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Abstract

The luminescent properties of yttrium silicate dbpéth cerium (%SiOs:Ce) phosphor
thin films were investigated. A detailed investigat (cathodoluminescence (CL),
photoluminescence (PL) and Gaussian peak fits) fivas done on the luminescent
mechanism of ¥SiOs:Ce phosphor powders in order to understand aridiplausible

mechanism that could assist in future researcle tdome.

Luminescence in ¥S5i0s:Ce occurs due to characteristic transitions inGeg ion itself.
Splitting of the 4f energy level into tH&s, and’Fy, energy levels is due to the®4f
electron in C& having the ability to exhibit a +1/2 and -1/2 spifThis creates the
expectation of a luminescent spectrum with two npeaks in the blue region (between
400 and 500 nm).

Y,SiOs:Ce has two different monoclinic crystal structuresA low temperature
(synthesized at temperatures less than 1190 9C) phase (much weaker luminescent
intensity, with space group2;/c) and a high temperature (synthesized at tempestur
above 1190 °C with a melting temperature at 1980X< phase (space grolg2/c). In
each of these two phases there are two possiblsités in the ¥SiOs matrix. The most
plausible explanation for the broad band luminesspectra obtained from excitation
and emission results in this research study isttratwo different sites of the &eion
(Ce can substitute Y) (Al and A2) in the host nxaare responsible for two sets of
visible peaks. The difference in orientation of tleghbour ions in the crystal structure

will be responsible for the broadening of the bandssion.

Three sets of ¥SiOs:Ce thin films were grown with pulsed laser deposi (PLD) by
using a 248 nm KrF and a XeQl € 308 nm) excimer laser. The thin films were gnow
on Si (100) substrates with different process patars in order to investigate the surface
morphology and luminescent properties. Procesanpeters that were changed during
the growth process using a KrF laser were the@bient pressure (vacuum, 10 mTorr
and 1 Torr), the fluence (3 + 0.3 and 1.6 + 0.InF); the substrate temperature (400 and



600 °C) and the gas species, (N, and Ar at 455 mTorr). The laser pulse frequeny a

the amount of pulses were kept constant at 8 H9@d pulses.

The increase in the pressure to 1 TosrsDows a definite increase in particle size and
roughness. The increased fluence led to biggedicfgmand grain sizes. The surface

structure of the thin film ablated at 400 °C sudistitemperature is less compact (lesser
agglomeration of particles than the 600 °C). Theraase in substrate temperature

definitely resulted in a rougher surface layer.

Ablation done in N gas resulted in small particles of mostly 20 nrdiameter. Ablation

in O, gas produced bigger particles of 20, 30 and 4Gaamwell as an agglomeration of
these particles into bigger size clusters of al@uto a 100 nm. Ablation in Ar gas
showed particle sizes of mostly 30 nm. The pasidre more spherically defined and
evenly distributed on the surface in comparisorhhie agglomerated particles grown in
O, gas. Thin film morphology and other charactesigtioperties strongly depend on the
gas pressure during PLD. An increase to 1 Torgés thus resulted in bigger particle
sizes and the higher fluence also led to biggdigbes with a decrease in particle density.
The higher substrate temperature resulted in aherugurface layer and ablation in Ar
gas at 455 mTorr compared te Bnd Q gas resulted in bigger and less agglomerated

particles being formed.

CL scanning images were obtained to investigateetfext of a tin oxide (Sn£) coated
layer on the light output. The CL scan resultshef uncoated and tin oxide coated thin
films showed a definite increase in luminescenensity with the uncoated thin film
which indicates the photon absorption effect of éltra tin oxide coated layer. The tin
oxide acts as a coated layer to prevent electiomuktted reactions with the phosphor

surface and thus inhibits degradation.

CL measurements that were done showed that theased @ambient (1 Torr) resulted
in a higher CL intensity compared to the thin filmblated in vacuum. This is in

agreement with the PL results where the nano -icfest shape ensure better light



output due to fewer photons being totally reflecteternally. The ablation in high
fluence also showed a higher CL and PL intensith whe vacuum and 1 Torr thin films
compared to the low fluence. The higher substextgerature (600 °C) results in better
intensities due to the rougher surface formed. thirefilm ablated in 455 mTorr Ar gas
showed a higher CL intensity than the other twa fiims. This is due to the spherically

shaped and the less agglomerated particles omutfaes of the substrate.

A 144 hr CL degradation study was done on the fiim ablated in Ar gas (coulomb
dose of 1.4 x 1DC.cm?) at an @ pressure of 1 x 10Torr, 2 keV electron energy and 10
MA electron beam current. There was a defirgerehse in the CL intensity measured
at 440 nm while a second broad band peak emerg&sl0atm, which increased with an
increase in the degradation time; leading to a dig@ectrum ranging from 400 to 850
nm. The blue colour again changed (the same édsthét powders) to a whitish colour.
The degradation results were again ascribed tdottmeation of SiQ with a defect level
at 1.9 eV (650 nm).

The XPS analysis showed that a gifayer formed on the surface under electron
bombardment. The thin films are therefore alsaadigg but are more chemically stable

than the phosphor powders. The light output intgf®wever; is lower.

Keywords

Y,SiOs:Ce: An inorganic phosphor, intentionally dopedhwthe rare earth, cerium, for
blue light emission.

PLD: Pulsed laser deposition (PLD) is a fast arfielctifze thin film growth method.
Process parameters: During the PLD process theertain parameters, like background
pressure, that could influence the growth procests surface morphology of the thin
film.

Nano - thin films: Thin films grown as nano — peld layers.

AFM: Atomic force microscopy.



Cathodoluminescence: A phenomenon whereby thesemiof light occurs due to
electron beam irradiation.

Photoluminescence: A phenomenon whereby the emisgilight occurs due to photonic
excitation.

Degradation: Reduction of the efficiency of a ghtum material through prolonged
electron bombardment.

XPS: X-ray photoelectron spectroscopy.

FED: Field emission display.
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Chapter 1

Chapter 1 serves as the introduction chapter asearch study done on blue emitting
Y 2SiOs:Ce nano phosphor thin films. It shortly introdsi¢ke 1) phosphor phenomenon,
2) the technique used for the growth of the thimgiinvestigated in this thesis (pulsed
laser deposition (PLD)) and 3) give some backgrounidrmation on the ¥SiOs:.Ce
material itself. It then concludes with the aimtbis research study and provides the
layout of the thesis. More detailed backgroundrabterization, results and discussions
are found in the chapters to follow. The resuhstlwe morphological and luminescent
properties, obtained through changes made to soweess parameters during PLD,
delivered promising results. These results wild &d the contribution towards the

modern evolving display- and nano- technology.

1.1 Introduction

1.1.1 Phosphors

The most recent phosphor research delivered progiisesults for several new
applications. Different phosphors with differemdpénts and thus different colours and
luminescent properties were investigated [1, 2}e investigations are mainly focused on
the preparation methods (such as sol-gel, combustiol PLD) of phosphor powders as
well as thin films, degradation, enhancing the luesicence, long afterglow as well as on
nano-phosphors [3, 4].

1.1.2 Pulsed laser deposition

PLD is a well known fast and effective techniqueg@w phosphor thin films for
possible application in optical displays. Thimfiphosphors have some advantages over
powders in the field emission display (FED) envir@mt, such as a reduction of light
scattering and a good thermal contact betweendteeis and the faceplate [5, 6] but the

intensity is still a great problem.
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Particle formation is, however, a major drawbackPafD and it usually is the main
limiting factor in this application field. High prmance electronic and optical devices
require particle free films. The formation and ssivn of the particles strongly depend
on the type of material used as the target amslbased on various physical phenomena
such as the dislodgement of uniformities protrudiram the target surface, gas phase
clustering of the evaporated material due to s@beration (in high gas pressures) and
the generation of liquid phase droplets. Particks therefore be in the vapour, liquid or
solid phase [7, 8].

One of the solutions to the particle formation peabis optimization of the laser process
parameters such as the ambient pressure (oxygse), luence, laser pulse frequency,
number of pulses, substrate temperature and tigettéo substrate distance. Surface
morphology and thickness can be controlled by vayyhe growth parameters [6, 7]. As
mentioned before, optical devices require phospleplays and thus the need for better
and more efficient luminescent intensities of thegphors. The luminescent intensity of
phosphor thin films can strongly depends on théasermorphology. A rougher surface
would increase the intensity due to a lesser effétbtal internal reflection if compared

to a smooth thin film surface [5].

1.1.3 Y,SiOs:Ce

The main purpose ofhis phosphor research study is therefore to contribhatéhe
improvement of the luminescent intensity of the ggtwrs used in electronic and optical
display devices such as FEDs and plasma displdys) (P, 10]. Cerium doped yttrium
silicate (Y,SiOs:Ce) is one of many phosphor materials under inyason. It is a blue
emitting (double shoulder peak between 400 andris@Drare earth phosphor that can be
an alternative for the traditional ZnS phosphormusecathode ray tubes (CRTS).

Light emission in rare earth phosphors is due taratteristic luminescence in the atom
itself. CE" (Trivalent Cerium) has only one electron in thes#ill, with an electron
configuration of [Xe].4f.5d".65. The 4f energy level splits into tABs, and the?Ffy,
levels due to the electron having the ability thibk a + 1/2 or — 1/2 spin [11, 12]. The
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primary electrons get scattered throughout the trystal, eventually transferring energy
to the Cé&%ion (situated in the band gap of the host materéslting in excitation of the
4f* electron. The luminescence photon energy depsindegly on the structure of the

host crystal through the crystal-field splittingtbé 4f state [13].

If an atom in a crystal is surrounded by ions, ¢hexists a “crystal field” due to the
interactions of the ions on the atom. Due to theraetric effects, this crystal field
causes the energy levels of the atom to split.plAting of energy levels (“crystal field
splitting”) occurs because the orientation of tké 6rbital wave function will increase

the electron energy when the orbital is located region of high electron density [14].

Y,SiOs:Ce is highly stable physically and chemically witkespect to time and
temperature as compared with other well-studiedsphor materials like ZnS and CdS
[15]. Fully detailed descriptions about the tréinsis and energy levels, monoclinic
crystal structure and the two different phasesdXd %) can be found in section 2.4 and
4.3. It is studied by many physicists for its potyphous nature and interesting
properties related to its luminescence when dopigll wvarious rare earth ions [15, 17,
17].

Ouyanget al. [18] investigated rare-earth-doped transparemntuyit silicate thin film
phosphors for colour displays. They have repoxeadthe luminescence of the as-
deposited amorphous,¥5-SiO, doped with EEf, Tb** and C&" thin films (prepared by
magnetron sputtering). Two broad band peaks wared for Y;Si,O;:Ce. One located
in the blue region at 420 nm and the other in #tkeregion at 642 nm. Eu doped films
emitted at 622 nm (red) and Tb doped films at 542(green). Annealing above 800 °C
increased the luminescence intensity about 5-184inThe reason for this emission was
ascribed to the crystal field splitting effects. cAnclusion was made that the primary
colours needed for a full colour display could #fere be achieved by doping with ¥u
Tb* and C&"
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Another investigation was done on improving theceghcy of a blue emitting phosphor
by an energy transfer from &dto C€* by Boszeet al. [19]. Gd&* improves the

efficiency by transferring energy to €eand makes this phosphor {(¥.<CenGd).SiOs)

a more promising candidate for low-voltage fieldigsion flat panel displays. Low
voltage PL and CL measurements were made in coderd the optimum concentrations
for GA®* that yielded the most luminous efficient phosphitrwas found that for PL, co-
activating with Gd* did not improve the efficiency since &ddoes not absorb at Ce
excitation energy (358 nm). For CL however, cavating did improve the efficiency
since Gd* was sufficiently excited and the optimum compositivas found to be
(Y 0.8426C€0.00765Ch.15)2S1Ok.

Karar et al. [15] prepared nano-crystalline silica capped wittrisilicate doped with

cerium with a sol-gel process and investigatedRheproperties. The material showed
blue luminescence (437 nm) at room temperature ansinall enhancement upon
annealing. The PL intensities of these nano-cliyigtasamples were found to be much
stronger than similar bulk samples. It was remgbrteat annealing related PL
enhancement is attributed to the formation of th#gncum nano-crystalline size required
for strong luminescence from nano-particles dueth® doped rare earth ions and
guantum confinement related effects. They alsogesigd that nano.%iOs has a

relatively more intense blue emission than the résfi,0; phase which is attributed to

the position of the 5d level of &ein the energy band.

Degradation of the CL intensity of,8i0s:Ce phosphor powder was investigated in a
previous study done by Coetseial. [20]. Auger electron spectroscopy (AES), X-ray
photoelectron spectroscopy (XPS) and CL spectrgsae@pe used to monitor changes in
the surface chemical composition and luminous iefiicy of commercially available
Y,SiOs:Ce phosphor powder. The degradation of the CLnsitg for the powder was
consistent with a well-known electron-stimulatedface chemical reaction (ESSCR)
model. It was shown with XPS and CL that the etectstimulated reaction led to the
formation of a silicon dioxide (SK) layer on the surface of the,SiOs:Ce phosphor

powder. XPS also indicated that the Ce concentraith the surface layer increased

17



during the degradation process and the formaticbet® and CeH were also part of the
degradation process. The CL intensity first de@éasntil about 300 C.chand then
increased due to an extra peak arising at a wagttleof 650 nm. This extra peak was
attributed to the newly formed SiQayer that contains some defect levels. ;3@s a
band gap and the electron beam irradiation carkliteaSi-O bonds and cause intrinsic
defects [21, 22]. Skujet al [23, 24] reported two peaks for Si@ 1.9 eV (650 nm) and
2.7 eV (459 nm) with a theory that the two pealesratated to intrinsic defects involving

broken Si-O bonds. Fully detailed results andulsmns can be found in section 4.3.

1.2 Aim of this study

The aim of this study was to investigate the folloyvaspects concerning theOs:Ce
phosphor thin films:

1. Investigation and construction of a more plalgsiluminescent mechanism for
Y,SiOs:Ce by doing Gaussian peak fittings on the powderashode- (CL) and
photoluminescent (PL) spectra.

2. Ablating Y2SiOs:Ce phosphor thin films onto Si (100) substratéwlite use of the KrF
(248 nm) excimer laser in PLD.

3. Changing process parameters during PLD, (suchaaspressure (vacuum (5 x°10
Torr), 1 x 10° Torr and 1 Torr @ pressure), different gas species (oxyges),(@gon
(Ar) and nitrogen (), laser fluence (1.6 + 0.1 J.&nand 3.0 + 0.3 J.cf) and substrate
temperature (400 and 600 °C)) to investigate thecebn the surface morphology and
luminescent intensity.

4. Characterization of the thin films (scanningcaien microscopy (SEM), energy
dispersive spectroscopy (EDS), atomic force miapgc(AFM) and x-ray diffraction
(XRD)).

5. Monitoring the CL and PL results to find the mhdsminescent effective process

parameters for the growth o£SiOs:Ce phosphor thin films.
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6. A degradation study on one of the thin filmsarder to investigate the chemical
changes on the surface of the thin films and ahdpptfiling study to monitor the CL
intensity during sputtering.

7. XPS and Gaussian-Lorentz peak fits to identifyy a&chemical changes during
degradation.

1.3 Layout of the thesis

Chapter lincludes the introduction and aim of this studythwéhapter 2explaining
some phosphor fundamentals and briefing on théuwttsilicate phosphor used in this
research studyChapter 3describes the pulsed laser deposition techniqdelreneffects

of some process parameters (ambient pressure,flasece and substrate temperature).
Discussions on the luminescent mechanism and datgpacdbf the phosphor powder can
be found inchapter 4. Chapter Sontains the thin film growth procedures as well as
results and discussions for surface morphologyyaisatone with SEM/BSE, EDS and
AFM. Chapter 6contains the analysis on the crystal structureadsol CL scans and CL
and PL measurementsChapter 7contains the degradation studies and depth profile
analysis. Chapter 8 includes XPS and peak fitting data for chemical ng®a
identification. The conclusion and future work igtloned in chapter 9and Appendix A
contains the publications and conference partimpat
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Chapter 2

Phosphors

This chapter gives a brief description on the bgmsiaciples of phosphors and the
emission mechanism of the two basic types of phaisptaterials. It also mentions some
literature on the phosphor research being doneadnasic description of the,3i0s:Ce

phosphor material with the energy levels involvedm luminescence.

2.1 Different phosphors

A phosphor is a substance or material that exhihgsphenomenon of luminescence. It
consists of a host material, which is normally eithn insulator or semiconductor with a
wide band gap, to which a dopant (usually a ranghgas added as activator for

conduction or luminescence. The host materials tgpecally oxides nitrides and

oxynitrides sulfides selenides halides or silicates of zinc, cadmium manganese

aluminum silicon, or variousrare earthmetals. Phosphors can be divided into 2 main

categories: i) band gap and ii) intra atomic.

2.1.1 Band gap

In solid state materials there are different clystiaictures and lattices with each atom in
the lattice having electrons that can exist inmdite electronic energy levels and bonding
states. All of these energy levels and bondingestaoalesce throughout the lattice and
formsenergy bandg¢combines all atoms in the lattice). The discregsnof the electronic
energy levels therefore restricts the electronsetainenergy bands This results in
energy bands having high (conduction) and low (wed¢ energy states with an energy
range in between (Fig. 1). This energy range led¢dhe “band gap” or “energy gap”
(Eg) and relates to the energy difference (in electr@its) between the top of the valence
band and the bottom of the conduction band. Hestrare forbidden to exist in this

energy gap. The energy gap differs from matevamaterial and electrons can get
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excited across this band from the lower energy bdéwalence) to the higher (conduction)
bands.

In conductors (metals) (see Fig. 2(a)), the valearak conduction band overlaps slightly,
so conduction and transition occur effortlessly.ln semiconductors the bands are
separated with a small gap in between (smaller BagV) and with insulators the
separation between the bands are very wide [1¢r efectrons to be able to get excited
from the valence to the conduction band in semiootats and insulators, absorption of
extra energy is required. The electrons in thena@ band can therefore get excited to
higher energy bands via energy transferred fronexdarnal source such as photons. If
an electron is excited to a higher state an elmiirbole (or unoccupied state) is left
behind in the valence band and these holes reapositively charged particles. In
semiconductors the electrons in the conduction bamd holes in the valence band
contribute to electrical conductivity.

'y
Conduction band 4
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=
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Densily ol States

Figure 1: An illustration of the band gap [1].

Semiconductors are very useful for construction edéctronic devices as their

conductivity can be modified by adding impuritieda their crystal structures. This
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process of adding impurities is called doping artieene caution is needed during this
process. The materials chosen as suitable dop@pesnd on the atomic properties of
both the dopant and the material to be doped. hemgé, dopants that produce the desired
controlled changes are classified as either electoceptors or donors. Doping a
semiconductor crystal introduces allowed energyestavithin the band gap but very

close to the energy band that corresponds withdthmant type (Fig. 2(b)). In other

words, donor impurities create states near the wdmah band while acceptors create

states near the valence band [2]. _

Valence band

Conductors Semiconductors Insulators (@
e. ]
e — | Conduction band
A
\/\J\N M
2
, 3 t;w\’wphoton (hv)

~-+—  Valence band
hole (b)

Figure 2: Schematic diagram indicating a) the g difference between conductors,

semiconductors and insulators and b) band gap lum@scence.
These statesin the band gap, created by the dopant, createsofp®rtunity for

conduction, excitation, transition and relaxatiorotcur due to lesser energy needed for

the electrons to get excited in the band gap tcetognergy levels than the conduction
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band. Band gap luminescendberefore includes a mechanism with 3 main prosesse
(Fig. 2b)): 1 — absorption of energy from an exé¢source, such as an electron beam, to
electrons in the valence band, 2 — excitation ek¢helectrons from the valence to the
conduction band and 3 — emission of photons agattm of the excited electrons occur
to lower bands in the band gap. band gap phosphowould thus be classified as a
phosphor emitting photons via a mechanism thatided excitation and relaxation to and
from the conduction and valence band (and accegmor donor levels close to the

conduction and valence band).

2.1.2 Intra atomic

Intra atomic literally meanswithin an atomand can sometimes be referred to as
characteristic. If the host lattice is doped with either transiti(8d) or rare-earth (4f)
metal ions, some of the host lattice’s cations lwarsubstituted. In this specific case the
excitation of the electrons in the valence band tén be to higher energy levels in the
dopant’s ions (which is partially filled). Relai@n will then be to either lower energy
levels in the dopant’s ions or to the valence b@denergy levels close to the valence
band). Intra atomic luminescendderefore includes the same 3 main processesafud b
gap luminescence, with the difference in that tk@tation and relaxation occurs in the
dopant’s (rare-earth or transition ion) energy Igeyehich is situated inside the band gap
of the host material. A&haracteristic phosphowould therefore be a phosphor emitting
photons via a mechanism where the transitions adoctire dopant’s electronical energy

levels. Fig. 3 shows a schematic diagram of iateanic luminescence.

2.1.3 Different phosphor materials
Different phosphor materials emit photons at ddferenergies and therefore different
colours. The following is just a few examples dfedent phosphor materials and the
colour of emission:

. ZnS:Cu,Al, green - for television screens

. ZnS:Ag,Cl or ZnS:Zn, blue - for display tubes

. (Zn,Cd)S:Ag or (Zn,Cd)S:Cu, yellow-green - for desptubes

. ZnS:Ag, blue — for television screens
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. Zn,SiO4:Mn, yellowish-green - for display tubes

. MgF,:Mn, orange - for radar screens
. Gd,0,S:Eu, red - for high X-ray absorption
. Y 3Als012:Th, yellow-green - for projection tubes [3]

. SiO,:PbS, red — for television screens (Fig. 4a))
. Y ,SiOs:Ce, blue — field emission displays (Fig. 4b))
. SrA,04EW?*,Dy**, green — for long afterglow (Fig. 4c))

Conduction band

“~_photon (hv)
______________________________ \@-

Valence band

Figure 3: Schematic diagram illustrating intra atomic luminescence.

2.1.4 Charge Transfer

Energy and charge transfer are also mechanisms dbad lead to luminescent

enhancement and was reported by some researchdrfesant phosphor materials [4].

In the next paragraphs a brief introduction on sarharge transfer mechanisms that
could be possible during luminescence of theSi®¥s:Ce phosphor material are

mentioned.

25



During preparation methods of theSIOs:Ce phosphor material, as is also the case with
all other phosphor materials, there exist the [il#yi of defects being created in the
lattices. Some of these defects are oxygen vaesndihese vacancies are positive when
compared to the regular?Osite and they can electrostatically attract etectrfrom
nearby ions and form positive and neutral centiesCe”* doped ¥SiOs, for example
the only source of electrons available are thé*@ens. The charge imbalance is
therefore stabilized by a transfer of electronsmfrthe C&" centres resulting in the
formation of C&" centres. These defects or oxygen vacancies afidc€etres are for
some electrostatic reason very close to each athérthe distances between them vary.
This variation can therefore explain some luminesdmnds and structures that differ

from the standard luminescent bands or emissioksgdd

Another possibility is the process of cross relmxat This is a process were an excited
Ce ion transfers some of its energy to a neighl@®ifon. The transfer occurs between
the 5d and the two different 4f energy levels, &+ °F;, — °D + Fsp. 2D is the
lowest excited state and the transition to ffe, state, which is the high-energy
transition, can either produce a photon or be &legbby a neighboring Ce ion and excite
it to the °D state. The transition from tH® to the °Fs;, which is the low energy
transition, does not provide sufficient energy &éineighbouring Ce ion in the ground
state to get excited. The transition to fifg, are therefore more likely to produce a
photon [5].

2.2 Different luminescence

There are different kinds of luminescence suchhasnoluminescence (emission of light
as a result of a chemical reaction), bioluminesediatso light emission from a chemical
reaction but by a living organism like a fireflyjrystalloluminescence (light emission
during crystallization), electroluminescence (luesoence as an electrical current pass
through a material), cathodoluminescence (emissibfight when a material like a

phosphor is bombarded with an electron beam gesteréty an electron gun),
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mechanoluminescence (a result from any mechanicefiora on a solid),
photoluminescence (light emission by the absorptibphotons and), phosphorescence
(type of photoluminescence where the material doimonediately emits light during
excitation), fluorescence (type of photolumineseengith immediate emission of
photons) and radioluminescence (luminescence tharoduced in a material by the
bombardment of ionizing radiation such as betagas) [6]. Cathodoluminescence and
photoluminescence are the two forms of luminescenostly used during phosphor

research.

(d) (e) ®)
Figure 4: Digital photos taken; for three different phosphors, a) SiQ:PbS red, b)

Y,SiOs:Ce blue and c) SrA04Eu?",Dy** green emission; d) plasma plume during
the growth of Y,SiOs:Ce thin films; long afterglow phosphor SrALO4:Eu,Dy mixed
with a polymer in the shape of handle bars e) absation of sunlight, f)

phosphorescence during night time.

2.3 Phosphor research being done

Intensive phosphor research has been done onatiffphosphor materials as the lighting
industry develops and the need for improvement mapa Just a few research aspects on

the phosphor field:
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- Synthesizing the phosphor powders by different napkes (like the sol gel and
combustion methods) and growing thin films (with ORLFig.4d)) are sample

preparation techniques that delivered promisingltes

- Investigating the luminescent intensities, aftenglind degradation of these as -
synthesized phosphors yielded new research fiekdd exhibit room for

improvement.

- Annealing of the samples, changing dopant concimiy as well as different

dopants are also investigated.

- Nano - phosphor patrticles were a result of somthede synthesized techniques
and thin films grown and this added to nano - tedbgyy.

- Mixing some of the long afterglow phosphors withlypeer materials to

investigate the application need of these longgifter materials (Fig.4e) and f)).

2.4 Yttrium silicate doped with cerium (Y,SiOs:Ce)

Y,SiOs:Ce and other oxide phosphors, have better themnal chemical stability
compared to some sulfides which are currently usetthe screens of some displays.
Y,SiOs:Ce has a very complicated crystal structure amdidescent mechanism and
intense research need to be done to fully undetstensetup. From literature it is found
that Y>SiOs:Ce has two different monoclinic crystal structure& low temperature
(synthesized at temperatures less than 1190 9C) ptase (much weaker luminescent
intensity [7], with space grougP2;/c) and a high temperature (synthesized at
temperatures above 1190 °C with a melting temperaati 1980 °C) X - phase (space
groupB2/c). In each of these two phases there are two ljes¥f* sites in the ¥SiOs
matrix [7, 8]. These two sites are contributedhte difference in coordination numbers
(CN). During the preparation method 0§SiOs:Ce the activator Cé (radius of 0.106
nm) can easily substitute*¥(radius of 0.093 nm) thus also resulting in the tlifterent
crystallographic sites. The notation A1 and A2 gieen to the two sites in theix
phase with CN of 9 and 7. B1 and B2 are denaigbd X - phase with CN of 6 and 7.
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Al with the CN of 9 means that there are 8 oxydemsded to yttrium and silicon and
only 1 that is bonded to only yttrium. CN of 7 meathat 4 oxygens are bonded to
yttrium and silicon and 3 are bonded to only yttriuBoth B1 and B2 have two oxygens
atoms that are only bonded to yttrium [4, 9]. Tgt®sphor used in this study ig X
phase as indicate by the XRD results (see chaptandbemission spectra [9].

Luminescence in ¥SiOs:Ce occurs due to characteristic transitions (i@ @€* ion
itself). Y,SiOs has a wide band gap of about 7.4 eV (insulatorfigoing it with an
activator such as Ce creates an energy level stauatside the wide band gap were the
5d to 4f transition takes place. Splitting of #ieenergy level into théFs, and *F,
energy levels is due to the'4flectron in C& having the ability to exhibit a +1/2 and -
1/2 spin [10, 11]. This creates the expectatioa fminescent spectrum with two main
peaks in the blue region (between 400 and 500 mo)vever; reports on broad band and
double shoulder spectra have been found see Fg). Part of this research study
therefore reports on i) the investigation that \wese on the luminescent properties and
complex crystal structure (Fig. 5b)) obSiOs:Ce powder and ii) the construction of a

more plausible luminescent mechanism.

Intensity (A.U.)

Wavelength (nm) ( a)

Figure 5: a) (Y1-xC&\)2SiOs emission spectra from Boszet al.[12] and b) s£hematic
crystal structure of Y,SiOs [13].

Figure 6 shows the SiOand YQ tetra- and octahedron structures that forms the
complicated monoclinic crystal structure ofSYOs as seen from Fig. 5b).
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Tetrahedron Octahedron

SiO, Tetrahedron Two YOg Octahedrons

Figure 6: Schematic diagrams illustrating the SiQ and YOg tetra- and octahedron
structures of Y,SiOs[14, 15, 16]
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Chapter 3

Pulsed laser deposition (PLD)

This chapter gives a short description of the mllaser deposition (PLD) technique used
for the growth of the thin films. It also explaitize effect of some process parameters
during the growth technique.

3.1 Description of the technique

The principle of PLD is a very complex physical pbmenon. This is in contrast with
the simplicity of the basic setup of the PLD systese Fig.1. It is a technique used for
growing thin films and it basically involves theagoration of a target material with short
and intensive laser pulses (typically 30 ns pwgidls energy in the range of 0.1 — 1 J and
a frequency of 1 — 20 Hz). These high poweredrlpséses are focussed onto a target
inside a vacuum chamber. The ablation proceshoamver occur in ultra high vacuum
or in the presence of some background gas. Eviyporaf the target material forms a
plasma plume which expands and flows towards atsatbssuch as a silicon wafer
mounted inside the chamber. The particles in thea@ condense onto a heated substrate

. "
and a thin film is grow Heatable substrate holder

Focussing lens

Pulsed laser beam O -

¥o vacuum pumps
Figure 1: Schematic diagram of a PLD system setugd].

3.1.1 History

The history of PLD started with the stimulated esita process postulated by Einstein in

1916. The laser assisted thin film growth stagedn after Maiman constructed the first

32



optical maser (a rod of ruby as the lasing mediunm)960. In 1962, Breech and Cross
used a ruby laser to vaporize and excite atoms fasolid surface. Three years later
(1965), Smith and Turner used the ruby laser tasieéphin films and this marked the
very beginning of the development of the PLD teghei The deposited thin films were
still inferior to thin films grown with other tecigques such as chemical vapour
deposition and molecular beam epitaxy, but in #méye80’s a group of researchers in the
former USSR achieved remarkable results on manufagt thin-film structures using

laser technology.

The breakthrough came in 1987 when Dijkkamp and Kesan used PLD to

successfully grow a high-temperature supercondectiaterial (YBaCusO-), which was

of more superior quality than films grown with oth&echniques. Since then the
technique of PLD was used to fabricate high qualitystalline films, such as ceramic
oxides, nitride films, metallic multilayers and i@rs superlattices. This led to rapid
development of laser technology in the 1990’s saglasers having higher repetition rate
and shorter pulse durations than the early rubgréas This ensured the growth of well

defined thin films with complex stoichiometry [Z], 3

3.1.2 Four stage process:

The process of PLD can generally be divided into &iages:

Laser ablation of the target material and creadioa plasma
Dynamic of the plasma

Deposition of the ablation material on the substrat

A

Nucleation and growth of the film on the substiigface.

3.1.2.1. Laser ablation of the target material an@reation of a plasma:

As the laser pulse is absorbed by the target, gnerdirst converted to electronic
excitation and then to thermal, chemical and meichaenergy resulting in evaporation,

ablation, plasma formation and exfoliation. Theymwation of the bulk material is
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caused by Coulomb explosion and there are diffemegthanisms related to the laser-
target interaction. The incident laser pulse pates the surface of the material within
the penetration depth which is dependent on trer l@avelength and index of refraction
of the target material at the applied laser waglen(This typically is in the region of 10

nm for most materials).

A process called electronic sputtering is the nmécthanism that causes vaporization of
the target material in PLD. An averaged electriogld is generated by the incident
photons from the laser light and this is sufficigstrong enough to remove the electrons
from the bulk material of the penetrated volume4R, Electron-hole-pairs are created
and a direct consequence of the electron-lattiterantions is an increase in the lattice
temperature followed by the desorption of particl@sis process occurs within 10 ps of
a ns laser pulse and the material is vaporisedaltlee target surface that gets heated up.
The temperature of the generated plasma plumeisatyy 10 000 K.

The other mechanisms such as hydrodynamic (metiirige target surface and ejection
of molten droplets) and exfoliational (target sagaannot reach melting point, thermal
stresses are not released through melting sods leacracking of the target and ejection
of flakes) sputtering can cause nonuniform erosiotie target, causing the formation of
cones and craters or the detachment of flakesapiets and can usually be determined
from the topography of the target after sputtef2yg].

3.1.2.2. Dynamic of the plasma:

A layer of high-pressure vapour particles is pratlioear the surface of the target. The
vaporised particles expel away from the targetlfgr® the normal vector of the target’s
surface towards the substrate. This jet of padielxpands and forms a plasma plume in
accordance with the cosine law [2, 4]. The plurae contain a variety of particles such
as atoms, ions, electrons and atomic clusters. t8rhperature of the particles is high and

atoms in the plume can easily be ionized as tisepéenty of thermal energy available.
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The spatial distribution of the plume is dependamthe background pressure inside the
PLD chamber. In vacuum, the plume is very narrowd forward directed, almost no
scattering occurs with the background gasses. elisalso an intermediate region of the
plume where a splitting between the high and loergetic particles can be observed. At
high background pressures more collisions and esaadt of the particles in the plume
occur. The increase in scattering due to the Hogbkground pressure leads to a
reduction of kinetic energies of the particles (iherticles get slowed down). The
visibility of the plume is a result of fluorescenaed recombination processes occurring

in the plasma [2, 4].

3.1.2.3. Deposition of the ablation material on theubstrate:

The quality of the deposited films is determinedtig stage. Highly energetic particles
ablated from the target can damage the substra@ceuby sputtering off atoms and by
causing defects in the deposited film. A collisregion is formed between the particles
emitted from the target and sputtered species ftioensubstrate. This serves as a
condensation source of particles [2].

3.1.2.4. Nucleation and growth of the film on theubstrate surface:

The growth of the thin films is considered by thetmal nucleation and growth models.
There are three predictable modes: three-dimensgoath of islands (Volmer-Weber
nucleation and growth), two-dimensional growth ajrmolayers (Frank-van der Merwe)
and the formation of full monolayers followed byettgrowth of separate three-
dimensional islands (Stranski-Krastinov) [4]. Thigermodynamics of the surface
energies of the film and the substrate determineigelwmode dominates the growth of
the film.

The three-dimensional growth involves a number wfcpsses taking place after the
particles have arrived on the substrate. Soméexet processes are atom deposition on
substrate, re-evaporation from substrate, clussé&an@d) nucleation, diffusion to cluster,

atom deposition of cluster, re-evaporation fronstsu and dissociation of cluster.
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If the film surface energy is low and the substextergy is high it is more likely for the
film to grow as complete monolayers instead of éldemensional islands. The atomic
processes are essentially the same as for the-dhmemsional growth, except that the

thickness of the islands corresponds to only onealayer.

The third possible mode begins with complete moyerka Islands start to form after 1-
5 monolayers and the reason for this could be timatlattice stress is higher on the
surface of the deposited monolayers than on the fidsstrate. It is sometimes assumed
that nucleation occurs on random sites, homogeheousthe whole substrate surface,
but in practice the surface of the substrate isundbrm enough to ensure homogeneous
nucleation. There are always defects and dislmeaintersections providing more
favourable nucleation sites [4].

3.1.3 Advantages of PLD:

There are a number of advantages of PLD over dthedeposition methods:

i — It is a versatile technique. A wide range obterials such as oxides, metal,
semiconductors and even polymers can be grown By PL

il — It has the ability to maintain target compasitin the deposited thin films, keeping
the stoichiometry of the target.

iii — Relatively high deposition rates can be aghokat moderate laser fluences.

iv — Deposition can occur in both inert and reaethackground gasses.

v — The use of a carousel enables the growth ofilaydr films without breaking the

vacuum.

3.1.4 Disadvantages of PLD:

i — The generation of particulates during the d@mwsprocess, which is not ideal for the
application field.

il — The non-uniform layer thickness.

iii — The ablation plume cross section is genersihall and this limits the sample size.

iv — The deposition of novel materials usually iwes a period of optimization of

deposition parameters [5, 6].
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3.2 Process Parameters

The generation of particles during PLD is a majmiting factor during the deposition of
thin films. The presence of the particles formedthe thin film inhibits the more
widespread application of PLD. Phosphor thin filam® an alternative to phosphor
powders in the optical display fields (FEDs, liqaiystal displays (LCDs)). The reason
for this is even though the powders are much méieient, the particle size may limit

resolution of the display. Table 1 shows some aapn between the powders and thin

films.

Property Thin film phosphor Phosphor powder
Efficiency Poor Excellent
Resolution < 1lpm 5-10 um
Screen contrast Excellent Good

Lifetime Good Poor

Mechanical stability Excellent Good

Thermal stability Excellent Good

Table 1: A comparison between phosphor thin films ad powders for displays [7].

However; the growth of these thin films with PLDsuéts in thin films with different
surface morphologies than what is needed for optimge in the display field. The ideal
thin film surface should be uniform and smooth withloose or big micron particles that
can be detrimental to the display systems. Onetieal to address this major problem
would be modifications to the surface by optimiaatof the process parameters. Some
of these parameters are:

1. The ambient pressure

2. the laser fluence and

3. the substrate temperature.
Intensive research on optimization of process rpatars has also being done with
guidelines and consensus available from literatbasically each material analysed
produces different results. In the end a basigctire can be proposed in order to grow

the best phosphor thin film for optimum use in thgp.
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The particles generated by PLD can basically bgsdiad in three categories, depending
on whether the original matter, when just ejectednfthe surface, is in the solid, liquid
or vapour state. In general, the particles forifnech the vapour state are in nano - meter
range while the other two states are in micronulmscron range. The shape of the
particles formed from the liquid state tends tcsphkerical, from the solid they tend to be
irregular in shape and they may be formed spheocglolyhedral from the vaporised
state. It is however difficult to establish a edation between deposition parameters and

the size and shape of particles generated [8].

3.2.1 The ambient pressure:

An ambient is deliberately introduced during PLDfdom particles with a desired size.
Ultrafine particles can be formed with particle deters in the range of a few nano -
meters to a few tens of nano - meters. An exaisplesearch done by Matsunaeiaal

[9] on the production of ultrafine powders of varsometals (Fe, Ni, and Ti) in Ar and He

ambient. The decrease in ambient pressure resaleedecrease in particle size.

The ambient pressure therefore determine the nreanpfth length, the kinetic energy,
the resident stay time of the particles in the guand therefore the size of the particles
adhering onto the substrate. At a pressure obtHer of 1 mTorr, the mean free path
length is approximately 5 cm. At a higher pressafrabout 100 mTorr the path length
becomes 0.05 cm. The increased collisions desdhsekinetic energies of the particles,
slowing them down, increasing their stay time iae fhume as they move slower and this
gives them enough time to nucleate and grow inggdai nano — particles. An increase in
the gas pressure would then increase the pariids 8s a result of increased collisions

between the gas particles and the particles iplime [10, 11, 12].

Scharf and Krebs [11] studied the influence of tingais pressure on deposition rate
during PLD. The deposition rates of permalloy (Ryd silver (Ag) were monitored
during the deposition in inert helium (He), neore]NAr and xenon (Xe) gas. They have

reported that under ultrahigh vacuum, resputteiriog the film surface occurs due to the
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presence of energetic particles in the plasma pluméth increasing gas pressure, a
reduction of the particle energy is accompaniedh \eidecrease of resputtering and a rise
in the deposition rate. At higher gas pressuresttering of ablated material out of the
deposition path between target and substrate wserdd, and this lead to a decrease in
the deposition rate. The maximum deposition rade wbtained in a He pressure of about

300 mTorr. Their results were interpreted as fofio

At very high gas pressures the number of gas atortise deposition channel is much
higher than the number of ablated particles. Thsma expansion leads to a shock front
between the plasma plume and the surrounding §as.shock front acts like a dynamic
pressure and hinders the expansion of the plasomaeptowards the substrate. This
effect is not so strong at the sides of the plumdahe plume expands sideways and

therefore results in a reduction in deposition catehe substrate.

Sturm, Fahler and Krebs [13] presented a similadehavhile investigating the PLD of
metallic systems (Ag, Fe and Fe/Ag) in low presgB@mTorr) Ar gas. Time-of-flight
(TOF) and deposition rate measurements showed wctied of particle energy with
increasing Ar pressure. They explained their tedwy the scattering of a dense cloud of
ablated material in a diluted gas. They have assumed that the Ar gas atoms are at
rest relative to the ablated ions and atoms inplbene, which are much faster (by a
factor of about 30 and 5 respectively). A denseidlof ablated particles therefore has to

move through the almost static and diluted arrareggsnof Ar atoms.

The ions (for example Ag ions) in the plume colliggh Ar atoms and the Ar atoms
themselves get scattered out of the flight patthefablated material between the target
and the substrate. Thus as the colliding Ar atamsremoved from the flight path, the
following slower ions and atoms fly through a sfgrantly reduced Ar atom density and
have a higher probability to reach the substrdteother words, as the faster ions and
atoms are scattered and not deposited they opearael for the deposition of the slower
particles. This model is however valid for metaldy for pressures below 75 mTorr

since the number of ablated ions has to be highen that of the gas atoms in the
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relevant volume. In oxide materials the ablatiateris ten times higher, therefore the

above model should be even more suitable.

A comparison between Ar and; @mbient were investigated by Loeg al [14] while
analysing the growth and characteristics of titandioxide (TiQ) thin films grown on

Si (100) substrates by PLD. The XRD results shothedl an increase in pressure to
225 mTorr resulted in an amorphous ((004)-oriergtrdtase phase) TiGilm. At the
same pressure conditions (37.5 mTorr) the filmsatabl in Ar gas resulted in a (110)-
oriented rutile phase Tiglayer. This was ascribed to the high ambient unes that
decreased the kinetic energy of the particlesenplime but that the reduction of kinetic
energy in Ar gas was smaller than in. OThus the plasma was prevented to reach the
substrate and to form a good crystalline layerathlrases but the surface mobility of the
reduced ablated species that did reach the substrafr gas was much higher and

resulted in the rutile phase film.

Shenet al [12] reported on large grains that formed by aggration of particles as the
ambient Ar pressure increased to 375 mTorr. PLB used to fabricate bismuth doped
ZnSe films on Si (100) substrate in an Ar ambient the SEM images showed that the
agglomerated particles became larger as the ampiessure increased. Similar results
were found when ZnSe films were prepared ipaibient. This was also explained by
the increased collisions which lead to the formmatb larger particles during the flight of

the ablated species toward the substrate.

The effect of N pressure on the two-step method (PLD and anneaipsition of GaN
films were studied by Liwet al [15]. They have mentioned that the collisionsl an
scattering of the ablated species by Nolecules before they reach the substrate will
influence the status, amount and kinetic energghefablated particles that arrive at the
substrate surface. At low,Nbressures (1.1 mTorr, 5.6 mTorr) the collisiore riat low
and the incident particles have such high kinetiergies that they are re-sputtered from
the sapphire (0001) substrate and result in a grworfilm. Increasing the pressure to 11

mTorr increased the collisions in the plume ana akduces the number of particles
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arriving at the substrate. Those particles alseethao low energies to migrate to the
right positions for good crystalline films but aft@nnealing of this film, the particles on

the surface achieve higher mobility and formed fagkntation films.

3.2.2 The laser fluence:

The laser fluence consists of two variables: tilserdanergy or power and the laser spot
size. Tighter focus at constant laser power irsgedhe particles’ number density. In
general, there exist a threshold value below wlieh particles are barely visible, for
example for YBCO materials the threshold fluence tfte occurrence of particles is
about 0.9 J/chm(when a XeCL 308 nm excimer laser with 20 ns mulsee used) [8].
Above the threshold fluence, the particle numbensdg increases with increasing

fluence and decrease again at higher fluence itidgcaaturation.

Tong et al [16] reported on the effect of increased laseerite on the structural and
optical characteristics of CdS thin films grown @& (111) and quartz substrates. XRD
results showed that an increase in the laser intidaergy from 0.5 mJ/pulse to 1.2
mJ/pulse lead to more intense and sharper CdSaclifin peaks. This means that the
crystalline quality of the films improved with ireased fluence. The increased energy
cause an increase in plasma density and ion enanggnhancement of mobility of the
deposited atoms on substrate surface and thistrasubetter orientation and thus
improved crystallinity. Too high laser fluence magd to too high plasma density and
the growth of bulky grains. The size of the pdescand the number of cluster particles
can therefore be increased with increased lasetantenergy and thus also improve the

PL intensity.

The improvement of crystallization with increaseddr fluence (1.8 — 2 J/éwas also

showed by Fanget al [17]. CaCygT040;2 (CCTO) thin films were grown on
Pt/Ti/SiGy/Si substrates by PLD and results showed that dllemce lead to low kinetic
energies of the particles ejected from the targewvell as a low particle density. This
resulted in a discontinuity of the grain growth ©CTO films and a degradation of

dielectric properties.
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3.2.3 The substrate temperature:

The substrate temperature also plays a significalet during PLD and influences the
kinetic energies of the particles on the subsisatéace. Chet al [18] noted during the
investigation of optical properties of sol-gel ded Y,Os:Eu** thin film phosphors for
display applications, that an increase in the satesttemperature improved the

crystallinity and luminescent intensities of thilmf phosphors.

This was also reported by Kareg al. [19] while investigating the effect of substrate
temperature on structural, optical and electricapprties of ZnO thin films deposited by
PLD. The substrate temperature not only affectsctlgstallinity but it can also influence
the thin film composition. XRD results showed astaint in the growth of the crystal
due to low atomic mobility at a deposited temperatf 100 °C. An increase to 500 °C
supplied the atoms on the substrate surface witte nii@rmal energy and thus increased
their surface mobility that lead to better crystallion. However too high temperatures
such as 700 °C can decrease the crystallinity efttin films due to desorption and
dissociation of atoms.

AFM images showed nano - metre sized grains ad@@PC substrate temperature there
was a mixture of small grains and large grains .[19s the substrate temperature
increased to 500 °C larger and more uniform gréngied that increased the surface
roughness. At 700 °C a decrease in the surfagghn@ss was however observed. The
intensity of the UV emission peak also increasethateased substrate temperatures to
500 °C. A decrease in intensity was observedeasethperature increased to 700 °C. So
the increased substrate temperature definitely dmaseffect of a rougher surface

morphology that can influence optical properties.

Figure 2 shows images of plasma plumes created_.By F'he colour of the plume is
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YBCO LSMO TiN (a)

Plume Plume (La.4SrMnO3) Plume
(YBach307)

(b)
Figure 2: a) Examples of plasma plumes formed durig PLD and b) also showing a
heated substrate holder typically in the order of B0 °C [20, 21].

mainly a fluorescence result from the type of matdyeing ablated and the length and
volume of the plume is dependent on the ambiensspire. The more the ambient

pressure the smaller the plume and visa versa [20].
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Chapter 4

The luminescent mechanism of ¥SiOs:Ce

The luminescent mechanism and degradation of 4®0¢:Ce powder are outlined in
this chapter. It was constructed by using the polwdaminescent PL and CL spectra
and Gaussian fits.

4.1 Introduction

As was mentioned in section 2.4 (chapter 25i0s:Ce is a blue emitting phosphor that
has two different monoclinic crystal structures @ad X% - phase) [1]. In each of these
two phases there are two possibf& ¥ites [1, 2] that are attributed to the differeice
coordination numbers (CN) (9 and 7). *Ckas only one electron in the 4f shell, with an
electron configuration of [Xe].A46d".6<.  Splitting of the 4f energy level into thBs),
and®F; energy levels is due to the'4flectron in C& having the ability to exhibit a
+1/2 and -1/2 spin [3, 4].

Luminescence in ¥5iOs:Ce occurs due to characteristic transitions (i@ @€* ion

itself). The primary electrons get scattered tghmut the host crystal during excitation,
eventually transferring energy to the 3Céon (situated in the band gap of the host
material). This results in a luminescent spectwith two main peaks in the blue region
(between 400 and 500 nm). However; there are tepmt broad band and double
shoulder spectra [1, 2, 3, 4]. This part of thestk therefore reports on i) an investigation
of the luminescent properties of,¥0s:Ce powders, and ii) the construction of a

plausible luminescent mechanism.

4.2 CL and PL of the Y,SiOs:.Ce powder

Commercially available XSiOs:Ce standard phosphor powder from Phosphor

Technology (UK) were investigated with CL and PCL spectroscopy was investigated
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by using 2 keV electrons, a beam current densit§fmA.cn? in ultra high vacuum
(UHV) of 3 x 10° Torr. The CL measurements were made in an UHVntlea with a
PHI model 549 system and the data were collectath wn Ocean Optics S2000
spectrometer. PL measurements were done with a ks@r X = 325 nm) and a Varian
Cary Eclipse fluorescent spectrophotometer equippiéld a xenon flash lampi(= 325

nm). The least square method was used to perf@usstan peak fits.

4.3 Luminescent mechanism of ¥SiOs:Ce

4.3.1 Excitation

The excitation spectrum of the,SiOs:Ce phosphor powder measured at an emission
wavelength of 433 nm shows the presence of three peaks (Fig. 1a)). A linear least
square method was used to fit Gaussian peaks ton#asured excitation data. Three
main peaks situated at 246, 305 and 357 nm weeaglglelentified. Cookeet al. [5] also
reported on a PL excitation spectrum for hydrotralynprepared ¥SiOs:Ce nano-
phosphor powders that crystallize in the Yhase from the X- phased bulk material.
The bulk (%) PL excitation spectra showed three excitatiorkpest 265, 310 and 356
nm and the nano @X particles showed only a main excitation peak & 8m. The
excitation spectra (not showed) for different PLission peaks (emission peaks at 420,
425, 430, 435 and 440 nm) were also investigatdeerel was no difference in the

position of the three main excitation peaks. Tiveas only a slight decrease in intensity.

Aitasaloet al. [4] studied the luminescent properties of X,SiOs:Ce that was prepared
by a sol-gel method and reported on the excitasipectra from the Al site with two
peaks at about 285 and 365 nm. The observatiorcorgsibuted to the fact that the'5d
configuration should be split into five differerdraponents and that there is a probability
that some of the bands overlap with another banckesihe band width of the observed
bands (the two peaks observed) is large. It caldd be that the other three bands are

situated at higher energy levels.
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Figure 1: a) Excitation spectrum and b) Gaussian pk fitting of the YSiOs:Ce

phosphor powder. Spectrum excited with a xenon fldslamp.

Wanget al. [2] studied the influence of rare earth elements (%, Gd and Lu) on the
luminescent properties of the blug-X,SiOs:Ce FED phosphor powder. The excitation
spectra also showed three peaks at 270, 300 andh@6that were ascribed to the
transitions from the 4fground state’Fs;,) to different crystal field components of the 5d
excited states. The splitting of the energy lev@f and 5d) (crystal field splitting)
occurs because of the interactions of the ionsaodhs with each other in the crystal
field. This effect differs from crystal field torystal field, depending on the type of
materials and crystal structures. For BaMg®i-Ew**, the emission spectrum consists
of a wide band peaking at 450 nm (blue emissiomjickv corresponding to the Self
transitions of the Ei [6]. The excitation spectrum monitoring at 450 nmission
consists of two wide bands peaking at about 2543dnm, respectively [6]. Zharey

al. [6] observed the two peaks for BaMgdd,EL?" at 230 and 310 nm, respectively.
These two peaks were attributed to the field spdjtof the EG" d-orbital [6, 7]. The
excitation spectrum of bulk )0,S:EU* is a wide band with two peaks which are
attributed to charge-transfer (CT) transitions. ©he at 266 nm corresponds to O-Eu CT
band, and the other at 325 nm to the S—Eu chaagesfar band [8]. It is well-known that
the CT band is sensitive to the ligand environm@mé bonding energy between the

central ion and ligand ions). The systematic bedrai the energy bands leads to the
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transfer of an electron from the valence band tiavalent lanthanide. The final state in
the transition is the ground state of the divalanthanide ion. In the X0,S crystal, there
are two anions, one is’Oand the other is Stherefore; there are two charge-transfer
transitions from the 2p orbital of?Oto the 4f orbital of E¥f and from the 3p orbital of
S” to the 4f orbital of EU, respectively [8].

The three peaks in Fig. 1a) might therefore be tuthe excitation to thredifferent
energy levels in either the host’'s band gap (diln@inescent centres) or to energy levels
in the 5d configuration in the C& ion inside the band gap, or both. The higher afioit
peak (357 nm) in this case may most probable bealtlee CT of electrons from the 2p
orbital of & to the 4f orbital of C& and the other two peaks due to the 5 d field
splitting. Emission spectra for each excitationdabtained, indicated the familiar broad

band emission of ¥Si0s:Ce as can be seen in Fig. 2.

There was a definite increase in intensity as tkatation energy was decreased. No
major changes in the broad peak shape or the pesikoms for the different emission
peaks were measured. The difference in intenstyden the high and low energy
excitation can be ascribed to the excitation ofdleztrons to different energy impurity
levels in the host band gap itself (defect levétser to the conduction band). The
relaxation to lower levels of these higher exciééettrons will either be non-radiative or
will relaxed to the 5d state in the Téon itself and then further relax radiatively tet4f
level, resulting in the low intensity emission pedke low excitation energy may lead to
excitation directly to the 5d state. This low eatibn energy may not be enough for
excitation to the higher energy levels close todteduction band in the host's band gap

but high enough for excitation to the 5d levelshef C&" ion.
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Figure 2: Broad PL emission peaks for the differenexcitation energies as indicated.

4.3.2 Gaussian Peak Fit

Fig. 3 shows the CL and PL emission spectra fraenYi8iOs:Ce powders. The primary
electrons are scattered throughout the host crgstdl eventually a fraction of these
electrons will transfer their energy to the*Cien. Gaussian peak fits were done in order
to explain the broadness of the emission spectradre detail. The broadness of the
emission peak is ascribed to emission from mora tivee energy level. The CL and PL
spectra show emission in the same range with ahigh intensity due to larger area of
excitation. Fig. 4 show possible Gaussian curigefdir the emission data showed in Fig.
3. A different number of peaks were used as intdeta First, two peaks were fitted as a
solution for the broad spectra, then three and tben peaks. The peak positions and

peak position differences are tabulated in table 1.
Fig. 4a) and d) show the results for two fitted kgeaThe transferred energy difference

from the 5d to théFs;, andF, levels of the 4f energy level is expected to beual2000
cm?[1]. The difference between these two peak pmsitis, however, 3095 or 3336 tm
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! (Table 1) which is larger than the expected 20@0.c Clearly the luminescence can
therefore not be ascribed to only these two pedke transitions from only 1 5d level to

two 4f levels are therefore ruled out.
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Figure 3: CL (2 keV energy electrons, beam currendf 20 pA) and PL (xenon flash
lamp, A = 325 nm) spectra of the ¥SiOs:Ce powders.

Fig. 4b) and e) shows a difference of 2210 and 2a7T2 between peaks 2 and 3
respectively. This could be assigned to the 58Ftg and?F;, transition with a third
additional peak 1 in both cases (PL and CL), thay ine attributed to an independent
luminescent centre. For the linear least squarthade the FWHM (full width half
maximum) of the fitted peaks should theoreticaltytbe same (it is the same emitting 5d
to 4f), but due to the complex host matrix and t&y§ield splitting effect this value
cannot be a fixed parameter [2]. Waetgal.[2] also found, while doing Gaussian peak
fits on the X% - phase of ¥SiOs (3 peaks as a resolution), that the FWHM valuehef t

peaks are not the same and that further researcheqaired.
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Figure 4. Gaussian peak fits for the CL a) — c¢) ah PL d) — f) spectra for the

Y 2SiOs:.Ce powders.

Since the C¥ ion can occupy two different sites in the hostriradue to the different
coordination numbers there could be four emissieskp as in Fig. 4c) and f). The peak
differences between 1 and 2, 2 and 3 and 3 ane 4lhclose to 2000 cth  However
the closest value is between 1 and 2 and 2 and I3oth cases. A plausible explanation
could be that peaks 1 and 2 are from one site,aAd,peaks 3 and 4 from the other A2
site [1]. Aitasaloet al. [4] reported on a luminescent spectrum for the Al with a
broad peak at 22470 ¢m(445 nm) while studying the delayed luminescent€e”*
doped % form of Y,SiOs powder. Jia@t al.[1] measured a difference of 1900 tiand
1500 cn* for the difference between 1 and 2 and 3 andspemtively. These are of the
same order as the CL results in this study of 184 1574 cil. It is also of the same
order for the PL results for the difference of pdaénd 2 (1843 ci) but not for peak 3
and 4.
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Table 1: Peak positions and peak position differeras for the curve fits in Fig. 3.

Peak Position (nm) Position (cri) Peak position
difference (cm®)

a)l 436 22936

a)2 504 19841 3095

b) 1 428 23364

b) 2 484 20661 2703

b) 3 542 18450 2211

c)1l 418 23923

C)2 455 21978 1945

c)3 496 20161 1817

c)4 538 18587 1574

d) 1 430 23256

d) 2 502 19920 3336

e)l 415 24096

e) 2 464 21552 2544

e)3 516 19380 2172

f)1 407 24570

f) 2 440 22727 1843

f)3 480 20833 1894

f)4 525 19048 1785

Lin et al [9] observed peak differences of 1540 and 1360 batween the two 4f levels
in the X and X% - Y,SiOs phase (also powders) while investigating the chysttaicture
dependence of the luminescence of rare earth iB8%,(Tb**, Snt") in Y,SiOs. The
values differ notably from 2000 ¢hand was ascribed to the presence df Gedifferent

sites in the host lattices.

4.3.3 Luminescent mechanism
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Aitasalo [4] also reported on reducing preparatonditions that could probably result in
oxygen vacancies (intrinsic traps) in theS¥Os lattice. These vacancies are positively
charged and can electrostatically attract electfoorm a nearby ion and form the so-
called positive Fand neutral F centres. The only source of reaibilable electrons is
the other C¥ ions and thus some €ecentres are created. This mechanism therefore
supports the fact that there exist‘Cmns (much smaller than &% in the host lattice.
While investigating the delayed luminescence, tands were found in the spectrum and
were ascribed to the two types of emitting® @entres: those close to the F defects
(emission at 575 nm) and those close to thdedfects (emission at 479 nm) centres [4].
This observation should be noted and could be plessiuring the growth of the thin
films and even during the preparation methods efpgbwders. Oxygen vacancies could
be created that could lead to charge transfer agfdl iBns and this could result in
additional luminescent centres that could contebig the broadness of the emission

spectrum.

Not all bonds between the €eY** and Q- ligands in the lattice are of the same length.
This creates the possibility for Jahn-Teller distor and leads to emission from the 5d to
the 4f levels to become distorted. The Jahn-Telistortion describes the geometrical
distortion of non-linear molecules under certaituations [3]. If the emission gets

distorted then this could also result in a broadssion spectrum.

Energy transfer from the A2 to the Al site is aspossibility that should not be ignored.
Aitasalo showed that emission from only the Al site to energy transfer from the A2
site completely dominated the emission spectrumhis kind of transfer was also
observed at 15 K in % Y,SiOs:Eu** [4].

The luminescent properties of,Si0s have been studied for some time now but no
definite proof could be given for the splitting tfie 5d level. Only results with
presumptive explanations could be provided. Tre &xcited state in a €eion is a 5d
state with two closely-disposed terfiBs, and’Ds,. In the free C¥ ion the energy

difference between the 5d and 4f is about 6.3 @6 (im). In a crystalline environment
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the splitting of the 5d level could take place dog¢he effect of the surrounding crystal
field. This could result in lowering of the “ceatrof gravity” of the 5d structure,
espescially in oxygen containing matrices, to aieaif 4.3 eV (287 nm) [10]. Transition
and emission can easily occur because now theecehthe 5d level is at relatively low
energy [11]. A plausible explanation for the broband emission would thus be
transition from different 5d levels [12, 13]. As mi®ned before, ¥SiOs has a very

complicated crystal structure so emission from raighbour C¥& ions (differently

orientated in the structure) could result in traosi with energies just slightly lower or

higher than the ion close to it. The net effecassif the broad curve gets “coloured in

with peaks to the left and right of a maximum irgiénpoint.

All of the above-mentioned possibilities should dmnsidered while investigating the

luminescent properties of ,;8i0s:Ce and during the curve fitting process. A strong
influence would be the preparation method of the@a material used as the phosphor
(powders or thin films) as this could lead to dé$eand oxygen vacancies, together with

the crystal field effect and different orientatiohthe ions in the crystal structure.

Fig. 5 shows a schematic illustration of the pdssé@mission transitions and luminescent
mechanisms that could explain the 4 fitted peaksFig 4. The most plausible
explanation according to our excitation and emissesults is that the two different sites
of the C&" ion (A1 and A2) in the host matrix are responsioiethe two sets of visible
peaks (peak set 1 and 2 as well as peak set 3)anth4 difference in orientation of the
neighbour ions in the crystal structure will bep@ssible for the broadening of the band
emission. The emission peaks are from the 5ddewehe splittedFs, and’F, energy
levels of the 4f energy levels of the two differsites. The excitation spectrum clearly
indicated that other defect levels are also preserihe matrix. Some of the exited
electrons captured in the defect levels may trartbfsr energy to the electrons in the 4f
levels during the de-excitation process. Thesetreles are then excited to the 5d levels.

Electrons from the excited 5d levels will then leeekcited radiatively to the 4f levels.
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Figure 5: The schematic illustration of the luminesent mechanism of the ¥SiOs:.Ce

phosphor powders.

4.4 Degradation of the ¥SiOs.Ce powder

A degradation study that was done on th&i®s:Ce powder by Coetsest al.[14] at a
previous stage, included AES, CL and XPS analy3ise powder was irradiated for 24
hr with an electron current density of 26 mA€in an Q pressure of 1 x 1DTorr. The

CL intensity was monitored (450 nm) and the chehgbanges on the surface analysed
with XPS. The CL intensity first decreased andhticreased after about 300 Ctm
electron dose. The increase in the CL intensity dize to a second peak arising between
600 and 700 nm and the bright blue colour of th8i¥s:Ce changed to a whitish colour
after 24 hours (see Fig. 6). This indicated thathamical reaction occurred on the
surface (due to ESSCR) during the degradation peowdiich was then analysed with
XPS.

56



XPS showed an extra shoulder at the high bindirggnside of the Si 2p peak, a much
broader O 1s peak, an increase in the Ce 3d pedla alight shift in the Y 3d peak after

degradation.
30
—m— 1st spectrum
-- - after3hr
—— after 24 hr
3 20
2
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3
=
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o ¥
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Figure 6: CL intensity against wavelength for the ight emitted from the powders
before and after 3 and 24 hr electron bombardment.The insets show digital images

of the bright blue colour before and the whitish ctour after degradation.

Fig. 7 and 8 shows the measured and fitted XPStsdsu the Si 2p and O 1s peaks after
degradation. The Si peak position for thgSN0s chemical state was measured at 101.3
eV before degradation. The extra Si peak measatredd3.3 eV was attributed to the

silica (SiQ) chemical state after degradation [15]. The (@dak was measured at 530.4
eV before degradation. The XPS fitted results sftbpweaks at 529, 530.4, 532.1 and
533.6 eV that correlate well with Ce{16], the Y,SiOs:Ce O 1s peak measured in this
study before degradation and the last two peaks 3D, [17, 18], respectively.

The Ce 3d peaks before degradation were at 881 B&h.4 eV and after degradation it

was at 882.7 and 886.5 eV (results not shown het@gh is in agreement with Ce in the
Ce( oxidation stage [19] and CglR0]. The Y 3d 157.6 and 159.2 eV peak intensitie
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before degradation (results not shown here) deededse to the coverage of theSYOs
with SiO,, CeQ and CeH without a distinct shift in binding energy positio It must be
pointed out that there was a slight shift in th@d/'peak to 157.1 eV which might be an

500 SIO;
—— before degradation Si 2p
---- after degradation i
Y,SiOs
4004 :
|
|
|
300+ :
|
|
|
2001 S I,
Y
@) | | (b)
10— 71— 7 T 7 7T ! :, :,
114 111 108 105 102 99 96 93 108.:  101:
Binding Energy (eV) Binding Energy (eV)

Figure 7: (a) Measured XPS results for the Si 2p @&k before and after 24 hr
degradation, (b) fitted results for Si 2p in the ¥%SiOs and in the SiG, chemical state.

The surface reaction on,8iOs:Ce is consistent with the well known ESSCR mod@él [
23]. The ESSCR mechanism explains the formatiorSi@, plus CeQ and CeH,
whereby the electron beam dissociates the oxygenagawell as water vapour from the
background gases into atomic species, which thact eith the surface atoms to form a
different chemical layer. The increase in CL isiias indicates that the newly formed

layer is luminescent and thus contributing to timéssion peak between 600 and 700 nm.
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Figure 8: (a) Measured XPS results for the O 1s p&abefore and after 24 hr
degradation, (b) fitted results for O 1s after degpdation in the SiO,, Y,SiOs and

CeO, chemical state.

SiO, has a band gap and the electron beam irradiagonbeceak the Si-O bonds and
cause intrinsic defects [16, 24]. Skagal [25, 26] reported two peaks for Si@t 1.9
eV (650 nm) and 2.7 eV (459 nm) with a theory thattwo peaks are related to intrinsic
defects involving broken Si-O bonds. A definite tdution from the Si@ 1.9 eV defect
leads to the increase in the CL intensity betwe@h &d 700 nm, thus also resulting in
the change in colour. There could be a very low@nsity contribution from the 2.7 eV
defect to the peak emission between 400 and 50Quhiah results in the increase in the
intensity in that region. Violet/blue light emisgi(379.5 nm) was previously observed at
room temperature from thin Ce@ims deposited on Si (111) [27]. No evidence of

emission in the 600 to 700 nm range for ga@s found.
The formation of the luminescent Si@yer on the surface of the,SiOs:Ce therefore

leads to the degradation of the blue emittingi®0s:Ce phosphor powders to a whitish
light emitting phosphor.
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4.5 Conclusion

CL and PL results were investigated and the ideafilps for the Gaussian peak fits
yielded four peaks that fit the broad band spectrdine origin of these four peaks is due
to the two different C¥ sites in the host matrix (A1 and A2) and the algeld split of
the 4f levels. Defect levels also play an impdrtate in the excitation process. A better
understanding of the luminescent mechanism cregipsrtunities for enhancement in
the Y,SiOs:Ce phosphor application field. The degradatibthe Y,SiOs:Ce phosphor
powders investigated with AES and CL spectroscaorsy fesulted in a decrease in CL
intensity measured at 450 nm and then an increfise about 300 C.cih due to the
chemical change in the phosphor surface. XPSCdnihdicated that the change in peak
shape is due to the formation of a luminescent &{er on the surface which is formed
according to the ESSCR mechanism. The emissioiglof from the SiQ defect levels
contributed to the CL intensity in the 600 to 70® mvavelength range. The colour

changed from blue to whitish during the degradagimcess.
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Chapter 5

Characterization of the Y,SiOs:Ce thin films: Part one

This chapter contains the experimental procedtiegtowth of the different thin films,
characterization and the results and discussionSEdI/backscattered electrons (BSE),
EDS and AFM measurements for the thin films in SEBRH 2 in order to investigate

surface morphology with different process paranseter

5.1 Introduction

Particle formation is a major drawback of PLD andsgually is the main limiting factor

in the application field of this deposition methodrFor example high performance
electronic and optical devices require particlefiéms. The formation and emission of
the particles strongly depend on the type of malteised as the target and it is based on
various physical phenomena such as the dislodgenfeatiformities protruding from
the target surface, gas phase clustering of thporated material due to supersaturation
(in high gas pressures) and the generation of diqphase droplets. Particles can

therefore be in the vapour, liquid or solid phale [

One of the solutions to the particle formation peabis optimization of the laser process
parameters such as the ambient pressure (oxygee), $pot size, frequency, number of
pulses and the substrate temperature. The ambpiessure during PLD can be
characterized as either passive or active. Theiymsise is mainly to compensate for
some loss of a constituent element such as oxygeitrogen in ceramics and the active
use with either an inert of reactive gas is delbay introduced to form particles with a
desired size or composition. Incorporating an @ambduring PLD can therefore create
ultrafine particles with nano - meter size diam&tefThe particle sizes, however, do

change as the ambient pressure changes [1].

62



The effect of the inert ambient pressure on theineabf the particles is most likely
related to the increased collisions between théghes in the plume and the ambient as
the pressure increases. Previous research thatloveesby Coetseet al [2, 3] on the
growth of Y,SiOs:Ce thin films, resulted in non uniform thin filnesntaining micron size
spherically shaped particles with a broad CL eroisdiand between 400 and 500 nm.
This chapter therefore includes the investigatibthe process parameters for PLD in
order to reduce the particle sizes and to growoumifthin films for optimal FED

application.

5.2 Experimental procedure
5.2.1 The growth of ¥;SiOs:Ce thin films

Commercially available XSiOs:Ce standard phosphor powder from Phosphor
Technology (UK) were pressed into a pellet and alaakeat 600 °C for 24 hr in vacuum
to remove any water vapour that might be presemthénpowder. The Lambda Physik
248 nm KrF and the XeCk(= 308 nm) excimer lasers were used to ablate teteof
thin films on silicon (Si) (100) substrates. T8e (100) substrates were cleaned in
acetone for 5 min, in an ultrasonic water bath #reh for another 5 min in methanol.
The substrates were blown dry with nitrogemnpy)(las. Table 1 shows the different

experimental parameters used for the growth ofitfierent thin films.

For SETs 1 and 2 the vacuum base pressure was08 fdrr before the system was
backfilled with the ambient to the desired pressanel in SET 3 the vacuum base
pressure was 3 x T0Torr. The target to substrate distance for SEBad 2 was 4 cm
and for SET 3 3.5 cm.
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Table 1: 3 Sets of thin films grown with differentprocess parameters with PLD.

Thin Pressure | Substrate Frequency| Fluence | Pulses| Laser
film (Torr) Temperature (Hz) (Jlem?P)
(©2) (°C)
SET1
5 Vacuum | 600 8 3x0.3 4000, KrF
2 1x10° | 600 8 3+0.3 4000 | KrF
3 1 600 8 3+0.3 4000| KrF
13 Vacuum | 600 8 1.6+0.1 4000 KrF
15 1x10° | 600 8 1.6+0.1| 4000| KrF
17 1 600 8 1.6+0.1] 4000 KrF
9 Vacuum | 400 8 3+0.3 4000, KrF
1 400 8 3+0.3 4000| KrF
SET2
M4 0.455Q | 600 1.6+0.2| 4000| KrF
M9 0.455N | 600 8 1.6+0.2| 4000| KrF
A3 0.455 Ar | 600 8 1.6+0.2| 4000 KrF
SET3
Uncoated 7.5 x 10° | 400 10 2.7 6600 | XeCl
0,
Coated |75 x 10°| 400 10 2.7 6600 +| XeCl
(SnO) 0, 1200

5.2.2 Characterization of the ¥SiOs:Ce thin films: SET 1 and 2

SEM/BSE and EDS results were obtained with a Shmmg&lperscan SSX-550 system
and AFM with the Shimadzu SPM — 9600 model (125gcamner) to determine surface
morphology.
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5.3 Results and Discussions

5.3.1 SEM/BSE and EDS

Fig. 1 shows the SEM images taken for the thindilblated in a) 5 x 10Torr (vacuum)

(a lot of charging), b) 1 x ™ Torr G and c) 1 Torr @ in SET1. The substrate
temperature, pulse frequency, fluence and amouptiises were kept constant at 600 °C,
8 Hz, 3 + 0.3 J.cihand 4000 respectively. SEM images were done Wik electron
beam energy, magnification of x 40 000 and a schE00 nm. EDS analysis was done
on all the thin films in SET1 and 2 but only theuks for SET1 (Fig. 2a) 1 Torr&nd
b)) vacuum are shown. EDS (BSE images taken an8 Bmalysis done with 15 kV
energy beam) was done to indicate whether the @) (4ubstrates was covered with the
Y,SiOs:Ce phosphor layer. The SEM images for the lofluemce of 1.6 + 0.1 J.ch
SET1 can be seen in Fig. 3. Fig. 4 shows the hiroftims ablated with 3 + 0.3 J.cn
fluence at 400 °C in a) vacuum and b) 1 Tosr O

Fig. 5 shows the SEM images for SET2 thin filmsatdd at 450 mTorr £a), N, b) and
Ar c), at 600 °C and fluence of 1.6 + 0.1 JTnEDS analysis done @il these thin films
showed Y, Si, O and C on the surface areas whiah iadication that the phosphor layer
was successfully ablated onto the Si (100) sulestratl the thin films ablated in vacuum
and 10 mTorr @show a smooth layer with the SEM measurementsougher surface is
however visible from the films ablated in 1 Tors &nd it looks like a spherically shaped
nano - particle layer. From Fig. 5a) and c) ablatin 450 mTorr ambient show some
layer on the substrate which is rougher than je @xistence of unwanted bigger micron

size particles also occurs on all thin films.

These bigger unwanted micron particles can sevedelgrade the performance of
electronic and optical devices and elimination t@ndone either with a mechanical
approach of applying shadow mask, filters or dasffgaxis ablation or by optimization

of the process parameters [1]. These SEM imagesagrough indication of the surface

morphology but better imaging was obtained with A&ivalyses.
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AccY Mag F——1 500nm
500k¥  x 40000

Accy Mag F———1 500nm
500k¥ % 40000

Figure 1: SEM images of the three thin films ablatd in a) vacuum, b) 10 mTorr and
c) 1 Torr O, ambient at 600 °C with a fluence of 3 + 0.3 J.cf(5 kV beam energy,
magnification of x 40 000 and a scale of 500 nm (RO5 x 4 pm)).
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Figure 2: BSE images and EDS analysis of the thinlrhs ablated with a fluence of 3
+ 0.3 J.cm® in @) 1 Torr O, and in b) vacuum at 600 °C. (BSE images were done
with a 15 keV beam energy, magnification of x 40 @and a scale of 500 nm (FOV: 5

x 4 um)). (Ce concentration below detection limit DEDS system.)
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AccY Mag F——1 500nm
500KV 40000

AccV Probe Mag { 500nm
5.00kV 1.8 % 40000

Figure 3: SEM images of the three thin films ablatd in a) vacuum, b) 10 mTorr and
c) 1 Torr O,ambient at 600 °C with a fluence of 1.6 + 0.1 J.cA(5 kV beam energy,
magnification of x 40 000 and a scale of 500 nm (RO5 x 4 pm)).
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AccY Probe Mag WD Det F——— 500nm
5.00kY 2.0  x 40000 16 SE

AccY  Probe Mag WD Det F——1 500nm
500KV 30 40000 19 SE

Figure 4: SEM images of the two thin films ablatedn a) vacuum, b) 1 Torr G,
ambient at 400 °C with a fluence of 3 + 0.3 J.cf(5 kV beam energy, magnification
of x 40 000 and a scale of 500 nm (FOV: 5 xn)).
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Mag F———1 500nm
% 40000

AccY
5.00k¥  x 400

Figure 5: SEM images of the three thin films ablatd in 450 mTorr a) O,, b) N, and
c) Ar ambient at 600 °C with a fluence of 1.6 = 0.1 J.cMm(5 kV beam energy,
magnification of x 40 000 and a scale of 500 nm (RO5 x 4 pm)).

5.3.2 AFM
Fig. 6 shows 500 x 500 nm area scanned AFM 3D Heangages for thin films in SET1

and 2 done in contact mode. Different areas oh #an film were scanned but only two

areas are shown, in order to get a better pictutieecsurface morphology.
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Vacuum, 600 °C, 8 Hz, 3+ 0.3 J.c/h

(@)

500.00 x 500.00 [nm]  Z 0.00 - 1.70 [nm] 500.00x 500.00 [nm] 7 0.00 - 1.80 [nm]

10 mTorr, 600 °C, 8 Hz, 3 + 0.3 J.cifh

5000050000 [nm] 7 0.00 - 1.64 [nm] 500.00 % 500.00 [nm]  Z 0.00 - 1.27 [nm]
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1 Torr, 600 °C, 8 Hz, 3 + 0.3 J.cif
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10 mTorr, 600°C, 8 Hz, 1.6 £ 0.1 J.cih

342
[nm]

500.00 x 500.00 [nm]  Z 0.00 - 14.09 [nm] 500.00x 50000 [nm] £ 0.00 - 3.42 [nm]

1 Torr, 600 °C, 8 Hz, 1.6 + 0.1 J.cif

0.00

000 0.00
500.00 x 50000 [nm]  Z 0.00 - 78.87 [nm] 500.00 x 500.00 [nm] £ 0.00 - 8038 [nm]
(f)
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Vacuum, 400 °C, 8 Hz, 3+ 0.3 J.ci

500.00 % 500.00 [nm]  Z 0.00 - 5.24 [nm] 500.00 % 500.00 [nm]  Z 0.00 - 2.18 [nm]

1 Torr, 400 °C, 8 Hz, 3 + 0.3 J.cif

0.00 0.00
500.00 % 500.00 [nm] £ 0.00 - 154.51 [nm] 500.00 x 50000 [nm] £ 0.00 - 85.31 [nm]
(h)
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455 mTorr O,, 600 °C, 8 Hz, 1.6 + 0.2 J.cf

0.00
500.00 x 500.00 [nm} Z 0.00 - 41.07 [nm] 500.00 % 500.00 [nm]  Z 0.00 - 43.26 [nm]

455 mTorr N, 600 °C, 8 Hz, 1.6 +0.2 J.ch

0.oo n.oo

0.00 0.00
500.00x500.00 [nm] £ 0.00 - 16.51 [nm] 500.00 % 500.00 [nm] £ 0.00 - 14.68 [nm]

75



455 mTorr Ar, 600°C, 8 Hz, 1.6 £ 0.2 J.cif

500.00 % 500.00 [nm]  Z 0.00 - 18.23 [nm] ' 5000050000 [nm] 7 000 - 18.08 [nm]

Figure 6: 3D Height AFM images done in contact modéor the thin films in SET1

and 2 with a) — i) ablated in oxygen ambient, j) imitrogen and K) in argon.

It is clear from AFM images Fig. 6a), b), d), €),and j) that the thin films that appeared
to be smooth and uniform from SEM images (Fig. &aJ b), 3a) and b), 4a) and 5b))
either consist of a very thin layer of small nanpatticles unevenly distributed or the
surface layer covering the substrate can just batifiled asuniform but with a rough
surface area. Deflection images that was taketheseuniform thin films reflect very
smooth surfaces, Fig. 7, and was used to indiaatesimation of the thickness of the
thin films in Fig. 6a) and d) as a result of heightfile. The growth process of the layers
onto the substrate is an uneven process. Theratédsurface in some cases is therefore
not completely covered and the thin layer’s thidses vary on different areas on the thin
film. This is due to the fact that the targetasating during the deposition process (in
order to prevent destruction of the target by tbegrful laser pulses) but the substrate is
stationary. A solution to this problem could beleb the substrate rotate at the same

speed as the target.
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Figure 7: Deflection 3D and 2D images of thin filmsn SET1 ablated in vacuum with
a fluence of a) 3 + 0.3 and b) 1.6 + 0.1 J.éto show the rough estimation of the
height of the thin films.

Table 2 shows the surface roughness values fahthdilms in Fig. 6.

77



Table 2: RmsVvalues for the thin films in Fig. 6.

Figure 6 | Left image (Rms (nM)) | Right image (Rns (NM))
(@) 0.13 0.12
(b) 0.12 0.12
() 12.26 13.29
(d) 0.39 0.16
(e) 0.72 0.19
() 10 11.1
(9) 0.09 0.08
(h) 20.84 11.57
(i) 3.94 3.77
() 1.83 2.07
(K) 2.72 2.55

The thin films ablated in vacuum and 10 mTorr ambi®,, (Fig. 6a), b), d), e) and g))
show the same morphology. The low 10 mTorr amipeassure would thus have minor
affect on the kinetic energies and particle siZeb® particles in the plume. An increase
in the pressure to 1 Torr,@owever shows a definite increase in particle tzg. 6¢), f)
and h)) and RMS roughness. The increased amhbiessyre results in shorter mean free
path lengths of the particles. This causes mollesioms that reduce the kinetic energies
and ensure longer residence stay time in the plufies in turn enables longer time for
nucleation, growth and agglomeration of the patido occur as they adhere onto the
substrate. Fig. 8 shows a schematic diagram ofthevparticles in the plume experience

obstruction and collisions from the gas partictea high ambient pressure.
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Substrate

Laser
Figure 8: Schematic diagram to illustrate them inteactions of the particles in the

plume in a higher ambient pressure before they redcthe substrate [4].

The affect of the increased fluence that led tgéigarticle and grain sizes can be seen
from Fig. 6¢) compared to Fig. 6f) [1, 5]. The SHfages in Figs. 1c¢) and 3c) clearly
show that the sizes of the particles formed at fofieence are smaller and also less
agglomerated than the particles that were ablatéu twe higher fluence. The higher
fluence therefore led to a thicker layer of nanparticles formed than at the lower
fluence. The particle sizes of the higher fluemasy mainly between 130 to 140 nm (and
bigger) and the lower fluence sizes vary betweera®® 60 nm. The higher fluence
particles consist of smaller particle ranging frérto 30 nm as measured with AFM. The
surface structure of the thin film ablated at 4@0substrate temperature (Fig. 6h) and
4b)) is less compact (lesser agglomeration of gagithan at 600 °C). A rough estimate
of the number of particles/érfor the 400 °C and the 600 °C samples is 3 X 10
particles/crh compared to 4 x fOparticles/cri. These bigger particles are however an
agglomeration of smaller particles. The valuetfa lower fluence (Fig. 3c)) is of the
order of 15 x 1dparticles/cri. The height measurements done at the interfaicteeo
regions not covered by the ablated thin films (Fig) and b)) show thicknesses of 187
and 78 nm, respectively. The higher fluence ledatthickeruniform thin film as

expected. The increase in substrate temperatdir@tely resulted in a rougher surface
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layer as can be seen from Fig. 6g) and a) anddhcanMore variations in the substrate

temperature would be a future research project.

Fig. 6)) indicates that ablation in,Njas resulted in small particles of mostly 20 nm in
diameter and the maximum height measured at 14.7 Abiation in Q gas (Fig. 6i))
produced bigger particles of 20, 30 and 40 nm at agean agglomeration of these
particles into bigger size clusters of about 8@ th00 nm. Fig. 6k), ablation in Ar gas,
shows patrticle sizes of mostly 30 nm and maximunghteof about 19.8 nm. The
particles in Fig. 6k) are much more sphericallyimed and evenly distributed on the

surface in comparison with the agglomerated padiot Fig. 6i).

As mentioned earlier, thin film morphology and atloharacteristic properties strongly
depend on the gas pressure during PLD. The ampétitles interact with the particles
in the plume and this has an effect on the parsides, amount and status as they arrive
at the substrate [6]. The vaporised particlesectoghe target’s surface have high kinetic
energies due to energy transfer from the laserfatiabh spot (having a temperature of
about 5000 to 10 000 K [7]). In vacuum there iguglly no collisions between the
ejected species before they reach the substrat¢hangiarticles could have a mean free
path length of up to 5 cm. When a background gastroduced of about 100 mT, the
path length could decrease to 0.05 cm [1]. Calfidvith the gas atoms and scattering in
the plasma decreases the kinetic energies of th&lpa and delete “some sort of”

disorder in the plume.

High background pressures act as a buffer andasesethe resident stay time of the
particles in the plume [1, 6]. It is possible teame of the vaporized particles that have
high kinetic energies get scattered away eithenfitoe substrate or from the gas atoms in
the plume. These fast moving particles get saatteut of the flight path of the ablated
material between the target and substrate and toeyd also open a channel for
deposition of the slower particles. There is thudecrease in the amount of particles

reaching the substrate at the end [4, 8].
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Ablation in G resulted in bigger agglomerated particles (smafiation of about 10 nm
compared to ablation in JN see Fig. 9. This could be explained due to shwll
difference in the gas particle sizes between thar@ N molecules [9]. @ molecules
and bonding length between the atoms are a liitldigger and thus creates a longer
resident stay time for the particles in the pluroerat they agglomerate into these bigger
particles. Ar atom clusters are even bigger ie ¢about 20 nm) and they act as a plume
buffer. The Ar atoms are almost static and thesdesioud of ablated material moves
slowly through the diluted arrangements of Ar atorm$e ablated particles mogewer
through the Ar buffer but with lesser collisions iah prevent the formation of bigger

agglomerated particles (collisions are much maastil) [8].
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Figure 9: Rough estimation of particle size distrilntion for 50 particles in a 500 x

500 nm area.

5.3.3 Comparison: SET1 and 2
Comparisons were made in order to compare thecfgdiameter and particle density

with the changes in the different process pararmgsere Fig. 10 and 11.
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Figure 10: Comparison of the particle diameter agaist the different process
parameters, which is a) different Q gas pressures at 600 °C substrate temperature,
b) low and high fluence at 600 °C substrate tempetare (see table 1), c) different
substrate temperatures at the high fluence of 3 +.8 Jicnf and d) different gas
species at 455 mTorr and 600 °C (Error of £ 5 nm).
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Figure 11: Comparison of the particle density agaist the different process

parameters, which is a) different Q gas pressures at 600 °C substrate temperature,

b) low and high fluence at 600 °C substrate tempetare (see table 1), c) different

substrate temperatures at the high fluence of 3 +.8 J/cnf and d) different gas

species at 455 mTorr and 600 °C (Error of + 0.06 XO° particles per cni?).

In Fig. 10 50 particles were analysed in a 500 @ B area. From Fig. 10a) and b) the

bigger particles (diameter of 30 nm) appear witlatain at the higher fluence of 3 + 0.3
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Jlcnf in an Q ambient pressure of 1 Torr. The low fluence &f 4.0.1 J/criresult in
particle diameter of mostly 20 nm in 1 Torr ambievitile the vacuum and 10 mTorr
ambient resulted in particle diameters of smallemt 10 nm (about 5 nm). Fig. 10c)
shows that ablation in 1 Torr,Gambient at 400 °C substrate temperature resutted i
particle diameters of about 40 nm and the increase00 °C lead to smaller particle
diameters of 30 nm. Ablation in vacuum at bothgertures showed particle diameters
of below 10 nm. Fig. 10d) showed that both tha thims that were ablated in,@nd Ar
ambient resulted in the bigger particle diameté/0onm.

From Fig. 11a) and b) it is clear that ablationhvilte higher fluence and in a ambient of
1 Torr show a lower particle density due to thegbigparticles on the surface. The
particle density was calculated in a 500 x 500 mema Fig. 11c) shows the lower
particle density for the 1 Torr ambient at 400 ¥€balue to the bigger particles and in
vacuum it shows a much higher density due to aggtatad particles on the surface. In
Fig. 10d) the particle density of the thin filmslated in Q and Ar gas are both lower

than the N gas due to the bigger particles on the surface.

5.4 Conclusion

Y ,SiOs:Ce thin films were successfully grown onto thg1R10) substrates and the effect
of some of the process parameters indicated defohibnges in particle sizes. Nano -
particles appeared on the thin films when ablatias done with a ambient background.
The size of the particles depended on the backgrguessure, the gas species and the
substrate temperature as well as on the laserdéueAn increase in the ambient pressure
to 1 Torr Q resulted in bigger particle sizes. Ablation witle higher fluence (3 + 0.3
J.cm?) also lead to bigger particle formation. The @ase in the substrate temperature
(from 400 to 600 °C) at high fluence showed bigtipis which are actually an
agglomeration of smaller particles and therefor@wgher surface. Ablation in the Ar
ambient showed 30 nm (bigger than thg pharticle sizes but lesser agglomeration than

the Q@ ambient. The bigger particle sizes thereforelt@slower particle densities.
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Chapter 6

Crystal structure and luminescent properties of theY,SiOs:Ce thin

films: Part two

The crystal structure of the thin films in SET1 dghavere determined by XRD analysis.
The results are presented in this chapter. Theénksoent properties were investigated
with CL scanning images obtained (SET3 thin filmeyl with CL and PL measurements
for SET1 and 2 thin films.

6.1 Introduction

As mentioned in section 2.4,,8i0s:Ce has a very complicated crystal structure and
analysis done by Coetseeal [1] on the crystal structure of the phosphor tiilms and
powders showed that it has the monoclinicpkase structure. Together with research
done on the crystal structure, luminescent propernwere also analyzed. The main
purpose of this study is to improve the luminesafitiency of the phosphors used in
field emission displays (FEDs) [2, 3]. The need $mooth and uniform thin films for
possible application in high performance electramd optical devices (e.g FEDs) leads
to more advance investigation on the growth of films. Smooth uniform thin films
result in low intensity luminescence whereas a hengurface would result in a higher
intensity [4, 5]. This was also proved by Coetséal. [6]. The following chapters
involve the luminescent properties investigatioat ttvas done on the thin films prepared

with different process parameters.

6.2 Experimental Procedure
6.2.1 Characterization of the ¥SiOs:Ce thin films: SET 1 and 2

The crystal structure was analyzed by using a Sienaffractometer D5000 equipped
with a Cu source with XRD.
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6.2.2 Characterization of the ¥%SiOs:Ce thin films: SET 3

CL scanning images were done during SEM measuresnveitiht a Mono-CL 3 system
from Gatan to investigate the effect of the tindexi(SnQ) coated layer on the light
output.

6.2.3 CL and PL spectrometry for the thin films: SH 1 and 2

CL measurements were performed with an electrombzarent density of 26.3 mA.Cm
2 2 keV energy electrons in a ultra high vacuumnuer with base pressure 6 x®°10
Torr. CL was done in the PHI Model 549 system @nedCL data were collected with an
Ocean Optics S2000 spectrometer. PL measuremenésdene with a HeCd lasek £
325 nm) with a power of 3 mW.

6.3 Results and Discussion
6.3.1 XRD
Figs.1 and 2 show the XRD results for the thin éilm SET1 and 2 compared to the X

phase of monoclinic XSi0s. The powder used as a target has a monoclinistairy
structure of ¥SiOs:Ce X - phase with space groupR2[1]. The XRD results for the
thin films showed very low intensity peaks whichas indication that the layers are
almost amorphous with only some indication of smpadlaks that belong to the
monoclinic crystal structure. Suet al. [2] studied silicate phosphor §8iOs:Ce,
Zn,SiOxMn and CaSi@MnPDb) thin films prepared by PLD. The substramperature
used was 300 °C (as grown) and the thin films veemeealed for 5 hr in air, at 800 and
then 1000 °C. The XRD results for theSrOs:Ce thin films showed an increase in
crystallinity with an increase in annealing tempera with the two main peaks for the X
- phase only visible after annealing at 1 000 °CpZj)4and (013). A PL intensity
increase was clearly observed for the higher amgedbemperature. The enhanced
luminescence was attributed to the increased dlipsita as well as the rougher surface
morphology [2].
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Figure 1. XRD results showing the amorphous crystastructure of the various thin

films in SET1 compared to the X- phase.
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Figure 2: XRD results showing the amorphous crystastructure of the various thin

films in SET2 compared to the X- phase.
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Fig. 2 shows only the Si (200) peak at about 38bgsate surface) with the two low
intensity main peaks of 26i0s:Ce which are not clearly resolved. The Si (208g9kpcan

be detected due to the fact that the Si (100) satlesis doped with boron and the Si (400)
would be detected at 69° [7, 8]. &ual.[9] also found a small peak at 33° and labelled it
to be the Si (200) peak during their investigation(211) BaTiQ thin films that were
grown on Pt—coated Si (100) substrates by radguiacy magnetron sputtering. They
have conclude that the Si (200) peak can only lvectkrl due to a result from multiple
scattering effects because Si has a diamond steuctuwhich the (200) reflection is not

allowed.

From these XRD results (Fig. 1 and 2) it is cldeattamorphous thin films developed
during the PLD process. XRD completed the charaetion on these thin films.
Although the effect of the different process partareon the crystal structure could not
clearly be detected with XRD, the surface morphygl¢garticle shapes and sizes) was
sufficiently described with SEM, EDS and AFM. Imetnext sections the luminescent
properties will be discussed in order to investgtte effect of the different thin film

surfaces.

6.3.2 CL Scanning

CL scanning images were obtained for some of tiefilims during SEM measurements.
CL images were obtained during the scanning processder to see whether the larger
micron size particles on the surface are lumingsaed how the intensity compared with
the surface layer. Such CL scanning images wene da one thin film in SET1 and on
the two films in SET3.

Interesting to note was the CL scanning image lafrger particle on the surface of the
thin film that was ablated with PLD in a 1 Torp @nbient (600 °C, low fluence, 1.6 *
0.1 J.crif). The thin film consists of nano-,%i0s:Ce particles with larger micron size
particles on the substrate as can also be seenFign3a). The CL scanning images that
were obtained, Fig. 3b), at a PMT voltage of 65Q eMicated emission from 3 small

light emitting centres inside the bigger microntjgde. These centres are not clearly
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defined in the SEM image, Fig. 3a). In Fig. 3@ BMT voltage was increased to 850 V
and the effect of a higher luminescence is cleadiple. Emission seems to occur from
the whole micron particle as well as from the serafiarticles around the particle. The
smaller particles did not show effective emissiathwhe lower PMT voltage, Fig. 3b).
Fig. 4 shows the CL scan results of the uncoateahd)tin oxide coated b) thin films.
There is a definite increase in luminescent intgnsith the uncoated thin film which
indicates the photon absorption effect of the etitraoxide coated layer. CL intensity is
mainly coming from the bigger spherical particlas the surface as seen from these

images.

L
(@) (b)

NMCF @ UVA LEI 15.0k¥  X10,000 Tum WD 7.9mm NMCF @ UVA CL 15.0kY  X10,000 1pm WD 7.9mm

v

NMCF @ UVA kY X10,000 Tum WD 7.9mm

Figure 3: a) SEM image and b, c) CL images of the ;6i0s:Ce thin film (1 Torr, low
fluence, 600 °C) performed at 15 kV electron beamnergy, magnification of x 10
000 and a scale of 1 um with a photomultiplier tub€PMT) voltages of 650 and 850

V, respectively.
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Figure 4: CL images of a) the uncoated XSiOs:Ce and b) tin oxide coated thin films
performed at 15 kV electron beam energy, magnificaen of x 1 000 and x 1 500
respectively, a scale of 10 um with a photomultijer tube (PMT) voltage of 650 V.

The tin oxide coated thin film in Fig.4 was ablatied previous investigation on the
degradation of the thin films. The tin oxide aetsa coated layer to prevent electron
stimulated reactions with the phosphor surface #ngs inhibits degradation [10].
However it was found that the degradation was pr&cebut the coated layer decreased
the luminescent intensities. This was also sholmethe CL scanning images from Fig.
4. CL and PL measurements where then performedhenthin films for further

investigations.

6.3.3 CL measurements

As mentioned before, the growth process during LDt a uniform process (due to the
fact that only the target is rotating) and it wadsserved during AFM height profile

analysis that some areas on the film are thicker lmve bigger particles compared to
other areas. Luminescence from a thin film norynedlsults in a lower intensity due to
the internal reflection of the light exiting they&. A rougher surface would therefore

result in a better light output (compared to a amif surface layer) and higher intensity

[1].
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Figure 5: CL spectra for the thin films in SET1 abkted with a) a high fluence of 3 £
0.3 J.cm” and b) low fluence of 1.6 + 0.1 J.cth (O, ambient and 600 °C substrate
temperature).
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Figure 6: CL spectra for the two thin films in SETL ablated with a) a high fluence
of 3 + 0.3 J.cnf and substrate temperature of 400 °C (@ambient). b) CL spectra
for the thin films in SET3 ablated with a low fluerce of 1.6 + 0.2 J.cff in three

different ambients (Ar, O, and N,) at a pressure of 455 mTorr and substrate

temperature of 600 °C.

From Fig. 5a) and b) and 6a) it is clear that tiwdased @ambient (1 Torr) resulted in

a higher CL intensity compared to the thin film$aédd in vacuum. This is in agreement
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with the PL results from section 6.3.4 where themaparticles’ shape ensure better light
output due to lesser photons being totally refléatgernally. The ablation in high
fluence Fig. 5a) also showed a higher CL intensiti the vacuum and 1 Torr thin films

compared to the low fluence in 5b).

The 10 mTorr thin film in 5b) showed a much higl@k intensity but this can be
ascribed to the fact that the film was not eventyagn during the PLD process. Fig. 6a)
shows the lower CL intensity compared to Fig. 5a)clv is also in agreement with the

PL results where the higher temperature resultdéeiter intensities.

The thin film ablated in 455 mTorr Ar gas Fig. @fjowed a much higher CL intensity
than the other two thin films. This is due to there spherically shaped, and less
agglomerated, particles on the surface of the satles{section 5.2.2). The thin film
ablated in @ however, has a more agglomerated, particle layethe surface. The
particle sizes of the film ablated in, s much smaller. The small particles (thin film
ablated in N) and the big agglomerated particles (thin filmaadédl in Q) resulted in very
low CL intensities. The next section contains Hart investigations (PL) and

explanations on the luminescent intensities.

6.3.4 PL measurements

Fig. 7 shows the increased PL intensity for theeased @ (vacuum, 10 mTorr and 1
Torr) pressure for a) high fluence and b) low fleerat 600 °C. Fig. 8a) shows the two
different temperatures (400 and 600 °C) at vacundnlaTorr Q at a high fluence and b)
shows the difference in vacuum and 1 TograDthe high and low fluence (3 £ 0.3 and
1.6 + 0.1 J/crf) at 600 °C. The increase in the ambient predsauds to the formation
of the nano - particles (see section 5.2) and #mumcrease in the luminescent intensity.
The increased intensity from the nano — partidessia result of more photons exiting the
spherically shaped nano - particles (rougher sajfat comparison with the thin layers
were the nano - particles are not clearly defined farmed (acting as a uniform surface
layer). As mentioned earlier, the photons getlliotaternally reflected in a uniform
surface layer and therefore result in a lower isitgn This was also reported by Coetsee
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Relative I ntensity (Arb. units)

et al. [1, 10] during the investigation of the CL intelysilegradation of tin oxide coated

Y ,SiOs:Ce thin films grown by PLD.

If the laser power is kept constant and the lapet size is focussed more tightly, the

fluence will increase and this will also increake particle number density [11]. The

higher fluence would result in ablation of a thicked denser thin layer with improved

crystallinity, and this would result in an increddaminescent intensity (see also (section

5.2). It is also known that higher substrate terajpge result in better luminescent

intensity due to the rougher surface formed, F&j.[8, 11].

During the PLD process the growth of the thin filresulted in C& occupying different

lattice sites in the complex crystal structuretd ¥,SiOs host. The broad band spectra,

observed in Figs. 5, 6, 7 and 8 is a contributibthe two different sites of the &eion

in the host matrix and the difference in orientataf the neighbour ions in the crystal

[12, 13, 14, 15] - see also chapter 4.
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Figure 7: PL results for the increased @ (vacuum, 10 mTorr and 1 Torr) pressure

for a) high fluence and b) low fluence at 600 °C.
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Figure 8: PL intensities at a) two different tempeatures (400 and 600 °C) at vacuum

and 1 Torr O, at a high fluence and b) shows the difference iracuum and 1 Torr
O, at the high and low fluence (3 + 0.3 and 1.6 + 0Jlcm™®) at 600 °C.

6.3.5 Comparison: SET1 and 2

Comparisons were made in order to compare the @LPanintensities with the changes

in the different process parameters respectivedyrsg. 9 and 10.
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Figure 9: Comparison of the CL intensities againsthe different process parameters,

which is a) different O, gas pressures at 600 °C substrate temperature, lmw and

high fluence at 600 °C substrate temperature, c) flerent substrate temperatures at
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These comparisons are a short summary of the CLPanidtensities obtained from the
thin films that were analyzed. A detailed analysmuld require much more data points
consisting of more pressure values (for example 200, 300, 400 mTorr etc.) and many
different fluences or more variety in substrategeratures. From both Fig. 9 and 10a),
b) and c) it is however clear that the high flueabéation in 1 Torr @result in a higher
CL and PL intensity. It is important to see thatall the figures the 1 Torr {pressure
films’ intensities are higher than the vacuum layend that the higher fluence also
results in higher CL and PL intensity than the lof@ence. The PL results clearly show
the expectation of an increase in intensity asaifmbient pressure increases to 1 Torr.
This is however not the case in the CL resultstaerdeason for the 10 mTorr intensities
to be higher in Fig. 9a) and b) could be as meetioim section 6.2.4; viz. uneven PLD

growth process.

The increase in intensity for the films ablated@0 °C, Fig. 9¢) and 10c) is due to the
rougher surface that formed but a further increas800 °C and a decrease to room
temperature should also be investigated. Fig. 9djws a dramatic increase in CL
intensity with the thin film ablated in an Ar ambteas also can be seen from Fig. 6b).
The results obtained for the CL and PL are theeefior agreement with what was

obtained from literature, as was discussed in @rapt It therefore confirms the

expectation of a higher ambient pressure, a highence and a higher substrate
temperature that should result in higher luminesgdetensities. The higher ambient
pressure resulted in nano-patrticles, the highentte should result in better crystallinity
and thicker layers and the higher temperature mugher surface. Ar gas proved to be

the ideal ambient during the growth process toeaehthis.

6.4 Conclusion

XRD results for the thin films in SET1 and 2 werempared to the X phase of
monoclinic Y>SiOs. The powder used as a target has a monoclinstadrgtructure of
Y,SiOs:Ce X3 - phase with space group jR2 The XRD results for the thin films

showed very low intensity peaks which are an inibcathat the layers are almost
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amorphous with only some indication of small ped#ikat belong to the monoclinic
crystal structure. During the CL scanning emissse@ms to occur from the whole
micron particles on the surface as well as fromdmaller particles around the bigger
particles. The smaller particles did not show affe emission with low PMT voltage.
There is a definite increase in luminescent intgnsith the uncoated thin film which
indicates the photon absorption effect of the etitraxide coated layer. CL intensity is

coming mainly from the bigger spherical particlestioe surface.

The nano - thin films lead to an increase in PL @hdintensity. The thin films grown
with the increased Opressure to 1 Torr and higher fluence (3 + 0.&n3)cresulted in
better luminescent intensities. The increase bssate temperature from 400 to 600 °C
also resulted in an increased luminescence duertugher surface that formed. For
better luminescent intensity the thin films shobhlave a rougher surface (spherically
shaped particles achieved via increased substeatperature and increased ambient
pressure). A degradation study on the stabilityhef thin film ablated in Ar follows in

the next chapter.
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Chapter 7

CL degradation and APPH depth profiles of PLD thinfilms: Part three

In this chapter a 144 hr CL degradation study wasedn the thin film ablated in Ar gas
in order to investigate the stability of the thilmf. The expectation is that the phosphor
thin films would have higher chemical stability coaned to phosphor powders. Auger
peak to peak heights (APPH) depth profiles wer® abtained and investigated to

monitor chemical changes.

7.1 Introduction

Degradation studies are important to determinestability and lifetime of phosphors.
Previous CL degradation studies done by Coetsteal [1] on tin oxide coated
Y »SiOs:Ce thin films, showed that the tin oxide preverdedradation, fig 1a). The SpO
layer acted as a protective coating layer thatltegin a constant but lower CL intensity
in comparison with the uncoated thin film, Fig. lafter 24 hr electron bombardment. It
was however also mentioned that the layer unfotéipawould be removed with

continued electron bombardment.

Light emission from both the thin films in a 1 x @ Torr oxygen environment was blue
before and after 24 hr electron bombardment. Thén@nsity of the uncoated thin film
was about 60 % higher than that of the coated fibnm (see Fig. 1b). The lower CL
intensity of the coated thin film is thus due te thnergy loss of primary electrons
penetrating the SnQayer on the phosphor surface, as well as scadferifects of the

photons exiting the phosphor surface and the,Sager. A uniform layer covering the
surface of the spherical particles results in allsongical angle for transmission and a

large fraction of the light being totally internalieflected [2].
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The importance of adventitious C on the surface &so described. The C layer on the
surface creates an extra layer that also contsbtdea loss in CL intensity. The C
however was depleted from the surface of the tiexvithin the first 24 hr electron
bombardment (within the first 300 C.énabout 3 hr)). The C gets depleted due to the
electron stimulated reactions (ESSCR). Theseimrecbccur because of i) increasegl O
pressures that result in more reactive oxygen speeghich react with the C to create
volatile species such as OH, CO and,C@) A decrease in the electron beam current
(from 20 to 10 pA) that resulted in a lower tempara beneath the electron beam that
result in longer mean stay time of the oxygen sggeon the surface area for depletion of
the C [3]. As the C decreases the Sn and O ARRtieased and then stayed almost
constant. A decrease in the C layer increase€thmtensity, which then stayed almost

constant.

From these results the expectation of a thin fiemg much more stable was created.
Would thin films, even though they result in loweminescent intensities than powders,
be chemically much more stable? In the sectiorfsltow a detailed degradation study
was done on the thin film ablated in Ar gas as filns proved to be the ideal luminescent
candidate for this investigation, as was seen ftbapter 6. A profile was also obtained
to monitor the changes in the APPH’s of C, O, Y &naith time.
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Figure 1: a) Auger peak to peak heights as functionf electron dose at an oxygen
pressure of 1 x 10 Torr and b) CL intensity as function of electron tse (C.crif)
for the coated and uncoated thin films in 1 x 18 Torr oxygen pressure with a beam

current density of 26 mA.cm? [1].
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7.2 Experimental Procedure

7.2.1 Rutherford Backscattering (RBS)
RBS was done on TF17 (the thin film ablated atva flnence in 1 Torr @ at 600 °C

substrate temperature) and TF5 (thin film ablated kigh fluence in vacuum at 600 °C
substrate temperature) in order to investigatecthraposition of the thin films. The
results were then also used to calculate the smgteate during APPH profile in order

to obtain the thin film thicknesses. RBS was doyesing a 2000 MeVHe* beam.

7.2.2 Auger peak to peak height (APPH) depth profés

APPH depth profiles were done to determine the titim thickness and to monitor the
changes in APPHSs with time. The APPH changes wenaitored with an electron beam
current of 15 pA, 2kV energy electrons. The iom giged for sputtering was an Ar ion

gun, 2 kV energy ions, 0.1 pA beam current ancerasea of 2 x 2 mm.

7.2.3 Degradation

The thin film obtained during deposition in the Atmosphere was degraded under
electron bombardment for 144 hr (coulomb dose #%110' C.cm?) at an Q pressure of
1 x 10° Torr, 2 keV electron energy and 10 pA electrombearrent. The CL, AES and
degradation measurements were done in an UHV chamwitiea PHI model 549 system
to monitor changes in the surface chemical comijposiand luminous efficiency.
Residual gas mass (RGA) analysis was done withav#&e2 mass analyzer to determine
the different kind of gas species present in thgirenment during AES and CL

spectroscopy.

7.3 Results and discussions

7.3.1 RBS
RBS results, (not shown here), showed that TF5 I8&snm thick while TF17 was 40

nm. TF5 is a thin film ablated in vacuum (highefhce). The thick layer can therefore be

explained as a consequence of no obstruction frasrpgrticles deliberately pumped into
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the chamber, see section 3.2.2. TF17 is a muamé¢hiand non uniform layer, which is
due to the nano-particles that formed during PLIhis is indeed in agreement with the
expectations and results obtained in chapter @h Huence results in thicker layers and
an ambient (deliberately added) during PLD leadsatao-particle layers.

7.3.2 APPH depth profiles
APPH depth profiles were done on TF17 and A3 (tivin ablated in Ar gas) in order to

monitor the changes in the elemental compositidh wine. Except for the difference in
the thickness of the two layers, the same resudt® wbtained. Fig. 2 shows the APPH
depth profile for TF17 and Fig. 3 for A3. The Sigh position (AES results not shown
here) changed from 82 to 93 eV which indicatesShieinding state in ¥SiOs:Ce before
sputtering and afterwards the Si state of the satest The main Y peak position before
sputtering is at 124 eV which is in agreement witevious degradation studies done by
Coetseeet al on the powders [4] and the thin films [1].

In Fig. 2 the interface of the Si substrate washed after 400 sec of sputtering and in
Fig. 3 at 1300 sec. This indicates again thaickéin phosphor layer (A3) was ablated in
455 mTorr Ar gas compared to the thinner layertablan 1 Torr Q (TF17) gas (both

layers were ablated with a low fluence). TF17 wakulated to be about 40 nm thick
from RBS measurements. The thickness of thin AlBhwas therefore calculated to be
about 133 + 10 nm thick. This concludes the comparfrom section 5.2.3 stating that
ablation in Ar gas results in bigger nano-parti@desl therefore the thicker layer. Both
layers show broad interfaces, indicating atomidudibn between the substrate and
ablated layers occurred. This is due to the hgatirthe substrate at 600 °C during PLD.
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Figure 2: Depth profile of APPH vs time for TF17.
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Figure 3: Depth profile of APPH vs time for A3.

7.3.3 CL degradation: Area 1

The thin film ablated in Ar gas was bombarded wattkeV electrons (beam current
density of 26 mA.ci) on two different areas. Fig. 4 shows the APPtibsaand CL
intensity versus the electron dose for the firgaar This area was bombarded with

electrons for 24 hr under an, @ressure of 1 x IDTorr. The adventitious C depleted
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from the surface within the first 50 C.émand this resulted in the increase in the O/C and

Si/C ratios. The increase in CL intensity is als@ to the depletion of the C.

Fig. 5a) shows the AES spectra before and aftdir24The energy peaks of Y and Si in
the silicate composition for this thin film were aseired at 124 and 82 eV before and
after 24 hr. This is in agreement with previousSAieasurements done by Coetseal.

[4] during a CL degradation study that was donetanyttrium silicate powders. The
adventitious N also gets depleted from the surtaseng the electron bombardment. Fig.
5b) shows the residual gas mass analyses perfonitedhe electron beam on and off
during the CL degradation. It is clear from Fig) $hat with the electron beam on there
is a definite increase in the volatile species sashCO and C® This is due to the
electron stimulate reactions and the depletiorhef@. Fig. 6 shows the increased CL
spectra after 24 hr electron bombardment. TheGawntensity is due to the C layer and

the broad band is characteristic foiSYOs:Ce emission as can be seen from chap. 4.
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Figure 4: APPH ratios and CL intensity (emission pek at 440 nm) against electron
dose (C.cnf) in O, pressure of 1 x 18 Torr with a beam current density of 26

mA.cm’ on the first degradation area for 24 hr.
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Figure 6: CL intensity against wavelength for the ifst degradation area on the thin

film ablated in Ar gas, before and after 24 hr eleton bombardment.

These results show a chemically stable thin filndem24 hr electron bombardment.
Further investigations were done to monitor theistg of the thin film for more than 24
hr. The next section shows the results for 144léctron bombardment on a different

area.
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7.3.4 CL Degradation Area 2

Another area on the same thin film was bombardéeh the same electron current density
of 26 mA.cn¥ but this time for 144 hr (electron dose of 1.4 €.cm?). Fig. 7 shows
the APPH ratios for the first 24 hr with the AESspa in Fig. 8. The results monitored
after 24 hr did not show severe changes and Y apedks were again measured at 124
and 82 eV before and after 24 hr. Detailed chenainalysis with XPS will be reported
in more detail in chapter 8 before and after 144légradation. Fig. 9 shows the CL
spectra before, after 24, 96 and 144 hr CL degi@datith the inset of digital images of
the colour of the light before and after 144 hr.
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Figure 7: APPH ratios and CL intensity (emission pek at 440 nm) against electron
dose (C.crif) in O, pressure of 1 x 18 Torr with a beam current density of 26

mA.cm™ on the second degradation area for 24 hr.
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There was a decrease in CL intensity from the Mdid nm emission peak after 144 hr
and the decrease for the first 24 hr can also be 8em Fig. 9. A second broad band
peak emerged at 650 nm which increased with aeaser in the degradation time leading
to a broad spectrum ranging from 400 to 850 nnr 4#d hr. This is ascribed to a defect
level in SIQ (1.9 eV/ 650 nm) that formed on the surface dueléztron stimulated
surface chemical reactions (ESSCR). The prootHwsris provided in chapter 8. From
the inset images it is clear that the blue cologaim changed (the same as with the
powders [4 below]) to a whitish colour with the dit area the spot of maximum
degradation due to the shape of the electron behichvis more intensified in the centre
of the beam.

Skujaet al.[5] reported two peak intensities for Sié 1.9 eV (650 nm) and 2.7 eV (459
nm) with a proposal that the two peaks are relatddtrinsic defects involving breaking
of the Si—O bonds. A definite contribution frometBiGQ 1.9 eV defect to the transition
from the higher 5d levels to the;4flevels leads to the increase in the CL intensily a
peak emission between 600 and 700 nm, (this canb&lseen after 96 hr in Fig. 9) thus
also resulting in the change in colour. There cdagda very low intensity contribution
from the 2.7 eV defect to the peak emission betwH¥hand 500 nm, which results in

the increase in the intensity in that region (a@&@rhr).

Similar defect states were created during the imtption of St* in a SiQ matrix by
Dharaet al.[6]. PL spectra showed a broad emission peakimgrigom ~1.5 to 1.9 eV
and a bright red emission (1.7 eV) was observednduthe investigation of room
temperature PL properties of nano - crystalline)(i&¢ grown by Si ion implantation in
both amorphous and crystalline Si@atrices and the subsequent annealing process. Th
luminescent process was ascribed to the defedtstbareated during the growth of the
nano - crystalline Si at the interface between e Si and the Si@matrix. The
presence of these defect states were supporteddoypdion bands identified at ~1.74 to
1.8 eV. Linnroset al.[7] presented time-resolved PL decay measurentériiggh-dose

Si nano - crystallites embedded in i@nnealed at 1100 °C (thin films of various

thicknesses were used). Optimum PL efficiency feasd to be in the range of 700 —
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850 nm. A spectral redshift was also observedtlidmner oxide films and higher
implantation doses and this was explained as lbdauiegto excess Si concentration along
the implantation profile. The PL emission wasrésd to excitonic recombination in

the Si nano - crystals.

From these degradation results it is clear that yttrium silicate phosphor thin film did

not show the same severe chemical changes withimr 26 the phosphor powder. The
thin film therefore proved to be chemically moralde. The only major disadvantage is
the lower luminescent intensities which unfortunigtés a necessity for ideal FED and

plasma operations.

7.4 Conclusion

RBS revealed that the higher fluence ablation iouuan (TF5) leads to a thicker layer
than the low fluence ablation that was done in ir O (TF17). These RBS results were
used to determine the thickness of the thin filfatgd with a low fluence in 455 mTorr
Ar gas to be 133 + 10 nm. APPH depth profiles donelTF17 and A3 showed broad
interfaces which indicate atom diffusion betweem shbstrate and ablated layers. This is
due to the heating of the substrate at 600 °C dWrinD. Adventitious C depleted from
the surface of the thin film ablated in Ar gas fioe first 24 hr degraded area, within the
first 50 C.cn¥, and this resulted in the increase in the O/C $in@ APPH ratios. The
increase in CL intensity is therefore due to thplelgon of the C from the surface. The
CL degradation study of 144 hr on the same thim fdut a different area showed a
decrease in the main emission peak (440 nm) andcamase of a second emission peak
emerging (after 24 hr) between 600 and 700 nm (witihange in the colour of the light
from blue to whitish after 144 hr). This is in agneent with previous research studies
done on the phosphor powders. Detailed XPS cheraitalyses are needed to prove the
formation of the Si@ layer on the surface with the defect levels thahtnalso emit
light. These results proved that the thin filmg ahemically more stable than the

phosphor powders.
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Chapter 8

XPS before and after electron degradation: Part fou

This chapter contains XPS results and GaussianAtomeeak fits for the Si 2p, O 1s, Y
3d and Ce 3d peaks before and after degradatioarder to investigate the chemical
spesies that formed during the electron degradatimcess. Results for the standard
phosphor powders and for the thin film ablated mgAs are shown (undegraded, 24 hr

and 6 days degraded areas).

8.1 Introduction

As mentioned in section 4.3, the degradation of ¥&iOs:Ce phosphor powders
investigated with AES and CL spectroscopy firstulesl in a decrease in CL intensity
measured at 440 nm and then to an increase afoet 890 C.crif due to the chemical
change in surface concentration in the phosphdacewr XPS and CL indicated that the
change in peak shape is due to the formation afankescent Si@layer on the surface
which is formed according to the ESSCR mechanisn2].1 The emission of light from
the SiQ defect levels contributed to the CL intensity e t600 to 700 nm wavelength
range. The colour changed from blue to orangeisedduring the degradation process.

Ce(Q and CeH were also formed on the phosphor surface duriagidgradation process

[1].

A similar second CL peak emerged when the degm@datias done under the same
conditions on the thin film ablated in Ar gas, ¥4 hr, see section 7.2.2. The following
sections contain the XPS results and peak fitsraeroto investigate any chemical

composition changes on the surface of the thin. film
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8.2 Experimental Procedure

8.2.1 Characterization

Secondary X-ray Imaging (SXI) and X-ray PhotoelecstSpectroscopy (XPS) were done
with a PHI 5000 Versaprobe system. SXI was dorth @il0 pm, 1.25 W and a 15 kV
x-ray beam and the XPS was done with a 50 um, ¥2.8nd 15 kV x-ray beam,
monochromatic AlK lines. XPS analysis was also done on the standai®iC4:.Ce
phosphor powders. The Ce 3d peak for the thin fene analysed with a 100 um, 25 W

and 15 kV x-ray beam (for higher counts).

8.2.2 Peak fits
Gaussian-Lorentz peak fits were done on the S2ps, Y 3d and Ce 3d peaks and the

possible chemical states identified with the Mkgversion 8.2c computer software [3].

8.3 Results and Discussions

8.3.1 SXI

Fig. 1a) shows the SXI image of the undegraded powdhile Fig. 1b), c) and d) show
the undegraded, the 24 hr and 6 days degradeddartaesthin film, respectively.
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Figure 1. SXI images of the a) standard powder b) ndegraded, c) 24 hr degraded
and d) 6 days degraded areas, (FOV: 1mm, scale d@ um)

8.3.2 XPS

Fig. 2 shows stackplots of the four different asayegions for a) the C 1s, b) O 1s,¢) Y
3d and d) Si 2p peak positions for the samplesdisated on the plots.
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Figure 2: Stackplot spectra for the four differentanalysis areas for the a) C 1s, b) O

1s, ¢) Y 3d and d) Si 2p binding energy peak positns.

From Fig. 2 it seems that all peaks are situatethersame energy positions with only
differences in the intensities. The peaks’ shapais almost the same with only the Y 3d
undegraded peak not clearly indicating the diffeeehetween the two Y 3d peaks 43d
and 3d;). This could be due to the coverage of the adwems C on the surface or due
to a different chemical composition. Gaussian-htzgeak fits were performed in order
to get detailed peak identities and to investigatg chemical changes that occurred

during degradation. The C on the surface is dumatalling contamination.
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Gaussian-Lorentz peak fits:
O 1s:

Fig. 3 shows the peak fits that were done on a)sthedard phosphor powder, b) the
undegraded, c) the 24 hr degraded and d) the 6 degsaded area with a table of

possible chemical states for each binding energitipa.

1

PO005_1.SPE
pos.  Sep. vvea Y,SiO Ols| E, Possible chemica
3000 529 0.00 5.8 State
530.5 1.50 37.4
531.3 2.36 30.3 529 Y05
532.3 3.34 19.3 :
533.3 4.34 7.3 520.2 nglg
531.3] Y,Si
00 i YOs 532.3| Y,SiOs
SiOy4 . 2
533.3| SIO,
c/s 2000+
1500+ SIO;
Y-03
544 542 540 538 536 534 532 530 528 526 524 522
Binding Energy (eV)
UD10002_1.SPE
sa00. POS.  Sep. Yrea V.SiO Ols| E Possible chemical
529 0.00 4.9 2 5
530.2 1.18 28.9 state
2200- 531.1 2.09 34.6 529 Y203
32. 3.09 25.3 :
2000 2353 425 ‘o3 530.2| Y.SIiOs
531.1| Y.SiOs
1800 VO 532.1| Y.SiOs
6 533.3| SIO,
1600} Sio,
cls
1400}
1200}
1000+ SIOZ
Y053
800}
600/ -
400 L L L I I |
544 542 540 538 536 534 532 530 528 526 524 522

(a)

Binding Energy (eV)
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Figure 3: Gaussian-Lorentz peak fits for O 1s in te a) standard powder, b)

undegraded, c) 24 hr degraded and d) 6 days degradiareas.
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From Fig. 3a), b), c) and d) the first O 1s peakated at 529 eV provides a possibility
that there is a small amount 0§Q%; [4, 5] present. A possible explanation could Hoe t

if Y,Ogzis present in the standard powder and also showsinndegraded and degraded
areas, then it must have formed during the syrehmegsprocess of ¥SiOs:Ce. Chambers
et al. [4] studied the effects of surface pretreatmentsimprface structure during
formation of ultra-thin yttrium silicate dielectridms on silicon. In their study yttrium
was deposited on a thin (~ 10 A) Sifdm and oxidized. An yttrium silicate film fornae
with bonding and composition similar to films forchen bare silicon. However when
the interface was changed to a thin nitride, theasi consumption rate was significantly

reduced and the resulting film composition wasalds Y,Os.

Coetseeet al.[6] measured the O 1s peak ofSIOs:Ce standard phosphor powders in a
CL degradation study. The peak position beforerattagion was 530.4 eV and after
degradation there were four fitted peaks situatéi?8, 530.4, 532.1 and 533.6 eV. The
peak before degradation was attributed to the meds@ 1s peak in the ;%i0s:.Ce
binding position and after degradation the 529 e¥lpto Ce@[7], 530.4 and 532.1 eV
to Y,SiOs:Ce and the 533.6 eV peak to $[8, 9] The measured O 1s peaks at 530, 531
and 532 eV (< 532.5 eV) in Fig. 3 are attributed t8i0s:Ce with the peaks at 530 and
532 eV that correlate well with the measured Odakp done by Coetseeal.[6].

There is also a peak situated at 533 eV, see3Figthich can be attributed to the O 1s
oxidation state in Si@(silica) (533+ 0.5 eV) [10]. In both the powders and the
undegraded areas there is also a small silica pdaikh might have formed during the
synthesis of the standard powders, as is the cabeYwOs. In the 24 hr degradation
area, Fig. 3c), the silica peak at 532.9 eV shawmerease in the percentage area and a
further increase in the 6 days degradation arézB215 eV. The increase in the silica
peak provides proof for the formation of SiGn the surface during degradation, which
correlates with the CL degradation study done an dtandard phosphor powders by
Coetseeet al.[6]. The electron stimulated reactions therefragse breaking of the Y-Si-

O bonds and results in new chemical composition$]3 Chamberet al. [4, 11] also

reported on the O 1s peak measured at 532.8 ehéigttrium silicate dielectric films on
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silicon. This peak was reported as being very wW&HM = 3 eV) and the broadness

was contributed to peaks for O 1s at energies 1883 eV for silica and 529.5 eV for

Y 20s.

The 3 peaks attributed t0,S10s:Ce situated at 530, 531 and 532 eV correlate wig
the chemistry for the bonding structure of the SEhd YQ tetra- and octahedron

structures as described in chapter 2, section Rot.each Y@octahedron structure there

are two possible sites for each Y bonding structiure to the two different co-ordination

numbers (CN of 9 and 7, see section 2.4) for Yhis tomplicated monoclinic crystal

structure. This means two of the three peaks epeesenting the two Y sites and the
third peak (532 eV) is representing the bondingcstire for SiQ. The peak with CN of

9 (low oxidation state O 1s peak) is situated & &3 and the higher oxidation state peak
at 531 eV is the peak for the CN of 7.

Y 3d:

Fig. 4 shows the Gaussian peak fittings that wereecbn a) the standard powder, b) the
undegraded, c) the 24 hr degraded and d) the 6 degsaded area with a table of

possible chemical states for each binding energitipa.
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Figure 4: Gaussian-Lorentz peak fits for Y 3d in tke a) standard powder, b)
undegraded, c) 24 hr degraded and d) 6 days degradlareas.

The small amount of 203, mentioned in the O 1s section, also reflectqient 3 d peaks

in all four areas. The Y 3d peak at 156 eV in Bigorrespond well with the reference Y
3d peak position in ¥O3[4]. In CL degradation studies done by Coetseal. [6] the Y

3d peak showed a slight shift from 157.6 to 15A1before and after degradation and
this could be due to the formation of aO¢ layer on the surface during the degradation
process. Parsons [5] indicated a Y 3d peakJ@sYat 157 eV and in silicate a peak at
158 eV during investigation on the mechanisms fderface layer formation (silicon
oxidation forming SiQ and/or metal silicate) during post-deposition pssing of highe

insulators on silicon.

The two doublet Y 3d peaks (Y ggland Y 3d),) in Y,SiOs:Ce were measured in the
standard phosphor powders at 157 and 158 eV 3dFig. 4a) and are present
throughout the rest of the areas. The two measuealls for Y 3d at 157 and 158 eV in
Fig. 4 were also measured by Parsons (158 eVigat) [5] and Chambet al. (in Y-
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Si-O bonds)[4, 11]. The two Y sites for XSiOs (two CN numbers) are therefore the
reason for the two Y 3d peaks. The small pealawtliat 153 — 154 eV in Fig. 2c) is due
to Si 2s [4].

Si 2p:
Fig. 5 shows the Gaussian peak fits that were dwne) the standard powder, b) the
undegraded, c) the 24 hr degraded and d) the 6 degsaded area with a table of

possible chemical states for each binding energitipa.
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Figure 5: Gaussian-Lorentz peak fits for Si 2p in lhe a) standard powder, b)

undegraded, c) 24 hr degraded and d) 6 days degradlareas.

The existence of silica in the standard phosphaevdeos is again proved by the Si 2p

peak fits done in Fig. 5a) and b). There is a bamaount of silica present as is also

showed by the O 1s peak fits section above. Ti#p$ieak in silica measured at 103 eV

[12] also shows an increase in area percentageet@4 hr and 6 days degraded areas.

This is then proof for the formation of a Siayer on the surface as expected and

mentioned in the O 1s section above. The eledimnbardment during the degradation

process in the presence ob @as causes the Y-Si-O bonds to break and form new
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chemical compounds. Chambetsal. [4, 11] measured a Si 2p peak at 101 eV and at

102.9 eV which is in the expected range of 102 3 &¥ for Si-O bonds in metal

silicates. They also measured a peak at 99.3 adhwi assigned to the silicon substrate.

In Fig. 5 the low intensity Si 2p peak at 98/99 eAh therefore be assigned to silicon

which could be a result of broken bonds during diegradation process or during the

manufacturing process of the standard phosphor emwydlrhe peak situated at 100 eV in

a) and b) could be a carbide [12] contribution tlu¢he adventitious C on the surface.

According to the chemistry mentioned in section thé Si 2p peak measured in Fig. 5 at

101 eV is the corresponding Si peak for the $&@ahedron structure in,%iOs,

Ce 3d:

Fig. 6 shows the Gaussian peak fits that were dona) the standard powder, b) the

undegraded, c) the 24 hr degraded and d) the 6 degsaded area with a table of

possible chemical states for each binding energitipa.
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Figure 6: Gaussian-Lorentz peak fits for Ce 3d inte a) standard powder (100 pm
25 W 15 kV X-ray beam), b) undegraded, c) 24 hr degded and d) 6 days degraded
areas. (100 cycles were done)

Coetseeet al.[6] measured the Ce 3d peak before degradatioBla? &nd 885.4 eV and
after degradation at 882.7 and 886.5 eV. The Ce&ak before degradation must
therefore be the Ce peak in theStOs:Ce host matrix. The peak positions after
degradation were assigned to Ge&hd CeH which might have formed during the

degradation process. In Fig. 6 two Ce 3d peake werasured in the standard powders
and in the undegraded areas at 878 and 881 eV whitle assigned to the two Ce peak
In the 24 hdab days degraded areas, Fig. 7c) and d),

the two Ce peaks are situated at 877, 882 eV a8dBd 882 eV.

positions in the host matrix [13].

As mentioned in section 2.4, €ecan easily substitute for*Y in the Y,SiOs:Ce host

matrix. This implies that if there are two sites ¥ in the host matrix then there should
be two sites for Ce having the same CN of 9 and ffe two peaks measured in this Ce
3d spectra therefore correlates well with the tufteent sites. These two sites are also

explained as a situation for mixed final states].[1¥ shifts of surface atom core level
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binding energies are observed then it is often gtas evidence for changing oxidation
states. A brief overview for the phenomenon ofedixalence and final states are given
by Lindquistet al. [15]. They have mentioned that these mixed fstates occur for
systems in which two atomic electronic configurati@re close in energy. The resultis a
net ground-state configuration which is a strongtore of the two nearly iso-energetic

states.

In the case of cerium mixed-valent compounds, tike electronic configurations
[Xe](5d6sf4f* and [Xe](5d6s¥f° can be very close in energy. The photoionizedhato
however, is not a mixture of states because the dwoe iso-energetic initial-state
configurations have very different final-state waon effects which depend on the
extent of interaction between the nucleus and neimgielectrons in each configuration.
In the ion, states with high f density are of loweergy than those with low f density as a
result of the small radius of the f orbital relatito the 5d and 6s orbitals. The f electrons
experience the increased effective nuclear chafgkeophoto-ion more than do the 5d
and 6s electrons. Thus, the configuration (5@85ill be of lower energy in the final
state than (5d6%)f° In the model proposed by Schonhammer and Gurorards]
hybridization of the f orbitals with the 5d6s baaltbws for a high probability of electron
transfer from the 5d6s band into an f orbital assalt of the lower energy of the f orbital
accompanying photoionization. This process of fstate electronic rearrangement,
called "shakedown", produces a third possible fstate with electronic configuration
[Xe+] (5d6sf4f* (where [Xe+] represents the photoionized xenom)coSuch a process
could lead to a third Ce peak situated at 896 &Y. [1

Bécheet al. [14] collected Ce 3d features for Ce@nd CePQ@ reference powders in
order to determine the positions of the various ponents. This data was collected
during their Ce 3d investigation of cerium oxidesl anixed cerium oxides (CE,O;).
Six peaks corresponding to the pairs of spin-atbiiblets were identified in their Ce 3d
spectrum measured in CeOThere were two high binding energy state pea&ated at
916.9 (3d)) and 898.3 eV (3gh), which were assigned to the Ce’3t° O 29 final
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state. The low binding energy state peaks weratdnocat 901.3, 882.7 (3¢, 907.3 and
888.5 eV (3d)) which are the result of Ce 3df* O 2p' and Ce 3Y44f* O 2p final states.

To conclude this mixed final states for Ce 3d, tthe main luminescent peaks in section
4.2.2, chapter 4 can therefore be attributed teetiteo different Ce 3d sites (Al and A2)
measured with XPS. The high binding energy pealated at 881/882 eV would be the
site with CN of 7.

8.4 Conclusion

The degradation of the,%i0s:Ce phosphor thin film ablated in Ar gas, investigatgth

XPS and peak fits resulted in small changes in jp@aksities. This is mainly due to the
formation of a luminescent SjQayer on the surface which is formed accordinghe
ESSCR mechanisnThe O 1s peak situated at 529 eV in all four angaist to the
possibility that there is a small amount ofO§ present The measured O 1s peaks at 530
eV, 531 and 532 eV (< 532.5 eV) (in all four areeah be associated with,SiOs:.Ce

with a peak situated around 533 eV, which can bributed to SiQ (silica) (533+ 0.5

eV). In the 24 hrs degradation area the silick@#a32.9 eV shows an increase in the
percentage area and a further increase in the § diegradation area, 532.5 eV. This
proves the formation of an extra Si@yer on the surface as expected and discussed in

chapter 7.

The small amount of O3 also appears in all four Y 3d areas. The two mnegspeaks
for Y 3d at 157 and 158 eV can be attributed todYirBthe Y;SiOs:Ce oxidation state.
The Si 2p peak in silica measured at 103 eV alswstan increase in area percentage to
the 24 hr and 6 days degraded areas. This togeftierthe O 1s fits also proves the
formation of a Si@ layer on the surface as expected. The electratbbhadment during
the degradation process in the presence,ofd@3 causes the Y-Si-O bonds to break and
form new chemical compounds. A small silicon paal®9 eV was also measured. The

peak situated at 100 eV could be a carbide conioibwue to the adventitious C on the
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surface. The two Ce peaks in all four areas medsat 877/878 and 881/882 eV can be

assigned to the two sites for the Ce peak posifiotise host matrix substituting for Y.

These XPS analyses showed that a,S&yer formed on the surface under electron
bombardment. The thin films are therefore alsaadigg but are chemically more stable
than the phosphor powders. The light intensity éev is lower and this aspect requires

further investigation.
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Chapter 9

Conclusion and future work

This chapter contains the overall conclusions efrésults obtained for the luminescent
mechanism and the luminescent properties of t#Q&:Ce thin films that were grown
with PLD.

9.1 Conclusion

9.1.1 Luminescent mechanism

CL and PL results were investigated and the bedfilgs for the Gaussian peak fits
showed four peaks that fit the broad band spectriihe origin of these four peaks is due
to the two different C¥ sites in the host matrix (Al and A2) and the alfeld split of
the 4f levels. Defect levels also play an impadrtate in the excitation process. A better
understanding of the luminescent mechanism cregipsrtunities for enhancement in
the Y,SiOs:Ce phosphor application field. The degradatibthe Y,SiOs:Ce phosphor
powders investigated with AES and CL spectroscegylted in an initial decrease in CL
intensity measured at 450 nm and then to an inerafier about 300 C.cidue to the
chemical change in the phosphor surface. XPSCdnihdicated that the change in peak
shape is due to the formation of a luminescent &¢er on the surface which is formed
according to the ESSCR mechanism. The emissioiglof from the SiQ defect levels
contributed to the CL intensity in the 600 to 70 mvavelength range. The colour

changed from blue to orange-reddish during theatigron process.

9.1.2 Thin films: Part one

Y »SiOs:Ce thin films were successfully grown on the SiQ)lsubstrates and the effect of
some of the process parameters indicated defitiganges in particle sizes. Nano -

particles appeared on the thin films when ablatias done with an ambient background.
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The size of the particles depended on the backdrquessure, the gas specie and the
substrate temperature as well as on the laserdéueAn increase in the ambient pressure
to 1 Torr Q resulted in bigger particle sizes. Ablation witle higher fluence (3 + 0.3
J.cm?) also lead to bigger particle formation. The &ase in the substrate temperature
(from 400 to 600 °C) at high fluence yielded bigrtigtes which are actually an
agglomeration of smaller particles and therefom®wgher surface. Ablation in the Ar
ambient yielded 30 nm (bigger than thg Narticle sizes but less agglomeration than the

O, ambient. The bigger patrticle sizes thereforelt@slower particle densities.

9.1.3 Thin films: Part two

The powder used as a target has a monoclinic ¢rgstecture of %SiOs:Ce X; - phase

with space group RZ. The XRD results for the thin films showed very lavensity

peaks which are an indication that the layers &meost amorphous with only some
indication of small peaks that belong to the momicicrystal structure. During the CL
scanning emission seems to occur from the wholeamiparticles on the surface as well
as from the smaller particles around the biggetiggas. The smaller particles did not
show effective emission with low PMT voltage. Theis a definite increase in
luminescent intensity with the uncoated thin filhigh indicates the photon absorption
effect of the extra tin oxide coated layer. CL gty is mainly coming from the bigger

spherical particles on the surface.

The nano - thin films lead to an increase in PL @hdintensity. The thin films grown
with the increased Opressure to 1 Torr and higher fluence (3 + 0.&n3)cresulted in
better luminescent intensities. The increase bssate temperature from 400 to 600 °C
also resulted in an increased luminescence duertiugher surface that formed. For
better luminescent intensity the thin films shoblave a rougher surface (spherically
shaped particles achieved via increased substeatperature and increased ambient

pressure).
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9.1.4 Thin films: Part three
RBS showed that the higher fluence ablation in wvat€¢TF5) lead to a thicker layer than

the low fluence ablation that was done in 1 Tos(T¥17). These RBS results were used
to determine the thickness of the thin film ablatath a low fluence in 455 mTorr Ar
gas to be 133 nm. APPH depth profiles done on Tdk¥ A3 showed broad interfaces
which indicate atom diffusion between the substaaig ablated layers. This is due to the
heating of the substrate at 600 °C during PLD. édiious C depleted from the surface
of the thin film ablated in Ar gas on the first B4 degraded area, within the first 50
C.cmi? and this resulted in the increase in the O/C @@ SPPH ratios. The increase in
CL intensity is therefore due to the depletion bé tC from the surface. The CL
degradation study of 144 hr on the same thin filrhddifferent area showed a decrease
in the main emission peak (440 nm) and an increésesecond emission peak emerging
(after 24 hr) between 600 and 700 nm (with a chandlkee colour of the light from blue
to whitish after 144 hr). This is in agreement wittevious research studies done on the
phosphor powders and XPS detailed chemical anafyseseeded to prove the formation
of the SiQ layer on the surface with the defect levels thgghtnalso emit light. These

results proved that the thin films are chemicallyrenstable than the phosphor powders.

9.1.5 Thin films: Part four
The degradation of the,%i0s:Ce phosphor thin film ablated in Ar gas, investigatgth

XPS and peak fits, resulted in small changes ik pgansities. This is mainly due to the
formation of a luminescent SjQayer on the surface which is formed accordinghe
ESSCR mechanisniThe O 1s peak situated at 529 eV in all four argasvders,
undegraded, 24 hr and 6 days degraded areas)tpdhe possibility that there is a small
amount of %03 present The measured O 1s peaks at 530 eV, 531 and 532 82.5
eV) (in all four areas) can be associated witsi0s:Ce with a peak situated around 533
eV, which can be contributed to Si(silica) (533 0.5 eV). In the 24 hr degradation
area the silica peak at 532.9 eV shows an increatiee percentage area and a further
increase in the 6 days degradation area, 532.5TéNs proves the formation of an extra

SiO, layer on the surface as expected.
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A small amount of ¥O; was also detected in all four Y 3d areas. The mweasured
peaks for Y 3d at 157 and 158 eV can be attribtied 3d in the ¥SiOs:Ce oxidation
state. The Si 2p peak in silica measured at 103alsd shows an increase in area
percentage to the 24 hr and 6 days degraded afiéas.together with the O 1s fits also
proves the formation of a SjOlayer on the surface as expected. The electron
bombardment during the degradation process inrsepce of @gas causes the Y-Si-O
bonds to break and form new chemical compoundsmall silicon peak at 99 eV was
also measured. The peak situated at 100 eV coulal cebide contribution due to the
adventitious C on the surface. The two Ce peakdlifour areas measured at 877/878
and 881/882 eV can be assigned to the two siteth®iCe peak positions in the host

matrix substituting for Y.

These XPS analyses showed that a,3&yer formed on the surface under electron
bombardment. The thin films are therefore alsaalded but are chemically more stable
than the phosphor powders. The light intensity ésv is lower and this should be

investigated further.

9.2 Future work

Direct continuation of nano-thin films:
9.2.1 More PLD process parameters

Future work would include a greater variety of @s& parameters such as ablation at
room temperature, substrate temperature and at48C and higher with the three
different gas species §0N, and Ar). Ablation in each of the three differgais species

at 1 and 3 Torr pressures and investigating thecefin the plume. The effect of the
laser frequency, amount of pulses and target tostmtle distance can also be

investigated. Characterization and luminescernpgnees will then be investigated.

9.2.2 Off axis geometry

Applying the off axis PLD technique is an option also trying to minimize the
formation of the bigger unwanted micron particlestbe surface. This is a technique

where the substrate is mounted either upside dowthe chamber or at an angle where
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the plume is not directly focussed onto the substraRotating the substrate would also

aid in uniform thickness growth of the thin films.

9.2.3 Heating and cooling luminescent properties

The luminescent properties of the commercial poveshet also the thin films could also
be investigated by heating the samples to aboud 220and cooling it with liquid Nto

about -160 °C. Then to monitor the luminescerdnsity in temperature steps with time.

9.2.4 Characterization

Detailed Depth profiling and XPS analysis wouldrtfiellow.

Future Phosphor Research:
9.2.5 Nano-technology

Nano-technology is currently one of the fastesigng technologies in material science
research areas. Nano-materials include any fornmaferial with the nano-scale

dimension. The beauty in nano-technology reflestshe fact that the physics of a

material’s properties in the nano-scale sometim#srsl from the physics of the same
material in the micro-scale. One well known exaamplthat a semiconductor’s band gap
can be varied by changing the materials’ dimensidhere may be many more physical
properties that changes that is not yet known toTireese new properties would then lead
to further advancement in technology. Contributiogthe nano-technology research
would include new and improved methods that woulowacontrol of the size of the

nano-scale materials. Also, new and improved dbtarization tools and instruments are

needed to study materials at the nano-scale.

There is a very broad range of nano-technologyiegidns that include nano-scale
electronics and optics to nano-biological systemd @ano-medicine. All this research
applications require a combination from multididicipry teams of physicist, chemists,
material scientists, engineers, molecular biolegiahd pharmacologists that work
together. The most important aspect is synthesisprocessing of nano-materials and

nano-structures. Nano-properties cannot be studlidte material is not in the nano-
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dimension. Nano-dimension could then thereforeltas miniaturization of current and
new machines, instruments and sensors for exampessible miniaturization are
computers with great power that compute algorithhmst mimic the human brain,
biosensors that warn us at the early stage ofeasksinfecting on the molecular level and
nano-robots that can repair internal damage andventhemical toxins in human

bodies.

9.2.6 Luminescence

Living standards have been improved by illuminationthe dark and communication
skill by means of recording and reading informat@mn various media. Luminescence
evolved from wood fires, to torch flames, the baogiof oil, candles, gas flames,
incandescent lamps, fluorescent lamps, light emgttiliodes and photoluminescence
from phosphor particles. Luminescent improvemespécially from PL from phosphor
screens) prolonged life’s activities into the nigburs. Life’s activities are accompanied
by communication with others. Communication ofomrmhation has evolved from the
faces of rock cliffs, to the walls of caves, claplets, wood and bamboo plates, sheets of
paper, magnetic tapes to electronic chips. Elaatraevice increased the speed of
communication of information. Information stored ohips in electronic devices are
invisible to the human eye so the development spldy screens aided as an interface
between human and electronic devices for the \iatadn of invisible information. The
images on display devices are illustrated on serégnCL or PL from phosphor screens.
Optimization of CL and PL generation in the tinyoghhor particles in the display screen
involves a very broad research field. Some of tlsearch includes theoretical
understanding of absorption, excitation, radiatarel non-radiative relaxation, energy
transfer and migration as well as the practicalt per phosphor synthesis, nano-

dimensions, morphology, characterizing, lifetimad degradation.

9.2.7 Modern luminescence spectroscopy:

What about laser excitation studies? Could las@itaion lead to time —resolved
detection of resulting emission and scattering? ul€dhe time-resolved technique

improve spectroscopic sensitivity and selectivity® time-resolved technique is the
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signal detection only during a certain time gaterad certain delay following the end of
a laser pulse. It would definitely result in newta which would contribute to the
fundamental knowledge of phosphor materials. Ttpeemental setup would require a
laser source (Ar, excimer, Nd-YAG, nitrogen or dya) imaging monochromator, gated
detector (Intensified Charged Couple Device) andoanputer with corresponding
software. Detail investigation would be neededrenmaterials’ crystal structure, ligand
field theory, molecular orbitals theory, band sckeeapproximation and optically active

luminescence centres.

Research will never end.

139



Appendix A

Publications

1. E. Coetsee, H. C. Swart and J. J. Terhl&egradation of ¥SiOs:Ce phosphor
powders, J. Lumin126(1) (2007) 37. (Best M.Sc publication in the CMPMS
division at SAIP 2007).

2. E. Coetsee, H. C. Swart, J. J. Terblans, O. M. Rabarwa, K. T. Hillie, W. A.
Jordaan and U. Buttner, Characterization @S5i0s:Ce thin films, Opt. Mat,
29(11)(2007) 1338.

3. E. Coetsee, H. C. Swart and J. J. Terblans, Calhmilzescence degradation of
Y,SiOs:Ce thin films, JVST A25(4) (2007) 1226.

4. H. C. Swart, J. J. Terblans, E. Coetsee, O. M. Baarwa, M. S. Dhlamini, S.
Nieuwoudt and P. H. Holloway, Review on electramstated surface chemical
reaction mechanism for phosphor degradation, JVSA5/M4) (2007) 917.

5. E. Coetsee, J. J. Terblans, H. C. Swart, Degraglean Y,SiOs:Ce fosforpoeier,
Die Suid-Afrikaanse Tydskrif vir Natuurwetenskap &egnologie (SAAWK),
26(2)(2007) 151.

6. J. J. Dolo, J. J. Terblans, B. F. Dejene, O. M. &aémborwa, E. Coetsee and H. C.
Swart, Degradation of commercially &S:Tb phosphor, Phys.Stat.Sol. (c),
5(2) (2008) 594.

7. E. Coetsee, J. J. Terblans and H. C. Swai$iG&:Ce thin films grown by PLD,
Phys.Stat.Sol. (ch(2) (2008) 634.

8. S. B Mishra, A. K. Mishra, A. S. Luyt, N. Revaprdsa K. T. Hillie, W. J. v. d.
M. Steyn, E. Coetsee and H. C. Swart, Ethyl vingetate copolymer -
SrAl,O4:Eu,Dy and SAI140.5Eu,Dy phosphors based composites: Preparation
and Material properties, Polymer Composites, J.|ABplymer. Sci,115 (2010)
579.

9. H. C. Swart, E. Coetsee, J. J. Terblans, J. M.-Gérald and J. R. Botha,
Luminescence of X¥SiOs:Ce nanocrystalline thin films, EJSSN(2009) 369.

140



10.S. B. Mishra, A. K. Mishra, N. Revaprasadu, K. Tlliel W. J. v. d. M. Steyn, E.
Coetsee and H. C. SwartStrontium Aluminate/Polymer Composites:
Morphology, Luminescent Properties, and Durahilidy Appl. Polymer. Sci,
112(6)(2009) 3347.

11.H. C. Swart, J. J. Terblans, O. M. NtwaeaborwaC&etsee, B. M. Mothudi and
M. S. Dhlamini, Photon emission mechanisms of déifie phosphors, Nucl. Instr.
and Meth. B267 (16)(2009) 2630.

12.E. Coetsee, J. R. Botha, J. J. Terblans en H. @rtSlauminesserende eienskappe
van Y,SiOs:Ce  nano-dunlagies, Die Suid-Afrikaanse  Tydskrif r vi
Natuurwetenskap en Tegnologie (SAAWRY,(2) (2008) 146.

13.S. Nieuwoudt, J. J. Terblans, J. Ngaruiya, O. Mvédaborwa, E. Coetsee, K. T.
Hillie en H. C. Swart, Luminessensie-eienskappe $ah,0,Eu**, Dy** fosfor,
Die Suid-Afrikaanse Tydskrif vir Natuurwetenskap &egnologie (SAAWK),
27(2)(2008) 154.

14.D. B. Bem, H. C. Swart, A. S. Luyt, E. CoetseeBFDejene, Properties of Green
SrAl,O, Phosphor in LDPE and PMMA Polymers, J. Appl. PaymSci,
accepted March 2009. APP-2009-02-0338.

15.E. Coetsee, J. J. Terblans and H. C. Swart, Cleaistat properties of ¥SiOs:.Ce
thin films grown with PLD, Physica Bl04 (2009) 4431.

16.H. C. Swart, E. Coetsee, J. J. Terblans and O. MaBbaborwa, Luminescent
mechanism of ¥SiOs:Ce phosphor powder, Physica4®4 (2009) 4426.

17.P. D. Nsimama, O. M. Ntwaeaborwa, E. Coetsee an@ Bwart, The influence
of the number of pulses on morphological and phobtahescence properties of
SrAlLO4EU*, Dy*" thin films prepared by pulsed laser depositiorysita B,404
(2009) 4489.

18.0. M. Ntwaeaborwa, P. D. Nsimama, J. T. AbiadeCBetsee and H. C Swart,
The effect of substrate temperature and oxygenspreson the structure and
photoluminescence properties of pulsed laser degbSrALO,EW*,Dy** thin
films, Physica B404 (2009) 4436.

141



19.L. F. Koao, H. C. Swart, E. Coetsee, M. M. Biggsd &n B. Dejene, The effect of
Mg** ions co-doping on the structural and optical progs C&* doped Silica
glasses, Physica B04(2009) 4499.

20.E. Coetsee, J. J. Terblans and H. C. Swart, Thethgrof Y,SiOs:Ce thin films
with pulsed laser deposition, "LGnternational Conference on Laser Ablation
(COLA 2009), accepted January 2010.

21.H. C. Swart, E. Coetzee, J. J. Terblans, O. M. Makarwa, P. D. Nsimama and
J. J. Dolo, Cathodoluminescence degradation of #iiDfilms, 10" International
Conference on Laser Ablation (COLA 2009), submittexyember 20009.

22.H. C. Swart, J. J. Terblans, E. Coetsee, V. Ku@aiy. Ntwaeaborwa and M. M.
Biggs, Auger Electron Spectroscopy and X-ray PHeten Spectroscopy study
of the electron stimulated surface chemical reactitechanism for phosphor
degradation, submitted August 2009.

23.J. J. Dolo, O. M. Ntwaeaborwa, J. J. TerblansCé&etsee, B. F. Dejene, M-M
Biggs and H.C. Swart, The effect of oxygen pressore the structure,
morphology and photoluminescence intensity of pllskser deposited
Gd,0,S:TH" thin film phosphor, 18 International Conference on Laser Ablation
(COLA 2009), accepted January 2010.

Proceedings

1. E. Coetsee, H. C. Swatrt, J. J. Terblans, O. M. Rabarwa, K. T. Hillie, W. A.
Jordaan and U. Buttner, Characterization (EDS, SEWD AFM) of Y ,SiOs:.Ce
thin films grown with PLD, Proceedings of the™Bnnual Conference of the
Microscopy Society of Southern Africa¢ (2006) 31.

2. H. C. Swart, B. M. Mothudi, S. Nieuwoudt, J. J.rlans, E. Coetsee, O. M.
Ntwaeaborwa, Luminescent properties and degradaiforsrAlLOy:ELf*,Dy**
phosphors, Proceedings -"Lthternational Workshop on Inorganic and Organic
Electroluminescence & 2008 International Confererare the Science and

Technology of Emissive Displays and Lighting, 367.

142



Conference participation

South African Institute of Physics

1. E. Coetsee, J. J. Terblans, O. M. Ntwaeaborwa, wtnBr and H. C. Swart,
Characterization of Pulsed Laser Ablated Cerium edopyttrium Silicate
(Y2SiGOs:Ce) thin films on Si (100), SAIP Pretoria 2005.

2. E. Coetsee, H. C. Swart, J. J. Terblans, O. M. Habarwa, K. T. Hillie, W. A.
Jordaan and U. Buttner, Cathodoluminescence f8i06:Ce thin films, SAIP
UWC 2006. (Best M.Sc poster in the CMPMS devision).

3. E. Coetsee, H. C. Swart and J. J. Terhl&egradation of ¥SiOs:Ce phosphor
powders, SAIP UWC 2006.

4. E. Coetsee, J. J. Terblans and H. C. Swart, Luroamégroperties of 3SiOs:Ce
thin films, SAIP Wits 2007.

5. S. Nieuwoudt, J. J. Terblans, O. M. NtwaeaborwaC &etsee, K. T. Hillie and H.
C. Swart, Luminescent properties of nanoparticlal ,:E.?*,Dy** phosphor,
SAIP Wits 2007.

6. J. J. Dolo, J. J. Terblans, E. Coetsee, B. F. [2egard H. C. Swart, Degradation
of GA,O,S:Tbh phosphor, SAIP Wits 2007.

7. P.D. Nsimama, O. M. Ntwaeaborwa, E. Coetsee and 8Bwart, The changes on
properties of pulsed laser ablated SEMEW', Dy** thin films with the
deposition parameters; a case of working atmospl@&ké® UKN Durban, July
2009.

8. L. F. Koao, H. C. Swart, E. Coetsee, M. M. Biggsd &n B. Dejene, The effect of
temperature on the photoluminescence charactarisfi€e;Al or Ce;Mg doped
SiO,. Durban, July (2009).

International conferences and other

1. E. Coetsee, H. C. Swart, J. J. Terblans O. M. Nevarva, K. T. Hillie and U.
Buttner, Energy Dispersive Spectroscopy (EDS), BicanElectron (SEM) and
Atomic Force Microscopy (AFM) of XSiOs:Ce thin films, MSSA at NMMU
December 2006.

143



2. H. C. Swart, J. J Terblans, E. Coetsee, O. M. N&lvapva, M. S. Dhlamini and
P. H. Holloway, A short review on the ESSCR mecsiamnifor phosphor
degradation, AVS 53 International Symposium & Exhibition, San Franoisc
CA, USA, 12- 17 November 2006.

3. E. Coetsee, J. J. Terblans and H. C. Swart, Callnodizescence Degradation of
Y,SiOs:Ce Thin Films, AVS 5% International Symposium & Exhibition, San
Francisco, CA, USA, 12 - 17 November 2006.

4. E. Coetsee, H. C. Swart en J. J. Terhlddsgradering van XSiOs:Ce fosfor
poeiers, Afrikaanse studente symposium, SAAWK byfdaes Universiteit, 2
November 2006. (Mathematica prize.)

5. E. Coetsee, H. C. Swart and J. J. TerblanS§iGs:Ce thin films grown by PLD
Kariega 2007, Conference on Photonic Materialsjdfmr Game Reserve, South
Africa, 2 - 6 May 2007.

6. J. J. Dolo, J. J. Terblans, B. F. Dejene, E. Ceetsel H. C. Swart, Degradation
of commercially GdO,S:Tb phosphor. Kariega 2007, Conference on Photonic
Materials, Kariega Game Reserve, South Africag2May.

7. O. M. Ntwaeaborwa, J. M. Ngaruiya, E. Coetsee, H.SWwart, Enhanced
luminescence of SiOTb*" induced by an energy transfer from encapsulate@ Zn
nanopatrticles, International Center for Materialss&rch (ICMR), Zululand,
29th July-1st August 2007.

8. E. Coetsee, J. R. Botha, J. J. Terblans en H.CrtSwaninesserende eienskappe
van Y,SiOs:Ce nano dun films, Afrikaanse studente symposiB®mAWK TUT
Pretoria, 2 November 2007. (Mathematica prize.)

9. S. Nieuwoudt, J. J. Terblans, J. Ngaruiya, O. Mvadaborwa, E. Coetsee, K. T.
Hillie en H. C. Swart, Luminessensie-eienskappe $ai,0,.Eu**, Dy** fosfor,
Afrikaanse studente symposium, SAAWK TUT Preto2idNovember 2007.

10.J. M. Ngaruiya, O. M. Ntwaeaborwa, E. Coetsee andCH Swart, African
Material Research Society conference, Dar es Salaampania, December 2007.

11.H. C. Swart, E. Coetsee, J. J. Terblans, J. M.-Gérald and J. R. Botha,

Luminescence of ¥SiOs:Ce nanocrystalline thin films, 14 International

144



Conference on Solid Films and Surfaces, Trinityl€®, Dublin, Ireland, 29
June - 4 of July 2008.

12.H. C. Swart, B. M. Mothudi, S. Nieuwoudt, J. J. Olans, E. Coetsee, O. M.
Ntwaeaborwa, Luminescent properties and degradaifoiBrALOy:EL Dy**
phosphors, 12 International Workshop on Inorganic and Organic
Electroluminescence & 2008 International Confererare the Science and
Technology of Emissive Displays and Lighting, BagniTivoli, Rome, Italy, 9-
12 September 2008.

13.H. C. Swart, J. J. Terblans, O. M. NtwaeaborwaCé&etsee and M. S. Dhlamini,
Photon emission mechanisms of different phospHz88,ICACS (International
Conference on Atomic Collisions in Solids), Phalatm Limpopo province of
South Africa, 17 - 22 August 2008.

14.E. Coetsee, J. J. Terblans en H. C. Swiauminesserende meganisme van
yttriumsilikaat gedoteer met serium &Os:Ce) fosfor poeier, Afrikaanse
studente simposium, SAAWK UJ, 31 Oktober 2008. tfManatica prize.)

15.E. Coetsee, J. J. Terblans and H. C. Swart, Cleaistat properties of ¥SiOs:Ce
thin films grown with PLD, 3 South African Conference on Photonic Materials
(SACPM 2009) Mabula March 2009.

16.H. C. Swart, E. Coetsee, J. J. Terblans and O. MaBaborwa, Luminescent
mechanism of ¥SiOs:Ce phosphor powder,3South African Conference on
Photonic Materials (SACPM 2009), Mabula, March 2009

17.0. M. Ntwaeaborwa, P. D. Nsimama, E. Coetsee an@ Bwart, The effect of
substrate temperature and oxygen pressure on thectwse and
photoluminescence properties of pulsed laser deEgbSrALO,EW*,Dy*" thin
films, 39 South African Conference on Photonic Materials CeM 2009)
Mabula, March 20089.

18.P. D. Nsimama, O. M. Ntwaeaborwa, E. Coetsee an@ Bwart, The influence
of the number of pulses on morphological and phwbahescence properties of
SrALOLEW, Dy** thin films prepared by pulsed laser depositiofd, South
African Conference on Photonic Materials (SACPM 20Blabula, March 2009.

145



19.L. F. Koao, H. C. Swart, E. Coetsee, M. M. Biggsd &n B. Dejene, The effect of
Mg** ions co-doping on the structural and optical progs C&* doped Silica
glasses, "8 South African Conference on Photonic Materials C®M 2009)
Mabula, March 20089.

20.E. Coetsee, J. J. Terblans and H. C. Swart, Thetgrof Y,SiOs:Ce thin films
with pulsed laser deposition, "lGnternational Conference on Laser Ablation
(COLA 2009) Singapore, November 22-27.

21.H. C. Swart, E. Coetzee, J. J. Terblans, O. M. Nakarwa, P. D. Nsimama and
J. J. Dolo, Cathodoluminescence degradation of ®iiDfilms, 10" International
Conference on Laser Ablation (COLA 2009) Singapbi@yember 22-27.

22.J. J. Dolo, H. C. Swart, J. J. Terblans, E. Coet®edM. Ntwaeaborwa and B. F.
Dejene, Effect of oxygen pressure on structuralperiies of pulsed laser
deposition GgO,S: Tb thin films, International Conference on Naubinology
and Advanced Materials 2009. (ICNAM 2009), Universif Bahrain, 4 to 7 May
2009.

23.A. G. Ali, H. C. Swart, J. R. Botha, E. Coetsee, M. Biggs and F. B. Dejene,
Structural and optical properties of ZnO, 8iCe ** and ZnO:Si@Ce*" nano-
particles prepared by a Sol-Gel process, InternatioConference on
Nanotechnology and Advanced Materials 2009. (ICNARDD9), University of
Bahrain, 4 to 7 May 20009.

24.H. C. Swart, J. J. Terblans, E. Coetsee, V. Ku@aiy. Ntwaeaborwa and M. M.
Biggs, Auger Electron Spectroscopy and X-ray PHeten Spectroscopy study
of the electron stimulated surface chemical reacticechanism for phosphor
degradation. Ecasia09, "LEuropean Conference on Applications of Surface and
Interface Analysis, Antalya, Turkey, October 18-2G09.

25.J. J. Dolo, O. M. Ntwaeaborwa, J. J. TerblansC&etsee, B. F. Dejene, M-M
Biggs and H.C. Swart, The effect of oxygen pressore the structure,
morphology and photoluminescence intensity of pllskser deposited
Gd0,S:Tb** thin film phosphor, 19 International Conference on Laser Ablation
(COLA 2009) Singapore, November 22-27.

146



