Gd);Al505:Ce’ and AI’* substituted with Ga®* to obtain Y3(Al,Ga)sO;5:Ce’* respectively

vis-a-vis the variation of the crystal field energy levels of Ce*",

8.2. Experimental

Commercial Y;Al;0,,:Ce’”, Y3(Al,Ga)sO5:Ce® and (Y,Gd);Al50,,:Ce™ phosphor powders
were obtained from Phosphor Technology. The structural and phase compositions were
determined using a Bruker-AXS D8 Advance x-ray diffractometer (Bruker Corporation of
Germany) operating at 40 kV and 4 mA using Cu Ka = 0.15406 nm from 15° to 65° (26), witha
scan rate of 0.39° (26)/min and step scans with a step size of 0.02° (26). (UV)
Absorption/Reflectance characteristics were measured in the range 250 nm - 700 nm using a
Perkin Elmer Scan-Lambda 950 UV-Vis spectrophotometer using 319.20 nm excitation lamp
and 860.80 nm monochromator with a band pas slit width of 2.0 nm and scan speed of 141.20
nm/min and data interval of 0.5 nm. Photoluminescence (PL) excitation and emission spectra
were measured at room temperature (RT) using a Cary Eclipse luminescence spectrometer
(model LS-55) with a built - in 150W xenon flash lamp as the excitation source and a grating to
select a suitable excitation wavelength with excitation and emission slit of 2.5 nm, scan rate of
600 nm/min, medium PMT Voltage, excitation filter of 335-620 nm and emission filter of 550-
1100 nm. Thermoluminescence (TL) analysis were done above RT by use of Nucleonix 10091

TL reader to investigate traps and defects in the band gap of the phosphors. The samples were
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excited with UV radiation and the heating performed from RT upto 400 °C at a constant heating

rate of 1 °C/s under thermal stimulation.

8.3. Results and Discussion

8.3.1. Structure and morphology analysis

Figure 8.1 shows a cubic garnet-type structure for Y3;Al;0,, commonly represented in a general
form as {A};[C]o[D]5(0)-. It has a bee structure of space group I a-3d (230) with 160 atoms in
the cubic (primitive) cell and cell parameters; a=12.01 A, cell ratio; a/b=1.0, b/c=1.0, c/a=1.0
and cell volume 1732.32 A°.

Figure 8.1: 3D-crystal structure of YAG. The large balls are yttrium (Y), the intermediate balls
are aluminium (Al) and the small (red) balls are oxygen (O).

The Y{A}-cations are eight-coordinated to eight O in a dodecahedra and occupy the 24 (c) sites.
Al occupies two different sites; the Al [C]-cations occupy the 16(a) sites octahedrally bonded
and the Al [D]-cations tetrahedrally bonded occupying the 24(d) sites [8]. The O atoms occupy
the 96(h) sites and their specific positions within the unit cell vary for different garnets [9].

XRD patterns of the Y,Al;0,,:Ce™, Y;(Al,Ga)SOu:Cey and (Y,Gd);AlsOn:Ce3+ phosphor
powders are shown in figure 8.2. It can be seen that the diffraction peaks slightly shifted to the
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lower 2-theta angles for Y;(Al,Ga)sOu:Ce3’ and slightly to higher 2-theta angles for
(Y,Gd);Al5015:Ce*" with respect to Y3(Al,Ga)sO,2:Ce’". This is also well depicted in figure
8.3(c). It is well known that the size of ionic radius of the substituting cation influences the
resultant change in lattice parameters. This could be attributed to the change in the host lattice
caused by the larger ionic size of Ga®" (0.062 nm) as compared to that of Al 3*(0.053 nm), which
causes an increase in the d-spacing as confirmed in figure 2(a) and hence XRD peak shift of
towards lower angles[10]. On the same note since the ionic size of Gd®* (0.1053 nm) [11] is

larger than that of Y** (0.102 nm) [12] substituting Gd*" also results in lattice expansion causing

XRD peak shift to lower angles with respect to Y;Al;s0,2:Ce’".
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Figure 8.2: XRD patterns of the Y3Al;05:Ce*", Y5(Al,Ga)s02:Ce’" and (Y,Gd);Als0,5:Ce™".
g

It is worth noting that with reference to Y;Al:0,2:Ce*" the shift is -0.39° for Ga®* and -0.1° for
Gd**. So Ga’* is slightly towards lower angles and Gd*" to higher angles compared with the
Yg(Al,Ga)sou:Ce}. This effect is due to the resultant difference in radii after substitution which
is smaller between Gd*" and Y** (0.003 nm) and larger between Ga®" and AI’" (0.009 nm).

The average crystallite sizes calculated for the (420) direction were obtained using Scherrer’s

equation;

KA
wcos@

A
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are shown in figure 8.3(b), where D is the mean particle size, K is a geometric factor, A is the X-
ray wavelength and @ is Full With at Half Maximum (FWHM). It was observed that particle
sizes reduced with Ga®™ substitution, which resulted in a blue shift in PL spectra (figure 8.3(a)
and 8.3(b)) as the size of the particle decreased [13] and increased again with Gd’" inducing a
red-shift as supported by figure 8.3(d) showing variation of full width at half maximum
(FWHM) with addition of Ga’" and Gd*" ions into the Y;Al;0,,:Ce’" structure which is larger

for Ga>* and narrow with Gd** substitution.
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Figure 8.3: The effect of Ga®'/Gd*" ion substitution in to the Y3Al;05:Ce’” composition on the
(a) d-spacing (b) particle size (c) 2-theta peak shift and (d) FWHM.

8.3.2. Photoluminescence

Figure 8.4(a) shows the normalized room temperature (RT) PL excitation spectra at emission
wavelengths of 568, 578, and 588 nm while figure 8.4(b) shows emission spectra at excitation
wavelength of 438, 462 and 467 nm for the Y;ALO;5:Ce™, Y;(Al,Ga)sO;2:Ce’” and
(Y,Gd);Al50,2:Ce’ powders respectively recorded with Cary Eclipse photoluminescence

spectrometer.
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The broad band excitation 400-525 nm are due to the electronic transition from the 4f ground
state to the crystal field-split 5d states of Ce’” ion. The blue excitation raises the electron in the
Ce*" ion from the 4f ground state to the 5d level, which would then be transferred to the lower
2D(5d) excited state [6]. The green-yellow emission emanates from within the cubic Y3;Al50,
lattice due to electronic transitions from the 5d excited states to the split 4f(2Fm and °Fs)
ground states [4] characteristic of Ce®" ions. The electrons excited to the 5d level of Ce*" ions
decay non-radiatively to the 4f levels of Ce®" ions [14] resulting in the broad emission bands
centred at 568, 578, and 588 nm Y3;Al:0,,:Ce’", Y3(AlLGa)s0,,:Ce’” and (Y,Gcl)3A15012:Ce3+
powders respectively. The emission from Ce®” is very sensitive to and is affected by changes in
the local lattice structure due to the resultant crystal field effects. Hence, the peak position of the
emission depends on the garnet host environment which may bring about a blue - or a red - shift
of Ce’” emission when co-activated with Ga®* or Gd*". Aluminate garnets are relatively flexible
in substituting Y* ions in the dodecahedral sites and Al*" in tetrahedral/octahedral sites which
makes it is easy to modify the host Y;Als0, composition to alter the Ce’” emission band to

meet spectral requirements [5].

When Gd** (or La* ) was used to substitute for the Y* site in the Y;Als0,; lattice, the emission
peak of the phosphor powder shifted to a longer wavelength [15]. The substitution of Y** with
Gd** shifted the emission peak towards longer wavelength (588 nm) relative to emission 578 nm
from Y;Al;0,,:Ce’" as shown in figure 8.4(b). Such shift is mainly due to the changes in the
lowest 5d' crystal-field energy level which is strongly affected by local electrostatic field
determined by the crystalline structure of the YAG lattice. The lowest/first excited state of Ce®"
originates from the 5d configuration. Since 'l occupies a dodecahedral site in Y3Al;0,, which
has a tetragonal symmetry and because of the symmetry or the crystal field exerted by the host
ligand ions and spin-orbit interaction, the 5d state degenerates into 5 levels resulting into five
absorption bands; 460, 340, 261, 224, and 205 nm of which 460 nm and 340 nm are commonly

observed at RT as shown in the absorption spectra of figure 8.6.
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Figure 8.4: (a) excitation (b) emission spectra; (c) and (d) chromaticity diagram depicting CIE
color co-ordinates for the Y3Al;0,2:Ce*", Y3(Al,Ga)sO,:Ce*" and (Y,Gd);Al50 5:Ce*" powders

respectively.

Since the ionic size of Gd* is larger than that of Y*, replacing Y** with Gd** causes lattice
expansion which leads to an increase in the crystal-field interaction of Ce’'[7]. As the crystal
field splitting of 5d energy levels of the Ce’" jon increases and the energy difference between the
lowest 5d sub-level and the ground state of 4f configuration of Ce’" become smaller the
emission band shifts to a longer wavelength (red shift). In other words, more splitting down-
shifts the lowest excited 5d states of Ce’" to lower energies causing to emit light of longer
wavelengths. It is well known that ionic radius decreases and electronegativity (x) increases with
atomic number. In the ionic relationship; Me/Re—-O—Ce (Me/Re = Gd subs Y), the
electronegativity (x) of Gd** (1.20) is smaller than that of Y** (1.22) and the ionicity of Me/Re~
O band decreases with the addition of Gd** content, which induces the increase in the ionicity of
O—Ce in Lu-O-Ce and therefore, the red shift of the emission occurs[15]. The increase in

ionicity brings the 5d energy level of the Ce’" ion closer to the 4f ground state, which shifts the
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emission to higher wavelengths; this is consistent with what is observed in emission properties
shown in figure 8.4. The magnitude of crystal field splitting is mainly affected by the Ce—O bond
length (lattice constant), the molecular orbital overlap between Ce’* and O, and the

electronegativity (%) value. The dependence of crystal field splitting Dq on the (bond length)

lattice constant can be shown using the equation;

Ze?rt

¢= 8.2

D

where Z is the charge of the anion (Z =2 for O, e is the charge of an electron, r is the radius of
the d wave function and R is the bond length [11]. Therefore when Ce®"- O bond length (lattice
constant) become shorter it increases the magnitude of the crystal field strength and since crystal

field splitting Dq is proportional to 1/R’, it lowers the 5d band of Ce*" which results in red-shift

[5]. Hence compared with Y;3Al;0,,:Ce’", the spectrum of the (Y,Gd);Al;0,,:Ce’” is slightly
shifted to the red, because of reduced local symmetry [16]. On the other hand substitution of
AI** with Ga®" shifts the emission towards shorter wavelength (568 nm) as seen in figure 8.4(b)
relative to emission peak of 578 nm from Y;Al;0,,:Ce’". It was reported that substituting Ga*"
ion in the AI’* site induces a blue shift in the emission wavelength [8].

In the bond relation; Me—O—Ce (Me = Al-doped Ga), the electronegativity (¥) of Ga (1.81) is
larger than that of Al’* (1.61) and the ionicity of Me—O is decreased with the addition of Ga**
content, which enhances the energy gap of O—Ce in Me—O—Ce. Therefore, the blue shift of the
emission occurs which means a higher energy Ce’" 4f-5d absorption due to the increase in
ionicity of O—Ce [15] as shown in figure 8.5(a) which compares the luminescence property of
Y3AL:0,5:Ce”, Y3(AlLGa)sO»:Ce”™ and (Y,Gd);AlsO,,:Ce®” with respect to variation of the
crystal field energy levels of Ce”".

Cerium belongs to the lanthanides with electronic configuration of the form [Xe]4{"6s™ . It can
exist as an atom or as a free-ion. The 6s shell can be empty (m=0) especially in compounds,
occupied by one electron (m = 1) or occupied by two electrons (m = 2). When completely filled,
the 4f shell is composed of 14 electrons. The 4f" energy levels are not affected by the host
environment because they are completely shielded by the filled 5p°® and 5s” shells of the [Xe]
configuration. However an electron in a 5d orbital is not completely shielded and its energy is

very susceptible to changes in the crystalline environment.
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Figure 8.5: Schematic energy diagram of the (a) Y3A15013:Ce3+, Y;(AI,Ga)SOIZ:Ce3+ and
(Y.,Gd);Al50,::Ce’" phosphor [15] and (b) the energy level diagram of lanthanides including
Ce** and Gd*".

In Y3Al:05:Ce’ the ground and excited electronic configurations of Ce®" ion are 4f' and 5d'
and it has only one electron in the 4f state. The excited 5d' level strongly interacts with the host
lattice due to the large spatial field of the 5d wave-function and the crystal field splitting
dominates over the split spin-orbit interaction. Therefore emission transition is an allowed one
since the 5d—4f transition is parity and spin-allowed [17]. During the 4f-5d transition, upon
excitation with the electron in 4f' ground state is photo-excited to the 5d' levels leaving the 4f
shell empty, relaxes and then gets de-excited and returns to 4f' state thereby emitting light

photon in the green-yellow region as a result of electronic transitions within Ce*" between the
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[Xe]4f'5d°6s° (*Fs,’F) and [Xe]4f” 5d' 6s” (*Dyy) states. In the ground (4) state Ce*" splits
up in a doublet 2Fj (j = 5/2 and 7/2) state due to spin-orbit coupling.

The energy difference between these split states is about 2000 cm™’, (figure 8.5). For an isolated
Ce’" ion, this energy gap is significantly decreased due to the large crystal-field splitting of Ce**
5d states, which arises when a Ce’" ion replaces a smaller Y>* ion in the Y3;Al;0,,:Ce**
structure. The emission wavelength of (Y,Gd);Al;0,,:Ce*" is longer followed by that of
Y;AL:0,,:Ce’™ and then Y;(zf'd,(]a)s012:C<:3‘+ due to the relative decrease in ionicity resulting
from the decrease in energy due to electron transfer from O to Ce*"[15] as represented in figure
8.5(b). The symmetry of the host matrix and the chemical environment around the Ce*" ions
greatly affect these split energy levels and the splitting patterns [18].

The (x,y) coordinates of a CIE diagram can be used to describe the color properties of a light
source. The (Commission International de 1’Eclairage) CIE chromaticity of Y;Al;0,,:Ce’",
Y3(Al,Ga)s0,,:Ce*" and (Y,Gd);Al;0,,:Ce®” powders are presented in figure 8.4(c) and 8.4(d)
depicting the corresponding excitation and emission peak shifts of figure 8.4(a) and 8.4(b)
respectively. The CIE co-ordinates shift toward the longer wavelength for Gd** substitution and
to the shorter wavelength of the CIE map for Ga®" substitution. The CIE (x,y) color coordinates
of Y3AL;0,,:Ce™, Y3(ALGa)sO,,:Ce*" and (Y,Gd);Al;0,,:Ce™ are (0.5, 0.49), (0.47, 0.53) and
(0.53, 0.47) respectively. To generate white light for indoor illumination, a white LED combines
the blue light emitted from the LED chip with the yellowish emission from the phosphor [15].
The wavelengths of the blue light (excitation) source are 462 nm, 438 nm and 467 nm with the
chromaticity point located at (0.14, 0.09), (0.16, 0.05) and (0.13, 0.13) for Y;Al;0,,:Ce*",
Y3(AlLGa)sO;2:Ce* and (Y,Gd);Al;0»:Ce™".

8.3.3. UV-VIS analysis

Figure 8.6(a) shows how absorption is influenced by substitution of Y>* with Gd** and AI’* with
Ga’" in the Y;Al5;0,:Ce*" garnet structure. The absorption bands of the color centers were found
to be broad and peaked approximately at 457,432 and 460 nm for Y;Als0;,:Ce™,
Y3(Al,Ga)s0,,:Ce’" and (Y,Gd);Al;0;,:Ce’* powders respectively in the range between 250 nm
and 500 nm. Each spectrum showed two absorption peaks corresponding with the PL excitation
wavelengths of each sample as shown in figure 8.4(a). Also the main peaks shifted to lower
wavelength, 432 nm for Ga®" and higher absorption wavelength, 460 nm for Gd*>" substi tutions
with respect to 458 nm for Y3Al50,,:Ce’". Absorption intensities also vary with highest for Gd**
and lowest for Ga’* as compared with Y3Al50,,:Ce”". The optical band gap of Y;Al;0,,:Ce> is
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in the order of 6.6 eV in which the valence band comprise of filled oxygen 2p orbitals while the

conduction band consist of yttrium 4d orbitals [17].
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Figure 8.6: UV-VIS absorption spectra and (b) Tauc’s plot for Y;Al;0,,:Ce*,
Y3(AL,Ga)s0,5:Ce*" and (Y,Gd);Als0,,:Ce*".

The absorption coefficient spectra were obtained by converting from the reflectance spectra with

the Kubelka-Munk function;

1-R)? k A

F(R) - 2R s s

Where R is the absolute reflectance, £ the molar absorption coefficient, s the scattering
coefficient, ¢ concentration of the absorbing species and A the absorbance. This equation is
usually applied to materials that have high light scattering and absorbing particles in their

structures [19]. Equation 8.3 can be modified by multiplying the F(R) function by Av i.e.

a0 S B Ly I rapp—————————

Where 4 is the Planck’s constant and n the value of the type of transition whereby, n = 1/2 for a
direct allowed transition, n = 2 for non-metallic materials, n = 3/2 for a direct forbidden
transition, n =2 for an indirect allowed transition and n =3 for an indirect forbidden transition.

The optical band gap energies (£,)(eV) were estimated from the intercept of the extrapolated
linear portion from the high slope region of the (F(R) = hv) " versus hv plot known as Tauc’s
plot along the hv axis [19] as shown in figure 8.5(b). It can be seen that (£;) is greatly influenced
by the presence of the incorporated substituent ions (Ga®* and Gd*") in the matrix of the host
Y;AlL0,2:Ce*.  E, =~ 3.3, 3.5 and 3.6 eV for (Y,Gd);Al;0,2:Ce’", Y;Al;0,,:Ce’ and

Y;(Al,Ga)s0,.:Ce”" respectively. The band gap energies are seen to correspond with the energy
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difference between the lowest 5d level and the ground state of 4f configuration of Ce’" as
represented in the schematic energy diagram of figure 8.5(a). As the crystal field splitting of 5d
energy levels of the Ce’” ion increases ( in case of Y,Gd)3Al50,,:Ce*") or decreases (in case of
Y3(Al,Ga);0,,:Ce*") the more/less splitting occurs respectively and push the lowest excited 5d

state of Ce®" to lower energies.

8.3.4. Thermoluminescence

In order to understand the nature of traps, trapping levels/energies and de-trapping mechanisms
[20] and how these could be affected by substitution of the trivalent cations; Ga*" and Gd*" into
the host (Y3;AlsO:Ce’) lattice, thermoluminescence (TL) of the Y3;Al;0,:Ce™,
Y3(Al,Ga)s0,,:Ce’ and (Y,Gd);Al50,,:Ce** samples were investigated. TL is the emission of
light from an insulator or a semiconductor following the previous absorption of energy after
exposure to a certain radiation [21]. The aim of the exposure to radiations is to dislodge
electrons and excite them from impurity levels within the crystal lattice into the conduction
band. The electrons will then be captured by the intentional or unintentional traps within the
band gap of the material [22]. Upon heating, the trapped electrons relax back to their normal,
stable, lower-energy positions, releasing energy in the process [23]. The traps are then analyzed
during the TL measurement by heating the sample. During the TL measurements, the samples
were exposed to UV radiation for the same period of time (5 minutes) and the temperature, T
(°C) was increased linearly at a heating rate () of 1 °C/s as a function of time t(s) and the glow
curves of intensity (I) as a function of temperature (T (°C)) recorded shown in figure 8.7(a). The
temperature of the TL peak position represents the trap depth/level while the intensity represents
the number of traps within the band gap and energy corresponding to the glow peak is equal to
the trap depth [13].

The glow curves for Y3(ALGa)sO;»:Ce?® and (Y,Gd):Al;0,,:Ce’" feature two peaks each; one
distinguished maximum peak temperature (T,) at 74 °C and a shoulder at 163 °C for
Y3(Al,Ga)sO;:Ce’" and at 87 °C and 146 °C for (Y,Gd);Als0;5:Ce’*, while that of
Y3Al50,:Ce’ features only one peak at 162 °C. The three peaks at 146 °C for
(Y,Gd);Al501:Ce® and 163 °C for Y3(AL,Ga)sO»:Ce®" and 162 °C for Y;Al50,,:Ce** might be
equivalent to deeper traps [24] although the first two have low intensity compared to the last
one. Low intensity of the phosphor can be attributed to the presence of insufficient number of
shallow traps while deeper trap density is related to longer decay times. Since the concentration
of Ce’” remains constant in all the samples, the observed changes in the peak position and

intensity could only be due to the substitution of Ga>” and Gd*" into the host (Y;Al50,) lattice.
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Figure 8.7: (a) Fitted TL glow curves and (b) Peak temperature and intensity curves for the
Y;Al:0,5:Ce™, Y;3(Al,Ga)sO,»:Ce®" and (Y,Gd);Als0,5:Ce’” samples.

As shown in figure 8.7(b), the highest TL signal was observed for (Y,Gd);AISOD:Ce}' with
peak at 87 °C followed by Y3Al;0,::Ce*" at 162 °C and the lowest Y3(Al,Ga);sO:Ce’ at 74
°C suggesting presence of trap levels. It has been explained elsewhere that the trap depth is
directly proportional to the glow peak maximum [25] therefore the trap depth of the samples in
descending order is Y;Als0,, host > (Y.Gd)3;Als0,; host > Y;3(Al,Ga)sO,, host. It was also
observed from TL peak measurements that the energy traps of trivalent rare earth ions are in the
order; Yb*'>>Sm’ >>Dy’ >Pr¥'>Nd* >Er’">Ce’>Gd’ >La’" [26] which is in agreement with
our results. Also it has been explained by Fasoli et al (2011) [27] that Ga®' doping prevents the
trapping of free carriers due to shallow traps since it does not reduce the defect concentration but
rather causes changes in the valence and conduction bands such that the energy level of shallow
defects is no longer in the forbidden gap where electrons can be trapped. Shallow traps are
detrimental to the performance application of Y;Al50,,:Ce’" in Scintillators but modifications of

the band gap via substitution of Ga®/ Gd** can help suppress the effect [27].

Conclusion

In this study we investigated the structural and optical properties of commercial Y;Al;0;,:Ce*
phosphor with regards to the substitution of A’ with Ga’* and Y* with Gd* in the
Vihl:0y5:Ce™ garnet structure. It was found that the diffraction peaks slightly shifted to the
lower angles for Y3(Al,Ga)5013:Ce3*and slightly to higher angles for (Y,Gd);Al;0,:Ce”" with
reference to Y3AlsO;,:Ce’". This shift was attributed to ionic size differences: Gd®" being larger
than that of Y>* and that of Ga®* larger than AI**. Replacing Y** with Gd** and AI’" with Ga™*

caused lattice expansion/contraction that lead to an increase/decrease in the crystal-field
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interaction of Ce®”. The broad band excitation 462 nm and emission 578 nm for Y;AlL0;,:Ce**
were due to the 4f-5d electronic transition of Ce”” ion. The UV absorption bands were found to
be broad and peaked approximately at 457, 432 and 460 nm for Y;Al0;,:Ce’,
Y3(ALGa)s0,,:Ce*" and (Y,Gd);Al;0,:Ce”” powders respectively. The highest TL signal was
observed for (Y,Gd);AlsO;,:Ce’” with peak at 87 °C followed by Y3Al50,,:Ce’” at 162 °C and
the lowest Y;(Al,Ga);;Ou:Ce3+ at 74 °C suggesting existence of trap levels.
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Chapter 9

Trap characteristics of UV-activated
Y3(Al,Ga)sO,:Ce** phosphors

9.1. Introduction

Inrecent years, oxide materials based on the garnet structure have attracted a lot of scientific and
industrial interest around the world, as they offer excellent properties such as wide band gap,
good chemical, thermal and radiation resistance and excellent radiation conversion efficiency
[1]. Being one of the most common host materials, yttrium aluminum gamnet (Y3;Al;0,,, or
YAG) has been studied for a variety of applications, for example general lighting, cathode ray
tubes (CRT’s), solid-state lasers and scintillators [2] among many others.

Thermoluminescence (TL) is the emission of light from insulators or semiconductors when they
are thermally stimulated following the previous absorption of energy from radiation [3]. TL
measurement is a very important and convenient method of investigating materials and provides
important information on the nature of the traps, trapping energies and de-trapping mechanisms
in crystals [4]. During TL measurements the TL spectrum is obtained by initially filling the
traps at low (room) temperatures using UV or other radiation and then raising the temperature at
a constant heating rate () [5]. The monochromatic radiation does the work of exciting electrons
from within the band gap into the conduction band (CB) generating free charge carriers
(electrons and holes) which may be captured in available trapping centers and occupy levels at a
trap depth (E,) below the CB [6]. The radiation dislodge electrons within the lattice structure of
the material and the trapped electrons return to their normal, stable lower-energy positions,
releasing energy during the TL heating process [7].

When activated with the right amount and type of radiation, it was confirmed that the rare-earth
(RE*") ions such as co-dopants work as traps of photo-carriers within the band gap of the
material [8]. Formation of an electron or a hole- trap by a defect depends on the energy level
position of the RE*" ions within the host band gap [9]. The charge carriers trapped at different
depths causes various decay components, because the recombination between the excited
electron and trapped hole is influenced greatly by the trap depth (E,) [10]. If the depth of trap
level is too shallow, the phosphor would exhibit fast decay or fluorescence and if it is too deep,
the phosphor would hardly show any luminescence at room temperature. Hence, it is important

for a material to have trapping level at a suitable depth in relation to the thermal release rate at
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room temperature [5]. The life time of the phosphor is dictated by the activation energy or trap
depth of the hole/electron captured by the RE** ions and the intensity of the phosphorescence is
determined by the density or amount of the trapped holes/electrons and the rate of decay.

TL spectrum shows glow intensity as a function of temperature resulting in what is known as a
glow curve. Analysis of the glow curve is one of the most significant ways to measure the
number of traps and also the activation energy of the trap levels in luminescent materials. The
TL glow curve is associated with the trap levels situated at different depths in the band gap
between the conduction (CB) and the valence bands (VB) of a solid [11]. The depth of the traps
(E,) and their concentration (n,) in the phosphors can be obtained by analyzing the TL spectrum
[12]. The depth of each trap can be estimated from the peak temperature. Usually glow curves
above room temperature feature one or several distinguished peaks and the energy corresponding
to the glow peak is equal to the trap depth.

Several reports are available on the different TL techniques used to monitor the trapping states in
materials such as initial rise method [2,4,7], glow curve deconvolution (GCD) [13] and peak
shape method [12,14]. In this paper we use the variable heating rate method, peak shape method
and TL Anal Glow Curve Deconvolution (GCD) program to determine the activation energies,
trap depths, pre-exponential or frequency factor (s) of the traps associated with corresponding

TL peaks in a commercially obtained Y3(.f3tl,Ga):—,O|2:Ce3+ phosphor.

9.2. Experimental

Samples of commercially available Y3(Al,Ga)sO;,:Ce’” phosphor powders were obtained from
Phosphor Technology (UK). The structural and phase compositions were determined using a
Bruker-AXS D8 Advance x-ray diffractometer (Bruker Corporation of Germany) operating at 40
kV and 4 mA using Cu Ka = 0.15406 nm from 15° to 65° (26), with a scan rate of 0.39°
(26)/min and step scans with a step size of 0.02° (28). The TL studies were carried out above
room temperature using a TL 10091 Thermoluminescence Reader system with PMT type 9924
B supplied by M/s Nucleonix Systems Pvt. Ltd., India interfaced to a PC where the TL signals
were analyzed to investigate traps and defects in the phosphor powders. The PMT tube has
sufficient response over a wide spectral range. In order to fill the available traps, the samples
were at first excited for 3, 5, 10 and 15 minutes using a 254 nm UV radiation standard lamp with
a power of 15 W. Then the radiation source was removed and the samples were heated at various
linear rates of 0.5, 0.8, 1.0, 1.2, 1.6, 2 and 2.5 °Cs™' to induce thermal release or de-trapping of
the charge carriers. By varying the temperature as a function of the intensity, the TL spectrum
was obtained displaying the integrated TL yield. During all the TL experiments, 20 mg of the
sample was used and the glow peaks were recorded from RT to 300 °C.
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9.3. Results and Discussion

9.3.1. XRD Analysis

XRD pattern and standard of the Y3(Al,Ga)sO;,:Ce’” phosphor powder is shown in figure 9.1.
The peaks indexed well with the JCPDS card number 89-6660. It has a bee structure of space
group I a-3d (230) with 160 atoms in the cubic (primitive) cell and cell parameters;
a=12.1552(6) A; p=90°, cell ratio; a/b=1.0, b/c=1.0, ¢/a=1.0 and cell volume 1795.92 A3,

§
. 3+
— Y,(Al,Ga),0,,:Ce _ N
) _ _ ¢ )
s | g8 | §]§ &%
> - . d)8 %3
‘@
=
S
=
PDF#:89-6660
| | 1 I | | (|
¥ T L T y T ’ T ¥ T Y
15 20 25 30 35 40 45
20 Degree

Figure 9.1: XRD pattern of the Y3(Al,Ga);sO1,:Ce®" phosphor powder indexed with JCPDS card
# 89-6660.

9.3.2 PL Analysis

Figures 9.2(a) and (b) show the PL excitation and emission spectra recorded from the as-
prepared commercially obtained Y3(Al,Ga)sO,,:Ce’” powders. The PL emission spectra from
the powder sample with a maximum in the yellow region at 560 nm is a broad band ranging
from 550 nm to 650 nm corresponding to the 440 nm blue excitation due to the 4f-5d electronic
transition of Ce”" attributed to the de-localization of electrons from the lowest 5d level to the

crystal field split 4f (*Fsj / *F2) levels of Ce™".
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Figure 9.2: (a) Room temperature PL excitation and (b) emission spectra of Y3(Al,Ga)sO,,:Ce*
phosphor powder.

9.3.3. TL Glow Curves

Room temperature TL glow curves of the Y3(Al,Ga)sO;2:Ce’" recorded after irradiation with
different UV exposure times as the temperature was increased linearly as a function of time at
the rate of 1 °Cs™' are shown in figure 9.3. The intensity of the glow curves is already high at
room temperature due to contributions from the photoluminescence effect of the UV excited
Y3(AlL,Ga)s0,,:Ce*" phosphor material whereby as soon as the UV irradiation stops the filled
electron traps begin to empty starting with room and as the temperature is increased during the
TL process. The glow curves consists of two thermal peaks each indicating that more than one

type of trap is involved.

From the fitted glow curve of figure 3(b), the main peak is centred at 74 °C and the other on the
higher temperature side at 163 °C suggesting availability of two un-equivalent trap types:
shallow and deep respectively. The peak at around 74 °C is intense which is an indication of the
presence of a sufficient number of shallow traps (trap 1) which means that the charge carriers do
not migrate far away from the conduction band (CB) thus bringing about fast decay and the
shoulder at around 163 °C suggests the existence of a fewer deep traps (trap 2) which could be
responsible for longer decay times or no emission owing to its depth. It has also been shown
that Ce* favours fast decay times as short as 25-30 ns [15] and can therefore be ascribed to the

shallow traps at 74 °C since the trap depth is directly proportional to the maximum glow peak.
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Figure 9.3: (a) Glow curves showing TL variation with UV radiation time (b) Deconvolution of
peaks | and 2.

As can be seen from figure 3, the form of the glow curves remains the same without any
observable change, except for a slight shift in peak positions, as we increased the UV dose. It has
been reported that the large unit cell of YAG is prone to many defect sites and impurities
especially at high temperatures due to a resultant lattice strain which arise from the presence of

other RE*" ion impurities or heterovalent impurity species [16].

Luminescence involves two kinds of active centers: emitters and traps. In Y;(Al,Ga)SOlg:Ce}
crystals Ce®” is an emitter, while AI>” and Ga’* form substitutional defects that serve as trapping
centers. The faster decay speed or fluorescence emission of Ce’” is due to the existence of
shallow traps nearby Ce®" ions. When Ce’" is excited with UV radiation generating free charge
carriers (electrons and holes), electrons in the valence band (VB) of the host lattice or the ground
state of activator ions are raised to the conduction band (CB) of Y;(Al,Ga)s0,,:Ce* where they
propagate. Some of the excited electrons relax and maybe captured by a trapping defect, Al/Ga
substitutional defects or oxygen defects and are stored there. The holes resulting from this
capture can also migrate in the VB and are trapped by Ce* (Ce*" + h" — Ce*"). Upon thermal
activation those electrons are released from the Al/Ga or oxygen defects back to the CB diffuse
and relax to the excited state of the activators while the trapped hole is released back to the VB;
this initiates a reverse process in which the hole recombines with the electron in the shallow Ce’
(Ce*") site yielding the characteristic Ce” fluorescence emission [6,17]. If electron-hole pairs
recombine immediately and emit a photon it is known as fluorescence [18] which explains the
fluorescence nature of Ce’". Trapping from the conduction band to shallow traps or from
shallow traps to deep traps can be the cause of the fast decay.

The peak at around 163 °C which might be equivalent to a deeper trap could therefore be

attributed to traps arising from Al/Ga substitution defects induced by lattice disorder due to the
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difference between the ionic radii of AI’" and Ga*" Ga®" acts to provide hole-trap by occupying
the A’ vacancy sites and this would mean distorted Ce" sites, which would act as a trap for
excited Ce®" electrons. The electron-hole recombination mediated by deep trap states within the
band gap may be responsible for a slower decay component. It was reported elsewhere that the
presence of shallow traps was detrimental to scintillation performance of Lu;Al;O,:Ce®* [19] a
problem which was overcome by tailoring the composition by introducing Ga®" into the band
gap of the LusAl;0,:Ce®" a strategy that favoured positioning of the 5d' level of Ce* [20].
Since the density or amount of the traps and the rate of decay corresponds to the peak intensity
of the glow curve, the electronic relaxation in Y3(Al,Ga)sO;»:Ce’” has a dominant fast
luminescence decay due to a higher concentration of charge carrier captured in the shallow trap
sites around 74 °C and a slower less dominant decay component due to deep trapping around 163
°C. Thus substitution of Ga®" into the YAG:Ce*" reduces the number of traps and lowers the TL
signal. Previous studies have shown that substitution of Gd** for the rare-earth ion (Lu*" or Y*")
lowers the TL signal while samples with Y have lower TL compared to those with Lu®" [2].
Mutual change in the shape and intensity of the peaks corresponding to shallow traps in a glow
curve compared with that of deeper traps may indicate the existence of inter-trap charge transfer.
Electrons de-trapped from the shallower trap may be captured by the deeper trap or

luminescence centre as the temperature is raised [21].

9.3.4. UV Exposure

From figure 9.4(a) we observe that with increasing UV irradiation/exposure time from 3 - 20
min, the position of the thermal peak maximum (T,;,, of the glow curves shifted to higher
temperatures and then to the lower temperatures. The shift in the TL peaks can be attributed to
be due to the different rates at which the traps get filled [22]. This shift is also an indication that
second order recombination kinetics could be taking place in which case a re-trapping process of
the excitation occurs. First order kinetics occurs when the glow curve peak maximum (T, is
independent of the dose absorbed by the material [6, 23, 24] such that the first order kinetic
equations for the calculation of relevant trapping parameters may be applicable. A part from the
variation of T, the shape of the glow curve can also give an indication of the order of kinetics
whereby it is asymmetrical for first order and symmetrical for second order respectively.
However the symmetrical shape or broadness of a glow curve may also be because of the
presence of other several overlapping first order peaks and not due to the existence of second

order kinetics [23].
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Figure 9.4: Variation of (a) Ty (K) and (b) I ;. with UV exposure time.

A sharp rise in the TL maximum intensity (I,s.) Was observed for the dominant peak as shown
in figure 9.4(b). The TL intensity initially increased with increase in irradiation time and tends to

saturate at 10 minutes and then drops with further exposure.

9.3.5. Heating rate method

The TL glow curves of Y;(Al,Ga)sO,,:Ce’" under different heating rates () are shown in figure

B.A.

1 Heating Rate ("C/
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Figure 9.5: TL glow curves showing the effect of heating rate variation as a function of
temperature.
The maximum temperature peak position (T ) shifted to a higher temperature when the heating
rate was increased as seen in figure 9.6(a). Similarly the Peak intensity (I ) increased linearly
with the heating rate as seen in figure 9.6(b).
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Figure 9.6: Variation of (a) T,y and (b) Iy with heating rate.

Due to the shift of Ty to a higher temperature when the heating rate p (in °C s7') increased, we

employed the Hoogenstraaten method which relates the TL peak temperature (Ty,) and heating

rate (f3)[ 9,25,26] using the following equation:

In (T”ZE;") = kamx +In (%) ............................................... 9.1

to determine the activation energy or trap depth, where E is the activation energy or trap depth, k

is the Boltzmann constant, [5 is the heating rate, s the frequency factor in s and Ty, represents

TZ
the glow peak temperature. The resultant plot of In ( ";;x) versus - also known as
max
. ; : ; : E
Hoogenstraaten plot, yields a straight line with slope E and intercept In s &
124 In(Tm2ig) 1.2
- m*2p A
122 4 (a) Linear Fit - 11.0 4 (b) LE:.::. ?:) s
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Figure 9.7: Hoogenstraaten plots showing the dependence of the peak temperatures (T ay) of
the Y;(Al,Ga)SOIZ:Cey glow curves on the heating rate (f).

Figure 9.7 (a) and (b) shows the Hoogenstraaten plots calculated from the TL glow curve of the

Y3(Al,Ga)s0,,:Ce®” phosphor at different heating rates. Both the lower and higher temperature
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side peaks showed a linear relationship. The plots of the dominant lower temperature side peak
gave a slope of 0.39 £ 0.08 eV as the trap depth as compared to 0.74 + 0.15 eV calculated from

slope of the less dominant peak on the higher temperature side.

In this result, the depth of trap 1, attributed to be originating from Ce’" ion incorporation, was
0.39 + 0.08 eV and the depth of Trap 2, due to Ga’* ion substitution, was 0.74 + 0.15 eV. This
clearly supports the idea that Ce’” form shallow traps and hence decays faster as compared with
the emission due to Ga’* ion substitution which forms too deep trap from which emission may

not be realised at all. The corresponding frequency factors s (s') calculated from the intercept,

E s =
In (;I_{—) of Eq. (1) were 2.93x10% s ' and 1.2x10%s™" for trap 1 and trap 2 respectively.

9.3.6. Peak shape method

Due to the symmetrical nature of the glow curves, and for comparison we also used Chen's

second order kinetic equation [27],

E = 3.54(XB0) o, 9.2

based on the peak shape method to estimate the activation energy needed to de-trap charge
carriers from the trap centers, where E is the activation energy/trap depth in eV, k = 8.617x107°
eVK ™' is the Boltzmann's constant, T, is the temperature corresponding to the maxima of a
thermal peak and ® is the FWHM of the glow curve. The symmetry factor (u = 8/® =
(To=Tm)/(T=T,)) (where T, is the peak temperature at maximum intensity, T, and T the lower-
and upper-temperatures at half intensity) has been found to be approximately 0.52 for all glow
curves, which indicates second order kinetics [28]. From the equation and the shape of the glow
curve it can be inferred that the rate of thermal activation is proportional to the rate of thermal
release of the trapped charge carriers [14]. The corresponding frequency factor s (s™') which is
the frequency of an electron escaping the trap can be calculated using the Garlick and Gibson

second order kinetics formula [29] as given by equation 9.3;

s == - exp(

2KkT
KTfax 147500

The values of the activation energies and frequency factors for trap 1 and 2 calculated from some

of the glow curves at different heating rates using equation 9.2 and 9.3 are presented in table 9.1.
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Table 9.1: Characteristic parameters of traps associated with TL peaks in Y;(Al,Ga)sO;,:Ce’".

PEAK 1 Freq. factor(s)
Tm (K) E.(eV) 0.5°C/s 0.8°C/s  1°C/s 1.2°C/s 1.6°C/s  2°C/s 2.5°C/s
324 0.24 6.426%°  1.03eY  1.2868”  1.54E”  2.05eY 25787  3.21”
326 0.20 1.36E”  2.17e®  2.72e%®  3.26®  4.356®  5.44E%  6.80E%
342 0.25 3.86E®  6.18E%  7.72E%  9.276%®  1.24Y  1.548”  1.93e”
333 0.21 2.41®  3.86E®  4.83€%  579®  7.73e%  9.66E®  1.21E%
346 0.23 5.50E®  8.80E®  1.10E%®  1.32e%  1.76E®  2.20E%  2.75g%
349 0.21 1.04%  1.66E”  2.076®  2.498®  3.31E%®  4.14E% 518"
352 0.22 2.04E”  3.23e®  4.076®  4.89e®  6.52®°  8.14E®  1.02%
Average: 0.23 1.64E®  2.63E® 3.29e®  3.95e® 526E%  6.58E%®  8.22E%
PEAK 2 Freq. factor(s)
Tm (K) E; (eV) 0.5°C/s  0.8°C/s 1°C/s 1.2°C/s 1.6°C/s 2°C/s 2.5°C/s
416 0.69673 569  9.11EY  1.14E®  1.378®  1.82F®  2.28®  2.85¢'®
428 077264 196  3.136Y  3.91E®  4.69®  6.26EY  7.82¢  9.78¢Y
438 0.86445  1.89*'  3.03e*  3.786'  4.54E®  6.05E2  7.57E2 9.4
424  0.59787 3928  6.27e®  7.84E® 941  1.25e®  157E®  1.96e°
438 0.91235 37262  596E2  7.45E2  8.93%® 1192  1.498®  1.86E3
446  0.90656  9.28E*'  1.48E%  1.86E%  2.232  2.97E® 3712  4.64E2
448 0.76985  1.74E®  2.79e®  3.48E®  4.18® 557E®  6.97E¥® 871
Average: 079 6.92% 11162  1.38E%2  1.66E®  2.21E2 27762  3.46E2

The calculated values of trap depth (E,) which is similar to the activation energy, gave an
average 0f 0.23 £ 0.1 eVand 0.79 + 0.1 eV for trap 1 and 2 respectively. The value for peak 2 is

quite comparable with 0.74 eV calculated from the Hoogenstraaten method using equation 9.1.

9.3.7. TL Anal GCD method

To further estimate the actual trap depths, a deconvolution of the glow curves with second order
kinetics was carried out by using TL Anal GCD program. Figure 9.8 shows the deconvoluted
glow curves for the different heating rates. The values of the activation energies and frequency
factors for trap 1 and 2 estimated using TL Anal software for the different heating rates are given
in table 9.2. This method gave values of trap depth (E,) as 1.59 + 0.1 eV and 2.14 + 0.1 eV for
trap 1 and 2 respectively. The corresponding frequency factors s (s') were 7.61x10'® s™' and
6.9x10* s for trap 1 and trap 2 almost in the same range as reported by Pitale et al (2008)
using CGCD procedure [23]. The trap depths obtained in our results using the TL Anal GCD
method are larger than those we obtained by Hoogenstraaten and peak shape methods. The

discrepancy may be attributed to be as a result of a continuous trap depth distribution which
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deforms the glow peaks and makes the simple glow peak models ill-suited. However it is still

that assumed the figures due to Hoogenstraaten’s method to be most reliable [30].
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Figure 9.8: Deconvolution of the TL glow curve of the Y3(A!,G3)50122C63+ powder with
second order kinetics using TL Anal GCD program.

Table 9.2: Parameters of traps associated with TL peaks in Y3(Al,Ga)5013:Ce3+.

Trap Depthl Freq. factor Trap Depth2 Freq. factor

Heating Rates (°C/s)  E;(eV) S (s E, (eV) S(sY)
0.5 1.43 1.20E* 2.03 4.59E"
0.8 1.59 7.0™ 2.09 6.68E"®
1.0 1.73 3.48€E" 1.92 3.71E%
15 1.58 1.56E™ 2.04 2.05€"
1.6 1.51 2.37E% 2.31 1.396*
2.0 1.57 1.35" 2.13 3.80E"
2.5 1.72 9.75E™ 2.49 3.43E*
Average 1.59 7.61E® 2.14 6.94E%
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In another study, Piters et al (1999) also reported that although in some cases the deviation
between the heating rate method and glow curve fitting method can be quite significant, the
Hoogenstraaten’s heating rate method remains a generally reliable method for determining TL
trapping parameters of first order glow peaks [31]. In their study they attributed the deviation to
be due to a systematic increase of a temperature lag between the measured and real temperature
of the sample (i.e non-ideal heat transfer between heating element and sample) as the heating
rate increased which affects the linear part of the heating rates plots more than has been
previously realised. They concluded that the effect of the temperature lag on Hoogenstraaten’s
heating rate method is a decrease in activation energy and frequency factor and is more

important for glow peaks with high activation energy and high frequency factor.

Also Sunta et al (1999) reported that the peak shape, general order peak fitting and initial rise
methods of determining E values of TL glow peaks produce low values [32]. In the peak shape
and general order fitting methods this happens when the retrapping probability is much higher
than the recombination probability and the sample dose is higher thereby filling the traps up to
near the saturation level. In the case of initial rise method it was because the exponential growth
region of the TL intensity may be too weak to be measured above the instrumental back ground.
The proposed the use of low sample doses for analysis of the glow peaks as a remedy for these

discrepancies.

Conclusion

In this study we performed TL measurements on commercial Y3(Al,Ga)sO,,:Ce*” phosphor.
Each of the glow curves consisted of two thermal peaks indicating existence of more than one
type of trap; one of them is centred at 74 °C and the other on the higher temperature side at 163
°C corresponding to shallow and deep traps respectively. With increasing UV exposure time the
position of the thermal peak maximum (T,,) of the glow curves shifted to higher temperatures
and then to the lower temperatures. The TL intensity initially increased with an increase in UV
exposure time and tends to saturate at after 10 min and then dropped with further exposure. The
maximum temperature peak position (T,,) shifted to higher temperature when the heating rate
was increased. The depth of trap 1, originating from Ce*" ion was 0.39 + 0.08 eV and the depth
of Trap 2, originating from Ga’" ion substitution, was 0.74 + 0.15 eV as calculated from the
Hoogenstraaten method. Values of trap depth (E,) calculated using Chen’s peak shape method
gave an average of 0.23 £ 0.1 eV and 0.79 £ 0.1 eV for trap 1 and 2 respectively which was
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quite comparable to 0.74 eV for trap 2 calculated from the Hoogenstraaten method. We observed
that trap depths obtained with the TL Anal GCD method were much larger than those obtained
by Hoogenstraaten and peak shape methods. The difference may be attributed to be a result of a
continuous trap depth distribution which deforms the glow peaks and makes the simple glow
peak models ill-suited. However it is still assumed that the figures due to Hoogenstraaten's

method to be the most reliable.
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Chapter 10

Conclusions and Recommendations for Future work

This thesis mainly reports on different methods through which luminescence characteristics of

Aluminate and Garnet phosphors can be tuned by tailoring their chemical and structural

properties with the aim to optimize their output to meet the requirements for industrial and

commercial applications. In this chapter the overall conclusions drawn from the results obtained

from the studies presented in this thesis as well as recommendations for future work regarding

this research are, outlined.

10.1. Conclusion

>

“/

\/’

Thermoluminescence studies of SrAl,O4:Eu*’, Dy’" phosphor revealed a linear response
behavior of TL signal and glow curve peaks showed and the degree of linearity increased
with the energy of the incident beta - radiation and the temperature (T,,). At higher
doses the intensity was observed to saturate due to higher concentration of defects that
generate non-radiative states within the band gap. The calculated values of activation
energy were between 0.49 and 0.55eV.

XRD analysis of the Blue-green emitting BaAl,O4Eu®",Nd** phosphor revealed that
several crystalline phases formed depending on the Ba/Al. XPS results showed that the
3d spectrum for Ba had two peaks of O—Ba—O bonds for *ds» and 3d5,2 existing within the
BaAl,O,:Eu’",Nd*". Compared to the other phosphors in this thesis it is the best due to
long decay time and strong luminescence intensity of BaAl,04:Eu’’,Nd*" which makes it
suitable for PDP applications.

The effect of varied annealing temperature on the structure and PL properties of the
(Y,Gd);Al;0,:Ce” thin films showed that as the annealing temperature increased
broadening of the XRD peaks occurred. This was due to Gd;™ - rich impurity phases
formed at higher temperatures which substitutes Y*>* and since the ionic size of Gd*" is
larger than that of Y™ lattice expansion and hence PL red-shift occurs.

The effect of varied background gas pressure and substrate temperature on the structure
and PL properties of the SrAl,O,Eu*’, Dy’" , Nd®* thin films showed that with

increasing argon pressure and substrate temperature the peaks in the direction (220)

159



shifted to the lower angle accompanied by width - narrowing and increased intensity an
indication of increasing particle size. The emission peaks were observed to shift to the
longer wavelength side which could be attributed to the different deposition conditions of
argon partial pressure and substrate temperatures which induced crystal field effect
within the SrAl,O, host lattice.

It was observed that that the diffraction peaks slightly shifted to the lower angles for
Y3(Al,Ga)sO,,:Ce*"and slightly to higher angles for (Y,Gd);Al;05:Ce*” with reference
to Y3Al;0,,:Ce®". This shift was attributed to ionic size differences; Gd** being larger
than that of Y** and that of Ga®" larger than AI**. Substituting Y** with Gd** and AI**

v

with Ga®" caused lattice expansion/contraction that lead to an increase/decrease in the
crystal-field interaction of Ce’",

» TL measurements on commercial Y;(Al,Ga);O,,:Ce*" phosphor revealed that each of the
glow curves consisted of two thermal peaks indicating existence of more than one type of
trap; one centred at 74 °C and the other on the higher temperature side at 163 °C
corresponding to shallow and deep traps respectively. The maximum temperature peak
position (T,,) shifted to higher temperature when the heating rate was increased. The
depth of trap 1, originating from Ce”" ion was 0.39 + 0.08 eV and the depth of Trap 2,
originating from Ga’" ion substitution, was 0.74 +0.15 eV as calculated from the

Hoogenstraaten method.

10.2. Recommendations for future work

» More investigations using Pulsed Laser Deposition technique should be explored.

» Elaborate and accurate phase change monitoring techniques needs to be incorporated in
future research activities.

» More enhanced surface and optical characterization such as Time of Flight (ToF SIMs)
should be emphasized for the powder and thin film samples.

» Device Fabrication methods for different applications.
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