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ABSTRACT

The emission of light after the excitation source is switclff is known as
phosphorescence. Phosphorescence occurs when suitable elements twigh ac
electronic configuration are doped into certain host materiats. an efficient
phosphorescence emission (long after glow time and high interti) the dopant ion
and the host material are critical. Strontium aluminatesh @8 SrAIO4, SrAl,O;,
SrAl12019, have gained attention for the last two decades due to their phosrare
behavior upon doping with rare earth elements such as Eu, and Dy. These
phosphorescent materials are superior to other materials dfinldisas they have long
after glow times with high quantum efficiency; they are égagyroduce with alternating

methods and are low cost materials.

The focus of this thesis is on the different stoichiometimpounds of strontium
aluminates with the dopants £uDy**, and boron. EU introduces phosphorescence
whereas DY is used to increase the after glow time. Boron on the bt improves
the crystallinity, and also the after glow time. The genaral of this thesis is to
develop materials with long after glow duration i.e more thantmme. A modified
version of the Pechini process is proposed in order to accomplistbjnetive. The
proposed procedure is one step ahead from the previous studies as &dsy, low-
temperature and low-cost method. Moreover, by the proposed methodtiustr
aluminate compounds can be incorporated with up to 30% boron without disturbding t
crystal lattice and hence without lowering the crystallinfthiese advantages are also

verified experimentally.



FOSFORESANS OZELIKL STRONSYUM ALUM NAT B LE KLER NN
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Anna Vanya Ulug
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Tez Dan man : Yrd.Dog¢.Dr. Cleva Ow-Yang

Anahtar Kelimeler: Fosforesans, stronsiyum aliiminat, ELNB&)n

OZET

Fosforesans tahrik kaynakapal olduunda k yayn m nn halen devam etmesi
durumuna verilen genel add r. Fosforesans, aktif elektronik konfigimassahip uygun
elementlerin uygun kristal yap | malzeme igerisine katk lahdas yla meydana gelir.
Verimli bir fosforesans yay n m i¢in (uzun yay n m siresiyiksek k iddeti) hem
katk land rma iyonu hem de matris malzemesi 6nenn. t&rAl,O,4, SrAl,O7, SrAl;20g,
gibi stronsiyum aluminatlar fosforesans Ozellikleri nedeniyksgtigimiz 20 sene
icerisinde dikkat cekmierdir. Bu malzemeler uzun sureli yay n mlar , yiksek kuantum
verimlilikleri, kolay imal edilebilirlikleri ve duuk maliyetleri nedeniyle der

malzemelerden daha 6n plana ¢ Kard r.

Bu tezin oda de i ik stokiyometrik oranlardaki stronsiyum aliiminat bikéerini

EW?*, Dy** ve boron ile katk land r Imas yla elde etmektir.2Emalzemeye fosforesans
ozelli ini katarken, Dy* yay n m siiresini artrc rol oynar. Boron ise kristal yapy
te vik eder ve yay n m suresini art r r. Bu tezin genel amse yay n m suresi yuksek
(bir saatten fazla) fosforesans malzemeler getiektir. Bu amagla, orijinal Pechini
sireci Uzerinde de iklikler yap Im ve yeni bir metod 6nerilmiir. Onerilen bu metod
kolay uygulan , du Uk s cakl klar gerektirmesi ve maliyetinin dik olmas nedeniyle
onceki cal malardan daha verimlidir. Ayrca bu metotla stronsiyum aliimina
bile iklerine %30’a kadar boron katk land r labilmektedir. Bahseditken avantajlar

deneysel calmalarla ispatlanmt r.
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CHAPTER 1. INTRODUCTION

When the water of oceans or seas is disturbed during the niglatimas it is
possible to see blue-green sparkles. These colorful lights realiea diving an
attractive sport during the night. The light is due to biolundees planktons named
noctiluca scintillans, which stands for “night lights”. When giiankton population is
large enough, a continuous glow can be observed. Although commonly known as
phosphorescent water, the term is a misnomer since thadighdduced chemically in

short bursts.

Nature is full of self-luminescent living organisms and nacél scintillans are
only one of them. As it is the case in many other discoverissiémce, humans have
been trying to imitate the luminescence behavior of selfdestdent organisms for
many years. Obviously, luminescence becomes important witewoliserved at night.
Thus, producing “night lights” has been one of the main focuses oimate

luminescent materials.

The concept of extended glowing in the dark is known as phosphoresceri. T
more specific, while luminescence is a general termhf@remission of radiation in the
visible part of the electromagnetic spectrum, the emisdidigit after the excitation
source is switched off is known as phosphorescence. Phosphorescatadicsl to
fluorescence except that fluorescence (FL) is the “finite'ission {.e. ms to ns
lifetime) after excitation by an external source, while phospberes is the afterglow

extending many timescales over the FL lifetime.

Fluorescent materials find major application areas in fluoredggntning via

fluorescent lamps (ultraviolet to visible), display devicesoathode ray tubes (electron

1



impact to visible), and scintillators (X-Rays aneRays to visible). The delayed
emission and hence phosphorescent materials (phosphors) find usenioulsi paints,
clocks and watches, emergency lightning, exit signs etadt Wwhenever there is no

source of light but still light is needed, phosphors serve theoparwell.

There are many materials that are used as phosphors, and navalsnati¢h
phosphorescent activity are being discovered regularly. Phospharesoezurs when
suitable elements with active electronic configuration areedopto certain host
materials. For an efficient phosphorescence emission (long gifter time and high
intensity), both the dopant ion and the host material are crifita.host material is
important, since it defines the environment of the dopant ion, ateindees the
physical behavior of the material to external disturbancesh©nother hand, the dopant
ion will determine the color of the emission and also the timéhefafter glow by
introducing or shifting the position of trap states in the forbidedemgy band gap of the

material.

The following are some of the widely used inorganic phosphor matesiaiple
oxides such as CaO, Zn0O,05; silicates such as CaS0B&SiO,;, BaM@Si,Oy;
phosphates such as YR@aROs SrB0O;; borates such as YBOCaBO,, SrB,0Oy;
aluminates such as LIAK YAIO3, MgAI;,O4 CaALO,4 BaAlLOs CaALO7, Y,AILOq,
BaMgAl;00:7, molybdates and tungstates such as Cadtal SgWOg; halides such as
CaCl, Srk, ZnF,; sulfates such as Cag(srSQ, ZnS-type sulfides and CaS-type
sulfides. There are many different dopant ions, which arerpoacated into different
host materials. Some of the widely used dopant ions &fe ®&f*, Cu’, G&", S, Ef*,
PIr*.

Host lattices, strontium aluminates, such as $AISrAl,O7, SrAl;0.9, and the
dopants Eti, Dy**, and boron are being used for phosphorescent materials for the last
two decades. They have several advantages such as they hawadtéongow times
with high quantum efficiency; they are easy to produce with aligenmethods and are
low cost materials. The focus of this thesis is on thewdifit stoichiometric compounds
of strontium aluminates with the dopant$EDy*", and boron. The general aim on the
other hand is to develop materials with long after glow timesnore than one hour,
which requires a clearer understanding of the relationship betweeatdmic and

electronic structure with the optical properties.



1.1. Literature Review

Rare earth (Eu, Dy) doped strontium aluminates, A(SA), SrALO; (SAY),
SrAl12019 (SAs), SBAILOs (S3A) are new and efficient phosphorescent materials that
have gained attention for the past twenty years due to beiag@abéplace the use of
sulfide phosphors that are doped with radioactive materials and imskedninous
watches, clocks, paints, emergency exit sigts,[1,2]. Other non-radioactive element
doped phosphorescent materials such as ZnS:Cu do not luminesce higth issensity
and length of afterglow desirable for these applications[2,3].alluition of Eu in its
trivalent state generates only fluorescence, whereas the icedwét EU* to Euf*
enables phosphorescence [4,5]. Thanks to the reductibhc@iuld also replace &rin
the crystal lattice, while preserving local charge neityraDy** is known to extend the
phosphorescence time. Boron, usually added to the system as a famwdessing by

solid-state reactions, has also been reported to extend thghphescence time [4,6,7].

There are several possible routes for synthesizing the strordluminate
compounds. The conventional method is the solid-state reaction, ih @imgxture of
the SrO and AIO; compounds are solidified from their liquid states. According to the
phase equilibrium diagram of the SrO,8}% system [8], which can be seen in Figure

1.1, these reactions require temperatures of 1750 C to 1950 C.
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In this method, SrC@®and ALO; are used as the starting materials. Europium is
added to the system as:Bqd. The chemical reactions rely on the diffusion of atoms or
ions, and thus high temperatures are necessary to enableftiseodif Usually, before
the calcination process at high temperatures, ball milsngeiformed under either wet
or dry ambient to distribute the powders homogeneously. Adding borofilasament
to the system in the form of3BO; or B,O3; could reduce the calcination temperature
down to 1300 C, but not any lower due to the decomposition of SEEQ258 C [9-
14].

Lower temperature methods exist to ease the production of stroakiuminate
compounds. There are several methods proposed by different groups iridhede the
microwave route [15], sol-gel method [16], combustion synthesibadd17,18], citric
acid precursor route [19], and spray dryer method [20]. Among these €k al.
reported the successful production of SA:Eu,Dy by sol-gel praggssbmparing their
results to a reference material obtained by solid-stattiseaas well as to the JCPDS
data. However, their XRD spectra show additional peaks thataitedthe presence of
additional phases in their sol-gel synthesized powders. In additiergrystallinity of
their powders is low, although they have used temperatures as $idi#08 C.
Moreover, the XRD spectrum of the §Aowders synthesized by Singh al. via
combustion showed that some of the peaks had just emerged at 500 €Xtisggtpat
further firing was necessary at higher temperatures in aodezduce the amorphous

phase content.

The Pechini process has been used since the 1960’s to produce qeranhers
at low temperatures, due to being a cost-effective and nfficier® process compared
to the conventional solid-state method. The Pechini process list@s@olymerization
technique, in which crystallization occurs with metal ions atieel by organic acids
[21]. The metal ions, which are attracted to the relatinelgatively charged zones of
organic acids, are trapped by polyesterification of those orgaiuls with the addition
of polyhydroxyl alcohols. The metal ions are well dispersed wtisol, by reducing the
distance between metal ions, it becomes easier to produm@@genous, single-phase

material at lower temperatures, compared to the convensohdlstate method.



1.2. Objective

In this thesis our aim is to develop phosphorescent materialdonghafter glow
times and high emission intensity. As reviewed in the prevcbagpter, there are several
proposed methods for this process. However as discussed above, thmuigbyevi
proposed methods have several disadvantages such as long processsghigh-
temperature needs, complicated procedures and relatively dsglsautions. In order
to overcome these difficulties we propose an enhanced synthesgsqredich is a
modified version of the Pechini method. The proposed method is notastteffective
but also very simple to apply. The other advantage of the proposthad is that, it is a

low temperature method.

As for the materials used in this study, strontium aluminaesh as SrADa,
SrAl,0;, SrAlL,O Were selected as the host lattices. Alsd! ,EIDy3+, and boron were
used as the dopants. This is due to the fact that the combimdtivese host and
dopants are superior to other materials used for phosphorescence pagptiegshave
long after glow times with high quantum efficiency; they aasyeto produce with
alternative methods and are low cost materials. The focubi®fthesis is on the
different stoichiometric compounds of strontium aluminates with dbpants Et,

Dy**, and boron.

Because the overall goal is to understand the mechanismsxtehded
phosphorescence, determining the synthesis of a suitable model hvedsriaerely the
first step leading to investigating the structure-propertyticglship. Characterization of
the material enabled us to start modeling the electronic amiicastructure features
that controlled the extent of afterglow. Conventional charactesizaéichniques could
be used to obtain phase composition information. However, eluciddtengole of
boron in the host crystal structure required the development of ELfiE&printing

techniques.



CHAPTER 2. THEORY

In this chapter, the background and basic theory on the electranstions,

luminescence phenomena and the band structure of materipleseated in detail.

2.1. Electronic Energy Levels and Transitions

To start from the beginning, electronic transitions withinieerg atom can give
rise to color through the emission of light. The atomic emissiorodius is a well
known example of the yellow color of the flame of this elemeatempound. The
ground level electronic configuration of Na i€2£2p°3s', and the outermost electron
is the 34 electron. The ground state of this valence electron hasclwsely spaced
energy levels above it, one at 2.105 eV and the other one 2.10%oe¥ the 35level.
The corresponding wavelengths of light of these energies are 589.589.6 nm,
where the longer wavelength corresponds to the lower energyi@mss®wn in Figure
2.1. These wavelengths of light emitted from excited sodium samnabout 590 nm,
correspond to the yellow part of the visible light spectrum. Thdden a sodium-
containing material is heated in a flame so thaeBsctrons are excited to the 3p levels,
the electrons can then return to the ground state while emitifawlight. This type
of emission is a simple model, where only the excitation of t#ience electrons is

necessary to produce the emission colors. However, when the evaéaatrons of
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isolated atoms combine with another atom to form chemical borelgrdund state
energy of the atom is lowered, and much more energy is eeqtorpromote them to
excited states. In many compounds, the outermost electrons kileesdaby chemical
bonding in this manner, requiring energy in the UV region for exmitatNo visible

color is associated with absorption and emission from these atstdit still they do
absorb UV light. One exception is compounds containing transition sneiih

incomplete d-shells. The excitation of these valence electtansfall in the visible
region of the spectrum, and these compounds can have different cblsris dlso true

for compounds containing transition metal impurity ions.

3p 2.105eV
excited states

3p 2.103 eV
ground state y 3s

Figure 2.1 The electronic energy levels of Na showing the transitiohg&hw
correspond to yellow color in the visible region.

All electronic energy levels are sensitive to their envirenin An ion in the
electrical potential field in a crystald. in a crystal field) has different energy levels
from that of the free ion. Because a dopant ion interacts hatlkeriystal field of its host
lattice, de-excitation of the host electrons can give tis@bservable colors, thus
providing information on the electronic configuration of the ionlfitgen example to
this phenomenon is ruby. When 8% is doped with CY¥ to replace Al* in the
structure, the changes in the crystal field engender the absooptiriet and yellow-

green light. Thus ruby appears red due to the subtractige cducolor [22].

In an isolated atom, the electrons occupy a ladder of sharp erergjg.|If
another atom approaches the first, the outer electron cloudsiteihct, and the result
is that the single energy level will split up into two, on@ dtigher energy and one at a
lower energy, as can be seen in Figure 2.2. Four atoms vélfgiv energy levels. This
process can be continued indefinitely. As each atom adds to thercthe number of
energy levels in the high energy and low energy groups incrAaiee same time, the
spacing between the energy levels in each group decreasesatélifinwhen a large
number of atoms are brought together, as in a solid, the eleg in both the high
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energy and low energy groups become very close and they are aareedrgy bands
[23].

— band 1
— ) band 2
1 atom 2 atoms 4 atoms many atoms
(a) (b) (€) (d)

Figure 2.2The formation of energy band. (a) Isolated atom (b) Enexggldén a
diatomic molecule. (c,d) Energy levels of multi atoms

The details of the band structure of a crystal depend upon both thetgeah
the structure and the degree of interaction of the electrorgyemevels. When the
interaction is large, typically for the outer orbitals of clgs&paced, large atoms, the
bands are broad. When the interaction is less, such as théocdke inner electron
orbitals of atoms, which are further apart, the width ohedzand is rather narrow. The

electrons in the solid fill the bands from the lowest enéoghe highest [23].

Insulators have an empty upper energy band, while the lower energy band is
completely occupied by electrons (Figurea&.Moreover, the energy gap between the
top of the filled band and the bottom of the empty band is quite.latee filled energy
band is called the valence band (VB) and the empty energy bacdllesl the
conduction band (CB). The energy difference between the top efitbece band and

the bottom of the conduction band is called the band gap [23].

Intrinsic semiconductors have a similar band picture to insulatarspt that the
separation of the empty and filled energy bands is smallRsgge 2.3.b). The band
gap must be such that some electrons have enough energy toslerteal from the top
of the valence band to the bottom of the conduction band at room temmpesach
electron transferred will leave behind a vacancy in the val&and. These vacancies

behave as positively charged electrons. They are named asTwesiore, each time



an electron is removed from the valence band and transfertbd tmnduction band,

two mobile species are created; an electron and a hole [23].

Metals are defined as materials in which the uppermostebaryl is only partly
filled which can be found in Figure 2.3.c. The highest energynatd by electrons in
this band is called the Fermi Energy.

A
=~ CB © o e |electrons EF CB
)
c
L
o o o |holes
VB VB
(a) (b) (©)

Figure 2.3Schematic illustration of the energy bandsangn insulator, If) an intrinsic
semiconductor anat) a metal.

2.2. Luminescence — Theory and Classes

In this section, a short theory of luminescence will be predebtélding on the
previously mentioned band theory of atoms, molecules and solidso, Ahe

classification of luminescence processes will be given.

2.2.1. Theory of Luminescence

Luminescence is the general term describing the emissionecframagnetic
radiation in the visible region of electromagnetic spectrumelatively cool bodies, as
opposed to incandescence, which applies to light emission from hot i@%]. The

emission is usually independent of the nature of the excitatiorchwki the pre-
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requisite to the emission, and lies in a region where the substanon-absorbing. The
emission of radiation results when a material adjusts is®ii an excited to a ground
state. Luminescence from inorganic solids is normally dominlayeextrinsic factors

such as impurities, defects, and excited states of iscdébeas and ions. Impurities or
defects in structure responsible for emissions are namedtacdiv@he electronic states
involved in the luminescence due to impurities can be eitheeribegy levels of the

impurity ion perturbed by the crystal field or the band structurbettystal disturbed

by the impurity. Transitions may be divided into two as radiatigasitions and non-
radiative transitions.

Radiative TransitionsLuminescence may involve radiative electronic transitions
emitting a photon, when an electron drops from an upper to the lowgydeeel of
either intrinsic band state or impurity levels. Radiatiansitions may be of different
types: (i) Transitions between intrinsic band and impurityestathich may occur
between a deep impurity level and one of the banelsGB to acceptor or to donor to
VB) with momentum conservation even in indirect gap materiéd)sBénd-to-band
transitions involving free electrons and holes. Such transitiamsllysoccur in direct-
gap materials, such as II-VI compounds, between the CB and thetiiBonservation
of momentum. In case of indirect gap materials, phonon emissiiéBlisto occur (see
Figure 2.4). (iii) Transitions between donor (activator) and aocefaio-activator)
levels. Activator atoms occupy Group Il cation lattice sited behave as deep acceptor
levels below the CB edge. (iv) Transitions occurring withinithpurity (luminescent)
center without ionization. The electron is not excited fromctrger to transition to the
CB; instead it returns to the ground state exhibiting a narrovirspecharacteristic of

an atomic transition.

e le
o h =g,

Ec

Phonon

h = Eg-Ephonon

EV EV

Figure 2.4 Transitions from conduction to valence band for (a) direct gd(l@)
indirect gap materials
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Non-radiative TransitionsSeveral possible mechanisms leading to non-radiative
transitions, competing with the radiative ones, and adverffelstiag the luminescence
efficiency, can be described as: (i) Generation of phonons due toathébrations. (ii)
Recombination at surface states, dislocations, grain boundaores, etc., by losing the
excess energy through step-wise transitions, so called cascadsgrdoetween
narrowly spaced levels existing throughout the forbidden energy gdpeimrystal
joining CB and VB, emitting one single phonon at each step Aliijhe defects sites
may not act as recombination centers to allow the catderecombine radiatively. (iv)
Auger process, in which the energy lost by the captured caxoites another nearby
carrier in the crystal and may give rise to non-radiatoss of energy. The other

carriers can return to a lower energy state by multiple phomiss@n.

Every luminescence process consists essentially of thrgesst@ the excitation
or absorption, (ii) storage of excitation energy which detersnine average duration of
luminescence following the removal of the excitation source,tfi@)emission. It may
be noted that if the luminescence exists for®4€conds, which is the life time of the
atoms in the excited state, or less this is termed ‘dkm@nce” whereas the delayed

luminescence is called “phosphorescence”.

The absorption of energy in an insulator occurs by the following possible
processes: (i) excitation of crystal vibrations (lattidesaption), (i) formation of
excitons (electron in the CB paired with a hole in the VBI), €kcitation of electrons
across gap from VB to CB (intrinsic absorption), (iv) excitatbbrthe impurities and

structural defects present in the solid from ground statié®itoexcited statestc

A plot of absorption coefficients energy gives rise to the absorption spectrum of
the material, which relates to the transitions corresponding toréiagion of a free hole
and a free electron. In an idealized absorption spectrum, ihesecut off at the
minimum energy corresponding to the band gap for the transition bethe&B and
the CB. The corresponding wavelength is called the “absorption esfgdie host
lattice. The typical absorption and emission spectra can beiseEigure 2.5. The
electronic states originating from impurities and structuréals, and responsible for
luminescence emission, contribute optical absorption bands on the loatength side

of the fundamental absorption edge of a perfect crystal.
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Absorption / Emission

—p
<« E

Figure 2.5Representative (a) absorption and (b) emission edge spectra.
The position of the activator and co-activator levels in the fodsidehergy gap
region, and the energy transitions involving radiative emission eamepresented

basically in terms of three general models that are surnetkin Figure 2.6.

o CB
LIPS LIS
b a C
\J
9 Ea Q Ea
Y
O VB

Figure 2.6 Transitions involving radiative emission. (a) defect baaddition of Schon-
Klasens model (b) defect band transition of Lambe-Klick m@zjedlonor-acceptor pair
transition of Prener-Williams Model

The Schon-Klasens model (see Figure 2.6.a) describes luminesseacesult of
radiative recombination of an electron from the CB with a laedliacceptor above the
VB. The Lambe-Klick model (see Figure 2.6.a) describesutmenescent transition of a
free hole recombining with a trapped electron at a level bet@vCB. The Prener-

Williams (see Figure 2.6.c) accounts for a localized rasiaéissociation of activator
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and co-activator. Although these simple models are good assumigtiegsare not
always complete for an understanding of the nature of luminesceanters and

radiative transitions.

2.2.2. Classes of Luminescence

Depending on the type of the excitation process, it is custonoaciassify
luminescence into several groups. Photoluminescence (excitatiorphbyons),
cathodoluminescence (by cathode rays or energetic electebesyoluminescence (by
an electric field), triboluminescence (subject to mechanioates, i.e. grinding),
chemiluminescence (by utilizing chemical reaction energy)types of luminescence
processes. However, in thermoluminescence, the heat difaifom is not an excitation

agent but only a stimulant [24].

Photoluminescence?hotoluminescence (PL) is a very useful tool in examining
excitation transport in molecular solids, regular crystals sordered system, and is a
well established technique to study optical properties and @béctistructure of
semiconductors. The spectral features from PL measuremamtprovide valuable
information concerning the type of defects and impurities in semictordy while the
overall PL intensity is determined by the quantum efficiencyhef material together

with surface recombination velocity.

Fluorescence (FL), as a type of PL, refers to the instamianemission of
radiation after the excitation by some other external radiatioa.radiation emitted has
a longer wavelength (lower energy) than the exciting radiafiba.“missing energy” is
lost via non-radiative transitions, which increase lattibeations, resulting in a heating
of the material.

Phosphorescence, which is another type of photoluminescences teldyed
emission of radiation, but is otherwise identical to fluoeese. The delay can vary
milliseconds to hours or days. In this phenomenon, the absorbed energythandb

of as stored in a reservoir from which it slowly leaks.

Cathodoluminescence: In  a luminescent material, the type of
cathodoluminescence (CL) emission observed is more or lesartieeas that of PL, the

only difference lies in the excitation mechanism since photoorptisn will not excite
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luminescence unless it lies in the absorption region of the iadatghereas the electron
absorption is strong irrespective of their enefggany crystalline phosphors which are
not luminescent under photo-excitation exhibit emission under the excitaly

energetic electrons and the whole crystal lattice is strahiglyrbed, and even electrons

of the inner atomic shells of the luminescent centersxaied.

Thermoluminescenc&he phenomenon of thermoluminescence (TL) has become
an established and as a sensitive technique for observing chamgesfect
concentrations in phosphorescent materials. Defects in an ingusatid usually form
electron trapping states, within the forbidden energy gap, whosstidsncan be
monitored by TL observations to as low as®er cmi. For obtaining TL emission
from a phosphorescent material, the material is first heatdgetmaximum temperature
to clean all the electron-hole trapping levels and cooled to weryidmperatures. The
material is then excited/irradiated at this low temperatatewhich the traps to be
investigated do not lose their electrons/holes. The energy ofatswifrradiation
should be larger than the energy gap of the material. Afternthterial has been
irradiated for a few minutes, it is heated with a uniforte.r@he electrons/holes, which
have been trapped during excitation start getting released ingaladiative emission
giving rise to TL. Thermal energy stimulates the casriercross the potential barriers
of these traps and, in the process, allow them to move touitabls recombination
center that contains a hole or an electron resulting in the iemisg light called TL.

The pattern of luminescence output vs. temperature is CHlLédr glow) curve.

When trapping levels are located at a fixed endtgyelow the CB (electron
traps) or above the VB (hole traps) a single maximum existeigltw curve. In case
the traps are distributed in separate groups at different deipeh$L curve constitutes
more than one maximum, such as the spectra shown in Figurdeah. of these
maxima represents a particular set of trapping levels. Knowirgtemperature of
maximum TL, the trap depth can be calculated. Since one can gettans with high
efficiency, TL, which is the result of excitation using iong radiation, can act as a
sensitive technique for radiation dosimetry, an the TL intemetk is directly related

to the total radiation dose.

14



TL intensity (ARB UNITS)

0 100 200 300 400
T(K) —

Figure 2.7 Schematic representation of a thermoluminescence curve

ElectroluminescenceElectroluminescence (EL) is caused by excitation by an

electric field. The emission characteristics of EL simailar to those observed in PL.

2.3. Phosphors and Theory of Phosphorescence

As mentioned previously, phosphors are materials, which conveaticadof one
wavelength to radiation of another wavelength, the conversion leng a higher
energy to a lower energy. They are widely used in, for exarfiplerescent lamps
(ultraviolet to visible), TV (electron impact to visible) asdintillators (X-Rays and-
Rays to visible) [23, 25].

Phosphorescence is the emission of light from triplet-exsitatds, in which the
electron in the excited orbital has the same spin orientétemarallel) as the ground-
state electron. Transitions to the ground state are forbiddesudh a situation.

Fluorescence is the emission light from singlet-exciteegstan which the electron in

15



the excited orbital has a spin of opposite siga énti-parallel) to the second electron
remaining in the ground-state orbital. Return to the ground statieis case is spin-
allowed and occurs rapidly by the emission of a photon. Figure 2véssihe singlet
and triplet spin states. The unpaired electrons of an exciteccumlean either have
their spins anti-parallel or parallel. The states witl-patallel spins have spin quantum
numberS = 0 and are called singlets after their multiplicity. Thetes with parallel
spins haveS = 1 and are called triplets, and they tend to have lower iesditan the

singlets. The ground state is always a singlet.

— —+
4y 4 4

first triplet
ground state first singlet _ P
S . excited state
excited state T

Figure 2.8 The possible spin states of a molecule

Processes taking place between the absorption and emissightadre usually
shown on a Jablonski Diagram, which can be seen in Figure 2.9. thaiipam the

electronic singlet state§, S and S, along with three vibrational energy levels are

shown. Here& stands for the ground singlet state, and it represents thestlowe
vibrational level of the molecule. At room temperature, hifgher vibrational energy
levels are in general not populated (less than 1% accordingtantaoin statistics). The
magnitude of the absorbed energya(in Figure 2.9) decides which vibrational level of
S, (or S) becomes populated. This process is very fast and occurs witHirs 1 the
next 10*? s the molecule relaxes to the lowest vibrational levesph process called
internal conversion (IC). Since emission typically occurs aftEt s the molecule is
fully relaxed at the time of emission. Hence, as a ruléssam occurs from the lowest

vibrational level ofS (Kasha’s rule), and the fluorescence spectrum is generally
independent of the excitation wavelength. After emissioy. (n Figure 2.9) the

molecule returns to the ground state, possibly after vibratioslalxation. This
completes the simplest case of fluorescence: excitativgrnal conversion, emission

and relaxation. Apart from FL, phosphorescence may alsgtag&e. In order for this to
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occur, after the excitation, when the electron is undergoingata to the lowest
possible vibrational levelY), intersystem crossing takes place and the spin state
changes from a singlet (in this caSg to a triplet T;) that has a lower energy. This
conversion would occur due to spin-orbit coupling. After such a nonrsdiaternal
conversion, the triplet-to-ground state transition occurs, and thisdfimnission is

called phosphorescence [24].

electronic
ground state

Figure 2.9TheJablonski Diagram
As depicted in Figure 2.9, phosphorescence is generally shifteldnger

wavelengths relative to FL. Transition from tfe to the singlet ground state is
forbidden, and as a result, the rate constants for tripletsemisire several orders of
magnitude smaller than those of fluorescence. Also;Tthe & transition has a long

radiative lifetime, because of the low transition probability.

For both fluorescence and phosphorescence, the Jablonski Diagramtehows
absorption has a higher energy than the emission. This phenomentedsac&tokes
shift” after George Gabriel Stokes who discovered this canoef852 [25].
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2.4. Relating Structure to Optical Properties: Application of ELNES

In the study of solid-state samples, electron energy loss speapry (EELS) in
the transmission electron microscope (TEM) provides a valuaéleod of quantitative
nanoscale chemical analysis that may be combined with thksres energy dispersive
X-Ray (EDX) analysis to enable elemental determinationtagla lateral resolution for
many elements. .However, additional insight into the chemitdis&ructural properties
associated with the atom undergoing excitation may be gained via laiitatiue and
semi-quantitative analysis of the electron energy-loss-edge structure (ELNES)
associated with each core-loss ionization edge. In ceraigsc analysis of the ELNES
could allow the determination of two features of significargriest: the site symmetry
of the nearest neighbor coordination atoms in complex structures endlémce state
of the atom that is undergoing excitation. This approach faeditahe rapid
identification of unknown phases in complex microstructures, the geantitative
determination of atom site occupancies, as well as thenteggion of local bonding at
interfaces and defects using spatially resolved ELNES measotemin order to
develop a methodology for the use of such techniques, it is necdespsrform
measurements on reference compounds with known structural and dhenojeaties.
For example, clay minerals and clay-sized materials catiffieult to characterize by
other analytical techniques because of they are heterogenethes rranoscale. Such

materials could be characterized down to nanoscale byeth@hELNES [1].

Because ELNES is highly sensitive to the coordination symnwdtrihe ions
present in the material, it was chosen specifically forghidy on dopant effects on the
electronic structure. In this thesis, ELNES is used as attooivestigate firstly the
homogeneity of the sample at the nanoscale. Moreover, sinEt NS could serve as
a “fingerprint”, whereby small perturbations in the crystaldf around the ions is
reflected on the spectrum, this technique is well suitednigstigating the effects of
the rare earth dopants that are subject of this study, Eu,irDgddition to the

incorporation of boron. In this section, first the theory behind ELN#e introduced
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followed by some examples showing what could be achieved with ELBE& it is was

used in this study.

2.4.1. EELS vs. ELNES

Electron energy-loss spectrometry (EELS) in the transmissitattren
microscope (TEM) involves the measurement of the energy iethéota thin ( 200
nm) specimen via the scattering losses of fast00 keV) incident electrons. There are
a number of ways in which the incident electrons interact théhspecimen, giving rise
to various features in the energy-loss spectrum. One of the impsttant of the
possible energy-loss processes is atomic ionization, in whictielsare ejected from
inner, or core, shells.é. the K-, L-, and M-shellsgtc) of atoms in the specimen. This
process requires that the core electron undergoing excitation egcemergy greater
than or equal to the critical ionization ener@y, which is a function of the specific
guantization energy level of the electron and is therefore uniquisheddor each atom
and principal quantum number. That is, characteristic sigeatset “ionization edges”
appear in the spectrum at energy losses correspondiry, tthus identifying the
presence of specific elements in the specimen. The atlgesity can be related directly
and quantitatively to the amount of the element present. In adddiarontaining
guantitative elemental information, the ionization edges han®lls intensity
fluctuations, just above the edge onset, termed the energy-lasedge structure
(ELNES). The ELNES has been found to be dependent on details loctieatomic
environment such as coordination, valence and the type of the bohtiiagurement of
such fine structure, understanding how it is related to thdrehéc structure and
ultimately to materials properties can provide solutions to sm@eously unsolvable
materials problem, where changes in bonding occur over smathleogles. Thus, the
main advantage of ELNES is the potential to examine changes imgamith a spatial
resolution at the nanometer lever and even approaching the levieteohtomic
spacings. In this way, not only could bonding in bulk materials berrdated, but the
changes in bonding at microscopic defects or nano-fabricateduseésicould also be
examined [26,27].

During the ionization process, the inner-shell electrons are dadviwith

sufficient energy to overcome the attraction of the nucéds if they do not escape
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completely from the material, they are excited to empigilable electronic energy
levels (or states). These unoccupied energy levels are @ofuntithe overall electron
energy distribution based on the bonding interaction between the atomitsand
neighbors,.e. the way in which the host atom is bonded to neighboring atoms in the
crystal lattice. Thus, upon ionization, the atom itself indfarmed from a ground state
configuration into an excited state with an empty state (or ol&e core shell and the
ejected core electron in a previously unoccupied energy level (wkiglonmay not be
bound to the atom). The possible energies imparted to the ejesttelare controlled
by the distribution (in energy) of these unfilled states. Theiloligion of the ground
state energy levels plus that of the unoccupied levels thusitatmshe joint density of
states (JDOS). It is the dipole transition between the tveoddestates that is mapped by
EELS. Thus, fluctuations in intensity on the ionization edge,BEbNES, are directly
related to the distribution of unfilled electron states and caintbgpreted in terms of

the bonding state of the ionized atom.

For the transition to be allowed, the change in the angular-mamestantum
number upon excitation () must be either -1 or +1. Thus, when considering the
excitations from the dlevel or K shell = 0), the only significant transitions are to
final states ofp character|(= 1). L edges arise from transitions originating from the
second atomic shelln(= 2). Transitions from the R2level or L3 shell { = 1)
accordingly involves transitions to bagh(l = 0) andd-characterl(= 2) final states. The
L shell also has anjlshell (& states| = 0), which sits closer to the nucleus than the L
and Lg shells, and its electrons can only be excited to a p $taté)( but not to a state
(I = 2), or to anothes (I = 0) state. Table 2.1 shows the nomenclature and quantum
numbers involved in the transitions for various EELS edges and FRafeis a

schematic for the transitions [27].
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Table 2.1Nomencluture of the transitions that are taking place.

Initial state
quantum numbers

Edge Initial state n 1 j Final state svmmetry
K 152 1 0 1/2 P
L, 254 2 0 1/2 P
Lz 2pt? 2 1 1/2 sord
Ly 2pt? 2 1 3/2 sord
M, 35t 3 0 1/2 p
M. 3pt”? 3 1 /2 sord
M,  3p*@ 3 1 372 sord
M, 3447 3 2 372 por f
M 3d™7 3 2 5/2 porf
N, 45t 4 0 1/2 p
M, dpt? 4 1 1/2 sord
My 4pt? 4 1 3/2 sord
Ny o oa4d™? 4 2 342 poar
Ne 44 4 2 5/2 pord{
Ne  4f7 1 3 5/2 d
M. 4f™? 4 3 742 d
[ ip“l 5 1 1/2 sord
0y ?pl"l 5 1 3/2 sord
0y 5447 5 2 3/2 por
0 54%7 5 2 5/2 por
% -z EELS Edges
o, sz Nes
0, 5g2 Mas
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Figure 2.10Schematic of the transitions happening.
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A typical EELS spectrum that is seen in Figure 2.11 disglag®lectron intensity
as a function of energy loss and can be divided into sevegiahee The large zero-loss
peak (ZLP) results from transmitted electrons that have uoderglastic and quasi-
elastic (mainly phonon) interactions, i.e., electrons that havegmme minimal energy.
The region immediately following the ZLP and extending to eneogges of 50 eV,
called the low-loss region, is an area of the spectrum domibgtpthsmons. Plasmons
can be described as resulting from the collective excitationalefhce electrons. They
can provide information about the dielectric function, valencetrele densities, and in
suitable cases, the phases present in alloys. Within théo&smwegion are also found
edges caused by transitions from outer shell electrons. Extebeymmd the low-loss
region in a spectrum from a thin sample is monotonically decredsngground,
arising predominantly from plasmon and single electron excitatiomsywhich are
superimposed the core-loss edges. These features resulh&ometrband transition of
core electrons to unoccupied states. As mentioned above, this sethereenergy
transfer between the incident and a core electron to besgitkan its binding energy
[26,28].

Zero-loss peak .
8 . (a)
_ Low loss region
LF: '
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= |
= _]_ 2 W
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Figure 2.11A representative EELS spectrum showing (a) the zerglesis and low-
loss region and (b) a core loss edge from the mineral gaudef[2git
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The core-loss edges usually take the form of a step, cearact by an abrupt
increase in intensity that decreases with increasing emhesgyThis feature can be seen
in Figure 2.11.b. The sudden rise in intensity represents theaimmzthreshold, the
energy of which approximately corresponds to the inner-shell binding eaedgyence
is characteristic of the element. Core-loss edges calivined into two regions (Figure
2.11.b), the ELNES, extending 30-50 eV above the edge onset, andakerwextended
electron-energy loss fine structure (EXELFS). The ELN&&ctly probes the
unoccupied orbitals and therefore reflects the environment surroundiagdited atom

and can provide information on bonding, valency, coordination andysiieetry [26].

The basic ionization edges can be seen in Figure 2.12 [27].

Energy Loss, E E
C)k d) 4

h b 4

Intensity =

L J

e) &k

.
|

E
Figure 2.12Schematic of the basic shapes of ionization edges. ¢&}&dh shape, e.g.
K-edges. (b) Delayed maximum.,g.characteristic of ,zedges in 3rd period elements
(Na to Cl), 4th period (Zn to Br) and4J¥edges for 5th period elements. (c) White
lines,e.g.transition metals and rare earths. (d) PlasmoneligeM, 3 of 4th period
elements (K to Ti). (e) Mixed.g.bound state plus delayed maximum.

An alternative way to interpret the ELNES fine structur@oismagine that the
excess energy (greater thag) of the core electron is carried by a wave emanating from
the ionized atom. If this wave has only a few eV of excesgygnit undergoes multiple
elastic scattering from the surrounding atoms. Interferenivecba the outgoing wave
and the scattered waves is responsible for the ELNES. Thisheaenvisaged as
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analogous to a diffraction pattern, but with thecale replaced by an energy scale. If
the outgoing wave has even more excess energy (typically nanwestheV aboveE),
then it is less likely to undergo multiple scattering, and \@a approximate the
interaction as a single-scattering event. Such higher-eneadiersieg produces very
small-scale oscillations in the post-edge spectrum termedhdedeenergy-loss fine
structure (EXELFS), which contains information about the positmnaeighboring
atoms around the ionized atom. Both EXELFS and ELNES can thus bagewias a
continuum of electron scattering, with the arbitrary distinctitat ELNES is confined
to a few tens of eV past the ionizations edge onset. While BLalses from a more
complex process than EXELFS, it is more widely used, bedaesELNES is a more
intense and more easily measurable signal. In the low-losssg&tirum (< ~10 eV)
transitions are measured from the valence band to the condbetiwhand can thus
observe the band gap region directly. In ELNES, however, onlyribecupied states
(the conduction band) are characterized, and many empty stités tve band gap

might be observed as a pre-edge intensity [27].

As mentioned previously, ELNES excitation involves transitions fadiocalized
atomic inner shell to unoccupied final states near the caiteeaéxcited atomi.g. final
state whose wave functions have appreciable amplitude at sopasitiresponding to
the atomic site undergoing excitation). The presence of thehubeealso serves to
contract the spatial extent of molecular orbitals and to Ibedfie excitation even more

as the outer states see a nucleus with an effectivegiter positive charge.

ELNES could serve as a coordination fingerprint, because theafjéoen of the
ELNES is predominantly sensitive to the nearest neighbor coordiratidrience the
molecular orbital structure of the molecular unit present in gbkd. The term
“fingerprint” is used to emphasize that direct comparison wfbctra from known
standards is often all that is required for conclusive identificaf the bonding state of
a specific atom in the TEM specimen. Once the fingerprirdsigentified, then it is
possible to fit these to the unknown spectrum, either directlysaorg a suitable
algorithm, to determine semi-quantitatively, the proportions afoua sites in a
material. The lifetime of the core hole is much longer tin@nexcitation process and so
the outermost electron states, including the final state oéxbiation process, would
experience an attractive core hole potential. Generallycdle hole, an absence of an

electron in an inner atomic level, behaves like an extra auclerge in the atom. This
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extra positive charge may be shielded or screened by oth&petem the atom or solid
(e.g.valence electrons), which could be re-distributed in response tgetheration of
the core hole and weaken its influence on outer lying electat@sstHowever, overall
this partially screened, positive, core hole potential would termnd outer electronic
states more strongly, which would lead to a spatial contracfiagheoelectron wave
functions that are centered at the core hole site. This @@hédaction would reduce the
overlap of these excited-state wave functions with those waweidéns centered on
neighboring sites. Thus, the available final states in thepcesof the core hole would
(dependent on the degree of screening) become more sensitthe &hort range
environment of the excited atom. If an atom exists in twieit environments in the
lattice structure, then the ELNES is simply a linear supérposof the contributions
from the two environments [27]. This site specificity has bdemonstrated for solids

containing atoms with a mixed coordination [29].

As an example of coordination fingerprinting, the basic featuréiset ELNES of
MgO are determined primarily by the O sublattice and thercatrrangement simply
adds some further fine features. In both MgO and MQAthe O sublattice has a FCC
structure and so the O-K edges show very similar featureshwelain be seen in Figure
2.13[30].

Energy [eV]

Figure 2.13Comparison of the O-K edges for MgO, Mg@k and alpha-AlOs.
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In their work, Gloteret al [29] have investigated the change in the O K-edge of
the Ca(Alx ,Fex)>0s compound as x is varied between 0 to 67%. Looking at the
changes, they have tried to understand the mechanism of bonding. Agaihpr
Scheuet alin their work [31], aimed to determine the electroniccttrre and bonding
of a Culg -Al,O3 interface grown by molecular beam epitaxy. This was approached by
a comparison of the interfacial Cu 4, Al L, 3 and O K-edge ELNES with measured
standards.

In this present study, the need for using ELNES as a nanoswakcterization
tool emerges from the fact that ELNES is very sensttivehanges in the crystal field.
It is thus one of the most efficient ways to detect the wftrak perturbations of
impurities and phase homogeneity. Phase homogeneity was anangdadtor in this
study to model the electronic energy band diagram of the strontluminate
compounds of interest. ELNES is also a useful tool in the quaveitdétection of low
weight elementsZ < 4), unlike EDX. Because we are interested in investigatie
effects of boron, ELNES would be one of the few techniquealdaifor analyzing the
coordination changes, upon increasing the amount incorporated intaubtirst via
changes in the B K-edges. The effect of dopants Eu and Dy cisolda checked in
terms of understanding the incorporation into the crystal stejcpmovided that the
doping levels are above that sensible in ELNES. Also, the, Akdges have been used

to confirm the octahedral coordination of the Al cations.
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CHAPTER 3. EXPERIMENTAL

In this chapter, the chemicals that were used during the imgms, the
procedure as well as the characterization tools will be ibestrThe procedure of both
the original and the modified Pechini is given here. Howeverdigmission about the

necessity of the modification of the original Pechini predegpresented in Chapter 4.

3.1. Chemicals

The chemicals that were used during the experiments are suwacari Table
3.1.
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Table 3.1Chemicals that were used for the experiments to obtain Bimont
Aluminate Compounds

Name Chemical MW Supplier Structure
Formula (g/mol)
' - 0]
Strontium nitrate Sr(NOs), 211,63 Riedel de N* s
anhydrous Haer 07 ‘o'_z I
i . 6]
Aluminium nitrate | A|(NO3);.9H,0 | 375,13 | Merck | |
nonahydrate 07 O
L J 3 L
Europium (I11) | 0 "
nitrate Eu(NG;)3.6H,O | 446,07 Fluka 'O/NtO‘ Ed
hexahydrate i Iyl
Dysprosium (lII) (”) .
nitrate Dy(NOs3)3.5H,0 | 438,59 Fluka 'O/NtO‘ Dy
pentahydrate i Iyl
Boron oxide B20Os 69,62 Alfa Aesar
o . OHO OHO
Citric acid CeHgOr 210,14 Merck
monohydrate 0 L OH
OH
Etyhlene glycol CaHeO2 62,07 | carlo Erba| ©OH™ >~

3.2. Procedure

In this section, the procedure of two different but simitgpegiments is given.

The procedure of the original Pechini process, which is being used $P60’s, is

presented before the modifications are explained in order to makempadson

between the two. The modified Pechini process is the basesdttinly and so it can be

regarded as the main experimental procedure of this thesis.
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3.2.1. Original Pechini Process

The basic Pechini process is relatively simple and vessptibcedure that is
widely used as a method for synthesizing ceramic systemsrdodtinuous stirring,
the chelating agent, citric acid (CA), is added to boiling lthstiwater, followed by
addition of the nitrate precursors (Sr(N®@, Al, (NOs )3.9H,0O, Eu(NQ)s.6H,0,
Dy(NOs)3.5H,0), according to the desired stoichiometric amount. When boron isl adde
to the system, it is added as@, and it is added to the distilled water after the nitrate

precursors.

The citric acid amount is determined according to 1 mole of CAnpde of metal
ion in the target compositiore.g. 5 moles for SA After complete dissolution, heat
treatment is performed in a box furnace at 250-300 C to burn out the asgani
dehydrate the solution and produce the amorphous precursor. A yelloarsieor
smoke is observed, and as the last drops of the water is eesha@dirownish yellow-
colored foam is leftj.e. the amorphous precursor. In order to produce the crystalline
strontium aluminate compound, the precursor is heated to tempsragireeen 700-
1000 C in an oxidizing environment. The strontium aluminate powders aresedta
after reduction at the same temperatures in a 36%MN 4%H forming gas

environment.

3.2.2. Modified Pechini Process

Distilled water was taken into a beaker and was placed ongaatia stirrer
heater. The water was first boiled in order to get rid ofQfe that had dissolved in the
water. The temperature of the distilled water was theélmaed to and maintained at
80 C. Strontium, aluminum, europium and dysprosium nitrate precurssesadded to
the water without a specific order according to the desiredh#boietric amounts, as
listed in Table 3.2 to obtain 1 g of end—product.
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Table 3.2Amounts of the ingredients used in synthesizing £DAISrAl;,019
and SrA}O, doped with 1mol%Eu, 1mol%Dy and 10mol%B

Ingredients SrAl,O4 SrAl1:04¢ SrAlL,O4
Sr(NOs), 0,685032 g 0,295251 g 1,022500 g
AI(NO 3) 3.9H,0 4,857135¢ 6,280322 g 3,624955 g

Eu(NO3) 5.6H,0 0,014439 g 0,006223 g 0,021552 g

Dy(NO3)3.5H,0 0,014197 g 0,006119 g 0,021191 g
B,O3 0,011267 g 0,004856 g 0,016818 g
CA 3,741163 g 4,192379 g 3,350506 g
EG 1,004558 g 1,125716 g 0,899660 g

B,O3; was added also to the solution. After complete dissolutiong eitid (CA) was
added to the system, to achieve a 1:1 ratio of CA to totall nogis in the solution.
Finally, the polyesterification agent, ethylene glycol (&¥&} added, according to a 1:1
ratio of EG to CA. The solution was heat treated in a box furrtz®@ @ until all of the
water had completely evaporated, leaving behind an amorphous prethasavas
white in color. The amorphous precursor was then heat treatetiar furnace in an
oxidizing environment, where it was heated to 600 C with a 5 C/matiing rate and
held for 2.5 hours. The heating was then ramped at a rate of i?@n900-1100 C,
with the precise temperature determined by the desired finatisim aluminate
compound. Complete oxidation was determined to require 5 hours atardet

treatment temperature.

5 R

%
o) —p
L]

alumina boat

L R——— e —

96%N,,
4%H, gas tank

tube furnace

Figure 3.1Schematic of the tube furnace used during the reduction process
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Solution preparation in distilled water with Sr(j)& Al(NO3)s,
EU(NQ)& Dy(N03)3, B,O3, CA and EG

y
Slow drying of the solution at 80 °C

y
Decomposition of the organic molecules at 600 °C in air

y
Calcination of the powders at 900-1100 °C in air

y
Reduction of the powders @ 900 — 1100 °C

Figure 3.2Flow chart of synthesizing strontium aluminate compounds

Afterwards, the furnace was slowly cooled to room temperatmek the powders
were placed in an open alumina boat and reduced for 3 hours in &tnhee in a
forming gas (96%k 4%H,) atmosphere, at the same temperature as the oxidation
stage. The schematic of the heating at the tube furnaeeisin Figure 3.1, whereas the

flow chart of the procedure described above may be foundyird-B.2.

Various strontium aluminate compounds were synthesized via the omemhti

experimental procedure. These are shown in Table 3.3.

Table 3.3Various strontium aluminate compounds were synthesized witindlléied
Pechini process

Eu mole%o Dv mole%s B mole%
03 06 1 5 03 06 1 5 1 5 10 20 30
| ARS Karars e |00 |
e | s |

This procedure resembled Taegal’s sol-gel method, which yielded multiphase

SA compounds [12]. However, in the end, we had succeeded in synthdsgihy

crystalline and single-phase strontium aluminate compoundshistmethod.
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3.3. Characterization Tools

To characterize the phase and chemical composition of the poprdelisced, as
well as the optical properties, a variety of spectroscephrtiques were used. X-ray
diffraction (XRD) (Bruker AXS Advance D8) with a Cu-kource revealed the initial
details of phase purity and composition. However, the structardaitivity limits were
reached and higher spatial resolution was required. To this esutitoel energy loss
spectroscopy (EELS), energy loss near edge spectroscopy (EL&HEBYy dispersive
x-ray spectroscopy (EDS) measurements using a Vacuum Gen&r@&or8501UX
dedicated scanning transmission electron microscope (STEM) apénatéHV at an
accelerating voltage of 100 kV. This microscope has a colddimidsion source and is
equipped with an energy-dispersive X-ray spectrometer (Therschéti Scientific,
Noran System SIX) and an electron energy-loss spectromettanGJHV Enfina
system). Finally, optical properties were also charaadrlzy photoluminescence and
phosphorescence spectroscopy using a HeCd laser (325nm, KIMMON) and a
fluorescence-specific  spectrometer (Ocean Optics USB2000-FLG)while
cathodoluminescence imaging enabled spatial and topographicdatonrsvith phase
and the corresponding optical properties, using a field emission sgartéctron
microscope (SEM) (Leo Supra 35VP).
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CHAPTER 4. RESULTS AND DISCUSSIONS

In order to investigate the relationship between processing, cdiopaaid phase
stability, first two target strontium aluminate phasesewenosen for study, SAand
SAs. The ceramic powder processing that is described in the pregr@ser is a
modification of the relatively low-temperature Pechini methodyhich the processing
steps were adjusted to enable better control over the produdtieingle phase
compounds. Next, with the suitable processing procedure, the ingbadbpant
composition on the overall phase stability was investigated lyyneathe EG* dopant
concentration: 0, 0.33, 0.66, 1, and 5 mol%. Finally, we lookedt@ffect of boron
concentration on the overall phase stability of the Eu and Dy caddapeses. In this
chapter, first, the necessity of the modification of theginal Pechini process for
strontium aluminate compounds is discussed. In addition, the rektifis original and

the modified Pechini process are presented with discussions.

4.1. Pure Strontium Aluminate Compounds

The first set of results is obtained with the powder X-Ré#fraction analysis
(XRD) of the powders produced by the original Pechini method. Tlessits revealed
a mixture of different phases of strontium aluminates in aeisgmple, in addition to

SrCGs. Figure 4.1 shows a typical spectrum from these powders, wher¢atget
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compound is pure SA The red lines show the JCPDS card peaks for the SA
compound. However, there were also peaks in the sample that diwdatat with the
card lines, suggesting that the specimen did not consist of omigla phase of the SA

compound.
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Figure 4.1 XRD of the SA powders obtained via the original Pechini process. JCPDS
card 25-1208 for SAis indicated by the vertical red lines.

Preliminary studies were performed to characterize thetretecdensity
distribution of the ionsi.e. the crystal field, in the crystal lattice by Energy Lo&sar
Edge Strusctures (ELNES) with scanning transmission electrorosubpe (STEM).
The Al L,zedge ELNES spectra shown in Figure 4.2 were collected from
measurements of 3 different regions of the same sample, indi¢hst the sample were
not single-phase. The fact that the samples did not consist d& gihgse was
concluded from the changes in the characteristic edges ollsefhese results
demonstrated that single-phase compounds were necessary for thjsbstalyse our
goal was to construct a model for the electronic structarerder to understand the
mechanisms of phosphorescence persistence. Any variation aittbe parameters due
to multiple phases would introduce ambiguity in the relative positiorieeofallowed

electronic energy levels, and consequently in the excitation arm$iemwavelengths
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that are referenced to either the bottom of the conduction bahd tog of the valence
band. Moreover, the electron density around each ion is strongly indidengc the
neighboring lattice ions, via both the coordination number and the bond Btrengt
Minimizing variations in the electron density stemming from fedé@nt ionic
configurations in different phases would decrease the variati@.NES spectra (see
Figure 4.2), and enable elucidation of the nature of the elecaps as determined by
ion interaction.
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Figure 4.2Variation in types of crystal structure in the same sans@@parent in the
near-edge features of the ELNES spectra measured frorfe@difparticles.

Several attempts were made to eliminate the $r@dich was thought to be the
main problem leading to other phases. It appeared that during thealeshtive organic
components at temperatures around 250 C; fGfned as a result of some combustion
reactions. S cations, which have a high affinity towards £Bad reacted with the
dissolved CQ in the aqueous solution and as a result, precipitated as;Si®{3
precipitation changed the stoichiometry of the ingredientaigurystallization.

Thus, it is important to prevent the premature combustion of theirgoec To
solve this problem, the Pechini process was modified, such thieatwater was
evaporated while avoiding organic burnout, as described in Sectiéhakh@ve. With
the addition of the ethylene glycol (EG) as a polyestetiipaagent, the process
yielded highly crystalline and single phase strontium aluteghndoped with Eu and Dy.

4.2. Dopant Added Strontium Aluminate Compounds

In this section, the results are presented for the doping ribtistn aluminate
compounds with Eu, Dy, and B.
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4.2.1. SA; Doped With Eu

After the successful synthesis of the single phase, digstalompounds of SA
verified by the XRD, the effect of rare-earth dopant conaéintr on the atomic and
electronic structure of SAvas studied by varying the Ewconcentration;0.33, 0.66, 1,
and 5 mol%. The ELNES were inspected by STEM, which also showaeththcrystal
field around the ions had not changed significantly upon the addition®&f Eu only
up to 1 mol%, above which the g phase was also observed. In an attempt to study
the differences in the ELNES spectra, low concentrations wfdBpant were
investigated: 0.33 mol% Eu and 0.67 mol% Eu. Figure 4.3 shows thespgonding
bright field and high angle annular dark field images of t88 iol% Eu-doped SA

In general, according to the 27 different measurements perfornmsatiothe 0.33
mol% Eu and the 0.67 mol% Eu samples, Figure 4.4 and Figure 4\btisabthe Al
L, sEdge and O K-Edges remained consistently the same. Becasiseathithe case
within the same sample as well as between samples ofediffdoping amounts, these
results suggested that the samples had maintained the phage ipuspite of the
dopants. This also suggests that the europium atoms have been irtedrpai@ the
crystal structure of the SAand the crystal field around oxygen and aluminum has not
changed. However, it is also possible that these low condensawere below the
sensitivity level of the VG STEM.

Figure 4.4 is showing the Al.lsedge ELNES for the 0.33 mol% Eu-doped,SA
samples. The three different results are presented here egrigetbng to different parts

of the sample as indicated in Figure 4.3.

Figure 4.5 is showing the O-K edge ELNES for the 0.33 mol% Eu-doped S

samples and again, the results correspond to differentqfadhts powders.
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Figure 4.3 @) and (c) Bright field image, (b) and (d) high angle annulge figld
image of 0.33 mol% Eu-doped $As observed in the D-STEM
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Figure 4.3.c
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Figure 4.7 is showing the Al.lsedge ELNES for the 0.67 mol% Eu-doped,SA
samples. The three different results that are presentedbélergy to different locations
of the samples as indicated in Figure 4.6. Similarly, Figues showing the O-K edge
ELNES for the 0.67 mol% Eu-doped Sgamples taken from the same locations shown
in Figure 4.6.

0,70 Lm
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| E—

Figure 4.6 @) and (c) Bright field image, (b) and (d) high angle annulds field
image of 0.67 mol% Eu-doped $As observed in the D-STEM
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Figure 4.7 Al L, Edge ELNES structure of 0.67 mol% Eu-doped S&asured from
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4.2.2. SA; Doped With Eu and Dy

The effect of rare-earth dopant concentration on the atomic anttoelec
structure of SAwas studied by varying both the #wand Dy"* concentrations: 0.33,
0.66, and 1 mol%. The powders produced by the modified Pechini procesa With
mol% E’* doping concentration had remained single-phase and with a high degree of
crystallinity, as evidenced by the XRD spectra in Figuéefdr. SA, doped with 1 mol%

Eu and 1 mol% Dy. Figure 4.9 shows that all the peaks of the JCROISf SA are

well-matched for both the reduced and unreduced powders.

|
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Figure 4.9XRD of reduced/s not-reduced SA1%Eu, 1%Dy powders that are

obtained by the modified Pechini process. The red rod-like lioeespond to the
JCPDS card 25-1208. (a) calcinated, unreduced powders (b) rqzhweeddrs.

The crystallinity can be seen in the SEM images presenteigmre 4.10.
Visually, one can observe that, the secondary electron SEMegmaddghe 1 mol% Eu, 1
mol% Dy-doped amorphous $Ahow smooth and circular edges (see Figure 4.10.a),
while the images that are taken after the calcination addction processes show
sharper edges (see Figure 4.10.b). Also, it can be saerthth particle sizes of the

powders are around 5-10 pm.
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Figure 4.10Secondary electron SEM images of 1%Eu, 1%Dy doped®A

amorphous (b) after calcination and reduction.

A typical EELS spectrum of the 1 mol% Eu and 1 mol% Dy dopegl@vders
might be found in Figure 4.11. It can be seen that the band gap osaimple

corresponds to 6-6.5 eV which is in agreement with liteeg®ir
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Figure 4.11EELS spectrum of 1 mol% Eu, 1 mol% Dy doped, SA

4.2.3. SA; Doped With Eu, Dy and B:

Figure 4.12 shows the XRD spectra of the 1 mol% Eu, 1 mol%roy10 mol%
B-doped SA.
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Figure 4.12XRD results of SA1%Eu, 1%Dy, and 10% B showing high crystallinity.
The red vertical lines represent the JCPDS card #25-1208.
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Compared with those in Figure 4.10, it can be seen that yis&altinity of SA
has increased with the addition of B. This was an expectall. i8gce boron is used as
a flux in the solid-state reaction synthesis, it has beported before that addition of

boron to the system enhances the crystallinity.

However, comparing the XRD of 10 mol% B-doped samples with tbbst©
mol% B (see Figure 4.13) and 30 mol% B (see Figure 4.14), ieas shat the
crystallinity is further enhanced for increasing amounts of bardhe system. This is
an interesting result that contradicts with what has been esp@reviously in the
literature. To date, it has not been possible to dope the matetial30 mol% B,
without disturbing the crystal lattice and introducing some amorphouse pioathe
system. Usually, it is believed that since boron is muedhller than aluminum, there is
a certain amount that boron can replace aluminum in the stru€turs, solid solutions
could be expected only up to a certain limit. It was observedédiat, after 20 mol%
boron content, the amorphous regions appeared at around 20-/)° Rowever, with
our proposed method, it is possible to incorporate 30 mol% B into treziahatithout
introducing any amorphous phase to the structure. This might be dibe tact that
with our method, when the solution of ions is formed, the catisasdsstributed
homogeneously in the distilled water, and this might be the reas@adar diffusion

during calcination.

Another consequence of increasing the boron content in the matdhat,ias the
boron amount is increased, not only the crystallinity increases|dmthere is a shift in
the diffraction angles (3. This can be understood better via Figure 4.15, in which the

10, 20 and 30 mol% B doped 8A mol% Eu, 1 mol% Dy results are being compared.
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Figure 4.13XRD results of SA1%Eu, 1%Dy, and 20% B showing high
crystallinity. The red vertical lines represent théDS card 25-1208.
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Figure 4.14XRD results of SA1%Eu, 1%Dy, and 30% B showing high crystallinity.
The red vertical lines represent the JCPDS card #25-1208.
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As it can be seen in Figure 4.15, the boron content in theiaidtad increased
from 10 to 20 and then to 30 mol%, while the\&alues are increasing from 25.22 to
25.49 and then to 25.58°.

30%Bdoped |ga 1
] = 20%Bdoped | %Eu,
] 25.49 —— 10%Bdoped |1%Dy

Intensity

‘dh-....b'.._. I l.J-J?L WJJJMW
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Figure 4.15Comparison of the (a) 10%, (b) 20%, (c) 30% B dopegBAEU,1%Dy

According to Bragg’s Law, the diffraction angle in the matasiaelated to thel-
spacing in the materials and hence, the lattice paramvitethe relation:

n/ =2dsing (3.1)
andd is related to the lattice paramegewith the relation:
a
d= 2 12 412 (3.2)
V(0 +K2 +12) '

Thus, as increases, sinincreases as well. Since the wavelength of the x-ray
source is fixed, then as simcreasesy has to decrease. Smaller d means that the lattice
parameter gets smaller as well. The conclusion is thatgrifstal lattice shrank with
increasing boron content. Since XRD spectra did not show any amorgadues, this
suggests that boron had been incorporated into the crystal latti¢gusioioslly, rather
than interstitially. Moreover, since the crystal size shrame possible conclusion is
that, since boron is much smaller than aluminum, it may havditsid onto an Al
lattice site. Another conclusion is that, if boron entered thestal lattice as an

interstitial, than the result would probably be an increaseeicitystal lattice size rather

49



than shrinkage upon incorporation of 30% B. According to the XRD spectra, égwev

this does not seem probable.

Signal A = SE2
Photo No. = 6952

EHT = 1.00 kV Signal A = SE2 Date :31 Mar 2008

2um 1
Mag = 10.00 K X |—{ WD= 7mm Photo No. = 6954  Time :19:05:11

Figure 4.16Secondary electron SEM images of (a) and (b) 1%Eu, 1%Dy] @B
doped SA (c) 1%Eu, 1%Dy, and 20%B doped SA
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In Figure 4.16, the secondary electron SEM images of the boron dapgies
are seen. As a side observation, these images includéeastriictures that the samples

without boron do not have. This can be seen by comparing Figur@snd 4.15.

4.2.4. SAs: Pure and Different Dopant Amounts

Similar to the SA compounds, SAsamples with different concentrations of Eu
and Dy were synthesized. In Figure 4.17, the XRD spectra stimvghis particular
phase, S4 was able to accommodate higher concentrations of Eu and Dig whi
maintaining the single phase and high crystallinity charattp to 5 mol% Eu, 5 mol%

Dy-doped SApowders were synthesized successfully.

2
&
o C
+—
£
b
a

2 Thets

Figure 4.17XRD spectra of SApowders (a) Pure S$Ab) 1 mol% Eu, 1 mol% Dy-
doped SA(c) 5 mol% Eu, 5 mol% Dy-doped $AThe dots represent the JCPDS card
No. 10-0066

Using the cathodoluminescence detector on an FE-SEM, the luemtesc
behavior of the powders was examined for homogeneity of spatial digiritand for
correlation to their topography. Figure 4.18 shows the cathodoluceines and
corresponding secondary electron images obtained. The imagesegereed from 5
mol% Eu doped and reduced samples of.3Acan be seen in these images that the
smooth surfaces, which were probably hydrated because of the hygeascmency of
strontium aluminate powders, did not luminesce, while the uredt surfaces
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luminesced strongly. As expected, the hygroscopic nature of the powdereased

their phosphorescence capabilities.

(d)

Figure 4.18(a) and (c) are formed with cathodoluminescence detectde {i)iand
(d) correspond to the same part of the powder that theyaredohext to, taken with
secondary electron detector both as observed in the FE-SEM.

The ELNES were also characterized of the; $Awders. Figure 4.19 shows the
bright and dark field images for the pure @ampounds, in which the O-K edge and
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Al-L ;3 edge ELNES strongly resembled those shown in Figure 4.20 and Bi@ure
That the ELNES remained the same in many measurements #weosample had
indicated that the phase purity of the samples remained intdcthe doping levels
used, of 1 and 5 mol% Eu and Dy. To verify that the same phasebeiag
characterized for each ELNES measurement, EDX measuremergperformed from
the same locations marked in Figure 4.19, to ascertain thé r&tio. Typical EDX

spectra representative of these samples are shown in Big2re

Figure 4.19 @) and (c) Bright field image, (b) and (d) high angle annddak field
image of 5 mol% Eu and 5 mol% Dy-dopeds3& observed in the D-STEM
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(a)

(b)

Figure 4.20Al L, sEdge ELNES structure of 5 mol% Eu, 5 mol% Dy-doped SA
measured from the (a) 06 point of the Figure 4.19.a (b) 07 poihedfigure 4.19.c.
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(a)

(b)

Figure 4.210 K-Edge ELNES structure of 5 mol% Eu, 5 mol%Dy-doped SA
measured from the (a) 06 point of the Figure 4.19.a (b) 07 pioiné ¢-igure 4.19.c.
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Figure 4.22(a) EDX measurement of pure §#om the 06 point of the Figure 4.19. (b)
EDX measurement of pure $fom the 07 point of the Figure 4.19belonging to pure
SAe.
To study the optical behavior of the various powders, photolumineseamnte
phosphorescence measurements were carried out at room tengpersiuy UV

excitation of ¢ = 325nm. The luminescence spectra were collected using a 200 m
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integration time, while each phosphorescence spectrum wasatetdor 20 seconds.

Figure 4.23 shows the photoluminescence spectrum @ES& Dy*.

Figure 4.23Photoluminescence spectrum of &&u"3, Dy**

The main peaks had maxima at 432 nm and 519 nm, which corresponded to the
emission peaks of U™ Dy as reported in the literature. The presence of other
peaks suggested that there are other sources of emission.akiseapaund 633 nm and
667 nm corresponded to the emission fromi*Bons that have not been incorporated
into the host crystal lattice. The other additional peaks haag stemmed from other

charge states of the dopant ions.

Figure 4.24 shows the phosphorescence spectrum of thEBAcompound.
The emission peak with a maximum at 496 nm indicated thagasuple was composed
of the SrAL,O:6:EU" phase. Moreover, the presence of only one peak in the spectrum
suggested two possible conclusions: the only emission wasrBhe structure, and the
only phase was SridOgEU".

57



Figure 4.24Phosphorescence spectrum of;SA¢".

The photoluminescence measurements revealed important informatoh the
electronic structure. SAsamples doped with 1 mol% Eu, 1 mol% Dy and 10 mol% B
emitted red after the visual inspection under the UV of 325nm. tghially indicated
that EG* has not been fully reduced to Eubecause the Blielectron transition emits
red. Inspection of the samples under UV excitation (265 nm “blatk”)igisually
revealed a red glow, suggesting that the powders were not delyptduced due to a
problem with the gases. However, when we turned off the UV sptine powders
immediately started to phosphoresce green. Since red light\was énergy than green
light, this was an interesting paradox, because energy should rexvéobeduring de-
excitation of the electron. While performing the PL measurgsnen this sample, we
saw that the luminescence spectra have sharp and high tyjeeeks at the red region,
as expected, and simultaneously some peaks in the blue-green, mgietatively
lower intensity. The higher luminescence intensity in the apgeared to have
dominated the green luminescence, and the powders appearétbwexiier, when the
UV excitation source was shut off, phosphorescence was comingtfeopaits that had
been reduced to EY from which green is emitted. Meanwhile no emission wasimgm
from the Ed* regions, because they do not phosphoresce. This is a particularly
important result, because it is clear evidence that phosphonecesoaly occurs when

Eu®" is reduced to Ei. Another conclusion about the state of the powders is that, the
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reduction had not reached completion. Clearly, the reduction promesis to be
improved to maximize the phosphorescence. A final conclusiontisviiib the boron-
doped samples the phosphorescence brightness was dramatically enhadcgeen
emission from the powders was observed for a time-scale ondeeafran hour, even

though the reduction was not complete.
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CHAPTER 5. CONCLUSIONS

In this study, the synthesis and characterization of phosphoresgentium
aluminates are studied. Basically, a synthesis processpvogmosed for strontium
aluminate compounds with the dopant$'Eand Dy* and boron. The proposed method
was one step ahead of previous studies as the application oéthedmas very easy,
and the process cost was relatively low. Also, the demandcéofotver temperature
processing rendered the proposed procedure more cost-effectivalldhenty are the

specific contributions of this thesis:

The first achievement was to synthesize single phase and higydyalline
compounds of strontium aluminates doped witi"Eand Dy"*. The results were
verified by XRD as well as ELNES. For the ®doped samples for SAshowed
that the crystal field around the ions had not changed with doping Q1o
mol% Eu. This suggested that the crystal lattice of B&s not yet perturbed until

a limit of 1 mol% Eu.

As the production method, the Pechini process was modified as tjigabri
Pechini process did not result in the expected single phase asihllorg
products. The original Pechini process resulted in the formatiorirarftisim
carbonated in the structure, which did not decompose below ~1300 C. Thus,
without preventing the strontium carbonate formation, reducing thpetetture
would not be possible. Thanks to the modification in the Pechini prdd@ds,C

was enough for a successful formation of the desired stoichionsttontium

aluminate compound.
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With the modified Pechini process, the synthesis method is an &ag-
temperature and low-cost method which gains attention among othéesignt

methods used by other groups.

Adding boron to the structure of strontium aluminates during the amorphous
precursor preparation resulted in an increase in the crystabhihihe compounds

as indicated by the peaks with higher intensities in the XRD. Bossnadded to

the system successfully up to 30 mol%, which is a new findingténature.
Previously, when boron was added to the system above 20%, amorphous regions
were introduced to structure as verified by XRD. Howeverh wlie synthesis
method that we use, we did not see any amorphous regions upon doping up to 30
mol% of boron. This is important since we do not want to disturb greadiinity

of the material. Boron increases the time of the delayesdsémniand hence has an
important role in the phosphorescence behavior of the strontium ratemi
compounds.

Cathodoluminescence detector was used together with the SEM winaled
that luminescence occurred from the rough surfaces of the sarmpigescopic
This is related to the tendency of the strontium aluminate pswidibe hydration

of the powders reduces their luminescence properties.

With the boron-doped samples the phosphorescence brightness was diymatic
enhanced, and green emission from the powders was observedhierstale on

the order of an hour, even though the reduction was not completeddayf PL
measurements. It was also shown with the PL measurements tha
phosphorescence only occurred when®*Ewas reduced to El within the

samples.

EELS showed that the band gap of the strontium aluminate powderaedhat
produced with the modified Pechini process was 6-6.5 eV which isréemgnt
with literature.
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Finally, ELNES was demonstrated as a possible tool for clesiziog the impact
of the boron incorporation into the crystal lattice, bringing us siep closer to
understanding the relationship between the atomic and electronitistrand the

phosphorescence behavior.

62



CHAPTER 6. SUGGESTIONS FOR FURTHER RESEARCH

In this chapter, recommendations are presented in order to developrtbst

study further:

For the further studies, the synthesis experiments of strontiuninaiies should be
concentrating on SAinstead of SA This is mainly because the S&ompound can
accommodate higher amounts of dopants into its structure withoodueing any
amorphous phase and disturbing the crystallinity. Since the maan afl these
experiments was obtaining single phase and highly crystallinterials, any
disturbances in the crystallinity should be eliminated and thus wovkthgSA; has

been more difficult.

We had to conduct ELNES results on very low doping amounts in tindy.s
ELNES obtained for the Eu-doped samples for, SAowed that the crystal field
around the ions had not changed with doping up to 0.67 mol% Eu. This res
suggested that the crystal lattice of ,.Sfas not yet perturbed until a limit of 1
mol% Eu. However, this doping amount is very low, and further dopirauats of

up to 5 mol% Eu must be characterized by ELNES, as well as doftingup to 5
mol% Dy. The addition of boron to the system may result in higlmgrant
accommodation in the SAhase, so higher dopant amounts of Eu and Dy along

with boron addition must be tried.

With the addition of boron to the system, the crystallinity haceemed, as indicated
by the peaks with higher intensities in the XRD. The ELNE Ssoresnents must be
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performed for samples doped with B up to the point where amorphgioniseare

observed in the XRD spectra.

The photoluminescence and phosphorescence measurements are onipgrgelim
up to this moment. The system must be calibrated and more meastgenust be
performed in order to obtain comparable data. These measurereiimed with
visual inspection show clear evidence that phosphorescence only otarEd”

is reduced to Eil. Figure 6.1 shows the fluorescence spectrum of @®bed with
1%Eu, 1%Dy and 30% B. The peak around 650 nm corresponds to red emission
which is known to come from Elias mentioned in Chapter 2. There are also peaks
above 500 nm, which corresponds to the green emission. Visual ingpeater

UV of 254 nm showed that, during excitation, the color of emissionoraagye, and
when the source was switched off the emission persisted im.gidwris, the
powders fluoresce orange-red and phosphoresce green. The conclusiothabout
state of the powders is that, the reduction had not reacmpletion. Clearly, the
reduction process needs to be improved to maximize the phosphoregsdimzd
conclusion is that, with the boron-doped samples, the phosphoresceagitedss
was significantly enhanced, and green emission from the powderehsarved for

a time-scale on the order of an hour, even though the reductionovaomplete.

Figure 6.1 Fluorescence spectrum of $2%Eu,1%Dy,30%B.

The thermoluminescence measurements are in progress. Thusnedmith the
photoluminescence measurements subtle changes in trap statelevesggnust be

investigated.
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In order to be used as a guide for the next-generation-experimestgy elispersive
x-ray spectroscopy (EDS) and energy-loss near-edge structurdNEEL
measurements of the standards®) EwOs, Dy,0s, SrO and the inspections will

be mentioned here.

The SrO particles were very unstable. The particles werendsdsd to be
evaporating under the beam very quickly. The Sr5¥L33eV) edge was tried to be
seen with ELNES but this was not successful. Although EDS casditime presence of
Sr and O elements (and only them), any Sr edge was not3dkrthe O K (532eV)
was measured successfully. ThgOBstandard was also tried to be measured. However,
after three different solvent trials (water, ethanol, aretane) it was not possible to see
any particles with STEM. The B203 standard might be prepared noowifs powder

state without using any solvent. .

The STEM bright and dark field images and the ELNES resultsAfgD;
particles can be seen in Figure 6.2 and Figure 6.3, respgctiveese might be a

starting point for the next generation experiment and measurements.

Figure 6.2@) Bright field image, (b) high angle annular dark field imaf AlL,O; as
observed in D-STEM
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@)

(b)

Figure 6.3ELNES structures of SrO (a) Abk-Edge measured from the 11 point of
Figure 6.2.b (b) O K-Edge measured from 11 point of ther€i6.2.b.

The STEM bright and dark field images and the ELNES resultsDieO;
particles can be seen Figure 6.4 and Figure 6.5, résggct

Figure 6.4 @) Bright field image, (b) high angle annular dark field imafDy,O3 as
observed in D-STEM
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IEi (b)

Figure 6.5ELNES structures of ByDs (a) Al L, Edge measured from the 05 point of
Figure 6.4.b(b) X-Edge measured from 05 point of the Figure 6.4.b.

The STEM bright and dark field images and the ELNES resultsEfgOs
particles can be seen Figure 6.6 and Figure 6.7, résggct

Figure 6.6 @) Bright field image, (b) high angle annular dark field immafjEypOs as
observed in D-STEM
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(@)

(b)

T ]

Figure 6.7 ELNES structures of E®@3 (a) Al L, Edge measured from the 08 point of
Figure 6.6.b(b) X-Edge measured from 08 point of the Figure 6.6.b.

The STEM bright and dark field images and the ELNES resultSrfOrparticles

can be seen Figure 6.8 and Figure 6.9, respectively.

(@)

Figure 6.8 @) Bright field image, (b) high angle annular dark field imafjSrO as
observed in D-STEM

68



Figure 6.90 K-Edge ELNES structure of SrO measured from a point on Fi§8re
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