CHARACTERIZATION OF Gd ,0,S: Th** PHOSPHOR POWDER AND
THIN FILMS

B
f Yy

i0
Fisikg phyf’l

Jappie Jafta Dolo
(MSc)

A thesis submitted in fulfillment of the requirements for the degree

PHILOSOPHIAE DOCTOR

inthe

Faculty of Natural and Agricultural Sciences
Department of Physics

at the

University of the Free State
(Bloemfontein)

JUNE 2011

Prof. H.C. Swart (Promoter), Profs. F.B. Dejene iad J.J. Terblans
(Co-promoters)



DECLARATION

| declare that the thesis hereby submitted to thevessity of the
Free State for the degree Philosophiae Doctor hats been
previously submitted by me for a degree at thisany other
University; that it is my work in design and exaount and that all

material contained therein has been duly acknovelédg

Jappie Jafta Dolo

Signature Date



Dedicated to the memory of the late
MABOKELA IGNATIUSDOLO



ACKNOWLEDGEMENTS

| thank God for giving me strength and courage to complete skudy.

| am indebted to my promoteRrof. Hendrik C. Swart for his professional
guidance and endless support. Most importantlyahk him for his suggestions in
organization of chapters and ideas. Thanks Profi,aye indeed my role model.

| am grateful to my co-promoteRroffs. J.J. Terblans and B.F. Dejene for their
discussions and advice.

| thank all staff members of the Department of Physics (UFS) and post graduate
students (in particularMart-Marie Duvenhage and Gugu Mhlongo) for their
assistance and support and also Shaun Cronje doadsistance in annealing of
thin films.

| thank Prof. Martin Ntwaeaborwa for introducing me to luminescent phosphors,
and for his fruitful discussions and guidance intla¢ papers published from this
study.

| am thankful toDrs. Smon Dhlamini and Liza Coetsee for introducing me to the
degradation of phosphors and the pulsed laser dipotechnique and for their
continued support for the duration of this studyaldo like to thankDr Moses
Mothudi and Dr D.B. Bem for their assistance during my research leaves.

| owe a special word of gratitude to my wikapule Dolo and our daughter
Bokamoso Dolo for their moral and inspirational support. Withotieir
encouragement and understanding it would have imepossible for me to finish
this work. My special gratitude is due to my pasefBalome and late father
Ignatius Dolo), my brothers, Jossy, Thabi, Sollyy ®ister (Grace) and their
respective families for their moral support andamagement. | would also like to
thank my cousirPinky Mangope for putting more efforts and encouragements in
this study.

| would also like to thankTsholofelo Mashigo, Mosa Mashigo, Neo Moletsane

and Rethabile Moletsane for their endless support in this study. Entimmifees of



the in-laws are gratefully acknowledged as well.special thanks to CSIR
(National Laser Center-Pretoria) for allowing me use their facilities. | am

grateful for the financial support from th®uth African National Research
Foundation.



ABSTRACT

Under Ultra violet (UV), cathode-ray and X-ray dation, terbium activated rare
earth oxysulphide (G®,S:TB") phosphors shows bright green luminescence.
Due to its superior luminescent performance;zCQiS:Tlo3+ phosphor is used in the
manufacturing of TV screens. The degradation of roencially available
Gd,0,S: T phosphor powder and pulsed laser deposited (Phib)fims were
studied with Auger Electron Spectroscopy (AES) @athodoluminescence (CL).
The surface reactions were monitored with AES while light output was
measured with a PC2000-UV spectrometer. The CLhef ®g0,S: TH** was
excited with a 2 keV energy electron beam with anmbecurrent density of 26
mA/cn?. The CL and AES were measured simultaneously wthilesample was
bombarded with the electrons in an oxygen atmosph&rcomparison between
the low energy peaks of the AES spectra before atat degradation showed
significant differences in the shape of the peakslinear least squares (LLS)
method was applied to resolve the peaks. Elemeataaldards from Goodfellow
were used in conjunction with the measured datubtract the S and Gd peaks. A
direct correlation between the surface reactiomsthr CL output was found for
both the thin films and the powder. The adventgidl was removed from the
surface as volatile gas species, which is congistéth the electron stimulated
surface chemical reactions (ESSCR) model. The Giredsed while the S was
removed from the surface during electron bombardn®mew non-luminescent
surface layer that formed during electron bombartnweas responsible for the
degradation in light intensity. X-ray photoelectiotPS) indicated that G@; and
Gd,S; thin films are formed on the surfaces of the.G&: T powder and thin

films during prolonged electron bombardment.

Vi



Luminescent GgD,S:TB" thin film phosphors were successfully grown by the
PLD technique. The effects of oxygen pressure amstsate temperature on the
morphology and the PL emission intensity were itfigased. The films grown in

a higher @ ambient consist of smaller but more densely papketicles relative
to the films grown at a lower ambient. The PL intensity of the films increased
relatively with an increase in deposition @ressure. The PL of the films grown at
a higher substrate temperature was generally aige mtense than those grown at
a lower substrate temperature. It was clear froen Atomic Force Microscopy
(AFM) images that spherical nanoparticles were diépd during the deposition
process. X-ray diffraction (XRD) indicated thaethroadening of the XRD peaks

is reduced with an increase in annealing tempegatur

Vii
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CHAPTER 1

Introduction

1.1 Overview

Under UV, cathode-ray and X-ray excitation,*Tlor Eu activated rare earth
oxysulphide phosphors show bright green or red hestence originating from
the activator ions that are distributed in the vietmed crystalline host lattice.
Due to their superior luminescent performance® earth oxysulphide phosphors
are predominatly used in the manufacture of X-ratensifying screens for

medical diagnosis or cathode-ray screens for T\1set].

By improving illumination, life's activities are gnificantly prolonged into the

night hours, especially by application of PL liglam phosphor screens [5]. Life's
activities are supported by communication with asheCommunication of

information has evolved from the faces of rockfs|ito the walls of caves, clay
tablets, parchment, wood and bamboo plates, sbéetsoer, magnetic tapes (and
disks), and electronic chips. Electronic devicesehaignificantly increased the
speed of the communication of information. Inforimatstored on tapes and chips
in electronic devices (e.g., TV sets and computams)invisible to the human eye.
Display devices have been developed as an intertetereen human and
electronic devices for the visualization of invisibinformation in electronic

devices [6].



Phosphor utilization depends both on luminescemopegties, e.g. luminescence
efficiency and colour, and powder characteristiesg. particle size and
morphology that are regulated during the synthesige. High luminescence
output and especially well defined morphology (rdyrarticles are preferred for
their high close-packing ability) and dimensiorpafticle (between 2.5 and 25um,
depending on the screen geometry and image resojutare the main

requirements for rare earth oxysulphide phosphod].

Field emission displays are one class of displags aims to replace the existing
cathode ray tube. The success of the cathode bayliess largely with its bright
emissive display capable of depicting sharp dynatoiour images or detailed
text and graphics [11]. At the time of writing, tdemestic television is a prime
example of an application for a cathode ray tulet tommands a very high
volume of world-wide production. Many of the magdsiissues relating to cathode
ray tubes have been solved to allow units to besmasduced, inexpensively
assembled, and operated for many thousands of .hdums overwhelming
disadvantage of the cathode ray tube is its bulisn@&he three electron guns (in
the case of a colour cathode ray tube) typicalbydes farther behind the faceplate
than the screen is wide. Although, this ensureseleetron beams can raster
evenly and accurately across each phosphor-condpipixel to generate the
image, it has provided a serious driving force taken more compact display
modules [12]. With the appetite for relatively lardproad-area domestic high-
definition television and space-saving desktop mawsi growing, a flat-panel
display of similar image specification to the catbaay tube is urgently required
[13].

At the other end of the size scale are the plasisplay panels, now finding
application as information boards at major transpabs such as Paddington
Railway station in London (UK). These are esselgtiah array of ‘neon lamps’,

generating ultraviolet radiation that excites a ggtwr. Their adoption into the



home has been hindered by their high cost, duelyniairihe relatively high power
electronic circuits needed to control the plasnecitrge at each pixel, which
make them both expensive to produce and ineffiderdperate. Striking bright
and stable plasma also becomes problematic asrbenssize drops and the pixels

necessarily become smaller [14].

Despite these limitations plasma display panel ldmxeen forward the market for
broad area displays, and in doing so have solvegtbblems of fabricating and

sealing thin, broad area vacuum tube-like glassele415].

These hurdles need to be leapt at a fantastic emseboth alternative and
established technologies, backed by enormous wadd- investment, are
improving daily [16]. There are, of course, numeroaontending display
technologies with advantages and disadvantages foelel emission display,
depending on the application for which they arendied [17-18]. They will only
be mentioned here in passing, as this is not ie@rid be the subject of this
review. Rather, they will illustrate how signifidathe progress in materials
science and engineering has already been to make astonishing electronic
display devices a reality. In many cases, theseaements can be applied to the
design and manufacture of field emission display.short, the field emission
display has remained a field panel display chakemg the wings for many years,
and some commentators have rightly questioned whéiiey will ever become a
widespread solution to the modern display. The arimreason is that, to date,
field emission displays have been dogged by faticaand lifetime issues. This
has been particularly apparent when the produdafodisplay modules has been
scaled up for commercial sale. In addition, thetfgeneration of field emission
display have been based around ‘microtip’ technpl@g be discussed later), and
this has grave processing disadvantages when tineafas enlarged to give a

broad-area display commensurate with the demandsroéstic viewing.



The main flat-panel contenders to the field emissiisplay are liquid crystal
displays (LCD’s), electroluminescent (EL) displagsid plasma displays panels.
To be a true competitor in the field of high inf@ahon content displays, these
technological components must be matrix-addressesable individual pixels to
be independently controlled. Active matrix (AM) L&[@are by far the most mature
of these technologies. They are an incredible @damicro-engineering made
reality by combining the disciplines of chemistphysics, electronic engineering,
process engineering and materials science [19921dy comprise of a very flat
glass substrate on which optical coatings are degpasuch as the reflector,
polariser or analyser), electrodes, passivatioerigyalignment layers, the liquid
crystalline material, colour filters, and the indiwal transistor devices
(themselves a sandwich of doped semiconductorekeattodes) [22]. To achieve
this level of complexity requires a series of vaouprocessing steps on highly
capital-intensive ultra-clean production lines [23ther disadvantages include the
need for a back light to make the display emisaive a limited viewing angle. EL
technologies [24], including those based on orgalght emitting diodes
(OLED’s) and light emitting polymers (LEP’s) [25-R@re promising emissive
replacements to AMLCD’s. However, for high-infornmet content display
modules, they will also require active matrix elertseat each sub-pixel [27]. Of
particular interest to the field emission displaygeeer is the plasma display
panel [28]. This is a broad-area display built @b glass vacuum envelope
containing pixels comprising of small pockets of dfaat are electrically excited to
create a coloured sub-pixel. The main disadvantgee high voltage required to
strike the plasma and the need to modulate thisagelto generate an image.
PDP’s are also suited to large format displays i¢Blfy greater than 1 m
diagonal), as the process of striking plasma inlispneels is inefficient. However,
like a field emission display, it does not requareactive matrix of transistors, and
many of its structural and processing issues harehnn common with a field

emission display of comparable size [29-30]. Plasiisplay panels have already



beaten field emission display’s to the high-stredthough their high cost still

inhibits their penetration into the domestic tedgmn market. Plasma display
panels demonstrate the need for a low-cost fiefeepdisplay replacement to the
CRT and an existence theorem for broad area fiaftelpdisplays based around

evacuated glass envelopes [31].

The practical CL phosphors are empirically seledsdthe brighter phosphors.
They include cub-ZnS:Ag:Cl (blue), cub-ZnS:Cu:Aldgn), and ¥YO,S:Eu (red)

in color CRT’s, and YES:Eu:TB* (white) in black-and-white monochrome
cathode ray tubes [32]. We may use those phosmhneerss in future cathode ray
tubes. The image quality of phosphor screens irhockt ray tubes is
predominantly determined by the optical and eleatriproperties of the bulk
phosphor particles in the screen. These propedaselate with irradiation

conditions of the electron beam on the phosphaesgrand do not relate to the
CL properties generated in the phosphor partidékough there are many books
and review articles devoted to CL phosphors [33-8¥8re are a limited number
of reports on the subject. Furthermore, the phospimwders are seriously
contaminated with the residuals of phosphor pradoci38], and the surface of
each phosphor particle is heavily contaminated witlcroclusters (insulators),
such as Si@(and pigments) to control the screening of phosghmwders on

cathode ray tube faceplates. Commercial phosphedes usually contain some
amount of strongly clumped (or bound) particlest tigenerate the defects

(pinholes and clumped particles) in the phosphoest[39].

1.2 Thin film phosphors

A variety of different materials including sulphgjeoxides, oxysulphides and
aluminates have been used as host matrices foli-adtéh metals or rare-earth
elements to synthesize phosphors which are widsdg un the lighting industry.

Traditionally, a wide variety of phosphors usedtle lighting industry were



produced from doping sulphides (e.g. ZnS) with lalgarth metals (Cu, Ag, etc).
Today, trivalent (in some cases divalent) rarekeatements (EU, Tb** or C€")
are used as activators/dopants of choice in oxasulphide or aluminate
matrices to produce phosphors for a variety ofiappbns. One example of such
phosphors is the green emitting terbium ¥Jhdoped gadolinium oxysulphide
(Gd,0,S: T, which can be used in applications such as fatebx-ray imaging
in medical diagnosis [40-43] and flat panel commoation displays such as
colour television and computer screens and otheyetgctronic devices. Current
fundamental research on &3S: T is aimed at improving its optical properties
for such applications. Although studies of optigabperties of GgD,S:Tb**
phosphors have been reported, the focus has maedy on the powder form of
the phosphor. While it is well known that powden® anuch brighter than
luminescent thin films, thin films have advantagegh as superior adhesion to
substrates and reduced out gassing over powdassthiérefore equally important
to investigate the optical properties of the filaswell. The lower luminance of
the thin films which is attributed to, among oththings, light piping at the
phosphor-substrate interface [44], small interactiolume with the incident beam
and substrate absorption [45] can be improved lmwimg films with rougher
surfaces, using less absorbing substrates and lsoptimizing processing

parameters during deposition of the films on thlessrates.

The application of powder phosphors on screensdagme serious concerns
which include debonding, outgassing and carbonaoimation. All these can be
eliminated by using thin film phosphors technoldg]. This has resulted in
significant interest in the development of thimfiphosphors for field emission
and plasma-panel displays. Field-emission flat-patisplays require thinner
phosphor layers that operate at lower voltages eoeapto the cathode ray tubes
without sacrificing brightness or contrast [47].iTHilms, as opposed to the

traditional discrete powder screens, offer the benéreduced light scattering, a



reduction of material waste and the potential &bricating smaller pixel sizes to

enhance resolution [47].

1.3 Statement of the problem

A lot of research has been devoted to cathodolusnarece degradation of micro-
sized sulphide phosphors since they are used inynuasplay applications
including cathode ray tube and field emission @igplA mechanism that shows
the relationship between their CL degradation amfhse chemical reactions has
been established. Since these phosphors are npteffecient at low voltages
required for field emission displays, micro-sizext amanoparticle oxide phosphors
are being investigated to replace them [48]. Séwergsulphide phosphors, for
example GeD,S: T, Y,0,S:EU™*, have been investigated for their luminescent
properties of thin films. A proper way to evalu#itese phosphors for application
in low-voltage field emission displays would be $tudy their luminescent
properties including CL and surface degradationnduprolonged electron beam
exposure. It is important to determine the mechartisat shows the correlation
between their CL degradation and changes on tHacguchemical composition

during electron beam exposure.

It is well known that the reduction in particle eipf crystalline systems in the
nanometer regime gives rise to some important nuadibns of their properties
with respect to their bulk counterparts. Two magasons for the change of
electronic properties of the nanosized particles ba identified as: (1) the
‘quantum confinement’ effect due to the confinemaintielocalized electrons in a
small sized patrticles, which results in an incrdasectronic band gap and (2) the
increase of the surface/volume ratio in nanostrestuwhich enhances ‘surface’
and ‘interface’ effects over the volume effects.dase of rare-earth ions, the
electronic f-f transitions involve localized elemts in the atomic orbital of the

ions. Therefore, no size dependent quantum conenéraffect is found in the



electronic transitions of the rare-earth doped semeadl particles. However, the
‘surface effect’ plays a vital role in the photolimascence properties of these
ions. Although there has been an explosive growtthe synthesis of nanosized
materials, it is still a challenge for material ohsts to design a process for the
fabrication of highly luminescent nanosized matsriavith high degree of

crystallinity. Somewhat more recently, the focus ioferest has shifted to

nanosized luminescent materials with tunable mdgmhes such as nanorods,

nanowires, nanocubes etc [49].

1.4 Research objectives

1. Characterization and degradation of the commeihD,S: T phosphor

powder.

2. Deposition of the G#D,S:Tb** phosphor thin films onto Si (100) substrates

with the use of a KrF excimer laser in pulsed |akggosition.

3. Characterisation of the thin films with Scanning&ton Microscopy, X-
Ray Diffraction, Energy Dispersive X-Ray analysisdaAtomic Force

Microscopy.

4. Monitor changes in the surface composition and @ue to electron
bombardment of G®,S: T thin films in an Q gas ambient, with Auger

Electron Spectroscopy and X-ray photo electrontspscopy.

5. The formulation of a degradation mechanism 0§@8: TH** thin film and

powders under electron bombardment.



1.5 Thesis layout

Chapter 2 provides background information on electronic tligp (cathode ray
tubes and field emission display), fundamentalpldsphors and luminescence
processes such as cathodoluminescence and phatelkoence. Detailed
information on energy transfer in phosphors and cathodoluminescence
degradation of sulphide phosphors is also provided.

A summary of surface analysis techniques usedsmstidy is provided ichapter

3. This includes a brief description on how eackhee techniques work.
Chapters 4 and 5 deal with cathodoluminescence degradation ofGH: T
powder and pulsed laser deposited,@&:Tb** thin film. Possible mechanisms
that relate changes on the surface chemical compodb the decrease of CL
intensity are discussed.

A summary of the thesis, conclusion and suggestionpossible future studies

are discussed ichapter 6.
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CHAPTER 2

Theory on luminescence process based phosphor
material

2.1 Introduction

A phosphor is any chemical substance that emikg lipder UV excitation. They
are usually in the form of powders but in some sa#iain films. The impurities
that are intentionally introduced in to the mateaige referred to as activators and
the material as the host or matrix. The host nmatehould be transparent enough
to enable the transfer of visible light to the agd of the phosphor. Different
activators produce deep acceptor levels at distiapths, which is the main cause
for different emission colours of the phosphor. Pesphor material used in this
study was commercially available gadolinium oxybitie doped with TH as a
rare earth metal (GO,S:TH™).

Phosphor utilization depends on the luminescenpgnt@®s (e.g luminescence
efficiency and colour) and the powder charactesstie.g particle size and
morphology) that are regulated during the synthstsige. Furthermore, Popovici
et al. [1] reported on the general characterizatibthe GdO,S:Tb** phosphor.

The majority of the specially conditioned phosplsamples possesses free-
flowing properties, is white smoke or light-beige ¢olour and exhibits green
luminescence under ultraviolet excitation. Howevierwas mentioned that the

powder colour is influenced by the presence ofdresi metallic sulphides that, by
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their dark colour, could drastically deteriorate L performances. In this chapter
we provide background information on fundamentals phosphors and
luminescence processes such as cathodoluminesegrttghotoluminescence.

Degradation of oxysulphide phosphors is also predid

2.2 Emission of light in a phosphor by a CL process

When an energetic electron is incident on a phaspaAonumber of physical
processes occur. These include emission of secpmiiactrons, Auger electrons
and back-scattered electrons. Hundreds of freetretex and free holes are
produced along the path of the incident electranm@ry electron). As illustrated
in figure 2.1, recombination of an e-h pair resuitthe emission of a photon. This

energy is then adsorbed by the activator.

primary electrons secondary electrons
light emission Auger electrons
/ back-scattered electrons
oo\ e
e Y W Qe —
©
Ofree egitron ® oD e-h pair @ free hole
BE@d—»activator center
Q radiative ® o
@
® © ® S)
© i @
S@—>@Killer center
PHOSPHOR © non-rad%tive

Figure 2.1: CL process in a phosphor grain [2]
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The e-h pairs can diffuse through the phosphorteargsfer e-h energy to activator
ions and subsequently emit light [2-3]. This psxcés referred to as radiative
recombination. Unwanted process in which the edirsprecombine non-
radiatively by transferring their energy to killeentres (incidental impurities and
inherent lattice defects) is also possible. The gair can also diffuse to the
surface of the phosphor and recombine non-radigtii@. A thin “dead” (non-

luminescent) layer may be formed on the surface.

2.3 Cathodoluminescence degradation

Cathodoluminescence intensity of Cathode ray tigdd/f emission display

phosphor is known to degrade drastically due tdopiged exposure to a beam of
electrons. Degradation of the CL intensity of phlasg has been a subject of
interest since the 1960s. It is defined as a rémlu¢juenching) of luminescence
efficiency of phosphors during electron beam ortphcexposure [3]. There are
two kinds of effects that contribute to the CL dmdation. These are (1) the
presence of a Kkiller (incidental impurities or iledt defects) and (2) thermal

guenching (an increase in temperature) [3].

2.4 Killers

Killers are defects caused by incidental impuri{@dsorbed atoms or molecules)
as well as defects that are inherent to the lattithe impurities adsorbed at the
surface may quench cathodoluminescence by prodeciman-luminescent surface
layer [3] when they react with ambient vacuum sp&ci There are two ways in
which Kkillers can quench luminescence of phosphdiisst, bypassing killers are
capable of capturing free carriers in competitiathiuminescent centres during
diffusion of the free carriers produced by excdatiallowing them to recombine

non-radiatively. Second, ionization of impuritypats may quench luminescence
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when competing with intra-ionic radiative transitso during resonant energy

transfer processes [4].

2.5 Thermal quenching

Thermal quenching refers to reduction in Ilumineseenof a radiative
recombination centre due to an increase in tempexatlt occurs at high
temperatures when thermal vibrations of atoms suading the luminescent centre
transfer energy away from the centre resulting moa-radiative recombination,
and a subsequent depletion of the excess energ@wons in the lattice [5].
Thermal quenching process can be described in tefmhe configurational

coordinate model of a luminescent centre showrguré 2.2.

Stimulation by
A thermal vibration

Transition from U.to
Uy vibrational states

non-radiative
transition

excitation

0

Figure 2.2: Configurational coordinate model of aliminescent centre [6]
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The U, and U in figure 2.2 represent the energies of luminescentres in the
ground state anith the excited state, respectively. If the cengreptically excited,
the system undergoes a vertical transition fromstable ground state (point @
the Uy) to the excited state (point B on thg)U This transition causes the system
to adapt to the new equilibrium situation by chaggits atomic configuration
from B to the new equilibrium (A) along the curve, With excess energy
dissipated as heat. In a short while, the systentengoes a vertical jump, a
radiative transition, from A - D, emitting the eggrdifference between the two
states as radiation. This transition is then fodvby the slower rearrangement of
the atomic configuration from A - 0 along,Uvnith excess energy dissipated as
heat. If the system temperature is too high, tnminescent centre can be
stimulated from A - C along J The centre may transit, at the crossing point C,
from the vibration state of the excited state tdiféerent vibration state of the
ground state O, with the vibration energy dissigat¢o the host lattice. Thus, the
non-radiative relaxation from A competes at higmperatures with a radiative

transition from A - D, causing thermal quenchingeafission [7].

2.6 Electron stimulated surface chemical reactionrHSSCR)

A mathematical model of an ESSCR developed by Ma@ipet. al. [8] shows the
correlation between degradation of CL intensity #mel depletion of sulphur (S)
from the surface of ZnS:Cu,Al,Au and ZnS:Ag,Cl p@rvghosphors. According
to this model, the concentration of S on the s@fd&, can be represented by a

standard chemical rate equation:

dcis = —kC,CI, 2.1)
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where Kk is a chemical rate consta@l,is the concentration of the adsorbed atomic

species that will react with ZnS, n is the ordethaf surface reaction; and the first
order surface reactions are assumed [9]. Assuthatghe reaction takes place on

the surface, & can be expressed as:
C.=2¢,C Jr,, (2.2)

where Z is the number of reactive atomic speciesdyred from the parent
molecule, @, is the dissociation cross section of the moletnlatoms, G, is the
surface concentration of the molecular species,tldd current density causing the
dissociation, andsis the lifetime of a reactive atomic species [@)}, controls the

rate of production of and can be expressed as:

C,=0o(r,e¥ )(Z—m), (2.3)

whereao is the molecular sticking coefficient and the tfirsrm in brackets is the
molecular mean stay time on the surface, whilesdwond term in brackets is the
molecular flux onto the surface, is the mean time between attempts by the
adsorbed molecule to escape from the surface,tleignergy required to desorb
from the surface, k is Boltzman’s constant, T isabte temperature, ang, i the
partial pressure of the molecular gas in the vacu@ubstituting equations (2.2)
and (2.3) into (2.1) gives:

dC
dt

s =-koCZ¢p, J1,.(1,€¥ (2.4)

Yt )
J2mkT

Equation (2.4) may be written as
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dCCS = -K'JP dt, (2.5

S

where K is defined by

K'=koZg,r.. (., )(~/2rmkT). (2.6)

Integrating equation (2.6) with respect to timddse

C, =Cle K™, (2.7)

where the boundary conditions af, =C? at time equal to zero were applied and

the product Jt is the electron density. Jt is edqoaloulomb per unit area or the
electron dose, also known as the coulombic doseTfgs model predicts that the
concentration of S will decrease exponentially wittulombic dose, and the rate
of loss will be larger at higher gas pressurescéthe G and the CL intensity are

correlated, equation (2.7) can be written in teofithe CL intensity,d,, as

lo =12 e ™ (2.8)

The study of degradation of sulphide phosphors sash ZnS:Cu,AlAu,
ZnS:Ag,Cl and Y0O,S:Eu showed a direct correlation between the deereCL
intensity and changes in the surface chemistryndugrolonged exposure to a
beam of electrons. These changes suggest thatosldeeam stimulated surface

chemical reactions are occurring.
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2.7 Energy transfer in phosphors

The process of energy transfer in phosphors ingolineeraction between two

luminescent centres referred to as the sensiter®@r{y donor) and the activator
(energy acceptor). The interaction can be an exgdhateraction (e.g. spectral or
wave function overlap) or an electric or a magnetigltipolar interaction [10].

Energy transfer can occur between a pair of idahlioninescent centres (e.g. two
identical rare-earth ions) or between two non-ic@htcentres. Energy transfer
between two identical centres, especially two idahtrare-earth ions, has been an
issue of research for the past two decades. k ghidy, energy transfer was

evaluated between non-identical centres.

The process of energy transfer between two nortcin centres, a
sensitizer/energy donar (D) and an energy accéploseparated by a distance R
in a phosphor, is illustrated in figure 2.3. (Erdtsensitizer atom can transfer its

excitation to a neighbouring acceptor atom, vianégrmediate virtual photon)

O O

(a)
—T1 — D* 7y A*
< HDA >
v D — 1L A
(b)
A
E——

(c)
Figure 2.3: (a) Two centers D and A separated bydistance R, (b) energy transfer between D and

20 A, and (c) the overlap between D emission and A afgption spectra [10]



Energy transfer can only occur if the energy déferes between the ground states
and the excited states of D and A are equal ara stitable interaction (e.g.
spectral or wavefunction overlap) exists betwees ¢bntres [10]. The rate of

energy transfer ) between D and A is given by [10]:
2ir R .
Pon = -|<D, A'[Hg, D A [ g, (E)g, (E)E, (2.10)

where the matrix element represents the interactietween the initial state

D", A>and the final state D, A'|. Hyp is the interaction Hamiltonian and Bnd

A’ are the excited states of D and A. The integrptesents the spectral overlap
between D emission and A absorption whejg&)is the normalized optical line
function of center x (x = D or A). Dran decay to the ground state non-radiatively
by transferring energy to A with a ratgRtransfer rate) or radiatively with a rate
Pp (radiative rate). The critical distance JRor energy transfer is defined as the
distance for which ) equals B. For R > R, radiative emission from D prevalils,

and energy transfer from D to A dominates for R .{1R].

2.8 Luminescence mechanism

Luminescent materials, also called phosphors, a&lynsolid inorganic materials
consisting of a host lattice, usually intentionadlgped with impurities (see Fig.
2.3) [11]. The impurity concentrations generallg ow in view of the fact that at
higher concentrations the efficiency of the lumo@ge process usually decreases
(concentration quenching, see below). In additrmost of the phosphors have a
white body color. Especially for fluorescent lamgss is an essential feature to
prevent absorption of visible light by the phosghased [11]. The absorption of
energy, which is used to excite the luminesceraess place by either the host

lattice or by intentionally doped impurities. In st@ases, the emission takes place
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on the impurity ions, which, when they also gereridie desired emission, are
called activator ions [11]. When the activator i@h®w too weak an absorption, a
second kind of impurity can be added in sensitizetgch absorb the energy and
subsequently transfer the energy to the activaldris process involves transport
of energy through the luminescent materials. Quéguently, the emission color
can be adjusted by choosing the proper impurity without changing the host
lattice in which the impurity ions are incorporaté&h the other hand, quite a few
activator ions show emission spectra with emissibspectral positions which are
hardly influenced by their chemical environmentisTis especially true for many

of the rare-earth ions [11].

Excitation
energy

Emission

Emission

Figure 2.4: Luminescence material containing activiar ions A (ions showing the desired emission)

and sensitizing ions S (on which, e.g UV excitatiazan take place) [11]
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2.9 Cross relaxation process

A phenomenon not discussed until now is cross-aiam. In such a process,
which can also be looked upon as energy trandiergkcited ion transfers only
part of its energy to another ion. For two’Tlons, the process is depicted in Fig.
2.5 [12]. In this case, the energy difference betwthe’D; and°D, excited states
matches approximately the energy difference betwberFs ground state and
higher’F; states. As in the energy transfer processes dieduzbove, at large Tb-
Tb distances, the process of cross-relaxation Haw @aate. In many host lattices,
therefore, at low TH concentration, emission from both t2; and®D, excited
states is observed (unless the gap between thesstées is bridged by phonon
emission, for which relatively high-energy phonare required, which is, for
example, the case with @,S:TH*") [12]. The resulting emission spectrum has
emission from the near UV into the red part of dpgical spectrum. At higher
Tb** concentrations (in the order of five percent),ssreelaxation quenches the
emission from théDj; level in favor of emission originating from thB, level,
implying that it is not possible to obtain blue *Tkemission in luminescent
materials with higher T8 concentrations. Cross-relaxation also occurs thero
ions. It quenches blue Euemission even at relatively low Euconcentrations
(<1 %) in favor of the well-known red emission. dase of ions like Sfi and
Dy**, cross-relaxation leads to quenching of the wésiénission. This seriously
limits the applicability of these ions [12].
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Figure 2.5: Cross-relaxation between two TH ions [12]

2.10 Factors determining the emission colour

Many luminescent ions show emission at differenvelengths in different host

lattices. This phenomenon, once understood, oppriheal possibility to change,

within certain limits, the emission color. In thigy, the emission spectra (and
excitation spectra) can be tuned toward the spatifins required. In cases where
at least one of the electronic states is involvedhe chemical bonding, the
coupling to the lattice has to be taken into actotihis situation is encountered
for many transition metal ions, for the ®ns, and for rare-earth ions showing

d-f emission [13]. In figure 2.6, this situation iBustrated for d-f optical
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transition on E&". Other rare-earth ions showing-d emission are Cé, Pr",
Nd®*" and Ef*, albeit for the last three ions only in the UV.eTénergy difference
between the d- and f-electrons is modified by theatence of the Eitligand
bond and the crystal field strength. An increasthefcovalence of the Euligand
bond results in a lower energy difference of th&dfenergy separation (due to the
nephelauxetic effect). The nephelauxetic effecaiserm used in the physical
chemistry of transition metals. It refers to a éase in the Racah interelectronic
repulsion parameter, given the symbol B, that ceeulnen a transition metal free
ion forms a complex with ligands. The name comesnfthe Greek for cloud-
expanding. This elementary treatment considersskii¢ of the center of gravity
(also called barycenter) of the d-electron leviddaalled centroid shift), i.e. any

splitting is not yet taken into account [13].

Covalent ligand field

4f%5d
A
—>
4f
GpJ
45’ 4 8s

>
Activator-ligand interactions

Figure 2.6: Energy separation of the 4fand 4f5d" bands as a function of covalence and ligand field

strength. The arrows indicate different emission daors [13]
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The crystal field interaction splits the d-levegp&nding on symmetry and crystal
field strength. In this way, e.g., for Euemission can be obtained extending from
the UV part of the optical spectrum [13]. Both aasily accessible by choosing
appropriate host lattices, and for this reason dxmand emitters can in general be
tuned within a large spectral range and can betadap the application needs.
The spectral position of the emission lines du&dasitions between f-electronic
states does not vary very much on changing thelatiste. However, the relative
emission intensity of the several possible optidednsitions does vary
considerably. As a general remark, one can statdrircases where the rare-earth
ion occupies a site with inversion symmetry, theden rule statesAd = 0, 1. In
cases wherAJ = 0, any transition to another state with J s fbrbidden as well.

In such a caseA[J] is necessarily +1 [13]. These are all magneticoleip
transitions. In lattices without inversion symmethere is also electric dipole
emission. For these transitions, the selection Uk 6. Here again, for
initial or final states with J = 0, other selectires are operative. In such a case,
for electric dipole transitiong) | J| = 2, 4, or 6. We observe that the presence of
an inversion center opens up the possibility teettime emission spectrum to a
small extent. For Eli with excited stat€D,, the emission can be tuned from
orange (590 nm, with inversion symmetrR,— 'F; transition) to red (610 nm,
without inversion symmetry’Do— ‘F, transition). More generally, these effects
can be described by the Judd-Ofelt theory [14-1&§. a function of three
parameters, all possible spectra can be calculbtedever, a direct coupling to
the chemical environment is lacking. Neverthelssgh calculations are useful.
Apart from being able to calculate the relativeeisities, these calculations can
also be used to calculate subsequent optical trams; i.e. quantum cutters. For
Pr*, in principle a quantum efficiency of 198 % candigained in the visible.
The same kind of calculation has shown that fofTmo quantum cutter, a yield

of two visible photons can be obtained [15].
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Finally, in the case of donor-acceptor pair lumasege, both the donors and the
acceptors and the magnitude of the band gap syronfuence the spectral
position of the emission color to be obtained. Agsand ZnS:Cu,Au (blue- and

green-emitting phosphors, respectively, nicelystitate this) [15].

2.11 Fluorescence

Lowrest excited
ginglet state

n G q Luwesl exciled
electr;wl:n e tr——lplet state
— 3 L AP 1. Abzomtion
= S — 1 4 S’% 2 Fluorescence
T - _-._j 3. Mhosphorescence
LI S —.—E A Sbrational relayxation
% # 8. Inlersystermn crossing
b, Imlernal canversion
: 2 a3
4+ 4 b4 b4

— Procasszs ivolking phatons
~.~# Radigtionless transitions

Figure 2.7: Possible physical process following absption of a photon by a molecule [16]

Absorption of UV radiation by a molecule excite§rdm a vibrational level in the
electronic ground state to one of the many vibratidevels in the electronic
excited state in figure 2.7. This excited stataissially the first excited singlet
state. A molecule in a high vibrational level oé tbxcited state will quickly fall to
the lowest vibrational level of this state by lasienergy to other molecules
through collision. The molecule will also partitidhe excess energy to other
possible modes of vibration and rotation. Fluoraseeoccurs when the molecule

returns to the electronic ground state, from theted singlet state, by emission of
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a photon. If a molecule which absorbs UV radiatilmes not fluoresce it means
that it must have lost its phonon energy in sonimeoway. These processes are

called radiationless emission in the form of a io[L6].

The spin of an excited electron can be reversedjrig the molecule in an excited
triplet state; this is called intersystem crossiiige triplet state is of a lower
electronic energy than the excited singlet statee probability of this happening
is increased if the vibrational levels of these tstates overlap. For example, the
lowest singlet vibrational level can overlap onela# higher vibrational levels of
the triplet state. A molecule in a high vibratiotetel of the excited triplet state
can lose energy in collision with solvent moleculé=aving it at the lowest
vibrational level of the triplet state. It can thendergo a second intersystem
crossing to a high vibrational level of the elentooground state. Finally, the
molecule returns to the lowest vibrational leveltloé electronic ground state by

vibrational relaxation [16].
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CHAPTER 3

Research and experimental techniques

3.1 Introduction

A wide variety of surface analysis techniques wesed to study degradation,
morphology and crystallinity of oxide-based powaerd thin film phosphors.
These include Auger electron spectroscopy, x-raytgedectron spectroscopy, X-
ray diffraction, Fourier transform infrared spestopy and scanning electron
microscopy. In addition, the pulsed laser depasitechnique was used to grow
thin luminescent films. The Auger electron speciopy and the X-ray
photoelectron spectroscopy were used to monitoelgmental composition on the
surfaces of powder and thin film phosphors durilegteon or x-ray bombardment,
respectively. Scanning electron microscopy was ugeambtain information about
the morphology of powder phosphors. X-ray diffrantiwas used to identify
crystalline phases of powder samples and the FRour@nsform infrared
spectroscopy was used to identify and/or verify pounds synthesized by a sol-
gel process. This chapter provides an introductovgrview of some of the

techniques used in this study.

The thin films investigated in this research wemepared by pulsed laser

deposition.

Theory on the PLD technique, SEM, EDX, XRD, PL, QES and XPS can be

found in this chapter as well as the experimentat¢@dure.
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3.2 Auger Electron Spectroscopy

Auger electron spectroscopy is a common analytezdinique used specifically in
the study of surfaces and, more generally, in tlea af materials science [1].
Underlying the spectroscopic technique is the Awgfézct, as it has come to be
called. This technique is based on the analysenefgetic electrons emitted from
an excited atom after a series of internal relaxagvents. The Auger effect was
discovered independently by both Lise Meitner ametr® Auger in the 1920s.
Though the discovery was made by Meitner and ihtieeported in the journal
Zeitschrift fur Physik in 1922, Auger is creditedttwthe discovery in most of the
scientific community [1]. Until the early 1950s Aergtransitions were considered
nuisance effects by spectroscopists, not contaimmgch relevant material
information, but studied so as to explain anomaiieg-ray spectroscopy data.
Since 1953 however, AES has become a practical smdightforward
characterization technique for probing chemical atwmpositional surface
environments and has found applications in me@jlugas-phase chemistry, and
throughout the microelectronics industry [2-5]. Amitted electron will have a

kinetic energy of:
Ek = ECore State™ EB - ECl (3.1)

where Ecqre State Eg, Ec are the core level, first outer shell, and secoutkr

shell electron energies respectively, measured fhanvacuum level.

The types of state-to-state transitions availableléctrons during an Auger event
are dependent on several factors, ranging frormairekcitation energy to relative
interaction rates, yet are often dominated by a dbaracteristic transitions. Due
to the interaction between an electron's spin abdab angular momentum (spin-
orbit coupling) and the concomitant energy levéittspg for various shells in an

atom, there are a variety of transition pathwaysfiliing a core hole. Energy
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levels are labeled using a number of different swee such as the j-j coupling
method for heavy elements &5), the Russell-Saunders L-S method for lighter
elements (£ 20), and a combination of both for intermediaenants [3-7]. The

-} coupling method, which is historically linkea tX-ray notation, is almost
always used to denote Auger transitions. Thus foKLAL2,3 transition, K
represents the core level hole, L1 the relaxingteda's initial state, and L2,3 the
emitted electron's initial energy state. Figure(l3.illustrates this transition with
the corresponding spectroscopic notation. The enkengel of the core hole will
often determine which transition types will be fawed. For single energy levels,
i.e. K, transitions can occur from the L levels, givirigerto strong KLL type

peaks in an Auger spectrum. Higher level transitioan also occur, but are less

probable. For multi-level shells, transitions aneaikable from higher energy

orbitals (differentn,| quantum numbers) or energy levels within the sanl

(samen, differentl number) [2]. The results are transitions of theetyydIM and
KLL along with faster Coster—Kronig transitions bBuas LLM [2-3]. It should be
noted that while Coster—Kronig transitions aredgsthey are also less energetic
and thus harder to locate on an Auger spectrum.th®&s atomic number Z
increases, so too does the number of potential Atrgasitions. Fortunately, the
strongest electron-electron interactions are betwévels which are close
together, giving rise to characteristic peaks imrAager spectrum. KLL and LMM
peaks are some of the most commonly identified sitemms during surface
analysis [3]. Finally, valence band electrons clao &ll core holes or be emitted

during KVV-type transitions.
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Figure 3.1: Two views of the Auger process. (a) Uktrates sequentially the steps involved in Auger
de-excitation and (b) illustrates the same processsing spectroscopic notationkL L, 3 [1]

The essential components of an AES spectrometeraareltra high vacuum
(UHV) chamber, electron gun, electron energy aralynd electron detector [8].

Figure 3.2 shows the PHI model 549 Auger spectremeded in this study.

Figure 3.2: The PHI model 549 Auger spectrometer
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3.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy, also known astme spectroscopy for
chemical analysis (ESCA), is a widely used surfoinique to obtain chemical
information at surfaces of various materials. ThBSXprocess involves the
ejection of an electron (photoelectron) in vacuuant the K level of an atom by
an energetic incident x-ray photon [3]. Photoetats are collected and analyzed
to produce a spectrum of emission intensity verdastron binding energy. In
general, the binding energies of the photoelectrares characteristic of the
element from which they are emitted [9]. The schimmaf the XPS process is

shown in figure 3.3.

Principle of XPS

X-ray @ <
; gjected pholoelectron,
energy hv / kinetic energy E, .
Free
Electm“ l work funktion,
evel
Fermi Wf
Level

binding energy,
E,

Eb = hy = Ekln _Wf

Figure 3.3: Schematic diagram of the XPS process twopper [10]
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The kinetic energyHxi, ) of the ejected photoelectron is dependent orettezgy
of the incident photorh{) according to the following equation [10]:

E,, =hv-®-E, (3.2)

Wherehv is the x-ray photon energh, is the binding energy of the photoelectron
in the parent atom and is the work function of the target material. Tiosvl
kinetic energy (0 - 1500 eV) of emitted photoelent limit the depth from which
it can emerge and this means that the X-ray phetdepscopy is a very surface-
sensitive technique [9]. The basic components ¥fray photospectroscopy are
an x-ray source, electron energy analyzer for thatqelectrons, and an electron
detector. The XPS spectrometer used in this stumky ttve PHI 5000 Versaprobe,
shown in figure 3.4, from the University of the &rState, Department of Physics

(Bloemfontein).

Figure 3.4: PHI 5400 Versaprobe scanning x-ray phoelectron spectrometer

36



3.4 Scanning Electron Microscopy

Scanning electron microscopy is a technique in wlacbeam of finely focused
electrons is used to examine materials on a namsreimicrometer scale. The
examination can yield information about topograpmgrphology, composition
and crystallography of materials [9]. When a bedmromary electrons impinges
the surface of a sample, it generates low energynsiary electrons. The intensity
of these secondary electrons is governed by tfacitopography of the sample.
An image of the sample surface is therefore cootcuby measuring secondary
electron intensity as a function of the positiontieé scanning primary electron
beam [9]. In this study, the SEM images of powaled thin film samples were
obtained using Leo-Field Emission Scanning Electdioroscope Gemini LEO
1525 model to determine the surface morphologye (Bgure 3.5) from the

University of the Free State (Centre of Confocal Bitectron microscopy).

Figure 3.5: Leo-Field Scanning Electron Microscope
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3.5 X-Ray Diffraction

X-ray Diffraction is a powerful non-destructive tetque used to investigate
structural properties of crystalline materials.cdn be used in applications such as
phase identification, determination of grain sizemposition of solid solution,
lattice constants, and degree of crystallinity inmature of amorphous and
crystalline substances [9]. A diffraction pattesnproduced when a material is
irradiated with a collimated beam of x-rays. Theay diffractometer used in this
study was Philips SAMO03A model X-ray diffractometshown in figure 3.6,
from the Geology department of the University of free State.

Figure 3.6: Philips SAMOO3A model x-ray diffractomeer
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3.6 Atomic Force Microscopy

AFM is the acronym for Atomic Force Microscopy otofnic Force Microscope
and is often called the "Eye of Nanotechnology"M\Rlso referred to as SPM or
Scanning Probe Microscopy, is a very high-resotutippe of scanning probe
microscopy, with demonstrated resolution on theepraf fractions of a
nanometer, more than 1000 times better than theabpliffraction limit. It allows
researchers to observe and manipulate moleculaatrdic level features [11].
The atomic force microscope is one of about twoedotypes of scanned-
proximity probe microscopes, used to study surtapegraphy and morphology.
All of these microscopes work by measuring a lquaperty - such as height,
optical absorption, or magnetism - with a probé'tgn” placed very close to the
sample. The small probe -sample separation (onotder of the instrument's
resolution) makes it possible to take measuremevds a small area [12]. AFM
works by bringing a cantilever tip in contact wite surface to be imaged, as
shown in figure 3.7. An ionic repulsive force frahe surface applied to the tip
bends the cantilever upwards. The amount of bendmepsured by a laser spot
reflected on to a split photo detector can be usadlculate the force. By keeping
the force constant while scanning the tip acrossstirface, the vertical movement
of the tip follows the surface profile and is reded as the surface topography by
the AFM.
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Figure 3.7: Schematic diagram of the AFM operatedn repulsive contact mode [13]

3.7 Pulsed Laser Deposition (PLD)

The history of pulsed laser deposition (PLD) stirtghen Smith and Turner [13]
demonstrated films deposited from materials ablaigidg a ruby laser. Various
semiconductor, oxide and chalcogenide films withyway quality have been
produced. However, strong attention to the pulseskerl deposition has been
attracted only when it has been demonstrated,tkiisttechnique is suitable for
deposition of complex compounds like YRasO, (YBCO), which was
considered a promising high temperature supercdadyit4]. The principle of
PLD is quite simple. Due to the deposited energenvh pulsed laser beam is
focused onto a material it is evaporated, it issexjed from the target surface and
is deposited on a substrate placed on the oppsigiée Ablation is carried out in
vacuum or reduced ambient atmosphere, since tlaedbmaterial cannot reach
the substrate under atmospheric pressure. In gpitee simplicity of the general
idea and its realization processes occurring duahtation and deposition are

guite complex. Up to now some of them are not fulhderstood and most are
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difficult to describe analytically. Thus, most dfet research in this area is
empirical. The deposition process can be sepaiatedseveral stages: ablation,
plasma plume expansion, deposition onto a substmatdeation and formation of
the film structure. The ablation process depenasgty on the properties of the
target material and surface quality as well as loaracteristic of laser radiation.
The laser radiation is absorbed by electronic sstbsy and then the energy is
transferred to the lattice. In case of oxides (imt®us) free electrons first need to
be produced. It occurs as a result of one or sewsrahanisms: linear absorption,
multiphoton absorption, impact avalanche ionizatibapending on the time scale,
either the dissociation of material can take plagben a certain free electron
density is exceeded (laser-induced breakdown), nargy is transferred from
electrons to lattice, so that thermal melting andperation occur. The former
scheme take place, when pulse duration is lesstti@mtime constant of energy
transfer from electrons to the lattice € te-ph). te-ph is typically in the
picosecond range, thus is true for femtosecondpaembecond pulses. The latter
case occurs for longer pulsas>(te-ph), including the nanosecond radiation used
in this work. Thus, gaseous or, more often, paidlyized material (plasma) is
formed and expands from the target. The evaporasiorery fast, plasma is not
thermalized and expansion has an ultrasonic clarathis plasma can also
absorb some part of the laser radiation and thikduinfluence the course of the
ablation process. The plume is usually very stromfpich might result in
difficulties when directed for large area coatinigglividual species in the plasma
plume has energies up to 100 eV. This feature & BLoften utilized to produce
crystalline films even at relatively low substrégenperatures. Ambient gas plays a
crucial role in the plume expansion process. Itloamsed to reduce the velocities
of plasma species and partly thermalize the plUReactive atmosphere is often
used to prevent the deficiency of some volatile ponent, e.g. oxygen. In the
case of nanosecond pulses, not completely evappritgiid droplets can be

desorbed from the target. Loosely attached solitighes can also be dislodged
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due to stress produced by ablation. These droptatsacro particles deposited on
the substrate (termed particulates) are one of niagor issues of the PLD
technique, since they degrade the quality of theidated films. A number of
processes take place, when plume species readulisérate surface. Depending
on their energy, they are adsorbed at the surfaeeecimplanted into the volume
of material. Subsequently diffusion and recrystaliion processes take place
which are usually stimulated by heating of the salbs. When particle energies
are too high, they can result in destruction of délready formed film and even
desorption of film material. Depending on proceasameters and the interaction
between substrate and arriving plume species, fiinmation can occur in
different regimes. Typically three such regimes digtinguished: (1) layer-by-
layer growth, when previous layer is completed bethe growth of the next one
starts; (2) island growth, first three-dimensiofglands are formed, and only
afterwards they grow together to form a continufils; (3) mixed mode, first
some monolayers are formed and then island grotetth ®© prevail. Generally,
due to the high kinetic energy, particles on thdase have enough mobility.
Therefore growth of crystalline films is relativegasy to achieve for the PLD
process. The evaporated particles form a plumeett@nds towards the substrate,

adhering onto it, see figure 3.8.
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Figure 3.8chematic diagram of the PLD technique [15]

Figure 3.9: 248 nm KrF Lambda Physic excimer lasewith PLD setup
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CHAPTER 4

Characterization and degradation of commercial
Gd,0,S:Th** phosphor powder

4.1 Introduction

Terbium doped gadolinium oxysulfide (€S:Tb*), one of the rare earth
oxysulfide group of phosphors, is known to be ditieht phosphor and has been
put to practical use for cathodoluminescent anday-application for its high
conversion efficiency (12—25%) of the exciting @tibn [1-3]. GdO,S:TH" is a
well-known green-emitting photoluminescence and hadbluminescence

phosphor used in high resolution and projectioavision screens [4-7].

We report on the characterization of commerciabitean doped gadolinium
oxysulfide (GdO,S:Tb**) phosphor and the degradation of the@&:TH** green
phosphor for its application in CRT screens. Aseault, degradation of the
cathodoluminescence (CL) intensity during irragiatof the powder with 2 keV
electrons in an oxygen pressure of 1 x® Ibrr was studied. The Linear Least
Square (LLS) method was used to determine theivelabntribution of Gd and S

to the measured low energy Auger Peak to Peak HEAGHPH).
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4.2 Experimental

The commercially available phosphor powders, olkthinfrom phosphor
Technology, were characterized by PL spectroscopyray diffraction
measurements, Scanning electron microscopy, Ergispersive X-ray
spectroscopy and Transmission electron microscomlyais. The powder was
degraded under prolonged electron bombardment. &#SCL spectroscopy were
used to monitor changes on the surface and thesmonding decrease of the CL
intensity during electron bombardment of the grpnsphor GgD,S:TE". The
AES measurements were taken in an UHV chamber @asiigl model 549 Auger
spectrometer. The chamber was first evacuatedBta20®° Torr before backfilled
with oxygen to 1x18 Torr. The CL data for the peak intensity’at 550 nm,
were collected for 20 hr with a PC2000-UV Spectrtangype using OOI Base32
computer software. Both Auger and CL measuremeate taken simultaneously
with the same electron beam of energy 2 keV aneéarbcurrent density of 26
mA.cmi?. Due to peak overlapping in the AES data a lileast squares (LLS)
method was applied to resolve the peaks. Elemeataaldards from Goodfellow
and Phosphor Technology were used in conjunctiah tie measured data to
subtract the S and Gd peaks. The standards weterggliclean with 2 keV Ar
ions. The Gd standard was also oxidized at 1 X TIOrr. Spectra were drawn
before and after oxidation of the Gd standard. dkidized Gd was used as the
standard for G#D; in the LLS fits. Residual gas mass analyses (R@Aje
performed to determine the volatile gas speciesmdwglectron bombardment, by

using an Anavac-2 mass analyzer.
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4.3 Results and discussion

4.3.1 Characterization of G30,S:Tb** phosphor powder

The crystal structure of G@,S is shown in figure 4.1, where Gd is 7 coordinated
by 3 sulfur and 4 oxygen atoms. The crystal stmectof gadolinium oxysulfide
has trigonal symmetry and the space group, R8th one formula unit per unit
cell. The lattice constants are a = 3.8558 A amd&6700 A. Each Gd atom is
coordinated by four oxygen atoms and three sulfoma in a non-inversion
symmetric arrangement. It was reported that sulatoms form layers
perpendicular to the crystallographic c-axis. S® GdO,S structure can be
described by the sulfur layers with double layefrggadolinium and oxygen in
between [8].

Figure 4.1: The crystal structure of G40O,S (where Gd is 7 coordinated by 3 sulfur and 4

oxygen atoms)

The crystalline structure of the gS: T phosphor was determined by XRD as
shown in figure 4.2. The insert is the XRD specfrthe GdO,S: T prepared by
the Solid State Reaction (SSR) [9] technique wisitbws a similar spectrum. The
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results are in good agreement with Popovici el If is well known that, the
small size of the crystallites, the lattice straamsl lattice imperfections as well as

the experimental diffraction geometry could calmeXRD line broadening [5].
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Figure 4.2: XRD pattern for the G@Dzs:Tb3+ phosphor powder. Inset is the XRD pattern

for Gd ZOZS:Tb3+ phosphor powder prepared by solid state reactionaute

SEM images of the commercially available ,G85:TB** phosphor powder was
taken to determine the surface morphology. Figdt8&) shows the SEM image
of the powder with magnification of 10000. The pdets are polyhedron in shape,
showing relatively good for the close packing regoient for the CRT or X-ray
intensifying screens and it differs in size andp&sa The sizes differ from 1 um to
6 um. Figure 4.3 (b) shows that some of the degitave agglomerated at
magnification of 2000. EDS data in figure 4.4 comi the presence of all the
elements (Gd, O and S) together with the advensticarbon. TH ions were not
detected probably due to their relatively low cartcation in the GgD,S: TH**

matrix.
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and (b) 2000 magnifications
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Figure 4.4: EDS Spectra of GeO,S:Th*" powder phosphor on the marked area X
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Figure 4.5 TEM micrographs of the ¢S:Tb3 phosphor powders at different
positions. It can be seen from figure. 4.5 thatghesphor particles are irregular

and have agglomerations, and the observed pastads are about 20 and 100 nm.

50.nm
| —

Figure 4.5: TEM images of the GdO,S:Tb*>* phosphor powder at different positions

Figure 4.6 PL spectra of @8,S:Tb*" powder phosphors with excitation energy of
254 nm. The luminescence peaks in the figure driz® the transitions ofD,
excited state levels td; (J= 0, 1, 2, 3, 4, ...) ground state levels, and belmng
the characteristic emission of fbThe emission line at 490 nm corresponds to the
°D;—Fg transitions, and the emission lines between thé &8d 620 nm
corresponds to th#,—F, and’D,—'F; transitions respectively. The peak at 545
nm arising from théD,—Fs transition is the strongest. When excited at 25¢ n
bright green light can be observed. Under 254 nmeltitation, the G#,S:Tb*
phosphors exhibit the characteristic emission of Tbhe energy transfer of the
°D;—°D, has not been observed in the PL spectra, ancettsan may be that the
bottom of the CTS (charge transfer states) in@58 is close to théD; level, and
the energy transfer occurs between them, thusrgatdi the greatly reducing of

the energy transfer 6D3—"D..
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Figure 4.6: PL spectra for G0,S:Thb** phosphor powder, emission¥.,. = 254 nm) and excitation
(hem = 545 nm)

4.3.2 Degradation of G@0,S:Tb** phosphor powder

In order to distinguish between the Gd, GdO an&&kp Gd metal was oxidized.
The AES spectra before and after oxidation of tdea€@ shown in figure 4.7. The
main features of these spectra are the growtheobtlygen peak and the change in
shape of the Gd low energy peaks in the 100 toedb@egions. The shoulder of
the 142 eV Gd peak increased and the small peak?@&teV became more
pronounced and shifted to 127 eV during the oxaaprocess. G&; formed in

the process.
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Figure 4.7: AES spectra of the Gd before and afteoxidation at 1 x 10’ Torr
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Figure 4.8: AES spectra of the GgD,S: Th*" before and after degradation at 1 x 18 Torr
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The AES spectra as measured before electron degmadand after electron
degradation at 1 x 10Torr oxygen are shown in figure 4.8. The O peakedased
and the C decreased during electron bombardmesidie gas analyses showed
an increase in the CO and &@oncentration during electron bombardment
indicating that the C was removed as volatile s®e@ccording to the ESSCR
(electron stimulated surface chemical reaction) ehodihe low energy peaks at
around 150 eV also showed significant changes duelectron bombardment.
The peak is a combination of Gd and S. The chamgjeei peak shape is due to the
removal of S from the surface. The APPH’s (Augealpé peak heights) could
not be determined directly from the AES spectrae Btemental standards, as
shown in figure 4.9, were therefore used in comtmnawith LLS to subtract the
relative S and Gd contribution towards the peakhBbe low energy Gd peaks
measured on the elemental standard before andoxit#ation are shown together

with the S peak as measured from a ZnS standard.
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Figure 4.10: A reconstructed and measured AES speet of the Gd,0,S:Tb during degradation



Let &, & and g be threeN x1 vectors containing the standard spectra o5tke)

in ZnS, the pure Gd and the Gd in the oxidizedestaspectively. TheN x3
matrix, A = [a, &, a&)] is constructed. Let each measured spectrum BnbEx1
vector containing the Auger spectrum of the comioomaof the three standards.
The 3x1 vector X =[x X, X3], With X3, X, and % being the fractions of,ga and a

in B, is the least squares solution to the oveeiheined system
AX =B Q)
given by [10-11].

X =(ATA)'A'B 2)

An example of a reconstruction of one of these tspeby using these standards
and the relative ratios as determined with LLS,slr@wn in figure 4.10. It is clear
that the combination as determined from the LLSwalions is a perfect fit to the
spectrum. The relative APPH of O, C and the catedl&, Gd in pure Gd and in
the oxidized state are given in figure 4.11 as fioncof electron bombardment
time at 1 x 10 Torr oxygen. It is clear that C was removed frdra surface and
the O increased during electron bombardment. Thealsd changed from a
Gd,0O,S state to a G, state. It is clear that surface reactions did oeltuing
electron bombardment in an oxygen atmosphere. ABencase of several other
phosphors [12] the change in surface concentratiay be explained by the
ESSCR mechanism in which the £4dS was converted to G@s;. Simultaneous
with the change in surface concentration the Clrebese as shown in figure 4.12.
The decrease of the CL intensity as function o€teten dose is shown in figure
4.12.
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Figure 4.11: APPH’s and CL as function of electrorbombardment time at 1 x 1& Torr

oxygen

The CL spectra before degradation and after degodaas function of
wavelength are shown in figure 4.12. The CL de@éakue to the formation of a
new non-luminescent surface oxide layer. The Clkgessitions are in agreement
with the normalized PL spectra of Popovici et[3].of synthesized GD,S: Tb*".
The main emission peak due to fill, — 'F5 transition is at a wavelength of 550
nm. Less intense emission peaks at 490 nm, 585nan620 nm due to thd, —
F; (3 =0, 1, 2, 3,...) transitions are also shown. Trtan emission peak at 545

nm was only about 45% of the initial intensity afiegradation.
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Figure 4.12: CL spectra before andtar degradation of GdZOZS:Tb3Jr at1x 10° Torr

Figure 4.13 shows fitted XPS spectra for sulphur(2p before and (b) after
degradation for 1xI0 Torr obtained at 165.8 eV. A small peak increaaethe
lower binding energy side of the main S peak durabgctron bombardment,
which is currently ascribed to &8 (158.2 eV) [13]. The peak at the higher
binding energy (170 eV) corresponds to sulphur idexbondings (S¢. A
noticeable growth in these $@eaks after degradation occurred, which suggest

that surface reactions occurred.
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Figure 4.13: Fitted XPS for S 2p of GeO,S:Th*" phosphor powder peaks (a) before and (b)

after degradation for 1x10° Torr



Figure 4.14 shows fitted XPS for Ols peaks (a) teefnd (b) after degradation
for 1x10° Torr obtained at O 1s at 531.6 eV. It can be naked for the both
degraded and undegraded powder spots only two Hgndnergy peaks were
identified. The degraded powder has an increaseGiO; peak than the
undegraded one. The increase in,@gdis due to the oxide formation on the
surface as a result of the ESSCR process as olsertbee APPH results. It is
therefore clear that a chemical reaction occurnethd the degradation process.
The binding energy assignment of the mixed oxidelsaised on a large extent to
the core level screening that occurs ifi @nion compared to the other oxygen
species that are present on the surface and tagveeimagnitude of this peak
compared to other O 1s peaks present [14]. The aetdie lower binding energy
(528.4 eV) corresponds to sulphur dioxide bondi{8(3,). A noticeable growth in
these S@ peaks after degradation occurred, which suggestdinface reactions

occurred.

60



| Undegraded

a |
0 5d,0,5-0 1s (@)
350F
300r
250F

S 200r

c/ SO-0O

150
100§

5¢

o o® Py

-100r 1
536 535 534 533 532 531 530 529 528 527 526
Binding Energy (eV)

170 Degraded

1600 (b) |

9 64,0501 |
— S
22 Gd,05-0

1400 i

1300 1

c/s
1200k SO0

1100

1000

900r

o4
Y " o0 AR

800r ]

536 535 534 533 532 531 530 529 528 527 526
Binding Energy (eV)

Figure 4.14: Fitted XPS for O 1s of GgO,S:Tb** phosphor powder peaks (a) before and (b)

after degradation for 1x10° Torr



Figures 4.15 show the fitted results from an XP&spm of the Gd 3d peaks (a)
before and (b) aftedlegradation. The peak shape changed due to anp@dks of
Gd,0; (1189.0 eV) and G&; (1192.2 eV) that developed at higher binding
energies. G#,S-Gd 3dpeakswvere measured at 1185.20 eV. Both the degraded
powder and undegraded spots recorded one peak gD,&@&d 3d. Spectra
extending beyond the binding energy of the Gg&ak could be obtained which is
a satellite peak. The peaks for od and GdS; after degradation have increased
in terms of relative ratios as compared to the gratked sample; this clearly
shows that the surface reaction did occur afteratkgion. Figure 4.16 shows the
Gd 4d peaks position for the &S (GdO,S-4d peaks) (a) before and (b) after
degradations. Six peaks can be identified for tlled@ core level spectrum after
deconvolution of the experimentally measured cuGe.4d,, and Gd 4¢, peaks

of the G4O,S are located at 146.7 eV and 141.6 eV respectiwlich is in
agreement with Datta et. al.[15]. Apart from aba¥ere are two peaks measured
at 142.2 eV and 147.3 eV associated with@and the small peaks measured at
147.9 eV and 144.8 eV associated with-&dThere is also an increase in relative
ratio of the peaks, this suggests that a surfaeenatal reaction occurred and
another possibility for the presence of the pedakd,@; and GdS;) could be

chemical decomposition of the material [15].
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4.4 Conclusion

Under 254 nm UV excitation, the @&S:Tb" phosphors exhibit the
characteristic emission of Th The sample present bright green light that can be
observed with the naked eye. The energy transfeh@D;—°D, has not been
observed in the PL spectra, and the reason maydiettie bottom of the CTS
(charge transfer states or excited states) isOg®l are close to th#D, level, and
the energy transfer occurs easily between thens, ldading to the reducing of the
energy transfer ofD;—’D,. It was shown that the intensity of the CL emigsio
from the GdO,S:TH** phosphor decreased simultaneously with the ddsarpf
sulphur from the surface. The ESSCR mechanismauged to explain the effects
of sulphur desorption and the formation of a namihescent oxide layer. A dead
layer of GdOs; and GdS; are responsible for the degradation of the CLnisity
with an increase in electron dose. The linear lsgsire method was successfully
used to separate the Gd and S peaks in the AESrapdthe XPS results
confirmed the presence of ¢t and GdS; on the degraded powder spots.
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CHAPTER 5

Characterization and Cathodoluminescence
degradation of GAO,S:Th*" thin film phosphor

5.1 Introduction

Current fundamental research on,Gs8:Tb** is aimed at improving its optical
properties. Although studies of optical properti¢ssd,0,S: T phosphors have
been reported, the focus has mainly been on thel@oferm of the phosphor [1-
5].

In this chapter, G&D,S: T thin films were deposited by pulsed laser depositi
at different oxygen pressures and substrate tempesabetween 400 to 60C.

Their structure and photoluminescence propertiee wevestigated. The optical
properties of the films were evaluated for possiblgplications in display
technologies. The stability of the phosphor filmsider electron beam

bombardment was also investigated.

5.2 Experimental

A commercial G¢O,S:Tb** powder phosphor from Phosphor Technology was
pressed without binders to make a pellet that wesduas a target for laser
ablation. The chamber was first evacuated to a paessure of 3 xIDTorr before
backfilling to an oxygen pressure of 700 to 900 mTduring the growth of the

films. Both films were post annealed at 600 and 8DMs discussed in section
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5.3.3 of this chapter. The crystalline structurehef films was analyzed using X-
ray diffraction, and surface topography and paetigiorphology were analyzed
with a scanning electron microscope and an atowncef microscope. The Cary
Eclipse fluorescence spectrophotometer was usedllect the photoluminescence
emission data at room temperature. The experimg@atdlof the CL degradation
of the thin film was similar to that used for thememercial powder as described in

chapter 4 of this thesis.

5.3 Results and discussions

5.3.1 Characterization of room temperature ablated Gd,0,S:Tb*" thin films
phosphors

Figure 5.1 shows the XRD spectrums of the thindildeposited in vacuum, 200
and 300 mTorr at room temperature. There is an atitanof the (100) peak on
all of the films, which is not well pronounced imet film for vacuum conditions.
This preferential growth is due to the influencetloé Si (100) substrate that is
favoured by the high mobility of the ablated sped@]. The substrate influence
on the crystalline phase of @aS:TH*" phosphor was also observed by Tian et.
al. [7]. The increased intensity of the (100) p@alB00 mTorr in the presence of
O, gas proves the influence of the background pressuthe modification of the
ablated plume for improved surface orientation. preferential orientation that is

influenced by the Si (100) substrate is more dontimathis film.
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Figure 5.1: XRD patterns of the films deposited irvacuum, 200 and 300 mTorr @ at room

temperature

Figures 5.2 shows the PL emission spectra of thesfdeposited in vacuum, 200
and 300 mTorr @at room temperature. @0,S: TB** emission spectrum between
400 - 650 nm exhibits, several bands charactegti®, — 'F; (J = 0, 1, 2, 3, 4)
transitions of TB" ions with an excitation wavelength of 255 ntd, — Fs
transition is the most intense and confers to theernals a global greenish
emission. The intensity of the film in vacuum igwéw. For vacuum deposition,
nucleation in the plume is minimal [8]. Plume spscireach the substrate
predominantly as atoms and small clusters. Theslasiace mobility of the cooled
substrate minimizes crystal grain growth and filamnis. As ambient pressure
increases, some fraction of the species formsallyst structures in transit. The

size and number density of such structures upachieg the substrate determine
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the degree of crystallinity of the deposited fillthese structures act as seeds for

growth, yielding a polycrystalline film [8].
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Figure 5.2: PL emission spectra of the films depadsid in Vacuum, 200 and 300 mTorr Q at room

temperature

Figure 5.3 (a) - (c) show the AFM images of the glas deposited using PLD at
room temperature in (a) vacuum; (b) 200 mTorr; &)d300 mTorr. From figure
5.3 (a), the particles on the surface are not lgladistinguishable, which is in
agreement with observations made by Swart et.]JaBf@ooth phosphor layers are

normally obtained with PLD in vacuum [9].
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Figure 5.3: AFM images of (a) vacuum; (b) 200 mTorrand (c) 300 mTorr
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5.3.2 The effect of the Oxygen pressure on the stiwre, morphology and PL

intensity of the PLD deposited G#D,S:Tb** thin film phosphor

Figures 5.4 shows the XRD patterns of,G5:Tb** thin films grown at 606C
(a) 100 mTorr and (b) 300 mTorr,ONhile Figure 5.5 shows the same for films
grown at a substrate temperature of 400It is clear that the films crystallized in
the well known hexagonal structure of &dS. The degree of crystallinity
increased with an increase in oxygen pressure.iftemsity of the XRD peak
from the (1 0 0) and (1 0 1) crystal planes wewmtbto increase with the oxygen
pressure in the range from 100 to 300 mTosr This may be attributed to the
enhanced oxidation kinetics and improvement intatlyse nature of the films. No
Th,0, diffraction peaks were detected, which meanstti&f 5" ion incorporated
into the GdO,S host lattice is still homogeneously [10] disttdx in the host
matrix. As the oxygen pressure increases, thealhysty of the films improved. It
is also clear that the 40 thin film consist of nanoparticles as seen frém t
broad XRD peaks.
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Figure 5.4: XRD patterns of the films depositedn (a) 100 mTorr and (b) 300 mTorr G at a
substrate temperature of 600C with aspect ratio 1.6303:1
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Figure 5.5: XRD patterns of the films deposited iffa) 100 mTorr and (b) 300 mTorr G at a
substrate temperature of 600C with aspect ratio 1.71564:1
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Figure 5.6 (a) and (b) show the SEM images forfilnes deposited at 100 and
300 mTorr Q respectively. The substrate temperature was nia@ttaat 400°C.
Figures 5.7 (c) and (d) show the SEM images offilhes deposited at 100 and
300 mTorr Q, respectively, when the substrate temperaturemastained at 600
°C. It can be seen that the films grown at highgrgex pressure have relatively
rougher surfaces (50-90 nm) than the films growlowaer oxygen pressures. The
films grown at higher oxygen pressures and highdrstsate temperature were
found to exhibit high intense photoemission andpheicles distributed uniformly
all over the surfaces. While the film depositedoater oxygen pressures exhibit
low intense photoemission and the surface weredidarbe very smooth with a

few particles on the surface.
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Figure 5.7: SEM images of the films deposited in Y00 mTorr O, and (d) 300 mTorr G, at a
substrate temperature of 600°C



Figure 5.8 AFM images of the samples deposited@atrTorr (a) 400C (b) and
600°C. Figure 5.9 shows AFM images deposited at 300rm{E) 400°C and (d)
600°C. It is clear that spherical nanoparticles wengodéed during the deposition
process. The particle sizes of the different sampiaried from 19 to 36 nm
depending on the deposition conditions. An avenaaeicle size of 36 nm was
calculated for the film grown at 100 mTorr, 48D, figure 5.8 (a), and the particle
size of 19 nm was calculated for the film grown3&0 mTorr, 600°C. The
particles were also less agglomerated at the higkyggen pressures (figure 5.9 (c)
versus figure 5.8 (b)). The mean free path of thetigles in a low ambient
pressure is longer compared to the mean free patigher ambient pressures.
More collisions between the ultrafine particlespeased particles close to the
target) at a higher ambient pressure lead to nticteand growth of smaller
nanoparticles when arriving at the substrate. louuan there are virtually no
collisions between the particles before reachirgy shbstrate. Longer residence
time of the particles in the plume, as is the cskeigher ambient pressures, lead
to more evenly distributed particles (figure 5.9 éod (d)). Light emission from
the spherical shaped phosphor particles as exbigetthe electron beam is more
intense due to the fact that much less photonsusentotal internal reflection
[11]. The increase in the substrate/deposition tFatpres is reported to have
caused an increase in the connectivity (agglonmratetween particles [12] due
to sintering of small particles. This would evetiw#ead to grain growth at high
enough temperatures. Dhlamini et al. [13] deposi&@,:PbS thin films at
different temperatures (100 to 40C) on Si (100) substrates. Thikeposited
material consisted of an agglomeration of sphenzaloparticles distributed all
over the substrates. The diameters of the sphe@sased with temperature,
suggesting a correlation between deposition tenypermand particle size. Similar
results have been reported by Riabinina et. al. [t4this case, however it was

found that less agglomeration occurred at the mitdraperature.
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Figure 5.8: AFM images of 100 mTorr (c) 400C and (d) 600°C
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Figure 5.9: AFM images of 300 mTorr (c) 406C and (d) 600°C
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Figure 5.10 (a) shows the PL emission spectraefilims deposited at 100 mTorr
O, while figure 5.11shows the film at 300 mTorg With the substrate temperature
fixed at 400 and 600C during the deposition process. All the spectnasist of
the main emission peak associated with>e- ‘Fs of Tb** at 545 nm and minor
peaks at 588 nnt,— 'F;) and 622 nm°P,— 'Fs). The maximum intensity was
observed for the films deposited at 6800 and also for the higher oxygen
pressures (smaller particles but more densely phckéhe improvement in PL
intensity at higher oxygen pressure is due to amesmse in surface roughness.
Rougher surfaces are known to reduce internal atefle at the film-substrate
interface resulting in improvement of the PL intgng15-18]. The higher
intensity at higher substrate temperatures is atsociated with an improvement

in crystallinity [18].

PL intensity (a.u)

I I I I I I I I I
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Figure 5.10: PL emission spectra of the films depdsd in 100 mTorr O, at a

substrate temperature of 400C and 600°C
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Figure 5.11: PL emission spectra of the films depdsd in 300 mTorr O, at a
substrate temperature of 400°C and 600°C

5.3.3 Characterization of annealed Gg)zs:Tb3+ thin films

XRD spectra from the G&,S:Tb*™ films deposited on Si (100) at an oxygen
pressure of 900 mTorr and 700 mTorr annealed at ®DOand 900 °C,
respectively, are shown in figures 5.12 (a) and The average particle size of the
Gdh0O,S:TB" films was 40 nm as calculated using the [100] p&ae diffraction
data suggest that &0,S: T film exhibit some amorphous and cubic structure
phases. In addition these diffraction patternsitlate that the (1 0 0) surface is the

preferred oriented surface.
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Figure 5.12: XRD patterns of the thin film at 700 nTorr and 900 mTorr (a) annealed at 600C with
aspect ratio 1.66248:1 and (b) annealed at 960 with aspect ratio 1.85722:1
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Figures 5.13 (a) - (b) and figures 5.14 (c) - (dpw the AFM images of the
samples deposited at (a) 700 mTorr; 6@0(b) 900 mTorr; 600C , (c) 700
mTorr; 900°C and (d) 900 mTorr; 908C respectively. It is clear that spherical
nanoparticles were deposited during the depospiracess and the particle sizes
increase as the annealing temperature increaseavémage particle size of 451
nm was calculated for the film grown at higher temgtures and pressures of 700
mTorr, 900°C and 900 mTorr, 906C. Recall, section 5.3.2, it discusses low
pressure and temperature that the atoms do not ¢ravegh thermal energy to
migrate on the substrate surface, leading to thedton of high density small
nucleation sites. On the contrary, due to highaaafmobility of atoms at high
temperature the nucleation sites consists of higdnted crystals with large grain
size, thus increasing surface roughness. It has begorted that the high ,O
pressure causes a high density of dislocations rarghligned grains at the
interface [19]. The AFM images indicate that at thktively lower temperature
of 600°C and lower @ pressure a better morphological structure wasimddain

the initial growth stage of G@,S film on Si (100) as seen in section 5.3.2.
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Figure 5.13: AFM images of (a) 700 mT; 608 (b) 900 mT; 600°C
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86 Figure 5.14: AFM images (c) 700 mTorr; 906C and (d) 900 mTorr; 900°C



The SEM images of the films deposited in 700 and ®J orr Q at the substrate
temperature of 908 are shown in figures 5.15 (a) and (b). It caiséden that the
films grown in the higher oxygen pressures andhilgger temperature of 90
have rougher surfaces compared to the lower teryerand pressures which

shows smooth surface, as discussed in section &.82 end of this chapter.

ﬂg; g F———— 500m
® 48000

Figure 5.15: SEM images of the films deposited i(a) 900 mTorr O, and (b) 700 mTorr G,
respectively annealed at 906C
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Figures 5.16 and 5.17 show the PL emission andctimeesponding excitation
spectra of the films deposited at 700 and 900 mTawith the annealing
temperatures at 600 and 900 during the deposition process. The excitation
spectra were obtained by monitoring the emissiotwf due to the transition
°D, - 'Fs at 545 nm. It can be seen that the excitationtsp@cconsists of a broad
intense band with a maximum at 255 nm and 275 nmosehntensity increases
with the increase in annealing temperature andspres The increased excitation
intensity may be due to the better crystallinitytiié sample at higher annealing
temperatures up to 90C. As discussed in section 5.3.2, all the spearsist of
the main emission line associated with 1be— ‘F5 of Tb®* at 545 nm indicating
minor peaks at 585 nmil, - 'F) and 620 nm>D, - 'F3). The maximum intensity
was observed from the films deposited at a highesgure of 900 mTorr and high
annealing temperature of 90C. The improvement in PL intensity at higher
oxygen pressure is due to an increase in surfaoghreess, mainly because
rougher surfaces are known to reduce internal aidle at the film-substrate

interface resulting in an improvement in the Pleirity.
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Figure 5.16: PL spectra of the films deposited i700 mTorr and 900 mTorr O,annealed at 600C
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Figure 5.17: PL spectra of the films deposited inG0 mTorr and 900 mTorr O, annealed 90CC
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5.3.4 CL degradation and XPS analysis of GO,S:Tb*" thin films at higher

temperature and pressure

The AES spectra before and after degradation ofG#©,S:TH*" are shown in
figures 5.18 and 5.19. The main features of trsgmetra are the growth of the
oxygen peak and the change in shape of the Gdhengg peaks in the 100 to 150
eV regions as discussed in chapter 4 of this thesighe degradation of the
powder phosphor. The shoulder of the 142 eV Gd peealeased and the small
peak at 128 eV became more pronounced and shitetR?? eV during the
oxidation process. It is clear that a 3¢ formed in the process as confirmed by
XPS in the next section. Due to overlapping of @@ and S peaks, the Linear
Least Square (LLS) technique was used, as discussdthpter 4 in more detail,

to separate the peaks [20].
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Figure 5.18: The AES spectra of the GgD,S:Th*" thin film 600 °C, 300 mTorr before and after
degradation at 1x10° Torr oxygen with aspect ratio 1.57632:1
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Figure 5.19: The AES spectra of the GaD,S:Tbh*" thin film 600 °C, 300 mTorr before and after
degradation at 1x10° Torr oxygen with aspect ratio 1.60321:1



Simultaneous with the change in surface conceatrdtie CL decreased as shown
in figures 5.20. The fact that the main emissioakpat 545 nm in figure 5.21 did
not shift from its original position during degrdida suggests that exposure to the
electron beam did not change the radiative relarafirocess for TH. After
degradation, the main emission peak is only 20%h@fnitial intensity, showing a

significant reduction in the CL intensity [21].
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Figure 5.20: The CL spectra of th@d,0,S:Tb*" thin film before and after degradation at
1x10° Torr oxygen pressure for 600°C, 700 mTorr with aspect ratio 1.64341:1
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Figure 5.21: The CL spectra of the GgD,S:Th*" thin film before and after degradation at
1x10® Torr oxygen pressure for 60°C, 900 mTorr with aspect ratio 1.58126:1
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Figure 5.22 shows the Ols XPS peak ob@8:Tb** (600 °C; 900 mTorr) that

was measured at 531.4 eV before and after degoaddthe peak with a lower
binding energy of 528.6 eV corresponds to,Ggdfor both the degraded and
undegraded samples [22]. The peak increased aftgradation indicating the
formation of GdO; during prolonged electron bombardment
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Figure 5.22: Measured XPS spectra of O 1s from thgurface of the GdO,S:Tb**thin film
before and after degradation at 1x136 Torr oxygen
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Figure 5.23 Measured spectra of S 2p from the suré@ of the G30,S:Tb**thin film

The XPS measured spectra of S 2p from the surfateedsg0,S: TH*" thin film
before and after degradation are shown in Figu#8.5A small new peak
developed at the lower binding energy (160.6 e sif the main S peak during
electron bombardment, which is currently ascribedst,S;. Figure 5.24 shows
the measured XPS spectra for 4&bdobtained from the surface of the GgS: TH”
thin film before and after degradation at 1XIorr oxygen. It can clearly be seen
that the higher binding energy shoulder peak irsgdafter degradation due to the

formation of GdO; and GdS;. It is therefore clear that chemical surface rieast

Binding Energy (eV)

before and after degradation at 1x18 Torr oxygen

are responsible for the CL intensity degradation.
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Figure 5.25, shows fitted XPS data for S 2p (apteeaind (b) after degradation at

1x10° Torr. The main S peak is a combination of the,2nd 2pg,, peak which
could not be resolved completely. The peak at thkdr binding energy (175 eV)
corresponds to sulphur dioxide bondings £5@ noticeable growth in these $O
peaks after degradation occurred, which suggestsilndace reactions occurred
Some indication of G&; at the lower energy side of the S peak in theenlggel
can however not completely excluded, but these geakild not be confirmed
with the fits in the Gd peaks. Figures 5.26 show fikted results from an XPS
spectrum of the Gd 3d peaks (a) before and (b} ditgradation. The Gd peak
position for the GgD,S-3d chemical state was measured before and after
degradation at 1186.2 eV. A noticeable increaseth@ GdOs; peak after

degradation is obvious. This also indicates thaflase reaction did occur during
prolonged electron bombardment in an oxygen atnergph
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Figure 5.27 shows fitted XPS for O 1s peaks (apfge&ind (b) after degradation
for 1x10° Torr obtained at 531.3 eV for @o,S and 528.4 eV for G@s. The
Gd,O3 peak increased after degradation and it is cleatr gurface reactions have
occurred. The extra peaks at 528.6 eV are assign8@ bondings in the matrix.
The GdO; peak increased after degradation and it is cleatr surface reactions
have occurred. Figure 5.28 shows Gd 4d peak positio the GdO,S-4d
chemical state that was measured (a) before anafftdy) degradation. Four peaks
can be identified for the Gd 4d core level spectrafter deconvolution of the
experimentally measured curve. Gd4@dnd Gd 4¢g, peaks of the GO,S are
located at 146.7 eV and 141.6 eV respectively wiich agreement with Datta et.
al. [15] of chapter 4. Apart from above, there @ve peaks measured at 142.2 eV
and 147.3 eV associated with £&84. There is also an increase in relative ratio of
the peaks which also indicates that the surfacetiosaoccurred after electron
exposure. Both AES (shown previously in this segtand XPS showed a change
in surface composition and a new non-luminescerfase layer of GgD;, with
some indication of SObondings, which was responsible for the degradaitio

light intensity, formed during electron bombardment

99



400I Undegraded €)
Gd,05-0O)
300} l
Gd,0,S-0
cls 2008
100 | 0,-0
A_. —-//m < Y
0 v‘—"Wuo *ne o » N
550 545 540 535 530 525
Binding Energy (eV)
3000
Degraded (b) Gd;05-0
2500
2000
Gd,0,5-0
1500
cls
1000
500! SO,-0
0 —_" 3
g
-500
550 545 540 535 530 525

Binding Energy (eV)

Figure 5.27: Fitted XPS for O 1s of GgO,S:Tb** phosphor thin film peaks (a) before and (b) after
degradation for 1x1C® Torr
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Figure 5.28: Fitted XPS for Gd 4d of GdO,S:Th*" phosphor thin film peaks (a) before and (b) after
degradation for 1x10° Torr
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5.4 Conclusion

As mentioned before, luminescent ©&dS:TH" thin film phosphors were
successfully grown by the pulsed laser deposigghnique. The films grown in a
higher Q ambient and higher annealing temperatures imptioed°L intensity. It
is clear from the AFM that spherical nanoparticlesre deposited during the
deposition process. Clearly from the XRD, we hagensthat as the annealing
temperature increases, the broadening of the peakduced. The formation of an
oxide layer during electron bombardment of PLD tmhosphor films were
confirmed with XPS. The new non-luminescent layefr<5d,0; and GdS; that
formed during electron bombardment were responéilslehe degradation in light
intensity. The adventitious C was removed fromdhdace as volatile gas species,
which is consistent with the electron stimulatedfate chemical reactions
(ESSCR) model. GO,S:TB™* was converted to G&; due to ESSCRs. The
effects of oxygen pressure and substrate temperatuthe morphology and the
PL emission intensity were investigated. The filgnewn in a higher @ambient
consist of smaller but more densely packet pagiciative to the films grown at a
lower O, ambient. The PL intensity of the films increasedhatively with an
increase in depositionpressure. The PL of the films grown at a highdistate
temperature was generally also more intense th@setrown at a lower substrate
temperature. The XPS results have proved the prese#nGdO; and GdS; on the

degraded film spots.
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CHAPTER 6

Summary and Conclusion

The contents of this thesis might be divided into tmain categories, namely (1)
cathodoluminescence degradation of ,G&:Tb* powder and pulsed laser
deposited GgD,S:TH*" thin film phosphors and (2) Deposition of thimi# with
laser deposition.

In one set of experiments, AES and CL spectrosaspie used to study CL
degradation of commercial @&,S: T powder and the degradation of pulsed
laser deposited thin film phosphors. Powder anal film samples were irradiated
with a 2 keV beam of electrons in a vacuum chamiaintained at 1xIf) 1x10’

or 1x10° Torr O,. The CL intensity of the samples was degradediderably by
prolonged electron beam irradiation. Among otlends, oxygen-deficient non-
luminescent layers of G@; could be responsible for the CL degradation of the
Gd0O,S:TB" thin films and powders. A linear least squares).Imethod was
applied to resolve the peaks of Gd and S from tB& Aneasurements. Elemental
standards from Goodfellow were used in conjuncttin the measured data to
subtract the S and Gd peaks. A direct correlatetmween the surface reactions and
the CL output was found. The CL decreased whileShgas removed from the
surface during electron bombardment. A new non4h@stent surface layer of
Gd,0O3 and GdS; that formed during electron bombardment was resipéa for
the degradation in light intensity.

Luminescent GgD,S:TB" thin film phosphors were successfully grown by the
pulsed laser deposition technique. The effectsxyfgen pressure and substrate

temperature on the morphology and the PL emisgitansity were investigated.
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The films grown in a higher Oambient consist of smaller but more densely
packet particles relative to the films grown abwér G, ambient. The PL of the
films grown at a higher substrate temperature veselly also more intense than
those grown at a lower substrate temperature. Tihprovement in PL
performance was not only from the change of chys¢éaphase leading to higher
oscillating strengths for the optical transitiobat also reduced internal reflections

of the emitted light due to rougher surfaces.
FUTURE PROSPECTS

The work presented in this thesis suggests thathexe to understand the
degradation phenomenon of oxide phosphors, it ipomant to do more
experiments under different conditions. This idgulegrading in different gas
mixtures (i.e. H, H,O, CGO,), which are usually present in vacuum chambers and
are known to influence degradation behavior of FiiDsphors. It is important to
investigate further why degradation behavior of ,G&:TH** powders and
Gd,0,S:Tb* thin film phosphors is different, i.e. why doesygen desorbs from
the surface in the case of thin flms and powde3sice mechanisms presented in
this study about the correlation between desorpmifaxygen from the surface and
the decrease of CL intensity are based on specnfatit is imperative to do more
experiments and monitor constantly the rate of ge&m of oxygen and that of
decrease of CL intensity during electron beam badrhant. This could help in
developing a reasonable model to explain this taiom. Samples with different
particles sizes and shapes must be prepared im trddetermine the effects of
size and shape on cathodoluminescence degradatisn well as
cathodoluminescence and photoluminescence interfSitsther future prospects
must include the luminescence properties of@dEW** Th** thin films produced
by either sol-gel or solid state reaction techngquen extensive research needs to

be done to investigate between powders and thimsfthat which one has higher
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efficiency for energy transfer from host to co-dopaTransmission electron
microscopy study must be conducted in order tordetee particle sizes of
Gd,05:EU®* Tb*" thin films.

Thermo-luminescence (TL) is one of the most usefathods to study the trap
level in long-lasting phosphors; and the measurénoérthe TL curves could
reveal some new facts about the persistent lumémesc mechanisms as a result
there is a need to study that technigue on phosph®ne most important
technique is the Rutherford backscattering spectom(RBS), which is an
analytical technique used in materials science, RB8%ised to determine the
composition of materials by measuring the backsdati of a beam of high
energy ions impinging on a sample or the film thieks. Further future work
could also include investigating the effect of temgiure and a different ambient
gas pressure (for example g@tc.) on the CL intensity of both the powders and
thin films, as it will contribute to the environmtah effects for operation in the
FEDs.

Other future work is to look in to Méssbauer effeat phosphor powder and thin
films. If we succeed we need to look at the follogui

The barium magnesium aluminates (BAM) phosphorvatdid by divalent
europium ions BAM continues to be a subject of geirest in the fluorescence
community because of its importance as an efficigine-emitting phosphor.
However, its relative instability in a variety @afrhp-related processing conditions
and also during the lamp life continues to be aomepncern. A better alternative
to this blue-emitting phosphor has yet to be dgwedo Therefore, a great deal of
attention is focused worldwide on understanding uhderlying mechanisms of
various degradation processes. It is hoped th&t anainderstanding could help in
improving the maintenance of this phosphor, assalreve need to investigate the
degradation of BaMgA}O:7EUW** phosphor using cathodoluminescence Sfeu

Mossbauer.
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