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ABSTRACT

Tb*-PF* Cce*-PP* and Eu'-PF* ion pairs co-doped in SiOwere
successfully synthesized using a sol gel methqurdduce rare earth activated oxide
nanophosphorsGreen emitting ZnO nanoparticles were also sucalgsEmbedded
into single doped Bf in SiO, matrix resulting in a red emitting ZnO.SiOr"
nanocomposite. The phosphor powders were produgedying the precursor gels at
room temperature followed by annealing at 800n ambient air.

Based on the X-ray diffraction results, it was fduthat the Si@ was
amorphous regardless of the incorporation of',PE€”*, Tb*', EU** ions and
nanocrystalline ZnO or annealing at 680. The particle morphology of powder
phosphors was observed from field emission scaneiecgtron microscopy and high
resolution transmission electron microscope images.

The field emission scanning electron microscopgaded that the particles of
the synthesized phosphors were mostly sphericalaggtbmerated. In addition, the
morphology and distribution of SpOnanoparticles were not influenced by the
presence of different rare affected by the presehcare-earth ions in the matrix. The
high resolution transmission electron microscopetton other hand confirmed the
homogenous dispersion of the rare-earth ions irratpd in the amorphous SiO
matrix. The presence of these ions in Sibst was confirmed by the energy
dispersive X-ray spectroscopy.

The energy transfer from ZnO to®Pwhich was evidenced by quenching of
green emission from ZnO resulting in an enhancedceraission from Pf under both
low electron beam and vacuum ultra violet excitatims demonstrated. ForRce’

ion pair, the red emission form *Prwas slowly quenched while that from Cevas



slightly enhanced with increasing Teoncentration. Such results indicate the energy
transfer from P¥ to CE€*. In the case of SiOTb*/EW® co-doped with P¥, the
cathodoluminescence and photoluminescence intessiti Pt*-Tb*" and Pf*-Tb**
were strongly quenched with®co-doping.

We also investigated the effect of beam voltage a@mdrent on the
cathodoluminescence intensity from the powder phosp as well as their
cathodoluminescence intensity degradation unddopged electron bombardment in

the cathodoluminescence spectroscopy.

KEYWORDS

Energy transfer, cathodoluminescence, photolumeress; phosphor degradation,

concentration quenching.

ACRONYMS

PL Photoluminescence

CL Cathodoluminescence

HRTEM High resolution transmission electron micase
FESEM Field emission scanning electron microscope
FTIR Fourier transform infrared spectroscopy

XRD X-Ray diffraction

APPHs Auger peak-to-peak heights

EDS Energy dispersive X-ray spectroscopy

TGA Thermogravimetric analysis

UV-VIS Ultra violet visible spectroscopy

VUV Vacuum ultra violet
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CHAPTER 1
INTRODUCTION

1.1 OVERVIEW

Considerable improvement in the field of phosphtias been made by
intentionally introducing trivalent rare earth ioas luminescent centres in different
host matrices to make rare earth activated phosghiie4]. Over the past years, rare
earth based phosphors have played a key role oopietion and success of many
lighting and display devices [5-8] in the lightimgdustry. Cathode-ray tube (CRT)
screens and liquid-crystal display (LCD) are thestmmoommon display devices.
However, conventional CRTs are too bulky and heakife the LCDs are restricted
by a small viewing angle and by a slow respons&3PField emissive display (FED)
is regarded as an excellent model of flat pangilays(FPD) technology for the next
generation of display technology due to their ap#ited high brightness, high
contrast ratio, light weight, and low-power consuiomp [5,13]. Plasma display panel
(PDP) is another example of FPD technology whichiriske LCD as it provide a
rapid response and large viewing angle for largedisplays [6,10-13] and they have
dominated the display market in the last decadso APDPs operate differently from
FEDs, which utilize electrons to excite phosphsemsce they use high-energy plasma
discharge to generate UV photons that excites RaBghors [14-22].

The phosphor layer which consists of red (R), grg&n and blue (B) emitting
rare earth phosphors serves as a crucial componemiany display technologies
including FEDs and PDPs [10,23]. For instance, cenamal phosphor layers used in

FEDs are YOs:EU*" (red), YsAlsO:2:Tb* (green), and ¥SiOs:Ce** (blue).



Numerous synthetic approaches used to prepare dsaed phosphor
materials have been reported [17,24-28 ]. Howes@rgel method is preferable since
it is relatively inexpensive, provides good controf particle size, uniform
morphology, and high homogeneity. Different gladse&ge been used as hosts for rare
earth ions to prepare phosphors using the sol-gghoad [3,29,30]. Among these
glasses, sol-gel derived Silica ($)Oglasses are regarded as good porous host
matrices for metal ions or rare earth ions [29,2]L,® prepare nano or micron
structured phosphors. These glasses can also eft@psemiconductor nanoparticles
such as ZnO [33], PbS [34], and CdS [35] to maghtlemitting nano-composites.
SiO, has therefore emerged as a good host for rard éams due to its high
transparency, chemical stability, dopant solubgitd ease of production [36].

Trivalent rare earth ions can be co-doped in asgl&Q matrix for enhanced
emission of light as a result of energy transfenfrone ion to the other. For example,
Yun et al [37] observed the emission intensity af'En the EG*-Tb** co-doped Si@
phosphor to be four times more than that of th&'dingly doped phosphor. This was
attributed to energy transfer from *ftio EU**. Energy transfer was also reported by
Ntwaeaborwa et al [36] between ¥end TH" in SiO, Also, if semiconductor
nanocrystals “quantum dots” are incorporated it rearth activated glass matrix,
energy can be transferred from the quantum dotsniinescent centres resulting in
enhanced luminescence due to sensitizing effectiseofjluantum dots. Yu et al [38],
Bang et al [33] and Hayakawa et al [39] reportedagmeed luminescence efficiency

due to energy transfer between ZnO and CdS 6 daped Si@, respectively.



1.2 RESEARCH CHALLENGES

An overwhelming contribution to the development rafe earth activated
phosphors for possible application in FEDs and PBbd#sbeen successfully made [1-
3,5,7,8,17,19,25,27]. Even though microsized tiawil sulphide phosphors for
FEDs have demonstrated high luminous efficiency higth chromaticity [1,9,40]
they are still faced with one major challenge thia¢ir CL intensity degrades
drastically under standard operating conditionsw(lgoltage and high current
densities) required for FEDs. It has also beencatdid that desorption of sulfur and
formation of non-luminescent oxide layers on thefame takes place simultaneously
with the CL intensity degradation [41-43]. Reséafocus has now shifted to
nanosized oxide phosphors which are emerging asilppescandidates to replace
microsized traditional sulphide phosphors. The mmaason for such interest on oxide
nanophosphors is that they have demonstrated higimical and high thermodynamic
stability under high current densities, high-vacupnmessures as well as elevated
temperatures [44].

Despite the fact that PDPs are currently commaycaadailable, there are still
some problems that must be solved which hinder gaiformance. One of them is
that phosphors tend to degrade under strong emergey photons excitation. In
addition, the phosphors brightness has been faustightly decrease when a PDP is
in operation as the plasma directly bombards teeteldes and phosphor. This has
been found to result on the contamination of a phos by outgassing from the
barrier rib and the other layers of the device Wwhieen leads to further phosphor
degradation reducing the lifetime of the displa@][lin order to improve the panel

luminous efficiency, both the luminous efficiency ghosphors and the discharge



VUV production efficiency must be increased sinte tuminescence of many
phosphors remarkably decrease under a strong eanienergy exposure [10,19].

In search for oxide phosphors with high luminotfciency and yet stable
under standard operating conditions of both PDPd BEDs, researchers have
explored energy transfer between the semicondunetooparticles and rare earth ions
co-doped in a same matrix. Energy transfer betveepair of non-identical trivalent
rare earth ions has also been an interesting tapety. This is regarded as the most
important and attractive way of improving the luesoence efficiency of the rare
earth activated oxide phosphor. Considering thetfeat improvements over the past
years have yielded phosphor materials with improgedntum yield [10,20-22,45],
these phosphors have not yet been perfected henmteerf development is still
required. Moreover, a deep insight into their isign degradation including the

mechanisms involved still need to be investigatether.

1.3 STUDY OBJECTIVES

= To investigate the CL properties of zZnO.&@*" and the
luminescence dependence of SEF* on PP" concentration,
annealing temperature, and ZnO incorporation.

= Study the effects of G& concentration, beam voltage and current on
the CL intensity of Si@Pr*-Ce™*".

= Study the influence of Pt co-doping on the CL and PL properties of
SiO, doped E&" and TH".

» |nvestigate the degradation of $iPr*, ZnO.SiQ:Pr**, and SiQ:Pr*-

C€e** nanophosphor powders.



1.4 SCOPE AND THESIS OUTLINE

Chapter 2 provides background information on trivalent raesarth ions,

semiconductor nanocrystals, and luminescence pesascluding CL and PL which
are discussed in detail as they are the basishfsrstudy. Detailed information on
energy transfer mainly in rare earth activated phoss is also provided in this

chapter.

Chapter 3 provides a summary of characterization technighat were used in this

study.

Cathodoluminescence properties of SEF" and ZnO.Si@Pr* nanophosphor

powders synthesized by sol-gel method are discussdpter 4.

In chapter 5, luminescence dependence of'Rctivated Si@nanophosphor on Br

concentration, temperature, and ZnO incorporatrerpeesented.

Chapter 6 deals with the dependence offCeoncentration, beam voltage and current

on the CL intensity of Si@Pr**-Ce®* nanophosphor.

Chapter 7 presents the results on influence of 'Rro-doping on the PL and CL

properties of Si@ Eu*/Tb*" emission.

Chapter 8 is about concluding remarks on the overall studyg auggestions for

possible future studies.
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CHAPTER 2
INTRODUCTION

A luminescent material or phosphor consists of @t hiattice usually
intentionally doped with impurities. Phosphors aseally in the form of powders but
in some cases, thin films. The impurities that mtentionally doped into the host
matrix are referred to as activator ions. In phasphthe absorption of excitation
energy takes place via either on the host latticenoactivator ions. The transfer of
energy via the host matrix is also possible. Intheases, the emission in phosphors
usually originates from activator ions. The actaibns possess energy levels that
can be populated by direct excitation or indiredtly energy transfer. Furthermore,
the host matrix should be transparent enough tblerthe transfer of visible light to
the surface of the phosphor. A large number of phosmaterials based on rare earth
ions have dramatically improved the performancehef devices in which they are
applied. The basic information on trivalent rarette@ons will be provided in the next

section.

2.1 Trivalent rare earth ions

In most cases, the emission from the rare eanthibdue to optical transitions
within the 4 " configuration (e.g. TH (4f®), and Ed" (4f"). The 4 orbital lies inside
the ion and therefore it is well shielded from sheroundings by the filledsd and $°
orbitals so that the f4electrons are less influenced by the environmédnthe
lanthanide ion [1-3]. As a result, thé emission spectra consist of sharp and narrow
lines. Broad emission bands have also been obséovednumber of rare earth ions
(e.g. C&. In this case, emission corresponds de4boptical transitions. There are

four trivalent rare earth ions that were used is #tudy. These are Praseodymium



(P, Terbium (TBY), Europium (Ed"), and Cerium (C¥). Pr* is a trivalent rare
earth ion which has a complex energy level diagcamsisting of several metastable
multiplets (i.e.?Po.12 ‘D2, and'Gy) which provide the possibility of simultaneous
emissions in the blue, green, orange, red, an@dins depending on the host matrix
[4]. In the case of EYi, the main emission lines occur between’glevel to the'F,
multiplets while in TB*, the main emission lines occur between iba to F;
multiplets. Blue emission from this ion is also Wmoto occur from théDs level to
"F; multiplets. C&%on the other hand is a broad band emitter whés®figuration
consists of only two multiplets: the ground st&g, and the excited staf&;,, which

are about 2000 cfhapart [2].

2.2 Semiconductor nanocrystals ‘quantum dots’

When electrons are confined to a small domain sich nanoparticle whose
diameter is< 10 nm, the system is then called a “quantum dotis believed that
when the nanocrystals particle size is reduced,ethergy level develops discrete
orbits from the continuum, and the energy bandgepeases showing a quantum
confinement effect. Quantum confinement effect rhaydefined as the enlargement
of the semiconductor bandgap due to smaller parside [5,6]. This phenomenon is
normally caused by localization of electrons andesian a confined environment
resulting in observable quantization of the endeyels of the electrons and holes.
Such aspect of bandgap engineering has led to setewtivities to investigate
nanocrystals with a wide variety of experimentabhas [5,7]. Semiconductor
nanocrystals with large absorption cross-sectiahtanad excitation spectrum could
act as sensitizers to promote active rare eartls @mission by harvesting the

excitation photon energy and then transferring the rare earth ions [7].
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2.3 Application of phosphors

Phosphor materials can be found in a broad rangeverfyday applications
such as cathode ray tubes (CRTs). CRT technologylbminated displays ever since
its creation. However, competitors have enteredntlagket as the need for lighter,
less bulky, portable displays has increased. Ttesefore has strongly promoted the
development of new flat panel displays (FDPs). Marmissive liquid crystal displays
(LCDs) which are one of more common displays usedhiy for laptop computers
[8] came into full-scale production in the 1970kisTdisplay technology is composed
of organic molecules (liquid crystals) which exhibrystal like properties but are
liquid at operating temperatures [9,10]. Inorgaand organic light emitting diodes
(LEDs), plasma display panels (PDPs), e-beam pumpeskr projectors,
electroluminescence displays (ELDs), vacuum-fluceese displays (VFDs), and
filed emission displays (FEDs) are classified urelmissive FPDs technology. LEDs
are organic devices whose light is generated tliroelgctron-hole recombination
upon the application of a voltage and are typicHIKV type semiconductor devices
[10]. PDPs are associated with fluorescence lanmee @ vacuum ultraviolet (VUV)
excites the phosphors [8,9]. VFDs and FEDs on therchand are regarded as CRTs
derivatives, except that VFDs function at very leoltages (20-100 V) and produce a
broadly diffused electron-beam which then bombainéslayered phosphor segments
selectively. While EL involves the application oftaong electric field across a thin
film phosphor which then generates hot electroas ithpact-excite the luminescent

centre [9].
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2.3.1 Field emission display (FEDs) technology

The FED technology is very promising and muchaesehas been conducted
to bring them to the market place to compete wefilace CRTs [11,12]. Such interest
arose due to its potential to provide displays waiih brightness, high contrast ratio,
light weight, and low-power consumption. Both FEBxsd CRTs require electron
bombardment to produce cathodoluminescence. Howdhese two technologies
differ in a sense that FEDs operate at low volt4868 V to 10 kV) and much higher
current densities (100A) while CRT operates at 25-30 kV and low curreansities
[11,13,14]. Just like in a VFD or CRT, the imageairED is produced by impinging
electrons which are generated by sharp emitters anphosphor coated screen
[11,12]. Phosphors used in FEDs must not be orlgieffit at low voltages, but must

also be resistant to Coulombic aging and saturatidngh current densities.

2.3.2 Plasma display panels (PDPs)

Unlike LCD which is restricted to a small viewingngde and by a slow
response, PDP provides a rapid response and aJagég angle [15]. Hence, is
regarded as the most promising candidate for [@kgdisplays. PDP operates similar
to fluorescence lamps [9,16] except that it usesnner xenon gasses instead of
mercury and argon used in fluorescent lamps. Newhxanon gasses generate peak
wavelengths at 147 and 173 nm in the vacuum utitawi(VUV) spectral region
[9,17,18]. The red, green, and blue PDP phospHasserh this strong energetic VUV
radiation from inert gas plasma and re-radiateethergy as visible light to produce

colours that appear in screen.
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2.3.3 Basic aspects of luminescence

Luminescence emission in a solid material (phogpbocurs as a result of
radiative electronic transition in which an eleatjamps from a higher energy state to
a lower one with the difference in energy releassdphotons (light emission).
However, for such process to take place, the @ectnust first be excited into a
higher energy state by some energy from an extemakte. The return to the ground
state has two paths: radiative decay and non-regiatecay. When an excited
electron decays by emitting photons, which is lusoence emission, the process is
then called radiative decay. Non-radiative decayhen an excited electron decays to
the ground state by emitting phonons. In such ae,cise absorbed energy is
dissipated as heat in the system, as a result rissiem is observed. These two
processes compete with each other. However, aciesftiphosphor suppresses the
non-radiative decay and converts most of the alesbéxcitation energy into photons
[4]. These processes are indicated in figure 2.ithvbhows the interaction processes
among photon, electron, and phonons in rare eativeéed phosphors.

Generally, in most rare earth based phosphors]utténescence processes
begins with absorption of energy ol transition by electrons. In most phosphor
materials, the emission occurs at lower energy tharabsorbed energy due to losses
that occur during the relaxation process. Theediffice between the maximum of the

lowest excitation band and that of the emissiordbarcalled stokes shift.
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Fig. 2.1: Interactions among photon, electron, and phonoatgrhabsorption and emission,
electron excitation and decay, and phonon emission.

Luminescent phenomena exists in two different fomasely, fluorescence
and phosphorescence. Fluorescence is the luminespeocess whereby the emission
stops immediately after the excitation source hasased while during
phosphorescence process the light emission costifmueseveral seconds, minutes or
even hours after the excitation source has ceadkw, fluorescence has many
categories. This categorization was invented tdedihtiate between the various
luminescent excitation methods. For example, ifrgyeas produced by a short-
wavelength light i.e. UV or visible light the phenenon is known as
photoluminescence (PL). Cathodoluminescence (CLyumc when a beam of
electrons is used as means of excitation. Electrimlescence (EL) is produced when
direct generation of light is caused by applicatwnan electric field to a material.
Other luminescence processes include Thermolunemescwhere light emission is

caused by thermal excitation. lonoluminescenceysisd to describe luminescence
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produced from excitation with positive or negatiges. Triboluminescence is when
light emission is generated from friction and phbgsimpact. In this study our focus
will be on the PL for PDPs and CL for FEDs, thesecpsses will therefore be

discussed in detail.

2.3.4 Cathodoluminescence (CL)

In general, CL can be defined as emission in a fafrmisible light following a
series of processes beginning with the interadtietiveen primary electron beam and
a luminescent material (phosphor). CL emissioméslast of several processes which
follow the initial penetration of primary electrtw@am into a phosphor. This emission
is produced when there’s enough energy producetidoyprimary beam to excite the
secondary electrons to their ground state via lsi@itaadiative transitions from a
specific luminescent centre in the host matrixnef phosphor. Moreover, not all the
primary beam energy is converted into light as nod<EL materials are never 100 %

efficient.

2.3.5 CL generation

When a phosphor material is exposed to energedatrehs, a huge number of
free carriers (free electrons and free holes) emdyzed along the path of the incident
electron. The generation of electron-hole pairsemiconductors under irradiation by
energetic electrons occurs through impact ionimatid@he electron-hole pair

generation rat& (s?) for semiconductors is given by [19]

G=El,d-n)/dE (2.1)

HereE is the energy of the primary electron bedgris the electron-beam currelt

is the average energy required to create an etebwte pair [f; = 28E, + E, where



0.5 eV <E'< 1.0 eV reflects phonon participati@®][ q is the electronic charge and
n is the back-scattered electron coefficient thateigendent on the material and beam

voltage.

2.3.6 Electron beam-phosphor interaction

When the primary beam bombard a phosphor matguaat, of the electron
beam penetrates through the phosphor while the ptiré of the beam is ejected back
through the surface due to elastic scattering sverih the positively charged nuclei
of the surface ions. The ejected electrons areagtimary backscattered electrons.
These electrons and particularly their energy ast ko the CL process. The
remaining electrons penetrate into the phosphoruwamtergo a series of elastic and
inelastic collisions and scattering event whichulssin their energy loss. These
scattering processes lead to a cascade-like prostssh generates secondary
electrons, which, in turn, produces more secondégtrons [20]. Hundreds of free
electrons and free holes are also produced alotigthé production of backscattered
and secondary electrons. All these processes mradifferent information on the
material [21]. Figure 2.2 depicts the typical ggyespectrum in front of the surface
indicating secondary electrons (i.e. at 50 eV aabbw) Auger electrons, scattered
primary electrons (i.e. energy loss electrons) prichary backscattered electrons

[22].
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In most cases, the electron beam penetration defiira phosphor material
varies with the primary electron beam energy. Ebeegp and Franks in 1983
observed the path of the primary beam energy [P0 emission profile is shown in
figure 2.3. From this profile, it can be seen thatarrow entrance channel of primary
electron changes to an almost spherical regioheabe¢am energy increases [20]. The
interaction volume is closer to the surface at lolweam energies due to a higher

scattering cross section and less energy to Id58(123].

I,

Primary electron A

Phosphor

YL Y

Fig. 2.3Electron beam penetrating a phosphor materialfasaion of increasing beam voltages (i.e.
A<B<C) [20].
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Electron penetration and energy dissipation indsadir phosphor materials has
been an interesting subject of m research [10,2083Beam current and voltage are
the main parameters that affect the CL responseptfosphor. It is a known fact that
the penetration of beam electrons into a phosplndase or a particular specimen is
determined by the electron beam energy. The hitjigeelectron energy, the greater is
the penetration depth. Most researchers have didehe increase in phosphor CL
intensity with increasing accelerating voltage &e@m current [24,26,28]. This has
been often attributed to deeper penetration otmledeam into the phosphor surface
and the larger electron beam current density. Téetren penetration depth can be

estimated using the following empirical formula:
L(A) = 250 A/ p)(E/Z¥*)", n=1.2/(1- 0.9log,, Z) (2.2)

E is the anode voltage (keV) [27].

2.3.7 CL intensity degradation in phosphor materials

CL intensity degradation of phosphors can be definedqwenching of
luminescence efficiency during a prolonged electron-beaambardment. The
luminescence quenching mechanism has been studied by researchers in many
ways [14,29]. There are four different kinds ofeeffs that are known to contribute to
the reduction of the CL efficiency of phosphors. Thase “killer” or “quencher”
centres, brightness saturation, concentration and theraesiching. These will be
explained in detail in the next section. The CL intensitypbosphors has been

reported to significantly degrade under prolonged edadtieam exposure [29-33].
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2.3.8 Killer centres

Killers are defects caused by incidental impuritiesntgmination) and
inherent lattice defects that reduce the luminescerensity of a phosphor [10]. The
atoms and molecules adsorbed at the surface of alptrosay reduce luminescence
by producing a non-luminescent layer when they redtt ambient vacuum species.
The Killer centres exist in two types, namely, the bypasaird the resonance energy
transfer type. The bypassing type is known to compéteastivator ions in capturing
free carriers by so allowing them to recombine non-tadily. This type can only
take place when free electrons and free holes areipeddn the conduction band and
valance band, respectively. The resonance energsferaiakes away the energy from
the activator ion through resonance energy transfecclirs at any time and doesn’t

require the presence of free carriers to reductuthmescence [20].

2.3.9 Concentration quenching

If the concentration of an activator is too high that itesxts its optimum
concentration, the emission of the phosphor is reducé®$B This phenomenon is
called concentration quenching. The quenching starts twuroat a certain
concentration, for which there is a sufficient reduction ie #verage distance
between these centres to favour energy transfer [3&hcentration quenching is
ascribed to pairing or aggregation of the activator ionsvallp some of them to act
as killer centres thus creating a non-radiative pathvigme researchers have
ascribed concentration quenching effect to energy fearisom one ion to another
and finally to an energy sink [34,37]. This strongly segjg that concentration

guenching related to interaction allows the absorbed excitaimrgy to reach
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particular quenching centres such that the critical cdretion depends on the

probability of the transfer.

2.3.10 Brightness saturation

Generally, saturation of luminescence occurs whenxaitagéon level is too
high. In CL, this process is normally observed whenrighiness maximum is
reached, even as the current density is increasede @he three possible reasons that
have been proposed as the main cause of this prd@estty, ground state depletion
whereby most or all of the luminescent centres are alrigailiye excited state leading
to a lack of ground state centre able to accept eneogy free carriers [20]. The
second reason involves the Auger effect. In this,dfeprocess involves the elastic
collision between a free electron and an excited electrménescent centre. During
such process, the electron is expelled into the conduséind causing a de-excitation
of the luminescent centre [22]. The third possible reasahe thermal quenching.

This process will be explained in the next section.

2.3.11Thermal quenching

Thermal quenching is defined as a decrease of luminesdatensity with
increasing temperature [10,23,39]. This is usually dueth® local heating by
energetic electrons or photons. This process is knovatdar at high temperatures
when thermal vibrations of atoms surrounding luminescentecdransfer energy
away from the center leading to a non-radiative redoation, and a subsequent
dissipation of the excess energy as phonons in the hibs [82].

The configurational coordinate model of a luminescentreepresented in
figure 2.4 can be used to describe the thermal quenghaogss [40]. In this model,

the energies of luminescent centres both in the ground atal excited state are
20



represented by Ug and Ue, respectively. When the systetrermally excited, it
undergoes a vertical transition from ground state toettwted state. This vertical
transition causes the system to immediately adapts to theaqaidbrium situation by
changing the atomic configuration from B to the new equilirié along the curve
Ue, with energy dissipated as phonons. In a short spfai@e the system may then
undergo a radiative transition from A to D followed by th@a®r rearrangement of
the atomic configuration from D to O along Ug with excesergy dissipated as heat.
High temperatures cause the luminescent center to bhadhgmactivated from point

A to C along W and then thermally released from C to O on the gretete.

Stimulation by
U thermal vibration

Transition from
aUetoal,
vibational state

nonradiative
transition

»X

Fig. 2.4Configurational coordinate model of a luminescearitee in a host matrix [40].

2.3.12 Electron Stimulated Surface Chemical Reaction

Extensive research performed on the CL degradatiomagphors resulted in
the proposal of Pfanhls law which describes the ratdegfadation of CL intensity
and development of an electron stimulated surface da¢mgaction (ESSCR) model

[14,32,33,41]. The Pfanhl law is given by:
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1(N)= (1+2N), 2.3)

wherel is the aged CL intensityl, is the initial CL intensity N is the number of
electrons per unit area a@us the burn parameter which is equal to the invergbeof
number of electrons per unit area required to reducéntlesity to half its original
value. This model predicts that the CL degradatiorejsedded upon the type of gas
in the vacuum, gas pressure, beam voltage and eléctolombic) dose [14,32].
According to the ESSCR mechanism for the CL intensityraf#ation of ZnS
based phosphors, the reactive gas molecules adsdhe surface of the ZnS. These
molecules are then dissociated by the electron beam famhecular species to
reactive atomic species resulting in the formation of a Zn@ace layer and a volatile
SO, with the consequent loss of CL intensity [31]. The fation of the non-
luminescent ZnO surface layer decreases the energinl@ssS and subsequently the
CL intensity. It was concluded that the non-luminescentstampete with the CL
process and cause a reduction in CL brightness. A matieal model of an electron
stimulated surface chemical reaction (ESSCR) model wasiad by Holloway et al
[42]. This model shows the relationship between the Clngity degradation and the
depletion of sulphur from the surface of ZnS:Cu,Al,And ZnS:Ag,Cl phosphor

powders.

2.4 Photoluminescence (PL)

PL in solid phosphor materials (i.e in semiconductoganic and inorganic
insulators) is a process in which luminescence is stimulatedteraction of photons

with a material. This process is classified in terms of thweire of the electronic
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transitions producing it. PL is classified into two types, namely, intrinsic and

extrinsic luminescence.

2.4.1 Intrinsic luminescence

There are three kinds of intrinsic luminescence) band-to-band
luminescence, (ii) exciton luminescence, and (igjoss-luminescence. Band-to-band
luminescence refers to luminescence owing to theddt@-band transitions whereby
an electron in the valence band recombines witthtie in the conduction band. This
process can be observed at relatively high tempesin very pure crystals. At low
temperature it is transformed to exciton lumineseen exciton can be defined as a
composite particle of an excited electron and & hoteraction with one another.
Owing to the recombination of the electron with bode, it moves in a crystal passing
on energy and produces luminescence. Cross-lungnescon the other hand is
produced when an electron recombines with a hoteérouter most core band. This
kind of luminescence only occurs when the enerffgr@ince between the top valence
band and that of the outer most core band is sm#ien the bandgap energy,

otherwise an Auger process takes over.

2.4.2 Extrinsic luminescence

Extrinsic luminescence is the process in which hescence is produced by
intentionally doped impurities or defects in theshdattice. These impurities are
known as “activators” in phosphor host materiaisstems. Emission features of the
phosphor are characteristic of the particular atbivthat is present or incorporated in
a host matrix. For example ,@5:EU** is the well known red emitting phosphor which
is used in colour television screens. The red earnissom this phosphor is primarily

characteristic of the impurity ion (E) itself, not the host lattice. Radiative
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transitions that are observed from this ion ocatieen the excited and ground state
of the EG" and the impurity levels exists within the bandgéthe host lattice.

When a phosphor is excited with UV or VUV radiati@nseries of processes
can take place leading to emission of either phsrmrphotons. These processes are
described in section 2.3.3. These transitions @xations occur between a higher
energy state, Eand a lower empty energy statg, Ehe energy or wavelength of the

emitted photon can be represented by [43].

hv="o/ =E'-E, (2.4)
Where A =&:98 (2.5)

There are two types of extrinsic luminescence: agalized and localized
type. In the un-localized type, the electrons armle$ are involved in the
luminescence process. While in the localized type, luminescence excitation and
emission processes are restricted in a localizédaéor ion or luminescence centre.
Various kinds of metallic impurities intentionallpcorporated in ionic crystals or
semiconductors usually generate localized lumingscentres. Figure 2.5 shows
energy level diagram of luminescence transitionthiwi EC’* ion. Based on this
energy level diagram, the absorbed excitation gnprgmotes transitions to higher
excited levels resulting in non-radiative transioto the®Dg 1,3 states. This is

followed by radiative transitions to tﬁEo,l,z,gstate.
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Fig. 2.5Intra-atomic luminescence transitions within®Eion.

2.5 Energy transfer process in rare earth phosphors

The improved luminescence efficiency from the plhascan be achieved via
energy transfer between the sensitizer (donor)taedacceptor. The study of energy
transfer between a pair of identical or non ideltrare earth ions has been done by
several researchers [44-46]. This includes eneagyster between (i) broad-band and
a narrow-line emitters and visa versa, (ii) as \wslhon identical narrow-line emitters
[4]. On the other hand the semiconductor nanods;stquantum dot§ have also
attracted a lot of attention as they are considasea@nother good choice as sensitizing
centres for radiative relaxation of activator i@isce their excitation cross sections
are very high due to the efficient band-to-bandogitsons. In such a case the
enhanced luminescence of rare earth ions is adhieyefficient energy transfer from
semiconductor quantum dot (sensitizer) to an aictivian i.e. trivalent rare earth ion

[47,48]. The efficiency of radiative transfer ralien how efficiently the activator
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fluorescence is excited by the sensitizer emisditmwever, this requires a significant
spectral overlap of the emission line of the s&wit(donor) and the absorption line
of the emitter (acceptor) for energy transfer thetaplace. In the case of lack of
spectral overlap, energy transfer can take plageasonance condition (equal energy
difference between the energy levels of the semesitand the donor) and/or phonon

mediated processes.

2.5.1 Theory of energy transfer

The theory of energy transfer resonance deriveDdoter has revealed that two
luminescence centres, a Donor and an Acceptan@lD) within a certain distanc®
with a certain interaction (i.e. exchange or muligmultipole interaction) may be in
resonance and transfer excitation energy from doedr) to another (acceptor). For
near neighbours the energy transfer is possibtaitfir the exchange interaction while
for interactions over separation of 20 A between donor and acceptor, usually the
multipolar interaction takes over. The distariRebetween the two must be shorter

than the critical distand®. which is approximately twice the radius of a sgh&

can be practically calculated using the relatioregiby:

(2.6)

a V5
47K N

-

where X represent the critical concentration at which tbergching occursy is the

volume of the spherd\ is theZ ions in the unit cell [37,38].
When an energy dondD and an acceptoA are close enough that their
electronic wavefunctions overlap each other as showfigure 2.6, the excitation

energy of the sensitizeD can be transferred to an accep#rvia exchange
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interaction. The rate of energy transfer betweelo@or and an acceptor due to this

interaction as derived by Dexter is as follows:
' 0|2
Poa (6X) = 271(a'b|H o, ') " [ . (E) f,(E)dE 2.7)

where D and A are the donor and acceptor, respectively. Thayiatadenotes the
spectral overlap between the donor emission anactheptor absorption, the factors,
f, (E)and f,(E) represent the normalized shape of the donor emissid acceptor
absorption spectra, respectively while the matiements can be expressed as a
function of the donor and acceptor, so that thegné&ansfer probability depends

upon the distance between the donor and acceptor.

Fig. 2.6Resonant energy transfer by the quantum mechagicabnge interaction in which the
overlapping of the wavefunctions of D and A (shadesh) is considered.

Inokati and Hirayama [49] then used the exchamderaction to develop a
guantitative theory of energy transfer and predidtsme dependence of fluorescence
decay in such coupling. According to their approabbSion is surrounded by a set
of A ions at distance R During energy transfer, the environment of extife
changes with time resulting in a non-exponentiatage which for exchange

interaction is described by:



| =1,ex _—t—y'sgg et
"M, C, \ 74 (2.8)

whereta the decay time of the pure don@,is the acceptor concentration and is

defined by:

C =3N/(amRv?) (29)

andCy representhe critical transfer concentration of an acceptbrch is defined by

G = (3/ 4rR§) hereRyandy are constants related to Dexter quantities by

y=2R/L (2.10)

Ry representing the critical distance at which thebpbilities for radiative and non-
radiative transfers are equal. Equation 2.8 predact initial decay which is mainly
due to donors with nearest acceptors, while theesigortion of fluorescence decay

is dominated by the contributions of the more distceptors [49].

It is known that non-radiative energy transfer frome ion to another takes
place via exchange or multipole-multipole interanti However, for multipole
interactions, it is assumed that the interactiomfigthe electric dipole-dipoledd),
electric dipole-quadrupoledd) or electric quadrupole-quadrupolgq) type. Figure
2.7 shows the two centres which are in close prityiseparated by distand@with
the electrostatic interaction. The energy transdéz as derived by Dexter fdd type

is given by:

(2.11)

3cnto, ¢ f,(E)F.(E
PDA(dd):4]T4T R/ZJ. D( E)4A( )dE
D

while for dg mechanism is:
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a =1.266 (2.12)

Pola) = 25 ol AP e

an°r,R E
whereR represent the separation betwézmndA, n denote the refractive index of
the crystal, o,is the absorption cross-section Af and 7, represent the radiative
lifetime of D.

When the acceptor ions are distributed randomtis wérious distances from a
donor in a host matrix, the emission decay curvethef donorD becomes no-
exponential. The non-exponential decay give theipdgy to determine the nature of
ion-ion interaction i.edd, dq or qg type. Considering the number of activator ions
randomly distributed in a sphere around a sensitiggéch that the activator
concentration is constant when the volume of theesp and the number of activator
ions considered goes into infinity, Inokuti and &jiama [49] derived a model fdd,

dg andqq coupling. In this model the experimental decay eusvdescribed by:

%%
| —ex -L-r(l_éjs(Lj (s= 6810) (2.13)

T, S)Cy\ T,

Herel is the gamma function while equals to 6, 8, 10dhrdg, andqq, respectively.

€
€

Fig. 2.7Coulomb interaction in a resonant energy transfecgss.



2.5.2 Phonon-assisted energy transfer

Phonon assisted energy transfer is a process ichwhe mismatch of energy
between the donor and acceptor is compensated rbyltaneous emission and
absorption of one or more phonons [50]. Non-resbearrgy transfer can also occur
by assistance of phonons not unless the differéetween the ground state and the
excited state is large. In a case where two rartéh éans are with different excited

states, as indicated in figure 2.8, the probabibtyenergy transfer must drop to zero,

where the overlay integral[ f,(E)f,(E)JE vanishes [51]. It has been

experimentally discovered that energy transfer @ecur without phonon-broadened
electronic overlap provided that the overall eneogyversation is maintained by
production or annihilation of phonons. However, $araller energy mismatch, energy
transfer assisted by one or two phonons can odtwen when the energy transfer
occurs between the levels of a donor and an acaciptehich the energy mismatches
as high as several thousand reciprocal centimethesy the multiphonon process
needs to be taken into considerations. Based orakdiya-Dexter's theory, the

probability of phonon-assisted transfBAT) may be expressed by:

Wour (A ) =Wour (O)e—ﬁAe (2.14)

AE represent the energy gap between the electrongtsl®f donor and acceptor ions
while B is a parameter determined by the strength of reledattice coupling as well

as by the nature of the phonon involved [52]. Thed@vwe of occurrence of non-
resonant energy transfer between various trivaiardg earth ions doped in yttrium

oxide was reported by Yamadgal. [52]. It was shown that the phonons of about 400
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cm* which produce the highest intensity in the vibroside bands of yttrium oxide

contribute dominantly to the phonon-assisted praces

le

—_—
D A

Fig. 2.8Phonon-assisted non-radiative transes the energy mismatch.

2.5.3 Cross-relaxation

Cross relaxation is an energy transfer processdsividentical ions. In a case
like that, the same kind of ion is both a sensitemed an activator. The rare earth ions
often show this kind of energy transfer due tortkemplicated energy level structure.
Cross-relaxation may occur between the same ratle ieas, in this case this process
becomes a major problem for quenching at highecewoinations. It can also occur
between identical rare earth ions which happenaeehwo pairs of energy levels
separated by the same amount. The two bandgapiememay be equal or can be
matched by one or two phonons. This process has @leserved in many ions and it

is a dominating factor in non-radiative relaxati@specially at high concentrations.

2.5.4 Migration of excitation energy

Relaxation of excitation energy by migration is altistep process involving
the resonant energy transfer from one ion to amaihéhe same species in a random
walk manner and finally to the acceptor which acaajuenching centre. Migration of
energy from one donor to another has been fountetonore favourable at low

acceptor concentration as proposed by Botdeal. [44] taking into account for
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concentration quenching of fluorescence. When ttecentration of two ions is
comparable and especially in the rare earth ionsravkhe Stoke’s shift is small, the
S-S transfer may be even more rapid than theAStransfer due to the resonant
condition. As a result the excitation energy miagnt migrate among the sensitizer
ions before passing to the activator thus decrgaiie effective S>A distance.
Diffusion of electronic states over donor is onegass which increases the transfer
efficiency. The migration of energy may also beateel as diffusion or a hopping

process as described in detail by Yokota and Tatwiifi3].
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CHAPTER 3

MATERIALS CHARACTERIZATION
3.1 INTRODUCTION

Particle morphology, elemental composition, andicttre of the phosphors
were studied using scanning electron microscopyMSBEransmission electron
microscopy (TEM), energy dispersive spectrometddSE and X-Ray diffraction
(XRD), respectively. The thermal analyses wereqgrated in an i atmosphere using
the Thermogravimetric analysis (TGA) technique. Bpécal properties were studied
by Fourier Transform Infrared (FTIR) spectrometerdaUV-VIS spectrometer.
Luminescent properties were studied using a flumese spectroscopy and the data
was collected both at room temperature and in aidiquitrogen temperature. The
synchrotron radiation using SUPERLUMI setup at DEISAB was also used to do
PL analysis. The CL data were recorded using ara@€ptics S2000 spectrometer
attached to an ultra high vacuum chamber of thesiehlyElectronics PHI 549 Auger

spectrometer.

3.2 CHARACTERIZATION TECHNIQUES
3.2.1 X-Ray diffraction, XRD

X-ray diffraction (XRD) is a popular and powerfiglchnique for determining
crystal structure of materials. During XRD analysiscollimated X-Ray beam of a
specific known wavelength is directed to the sanapld the angles at which the beam
is diffracted are measured. The crystalline plaise material can also be identified
by examining the diffraction pattern. The widthstbé diffraction lines are closely
related to the size, size distribution, defectsl aimain in nanocrystals. As the size of

the nanocrystal decreases, the line width is broadlelue to loss of long range order
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relative to the bulk. The average crystallite sipg, can be estimated from the

broadened peaks by using the Debye-Scherrer equatiwh is given by:

kA
[ cost

(3.1)

Where S is the full width at half maximum of a diffractidme located at angl&#
while A is the X-Ray diffraction wavelength. In this stydile XRD measurements
were conducted using a PANalytical X'Pert PRO ddfometer. The schematic

diagram of the XRD system is shown in figure 3.1.
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K T KBfiIter\'.. diaphragm
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Fig. 3.1Schematic of the system for XRD measurements [1].
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3.2.2 Scanning electron microscopy, SEM

Scanning electron microscopy (SEM) is the mostulsebl for imaging the
surfaces of almost any material. It uses an elech®am to obtain high levels of
magnification and resolution for imaging. The imagssolution offered by SEM
depends not only on the property of the electrabey but also on the interaction of
the electron probe with the specimen. Interactibaroincident electron beam with
the specimen produces secondary electrons or batbdised electrons, with energies
typically smaller than 50 eV [2]. Additionally, »ays are also ejected when an
incident electron beam strikes a sample, and thesecharacteristic of the atoms of
the sample. The energies of the x-rays can be cteasized by an energy dispersive x-
ray spectroscopy (EDS) if the x-ray spectrometeatiached. Field Emission SEM
produces high resolution images that can be used@xtmine defects, surface
morphology, stains, grain size, particle distribati porosity in materials as well as
coatings. This technique provides outstanding imagsolution, unique image
contrast and a large depth of field. In this stutty SEM images of the phosphor
powders were obtained from the JEOL-JSM 7500F HFasldssion Scanning Electron
Microscope (FESEM). Figure 3.2 shows the schemdixgram of the scanning

electron microscope.
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Fig. 3.2Schematic diagram of SEM [3].

3.2.3 Transmission electron microscopy, TEM

Transmission electron microscopy (TEM) is a higpat&l resolution
characterization tool. A high spatial resolutionMBhas the capability to directly
image atoms in crystalline specimens at resolutidose to 0.1 nm, smaller than
interatomic distance. An electron beam can alstmbased to a diameter smaller than
~ 0.3 nm, allowing gquantitative analysis from agsnnanocrystal. This type of
analysis is extremely important for characterizmgterials at a length scale from
atoms to hundreds of nanometers. TEM can be usebacterize nanomaterials to
obtain information about particle size, shape, taflinity, and interparticle
interaction. If this technique is equipped with ER¥¥mental identification through
measurements of characteristic X-Ray energies eagiobe. In the current study, the
JEOL-Jem 210MHRTEM was used to analyze structure and the partiedrphology

of powder phosphors. In Figure 3.3, the schemagigrdm of the TEM is presented.
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Fig. 3.3Schematic diagram of HRTEM [4].

3.2.4 Thermogravimetric analysis, TGA

The mostly used thermal analysis includes diffaaénthermal analysis
(DTA), differential scanning calorimetry (DSC), artlermogravimetric analysis
(TGA). DTA and DSC are used to monitor the heawfto and from a sample and to
or from a reference as a function of temperaturinoe while the sample is subjected
to a controllable temperature program, respectiv@lye TGA is a very unique
technique which is monitored as a function of terapege or time by means of the
mass of the sample. TGA was used in this studgetermine phase formation,
decomposition, thermal stability, and sintering debr of the phosphor gels. Figure
3.4 shows the schematic representation of the TégArtique which was used in this

study.
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Fig. 3.4Schematic diagram of TGA [5].

3.2.5 UV-VIS spectroscopy

UV/Vis spectrophotometry is a technique which measuhe intensity of light
passing through a samgglg , and compares it to the intensity of light beftineasses
through the samplg, .)The ratiol/I,is called the transmittance, and is usually
expressed as a percentégd ). The absorbancd,, is based on the transmittance:

A= —log(%T/100%) (3.2)

The UV-Vis spectrometer can also be configured wasnre reflectance. UV-Vis
spectrophotometer can be either single beam orlddngam [ In the current study,
the Lamda 750S UV-VIS spectrophotometry was usedsttmly the absorption

properties of the phosphor samples. Figure 3.5 shitve schematic diagram of a

double-beam UV-Vis spectrophotometry.
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Fig. 3.5Simplified optical layout of a typical double-bed#v-Vis Spectrophotometry.

3.2.6 Fourier Transform Infrared (FT-IR) spectroscopy

Fourier Transform-Infrared Spectroscopy (FTIR) i excellent technique
which is mainly used to identify organic and in sorases inorganic materials. The
spectra of FTIR provide information about the sfieegnolecular structures present.
When a material is excited with infrared photonbsabed IR radiation usually
excites molecules into a higher vibrational statee wavelength of light absorbed by
a particular molecule is a function of the energffjecence between the at-rest and
excited vibrational states. The wavelengths that apsorbed by the sample are
characteristic of its molecular structure. Attemdhtotal reflection (ATR) infrared
spectroscopy is a special form of reflectance FWkere the IR radiation makes
several passes through the ATR crystal and witt @ass a relatively thin layer of
the adjacent sample is analyzed [7]. The FTIR nremsents were conducted using a

spotlight 400 FTIR imaging system shown in figuré.3
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Fig. 3.6Simplified layout ofthe FTIR system showing line path to the ATR mode.

3.2.7 Auger Electron Spectroscopy, AES

Auger electron spectroscopy, AES, is a very seamsitechnique used to
investigate elements, elemental composition andadef All elements can be detected
with this technique except H and He [7]. AES isdzh®n the measurement of the
kinetic energies of the emitted Auger electronsah also be used for depth profiling
in order to analyze elemental chemistry beneathrtiti@l surface region and this is
achieved by using the primary beam together wighidim beam.

During the Auger process, the high-energy primdegteon hits and releases
an electron from the core level thus ionising titema In order for this atom to
reorganize itself to a lower energy state, an sdactrom the higher level will drop to
the lower level to fill the vacancy caused by thkeased electron. The excess energy
released in this transition is either emitted ghaton or given to another electron in

the higher level. If the energy is sufficient, thetectron can be ejected from the
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surface and detected as an Auger secondary ele€iuento the specific energy levels
involved in the transition and the energy of théedeed Auger electron, the atom
from which the electron was ejected can be idedtifiThe changes in the chemical
composition of the surface during degradation #mes teasily monitored with the
Auger electron spectroscopy. The PHI model 549 Awgectrometer was used in

this study and figure 3.7 shows the schematic sgmation of this technique.
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Fig. 3.7Schematic diagram of Auger spectroscopy.

3.2.8 Photoluminescence, PL analysis

In PL spectroscopy, photoemission is measuredviatig excitation of the
sample with a fixed wavelength of light. Photoluesnence reflects the electronic
transition from the excited state to the groundestthe valence band. Since PL is a
“zero-background” experiment, it is much more sewesj by approximately 1000
times, than UV-visible absorption measurements I8]this work, the PL analyses
were conducted using an LS 55 fluorescence speetesmThe block diagram of

fluorescence spectrophotometry is shown in figure 8
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Fig. 3.8Block diagram of fluorescence spectroscopy.

In addition, a SEPERLUMI setup at the Hamburger
Synchrotronstrahlungslabor (HASYLABReutsches Elektronensynchrotron (DESY)
in Hamburg, Germany was used for PL measuremertie SUPERLUMI is a setup
for luminescence spectroscopy with synchrotron atholh (SR) excitation at
HASYLAB. The setup is optimized for selective eatibn in the vacuum ultraviolet
(VUV) spectral range and for luminescence analfrsism the VUV to the near infra

red (IR) [9]. The setup which was used is showresddtically in Fig.3.9.
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Fig. 3.9Schematic representation of tB&le view of SUPERLUMI setup [5].

The lifetime measurements were conducted using pticad parametric
oscillator (OPO Continuum Surelite) pumped by thiednornic Nd:YAG laser source
as an excitation source. The decay signals werectet and stored out with a
Tektronix TDS 3052 digital oscilloscope. The measwents were carried out at
liquid-helium temperatures using a cryostat (CF4.2Dxford Instruments) on a

continuous flow mode.
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CHAPTER 4

CL PROPERTIES OF SiO,:Pr3* AND ZnO.SiO:Pr®*

NANOPOWDER PHOSPHORS

4.1 INTRODUCTION

The devotion that has been dedicated t3" Pias provided an excellent
understanding of the main features of this ion. éeling on the host matrix, Prcan
emit efficiently in the blue, green, orange, red aear infrared (NIR) regions [1-3].
The PP ion has been studied in numerous hosts includipgtals [4-6],and glasses
[1-2, 7-16]. Phosphors with high luminous efficiency and thernstdbility are
regarded as the best candidates for applicatioffBD technology. One of the
problems that affect the performance of FEDs amitdi their commercialization is
degradation of the phosphors at high current densiider prolonged electron
bombardment. In particular, sulphide based phosphioich are widely used in
display technology have been found to degrade idedist under prolonged electron
beam bombardment [18]. On the other hand, oxideedbgshosphors have been
reported to be more chemically and thermodynamnyicsiéble under high current
densities, high vacuum pressures as well as aateldemperatures [19]. As a result,
research interest in the development and investigatf oxide phosphors, as possible
candidates to replace sulphide based phosphonirnvbltage FEDs, has increased

considerably lately.

In this chapter, the CL properties of $iC8iO;PrP* and zZnO.Si@Pr*

phosphor powders and their CL intensity degradatimechanisms are discussed.
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These phosphors are evaluated for possible applisain low voltage field emission

display.

4.2 EXPERIMENTAL
4.2.1 Sample preparation by sol-gel method

4.2.1.1 ZnO nanocrystals

The preparation of colloidal solutions of ZnO naadjles in alcohols has
been investigated in the past two decades [19-Z@].obtain a sol of ZnO
nanocrystals, 0.459 g Zn(GEBOO),.2H,0 was dissolved in 30 ml of boiling absolute
ethanol and stirred for ~ 1 hour to form a tranepasolution and cooled in ice water.
A 0.2 g of NaOH dissolved in 10 ml of absolute ethlaat room temperature in an
ultrasonic bath was cooled in ice water and addegwdse to the ethanol suspension
of Zn** under vigorous stirring. The resulting clear saisvkept at room temperature
for 24 hours to allow nucleation and growth of naawicles followed by centrifuging
and washing repeatedly with heptane to remove utedaNd and CHCOO ~ ions.
The resulting ZnO precipitate was either re-dispétism ethanol or dried in an oven at

90°C for 2 hours.

4.2.1.2 SiO,.Pr*" and Zn0.Si0,:Pr** phosphor powders

Pr* doped Si@ samples were prepared using a sol-gel processdrstarting
mixture of tetraethyl orthosilicate (Si(QBs)4), or TEOS , de-ionized water, ethanol,
nitric acid (HNQ) as a catalyst), and Pr(N§£9H,O. The mixture of 0.05 mol of
TEOS, 0.1 mol of KO, 0.1 mol of ethanol, and 0.145 mol of dilute initacid was
stirred at room temperature for 1 hour to get aarcleolution followed by slow

addition of 1 mol% of Pr(NQ)6H,0O dissolved in 5 ml of ethanol and stirred for 30
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minutes. The resulting SKEPr* (1 mol%) sol was divided into two parts. The first
part was transferred into a petri dish for dryimgl @éhe second part was combined
with the ethanol suspension of 1 mol% of ZnO nantgas with vigorous stirring at
room temperature for 1 hour. The gels were dried@am temperature for eight days,
ground using a mortar and pestle and then heatttest 60F°C for 2hrs in ambient

air.

4.3 RESULT AND DISCUSSION
4.3.1 Sample structure (XRD)

Figure 4.1 shows the XRD patterns of the ZnO narnages and the standard
ZnO micro-particles powders corresponding to thdl weown wurtzite hexagonal
structure of ZnO. The broadening of the ZnO diffi@t peaks is attributed to the
smaller particle sizes. The average crystallite sif the ZnO nanoparticles estimated
from Scherrer's equation was ~ 4 nm. With or withdshe Pf* and the ZnO
nanoparticles, SiPwas amorphous even after annealing at ®Ddor 2 hours (see
figure 4.2). This is probably due to the relativédyv concentration of Bfand the
ZnO nanoparticles and/or high amorphous scattebagkground from the SiO
matrix [21]. In addition, this may also indicateat the ZnO and Ptions are well
dispersed in the Sidnatrix and remained small even after annealinge piesence
of the P and ZnO nanoparticles in the phosphor powders gfmwn) was

confirmed by EDS.
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Fig. 4.1XRD patterns of the ZnO nanoparticles and micropiad.
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Fig. 4.2XRD patterns of Si@nanoparticles, SigPr** and ZnO.Si@Pr*" nanophosphor powders
calcined at 606C for 2hrs.
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4.3.2 Sample morphology (FESEM)

The FESEM images in figures 4.3 (a), (b), andillcstrate the particle
morphologies of the S SiO,:Pr* and ZnO.Si@Pr* nanopowders calcined at 600
°C for 2hrs. The images revealed that the partislese agglomerated and mostly
spherical in shape with an average particle sizéhenrange of ~20 to 30 nm in

diameter.

Fig. 4.3HRSEM images of (a) SiQ(b) PF* doped SiQ, and ZnO.Si@Pr** nanophosphor powders.
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4.3.3 Thermal Analysis, TGA

The TGA curves of Si) SiO:Pr* and ZnO.Si@Pr** are presented in figure
4.4. The first weight loss was observed at tempegatbetween 5C and 130°C and
it can be ascribed to loss of physically adsorbetewand ethanol [22]. The second
weight loss at 250C to 600°C corresponds to relaxation of silica network and
oxidation of residual organics. The weight loss wsd®wn to decrease as the
temperature exceeded 68D until stable phases formed>a00°C. The total weight
loss for SiQ, SiOxPr* and zZnO.Si@Pr* was ~ 19 %, ~ 25 %, and ~ 22 %,
respectively. It can be seen that the rate of wdiggs was faster in Prand/or ZnO
doped Si@samples. This could be due to enlargement in tine yaume and surface
area of gels with introduction of 1 mol% ofPand 1 mol% of ZnO nanoparticles in
the SiQ matrix.

Biswaset al. [22] reported an increase in total weight losshviiicreasing Pt
content (i.e. 22 %, 29 %, and 32 % for §iQI0:Pr* (5 wt %), and Si@Pr** (10 wt
%), respectively). Naturally, the gels are micrap® and consist of large number of
internal silanol groups. When the gel is heat #dathe pores collapse gradually as
temperature increases and convert to pore-freerialatsimilar to silica gels [5]. As a
result, the hydrogen-bonded silanol groups releester to produce Si-O-Si bonds,
and then the steam gives rise to foaming of destsifjels which occurs at elevated

temperatures as reported by Biswhal. [22].
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Fig. 4.4TGA curves of un-doped SOSiO,:Pr* and ZnO.Si@Pr* phosphor gels. The samples were
heated from 56C to 950°C in N, atmosphere at a heating rate ofCmin.

4.3.4 Optical absorption and emission properties

The optical absorption spectrum of313doped and un-doped SiCare
presented in figure 4.5. The *Prdoped SiQ revealed four bands in the UV-VIS
region all originating from ground statkl, to several excited states of theé'Hons.
These absorption bands are assignedHig—>°P (; = o, 1, 2 ‘ls and 'D; 4f ? intra-
configurational electric dipole transitions of tRé*. These compare very well with

the results reported by several researchers [1283].
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Fig. 4.5UV-VIS absorption spectra of Si0zn0O, SiQ: Pr*, and Zn0.Si@ Pr".

PL emission spectra of ZnO nanoparticles and Zn@aparticles dispersed in
ethanol after excitation at 325 nm is shown in fegd.6. The green emission from
ZnO nanoparticles associated with recombinatiordelbcalized electrons at singly
occupied oxygen vacancies with deep trapped hd@kWas observed at 517 nm.
This emission is red shifted from the defects eiis®f ZnO microparticles at 470
nm which is in good agreement with the results ovdaborweet al. [21]. It was
also noticed that the green emission from the Za@oparticles at 517 nm was more
intense compared to that of micron-sized ZnO padi@and this is a result of the
increase in the surface area-volume ratio due tallemparticle size which could

increase the density of surface defects statesa® [23].

J. Mater. Sci. 45 (2010) 5228-523 56



Direct bandgap emission which can be due to recoatioin of excitonic
centres in ZnO was also observed in both ZnO mamapges and ZnO nanoparticles
at 380 nm and 365 nm respectively except that on&hO nanoparticles was blue-
shifted to lower wavelengths (higher energies) ttihat of micron-sized ZnO
particles. This behaviour could be due to widerohghe ZnO nanoparticles bandgap
due to quantum confinement of charge carriers & ristricted volume of smaller

particles [23].

Zn0O nanoparticles

u]

5100

PL intensity [a

50 ZnO microparticles

T T T T T T T
350 400 450 500 550
Wavelength [nm]

Fig. 4.6PL emission spectra of ZnO nanoparticles and Zn€aparticles.

The CL spectra of the S SiOx;Pr*, and ZnO.Si@Pr** nanophosphor powders
excited by 2 kV electrons, at 20 pA current densitya high vacuum chamber at a
base pressure of ~ 1.6 x &Worr are shown in figure 4.7. The CL spectrum .S

showed the emission peak at 445 nm. This peak eaitler due to structural defects

in the SiQ network or charge transfer between O and Si at@4s [
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The characteristic emission peaks with maximumssion at 614 nm that can be
associated with transitions in %Prwere observed from both Si®rF* and
Zn0.SiQ:Pr*samples. This emission can be assigned to theittoarss originating
from the®P, and'D; energy levels to th#H (= 6 5, 4and’F (=2, 3 9€nergy levels all
localized in the 4fintra-configuration of the Ptions. The first two peaks located at
488 nm and 510 nm are associated with ¥g->H, transition. Issaset al. [25]
reported three stark components from this transitiben Pt is doped in Zr@ This

is followed by a broad emission peak with a domiremission at 614 nm which is
assigned to thdP,—3Hs transition. The shoulders at 590 nm, 635 nm, a6 Bm
correspond tdD>—>H., 'D,—>Hs, and*Py—°F, transitions, respectively.

The assignment of these peaks compares well wighfluorescence spectra
reported by Annapurnet al. [9] and Raiet al. [2] for Pr** doped tellorite glasses. The
overlay of the two transitiondRy—°Hs and'D.—>H,) in P#* doped glasses was also
observed by Annapurnet al. [9]. In order to explain the overlay of both ennss
transitions, Annapurnat al. [9] conducted the decay lifetime measurementshef t
excited states of th#P, and'D, levels and found that th#®, excited state decayed
faster than the'D,. This suggests that the luminescence is from the level.
According to the observation of Lakshminayagtaal. [1], the %Py excited state
decayed slower than tH®,. The reason for such differences may be that thaydec
time measurements of the rare earths excited sléfes from host to host since they
strongly depend on the host lattice’s phonon ersrgi

Lakshminarayanat al. [1] ascribed the absence of the luminescence o
the large energy gap between fRgand'D; (~ 3858.5 crit) resulting in a very small

multiphonon non-radiative relaxation fromP, to D, Such decay lifetime

J. Mater. Sci. 45 (2010) 5228-523 58



measurements were not conducted in the present. Wik last peak in the NIR
region centred at 995 nm is assigned to’e— *F4 transition. However, the peak
position is different from the observation of Biset al. [22]. The defects emission
from ZnO nanoparticles at 517 nm was not observech fZn0O.SiQ:Pr* emission
spectrum. The main emission peak froni'Remained stable at 614 nm from both

SiO,:PP* and ZnO.Si@Pr* samples.
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Fig. 4.7CL spectra of un-doped Si0Si0,:P** and ZnO.Si@PF* irradiated with 2 kV, 20 pA beam
of electrons in a high vacuum chamber containigx110® Torr.

This confirms that incorporation of the ZnO namigées did not change the
radiative process of Prand this further suggest that the ZnO nanopartiske well
dispersed in the Simatrix [21]. It can also be observed that the l@ogssion from

the host SiQ was also suppressed. The increase in the CLdityeof the 614 nm
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peak as a result of incorporation of ZnO nanopladicsuggests that energy was
transferred from the ZnO nanoparticles t&"Rons.

The energy transfer phenomenon between donors auwgptors in
phosphors has been long known. This mechanismvasdivo luminescent centres, a
Donor and an Acceptor (A and D) separated by adcg R with a certain interaction
(i.e. exchange or multipole-multipole interactiq8). For instance, in ZnO.SKPr*
the energy transfer takes place from a broad bamtez which is ZnO nanoparticles
to a narrow-line absorber ¥r This kind of process is only possible for nearest
neighbours in the host lattice as reported by Rlassal. [3]. For energy transfer
process to occur between the energy donor (ZnO)anéptor (Pf), the distance R
between the two must be shorter than the criticgthdce R (the critical distance at
which ZnO emission dominates over energy transfeinjs therefore means that 1
mol% of ZnO nanoparticle embedded in $i\@ith 1 mol% of Pt has sufficiently
short distance for energy transfer to occur. Theesponding energy levels showing
possible radiative transitions localized within tiR®* ion and energy transfer
mechanism from ZnO nanoparticles td*Rare presented schematically in figure 4.8.
The enhancement of CL intensity at 614 nm with Zn€orporation due to energy
transfer process could be due to the fact thati¢iects states in the ZnO bandgap are
filled by bandgap absorption and relaxation todb&ects states of ZnO. The energy is
therefore transferred possibly by phonon-mediatetesses to théP, state of the
Pr* ion via photoemission from ZnO and complete phataaa by Pt', hence the

enhanced Bf emission was observed [26].
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Fig. 4.8Schematic representation of energy levels diagrapicting mechanism of energy transfer
from ZnO nanoparticles and possible transitionriti doped in SiQ.

The CL spectra of SiEPr* nanophosphor powders irradiated at different
accelerating beam voltages (1 to 5 kV) and 8.5 A high vacuum chamber with a
base pressure of ~ 1.6 xATorr are shown in figure 4.9. From this figurecén be
seen that with increasing beam voltage from 1 k¥5the CL intensity of the main
emission peak at 614 nm first increased continyougluntil it reached maximum at
4 kV, then decreased at 5 kV. This is clearly enesd in figure 4.10 where the CL

intensity is plotted against different acceleratodfages.
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Fig. 4.9CL spectra of SiQPr" irradiated with (1-5 kV), 8.5 A beam of electrans high vacuum
chamber containing a base pressure of ~ 1.6°Tbor.
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Fig.4. 10Maximum CL intensity of SIQPF* 614 nm emission peak as a function of accelerating
voltage
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Figure 4.11 shows the CL spectra of ZnO SR nanophosphor powders at
an irradiation of different accelerating beam vgéta (1 to 5 kV) and 8.5 pA in a high
vacuum chamber with a base pressure of ~ 1.6%Tdr. An increase in the CL
intensity of the 614 nm peak from ZnO.SiPF* with increasing beam voltage from
1 to 3 kV and its decrease as the voltage wasduiticreased to 4 and 5 kV was

observed (see figure 4.12). This further confirinat tenergy was transferred from

+
ZnO to Pr*.
Zn0.Si0,; Pr*’, 1kV-8.5pA
50 + Zn0.Si0 ,; Pr, 2kV-8.5pA
i~ . 3+
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Fig.4.11CL spectra of ZnO.Si@Pr" irradiated with (1-5 kV), 8.5 uA beam of electrans high
vacuum chamber containing a base pressure of ~108 Xorr.
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Fig. 4.12MaximumCL intensity of ZnO.Si@Pr** 614 nm emission peak at different electron beam
voltages.

The CL intensity plotted as a function of electdio@am energy follow the
same trend as the electron impact ionization csession for an atom [27]. The
intensity will first increase and then decreasehvan increase in electron energy
depending on the interaction of the electron with atom. The decrease at higher
energies are however more severe than expecte,Heating beneath the beam and
quenching due to charging are not excluded at highergies [27].The decrease in
CL intensity of the main emission peak at 614 nnsesbed from both phosphors
(SiOxPP* and ZnO.Si@Pr") with increasing beam voltage can be tentatively
explained by thermal quenching which occurs at heghperatures. When the beam
voltage increases, the local heating by energetextrens occurs, and thus

temperature also increases which can cause theueaching.
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During thermal quenching, the thermal vibratiorisatboms surrounding an
activator ion transfers the energy away from thévator ion at high temperatures
resulting in non radiative recombination and a egobgnt depletion of the excess
energy as phonons in the host lattice. The thequahching mechanism is clearly

explained by the configuration co-ordinate modé&] [i2 chapter 2.

4.3.5 CL degradation

The CL spectra from the Si®r** phosphor and the ZnO.Si®r* phosphor
before and after electron bombardment at an irtadicof 2 kV, 20 YHA in an @
pressure of 1 x I0Torr backfilled from a vacuum base pressure 6fx1108 Torr
are shown in figure 4.13 (a) and (@spectively. As shown in figures 4.13 (a) and
(b), the CL intensity of the 614 nm peak was quedctompletely as a result of 2kV
electron bombardment.

The Auger spectra of S§Pr'* and ZnO.Si@Pr* phosphors before and after
degradation indicated in figure 4. 14 (a) and @)ealed the Auger peaks of Si (79
eV), C (267 eV) and O (505 eV), respectively. Itswzoticed that with prolonged
electron bombardment of the $iQhe Auger peak intensity of Si and O decreased
while that of adventitious C completely disappear€te similar observation was
reported by Ntwaeaborwat al. [29]. Thomaset al. [30] reported the decrease in the
Auger peak intensities of Si and O and the appearaha new Auger peak located at
~ 92 eV associated with elemental Si. Ntwaeaba@tnah. [29] and Thomast al.[30]
reported that, the elemental Si in the Skdmpound can be shifted from higher
energy (92 eV) to lower energy (75-80 eV), and taina be attributed to the change in
the density of states and some relaxation effentslved. In the current study, we

observed a slight Si peak shift towards higher gneDhlaminiet al. [31], assigned
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the change in Si peak shape before and after datiwacto the development of the
extra peaks of Si)(0<x<2) by the electron bombardment. These ext@, peaks
were confirmed by XPS.

Figure 4.14 (a) and (b) show the changes in thgeAyeak-to-peak heights
(APPH’s) of Si, O, and C from St and ZnO.SiGPr? phosphors, respectively,
together with the CL intensity as a function of looab dose during 2 keV, 20A
electron bombardment at 1 x T0Torr of O, backfilled from a vacuum base pressure
of 1.6 x 1¢° Torr. It was noticed that the concentration of emtitious C on the
surface was very small in both figures 4.15 (a) émnd The electron bombardment
resulted in the decrease in O peak intensity wihibse of Si and C remained almost
unchanged. The decrease in CL intensity as a rekalectron bombardment was also
observed from both SiPr* and ZnO.Si@Pr* phosphors as indicated in figure 4.14
(a) and (b). The correlation between the decre&seLointensity and of the Auger
peak intensity from O was recognized from this obsgon. Based on previous
reports, this can be due to desorption of O from ghrface following the electron-
beam dissociation of SiJ29].

Ntwaeaborwaet al. [29], Dhlaminiet al. [31] attributed desorption of rom
the surface to electron stimulated surface chemreactions (ESSCR). With
prolonged electron bombardment, it is reported thatSi-O bonds are broken and
free oxygen is released as ions following a reactiih dissociated species (eg C, H,
or O) from vacuum ambient gasses (e.gPHO,, and CQ [2129, 31]. The ESSCR
mechanism can also result in reduction of the tadigfficiency of the activators as
it can cause incorporation of O iso-electronic $rapthe near surface region. In the

present results we could not observe the new Apgak associated with elemental Si
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at 92 eV in the Auger spectra after an electrod7o€/cnf as documented by Thomas
et al. and it could be that the desorption of oxygen Iteduin the formation of an

oxygen-deficient surface dead layer of gi@here x < 2 consistent with the data

reported in ref [29].
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Fig 4.13CL spectra of (a) SiOPr* and (b) ZnO.Si@QPr** before and after electron bombardment by 2
kV, 20 pA in 1 x 10 Torr of O.
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It is therefore reasonable to conclude that the, Si€ad layer formed on the

surface could be the main reason for degradaticheL intensity of the SigPr*

and ZnO.Si@Pr** phosphors.
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Figure 4.14AES spectra of (a) SikPr** and (b) ZnO.Si@Pr** before and after degradation at 2 kV,
20 A, in 1 x 10 Torr of O,.
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4.4 CONCLUSION

The ZnO nanoparticles with an average crystadiite of ~ 4 nm as estimated
from scherrer's equation were successfully incompedt in Pt doped SiQ
nanophosphor using a sol gel method. Enhanced megs®n centred at 614 nm
attributed to®Py—>Hs transition of Pt was obtained from zZnO.Si®r**. The green
emission from ZnO at ~ 530 nm was completely suggee due to the non-radiative
transfer of energy from ZnO to ¥r The effect of the beam voltage in the CL
intensity from both Si@PrP" and ZnO.Si@ PP was demonstrated. The degradation
mechanism of the CL intensity of Si®r*and ZnO.SiGPr" phosphor powders was

discussed.

J. Mater. Sci. 45 (2010) 5228-523 70



4.5 REFERENCES

[1] G. Lakshminarayana, J. Qill,Alloys Compd. 476 (2009) 470-476

[2] V. K. Rali, K. Kumar, S. B RaiDpt. Mater. 29 (2009) 873-878

[3] G. Blasse, B.C. Grabmaier, Luminescent Matsri&gpringer:Verlag, Berlin
(1994)

[4] E. Pinel, P. Boutnaud, RAahiou,J. Alloys Compd. 374 (2004) 165-168

[5] R. Balda, M. Voda, M. Al-Saleh, J. Fernand&4,umin. 97 (2002) 190-197

[6] M.A. Gusowski, G. Dominiak-Dzik, P. Solarz, RLisiecki, W. Ryba-
Romanowski, JAlloys Compd. 438 (2007) 72-76

[7] W. Seeber, E.A. Downing, L. Hesselink, M.M. €gjD. Ehrt,J. Non-Cryst. Solids
189 (1995) 218-226

[8] W. Strek, J. Legendziewicz, E. Lukowiak, K. Miazewski, J. Sokolnicki, A.A.
Boiko, M. BorzechowskaSpectrochim. Acta Part A 54 (1998) 2215-2221

[9] K. Annapurna, R. Chakrabarti, S. Buddhuduylater. Sci (2007) 42: 6755-6761

[10] Z. Mazurak, W.A. Pisarski, J. Gabrys-Pisarskagd M. ZelechowePhys. Status
Solidi B 237 [2] (2003) 581-591

[11] L. Del Longo, M. Ferrari, E. Zanghellini, M.e®tinelli, J.A. Capobianco, M.
Montagna, F. Rossi. Non-Cryst. Solids 231 (1998)178-188

[12] A. Ravi Kumar, N. Veeraiah, B.Appa RabLumin. 75 (1997) 57-62

[13] X-jun Wang, S.H. Huang, R. Reeves, W. WellsJMDejneka, R.A. Meltzer,
W.M. Yen,J. Lumin. 94-95 (2001P29-233

[14] G. De, A. Licciulli, M. NacucchiJ. Non-Cryst. Solids 201 (1996) 153-158

[15] A.A. Boiko, E.N. Poddenezhny, E. Lukowiak, \8trek, J. Sokolnicki, and J.
Legendziewicz,). Appl. Spectrosc. 62 [4] (1995)

[16] A. Biswas, S. Chakrabarti, H.N. Acharydater. Sci. Eng. B49 (1997) 191-196

J. Mater. Sci. 45 (2010) 5228-5236 71



[17] H.C Swart and A.P. Greefurf. Interface Anal. 2004, 36: 1178-1180

[18] [20] P. Psuja, D. Hreniak, and W. StrdkNanomater. (2007) 81350

[19] P.V. Kamat, B. Patrick]. Phys. Chem. 96 (1992) 6829-6834

[20] A. Van Dijken, J. Makkinje, A. Meijerink]. Lumin. 92 (2001) 323-328

[21] O.M. Ntwaeaborwa, and P.H. Hollowaly,Nanotechnol. 16 (2005) 865-868

[22] A. Biswas, H.N. Acharyayater. Res. Bull. 32 [11] (1997) 1551-1557

[23] M.S. Dhlamini, O.M. Ntwaeaborwa, H.C. SwartMJ Ngaruiya, K.T. Hillie,
Physica B 404 (2009) 4409-4410

[24] C. de Mello Donega, A. Meijerink, and G. Blasd. Appl. Spectrosc. 62, [4]
(1995)

[25] J. Isasi-Marin, M. Perez-Estebanez, C. Diazfu J.F. Castillo, V. Correcher,
and M.R. Cuervo-Rodriguea, Phys. D: Appl. Phys. 42 (2009) 075418

[26] J. Bang, H. Yang, and P.H. Hollowaly,Chem. Phys. 123 (2005) 84709

[27] H.C. Swart, L. Oosthuizen, P.H. Holloway, aBd_.P Berning,Surf. Interface
Anal. 26 (1998) 337-342

[28] H.C. Swart, K.T. Hillie and A.P. Greeffurf. Interface Anal., 32 (2001) 110-113

[29] O.M. Ntwaeaborwa, H.C. Swart, R.E. Kroon, PHblloway, J.R. Botha,.
Chem. Phys. Sol. 67 (2006) 1749-1753

[30] S. Thomas). Appl. Phys. 45 [1] (1974)

[31] M.S. Dhlamini, J.J. Terblans, O.M. Ntwaeaborarad H.C. SwartSurface Rev.

Lett. 14 [4] (2007) 697-701

J. Mater. Sci. 45 (2010) 5228-523 72



CHAPTER 5

LUMINESCENCE DEPENDENCE OF Pr>* ACTIVATED
SiO, NANOPHOSPHOR ON Pr** CONCENTRATION,

TEMPERATURE AND ZnO INCORPORATION

5.1 INTRODUCTION

Self-quenching of the luminescence from tBe or P, emitting levels of Pt
is a commonly observed phenomenon and becauseait thas been a challenge to
optimize the luminescence efficiency resulting froamsitions in these levels. A few
reasons which could lead to this quenching effeet @ multiphonon relaxation, (ii)
cross relaxation within Ption pairs, and (iii) energy migration to quenchirentres
[1]. The last two processes depend on ti&d@ncentration.

Much interest has also been focused on semicooducanocrystals,
"quantum dot§ as they are considered as another good choisersstizing centres
for radiative relaxation of activator ions sinceithexcitation cross sections are very
high due to the efficient band-to-band absorptioRare earth ions doped glass
matrices containing semiconductor nanocrystalsgezpby the sol-gel method have
been previously reported [2,3,4]. The enhancednestence of rare earth ions was
achieved by efficient energy transfer from semiagridr quantum dot to rare earth
ions. This may lead to enhanced luminescence effayy which is good for PDP
technology. In the present chapter, we report titeaeced emission of Prinduced
by energy transfer from ZnO nanoparticles incorpatain situ in sol-gel silica.
Luminescence decay curves measurements were affornped to determine the

lifetimes of the'D, state of PY at different temperatures. The effects of tempeeat
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on the'D, multiplet lifetime as well as the self-quenchinf) '®, emission with
increasing PY concentration were investigated. The possible meism of energy

transfer between ZnO and®Pin SiO, host is also discussed.

5.2 EXPERIMENTAL

The phosphor powders were produced using the ewpatal procedure
presented in chapter 4.2.

The excitation and emission spectra of the 6" and znO.SigPr*
phosphor powders were recorded at the Deutscher&ten Synchrotron (DESY) in
Hamburg, Germany using the setup at SUPERLUMI arpmrtal station of
HASYLAB. Lifetime measurements were obtained usiag optical parametric
oscillator (OPO Continuum Surelite) pumped by thiedmonics of Nd:YAG laser as
an excitation source. The decay signals were dateend stored with a Tektronix
TDS 3052 digital oscilloscope. The measurementewarried out at liquid-helium
temperatures using a cryostat (CF-1204 Oxford unsénts) on a continuous flow
mode. PL spectra from the micro- and nano-sized gafiicles suspended in ethanol

were recorded using a LS 55, Fluorescence specteome

5.3 RESULT AND DISCUSSION
5.3.1 Particle morphology (HRTEM)

Figure 5.1 (a) shows the transmission electrorrosmopy (TEM) image of
ZnO nanoparticles. Shown in the image is an aggiation of hexagonal particles.
The estimated average size of the particles was fhrdiameter. Fig. 5.1 (b) presents
the high resolution (HRTEM) image which shows thlends in different directions
indicating that individual particles were randordigtributed. Also, the lattice fringes

of the hexagonal ZnO were clearly shown in this gmaFurther analysis on this
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image resulted in a measureégpacing of 2.6 A which corresponds to the ZnO §110

plane.

Fig. 5.1(a) TEM and (b) HRTEM images of the clustered ZnO nambgles

The presence of clusters of doped ions or pasticieorporated in amorphous
silica matrix was confirmed by the EDS and TEM dd&mure 5.2 (a) is the TEM
image of amorphous SyOThe field emission scanning electron microscapgade
showed that Si@was constituted by an agglomeration of spherieafigdes (see fig.
4.3). Figure 5.2 (b) shows the TEM image of ZnOS/@*. It shows relatively
small particles homogenously distributed in amorgh8iQ. The insert of figure 5.2
(b) shows that these particles were spherical witkes ranging from 2 — 10 nm in
diameter. As confirmed by the EDS data in figu® %he particles in the TEM image
of figure 5.2 (b) composed of Si, O, Zn, and Prnedats. This confirms the
successful incorporation of Prand ZnO nanoparticles in the Si®ost. Similar
results were reported by Yet al. [5] when they observed a uniform dispersion of

particles of E&" and ZnO co-doped in SO
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Fig. 5.2TEM images of (a) Sipnanoparticles, (b) ZnO.SyPr** nanophosphor and the insert of
HRTEM image of ZnO.Si@Pr*.
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Fig. 5.3Energy dispersive X-Ray spectrum of 1 mol% ZnO;3)Q mol% Pt phosphor.
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5.3.2 PL properties of Pr** singly doped SiQ

In principle, there are two types of emission tiamss from Pf* that can
occur with VUV excitation, namely, inter-configuiaal 45d—4f 2 or intra-
configurational #°—4f 2. The energetic location of thé54 states relative to tH&,
state strongly depends on a host. If the lowésd 4tate lies below thts, state, the
high energetic excitation will stimulate the braadission from the lowest 4f5d state,
which is parity-allowed inter-configurationaf5¢—4f 2 transition. For example, Vink
et al. [6] reported the strong emission bands in the UV reffiom 200 to 300 nm due
to parity-allowed &'5d'—4f transitions of PY for CaSQ:Pr* phosphor after VUV
excitation at 190 nm. According to Virgk al. [6], such results suggest that tHést"
levels lie below théSlevel. However, when Prwas doped in SrSGand BaS@
systems, the narrow emission peak around 400 nm ¥& level was observed and
this suggests that thé %d* levels lie above thts, level.

The PL excitation and emission spectra of 82 mol% Pt* are presented in
figure 5.4. The excitation spectrum was measureditmong PF* emission at 605 nm
using synchrotron radiation. This spectrum showes weak bands around spectral
region between 140 and 240 nm. These bands cascbiéed to transitions from the
4f 2 ground state to the lowesf5d sublevels of Pf considering the fact that the
PP 0% charge transfer transitions which might occur appe substantially short
wavelengths. The assignment of these bands compaiesiith the results of Ryba-
Romanowskiet al. [7], van der Kolket al. [8], Fu et al [9], Ivanovskiklet al. [10],
and Boet al. [11] for PF* doped in different host matrices. The excitatifficiency
increases again below 100 nm for excitation at 80 mhis agrees well with the

observation of Ivanovskiklet al. [10] where they found the excitation efficiency
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CaSe:Siz012:0.2%PF* to significantly increase for excitation at 75 mvhile it was
very weak in the spectral region between 85 torir60

The first broad emission peak centred at 309 nrthenUV spectral region
presented in the emission spectrum in figure 5esponding to the parity-allowed
transitions from the lowest excited state of tfe4onfiguration to th§H4,5,6and3F2
of the 4 2 configuration was observed [7,8,12]. These resasin good agreement
with the results of Yot al. [12] for PF* doped in YBQ@system. This blue emission
peak is followed by emission peaks in the orangd,and IR region which can be
assigned to transitions originating from fiRe and'D- levels to théH 4 56and’F234
The broad band which was observed in the regiod006fto 630 nm with prominent
red emission peak centred at 605 nm can be assigriBg—>H, transition of Pt".

The small shoulders around 614 and 660 nm correspothe*P,—°Hg and
*Py—>F transitions, respectively. The assignment of therséssion peaks compares
well with the results reported by Annapureiaal. [13] andRai et al. [14] for PP
doped in tellorite glasses. The emission peaksregnat 890 and 1005 nm
corresponds to thtD,—°F, and 1D2—>3F3,4 transitions. These were also reported by
Biswaset al. [15] for PP* doped in Si@around 884 and 1060 nm

Figure 5.5 (a) and (b) shows the luminescence ydexaves of =
(®Po—>He and 'D,—>H, transitions) emission. The lifetimes computednfrehe
decay curve data obtained using the first ordepegptial fitting were 1.8is and 179
us for3P, and'D,, respectively. It is obvious from these resultst tthe®P, level of
pr* decays faster than th®, level, hence its lifetime was much shorter. Simila
results were reported by Bald# al. [2] and Annapurneet al. [13]. Such results

confirm the existence of the simultaneous emissimm °Pyand'D; levels [2, 13].
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The self-quenching of th&D, luminescence of Pthas been observed in
many = doped systems including crystals and glasses .[T-B¢ luminescence
decay curves of théD, level were also recorded as a function of different
concentrations in Si£at room temperature as shown in figure 5.6. ‘hdevel was
directly excited in order to avoid the overlap mission from the'D, and®P, states

which occurs when exciting into tHE; states.

Si0,:0.2 mol% Pr **
0.035 1D2_3H4
0.030 -
'S5 0.0254
5,
P L 1
B , emission
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Fig. 5.4VUV excitation spectrum and emission spectrum &friol% PP single doped Si©
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Fig. 5.5Luminescence decay curvekthe®P, and'D, levels of P¥* (0.2 mol%) in SiQ obtained at 8
K. The solid black line corresponds to the experital data and the solid red line is the fit torale
exponential.

It was noticed that the fluorescence intensitymfrahe PP 1D,—3H,
emission decayed slowly for 0.05, 0.1, and 0.¥ Poncentrations and the lifetimes
computed from the decay curves using a single exqiaad fitting were 138, 141, and
144 for 0.05, 0.1, and 0.2, respectively. Howevdren the PY concentration was
further increased to 0.5 mol%, the*PtD,—>H, emission decayed faster to a great
extent with the lifetime of 12Bs. Similar observations have been previously repbort
[1, 3]. Del Longoet al. [1] reported the lifetime decrease of tHa, level with
increasing P¥ concentration (0.5, 1, and 2 %) in zinc boratssgjla

Baldaet al. [2] also reported the shortening of lifetimes lué 1D, level with
increasing PY concentration (0.1, 0.5, and 1 mol%) in fluorophusps glass. The
characteristic decay process of fii emitting level of P ions is governed by a
sum of probabilities for several competing processmmely, radiative decay, non-
radiative decay by multi-phonon relaxation, and -nadiative decay by energy

transfer to the Bf ions [3]. Due to the large energy gap between'Beand ‘G,

J. Phys. Chem. Baccepted 80




energy levels, the non-radiativB®,—'G, multi-phonon relaxation is expected to be
small [1-3]. Furthermore, the concentration depecdemay indicate that in the
depopulation of théD; state, the energy transfer processes are domiventmulti-
phonon processes involving a single ion. In higbbncentrated systems, ion-ion
interaction brings about cross relaxation amond” Rms and migration of the
excitation energy from one $rion to another through energy transfer processes
among Pt ions and finally to a quenching centre thus leadimgelf-quenching of
luminescence [2,7,16,17]. This process in particdlacomes efficient when the
energy levels structure of luminescent ions allfevscross-relaxation process.

However, if the rate of migration of excitationeegy is small with respect
to cross-relaxation rate, the luminescence decayesuare no longer exponential as
documented by Ryba-Romanowsdtial. [7]. In a case where excitation migration
energy is fast, the donor-acceptor system becomese nuniform while the
luminescence decay curves follow the single exptialetime dependence. In the
current results, the single exponential lumineseestecays were recorded with 0.05,
0.1, 0.2 and 0.5 mol% Brconcentrations in Sisamples suggesting that the rate of
excitation energy migration is higher than the rafecross-relaxation processes
involved.

Migration of the excitation energy through resarernergy transfer among
Pr* ions and finally to the quencher centre could ¢fee be the main reason for
concentration quenching of fluorescence leadingfast lifetime decrease ¥Br

concentrations above 0.2 mol%.
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Fig. 5.6Luminescence decay curves of the—>H, emissiorfor various concentrations Bf** (0.2
mol%) in SiQ.

Figure 5.7 shows the decay curves of luminesceniggnating from the'D,
level collected when the temperature was variednf® to 300 K under direct
excitation of the'D, using a pulsed laser. As shown in the figure,ltimeinescence
decay curves followed the single exponential witte £D lifetime gradually
decreasing from 178s at 8 K to 148s at 300 K. Temperature dependence of fhe
lifetime has previously been reported [2-4,16].

The temperature dependent process is predictech wine condition of
resonance is satisfied for transitions originatinghermally populated crystal field
components of the ground state of acceptor ion®tlifthe energy mismatch has to be
assisted by lattice phonons while the temperatnfieiences the rate of the cross
relaxation [4]. The decrease of tH®; lifetime with increasing temperature between
8 K and 300 K cannot be assigned to non-radiatieead through multi-phonon

relaxation, but rather to contribution from noneeant cross relaxation process as the
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rate of multi-phonon decay db; level is negligible in most of the hosts matrices
compared to that of radiative decay due to theelangergy gap betweéb,and'G,
[2,4]. The cross relaxation mechanism involved during-ge#finching process is

believed to proceed through intermedi4tg and>F, levels.

1754 ° o
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Fig. 5.7 Lifetimesof the'’D,—>H, transition of P¥* (0.2 mol%) doped in Si{plotted against the
temperature in the 8-300 K regions.

5.4 Energy transfer from ZnO nanoparticles to Pr* ions in SiO.

Figure 5.8 presents the PL emission spectra of;:@i® mol% P and
Zn0.SiG:0.2 mol% PF phosphors under excitation at 90 nm using synobmot
radiation. It was observed that upon VUV excitatimm the 45d state of Pt only
characteristic emissions from3Pion with the main red emission centred at 605 nm
could be detected from both Si®F* and ZnO.Si@Pr* phosphors. The green

emission from ZnO nanoparticles was suppressechd.giQ:Pr** and the intensity
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of the PF* emission was approximately twice the intensity ié SiQ:Pr’* despite
lower PF* concentration. The quenching of green emissiomfEnO as a result of
enhanced Pf emission demonstrates sensitization of Rmission centres by ZnO

nanoparticles.
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Fig. 5.8PL emission spectra of S}®r*and ZnO.Si@Pr*" after VUV excitation at 90 nm using

synchrotron radiation.

The PL excitation spectra of ZnO.$i@r" presented in figure 5.9 showed
much stronger bands compared to pure,$&', confirming the energy transfer

effect of ZnO on the excitation of thé&ectrons in P¥ ions.
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Fig. 5.9PL excitation spectra of Sir**:0.2 mol% with and without ZnO nanophosphors maiitp
the emission peak at 605 nm.

Luminescence decay curves of 82 mol% Pi", Zn0.SiQ:0.2 mol% P
and ZnO emissions were recorded at room temperatugeare presented in figures
5.10 (a) and (b) . It can be seen from figurdga) that the Bf 'D,—>H,4 emission
from SiO:Pr* decayed faster with the lifetime of 144 ps whishalmost twice
shorter than that of ZnO.SiPr** which had lifetime of 236 ps. For pure ZnO
nanoparticles, the decay curve also followed trst &irder exponential profile and the
lifetime was determined to be 2 ps as shown inréigat10 (b) which is even much
shorter than that of SEPr* with and without ZnO.

These results compare well with the results obsebyeHayakawaet al. [18]
and Cheret al. [19]. In principle, the radiative recombinatiorteashould be similar
before and after ZnO incorporation in SiPr**. Moreover, when the non-radiative

decay time remains the same, the decay time shHmaildhorter indicating that the
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energy transfer exists due to additional non-radigbathways [18,20]n the present
results, the longer lifetime observed from ZnO.SRE* may be explained by
formation of defects at the surface or boundariezn® nanocrystals which can serve
as energy trap centres thus supporting the eneaggfer in the system. It cannot be
ignored that for pure ZnO nanocrystals, electromae- trapped surface levels exists
due to widening of the bandgap (365 nm) with smadlerticle sizes. Also, in ZnO
some intrinsic defects such as oxygen vacancies. eiich defects create some sites
which can then trap free electrons and serve asramtiative recombination centres.
However, incorporation of ZnO into Si®r’* decreases the non-radiative decay rate
significantly as photogenerated trapped electronhole at the surface strongly
interact with the Pt ion located close to the boundary between ZnOSifd Hence
the longer lifetime for SI@Pr* with ZnO was observed irrespective of additional
nonradiative decay pathways.

An energy level scheme of Prand ZnO presented in figure 5.11 shows the
transitions involved in the energy transfer fromQZrio PF* and the emission
processes involved. When the ZnO.8R»*" nanocomposite phosphor is exposed to
VUV radiation, the excitation energy absorbed byDZpromotes the electrons from
the valence band to the conduction band resultirthe creation of an exciton and the
subsequent non-radiative relaxation to the detat¢s.

Quenching of ZnO emission leading to enhanced mésston from Pt
indicates that the energy transfer process from ZmQ@r* was faster than hole
trapping and recombination with electrons in thiemae band. This therefore means
that part of the recombination energy was transteto P ions to promote their
electrons from the ground state$ f}to the higher lying excited ones’®, states)

which then decay non-radiatively to tf& and'D; followed by radiative relaxation
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to the®Hg and®H, with red line emission at 605 and 614 nm, respelyti The energy
transfer from ZnO to Bf is speculated to be through phonon mediated pseses
since the spectral overlap between the emissigheoflonor (ZnO) and the excitation
of the acceptor (Bf) that could result in energy transfer from ZnOPI8* was not
observed. Banat al. [5] also proposed similar mechanism for’Edoped Si@ with

embedded ZnO nanopatrticles.
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Fig. 5.10Luminescence decay curves of (a) SRP", Zn0.SiQ:Pr* nanophosphors and (b) ZnO
nanocrystals.
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Fig. 5.11Schematic energy level diagram showing the traotsitocalized within P¥ ions and ZnO
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5.5 CONCLUSION

Red emission originating from bof#®, and'D, emitting levels of Pi was
observed from both SiPr* with and without embedded ZnO nanoparticl%&;g
level showed the longer lifetime compared to fi% level as observed from
luminescence decay data. Investigation of the lestience of Bf in Si0, as a
function of PF* concentration revealed the shortenind@f lifetime with increasing
Pr* concentration i.e above 0.2 mol%. The concemmatiuenching effect due to

migration of excitation energy among*Prons was speculated to be the main effect
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of self-quenching of théD, level. The'D, level was also found to be influenced by
temperature as its lifetime slowly decreased wittreasing temperature from 8 to
300 K. Enhanced red emission fron?'Pdoped SiQ@ was achieved by incorporating
ZnO nanoparticles indicating that ZnO act as aectffe sensitizer for Bt emission.

The luminescence enhancement from' Rvith quenching of green emission from

ZnO was attributed to energy transfer from ZnO ts.P
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CHAPTER 6

EFFECTS OF Ce”* CONCENTRATION, BEAM VOLTAGE
AND CURRENT ON THE CL INTENSITY OF SiO ,:Pr®*
Ce®* NANOPHOSPHOR

6.1 INTRODUCTION

Field Emissive Display (FED) technology is an dbad@ model for the next
generation of display market due to its anticipdtegh brightness, high contrast ratio,
light weight, and low-power consumption [1-3]. Ppbers with high luminous
efficiency and thermal stability are regarded as lithst candidates for application in
FED technology. Recently, red emitting CaZi®aTiyOs and SrTiQ activated with
Pr* phosphors were investigated for application in BER,4,5]. The increase of
brightness with an increase in beam voltage (it 3 kV) and current (i.e. 11 to 45
HA) is attributed to deeper penetration of electrios the phosphor surface and the
larger electron beam current density. Such incréagbe CL intensity at such low
voltages is a good indication that such phosphoy beaused in FEDs. This chapter
focuses on the effects of Eeconcentration, beam voltage and current on the CL

intensity of SiQ:Pr*-Ce** nanophosphor.

6.2 EXPERIMENTAL

SiO, co-doped with different concentrations of PE€** ion pairs samples
were prepared by mixing 0.05 mol of TEOS, 0.1 nfdHgO, 0.1 mol of ethanol, and
0.145 mol of dilute nitric acid.

The mixture was stirred at room temperature fooarto get a clear solution.

Desired concentration of Pr(N&§H,O dissolved in 5 ml of ethanol was added and
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the solution was stirred for 30 minutes. Finallye desired amount of Ce(N§HH.O
dissolved in 5 ml of ethanol was also added tosthlation and stirred for another 30
minutes until a gel formed. The gel was then tiemed to a petri dish for drying at
room temperature for eight days and then annealad at 600C for 2 hrs.

The particle morphology and size were analysedguai JEOL JSM-7500F,
Field Emission SEM and JEOL 2100, High ResolutiorariEmission Electron
Microscopy (HRTEM). The chemical composition of emples was analyzed using
Energy Dispersive Spectrometer (EDS). The optidadogption properties of the
samples were studied by a Spotlight 400 FTIR imgggstem using the diffuse
reflectance mode. The CL measurements were cortlutang an Ocean Optics
S2000 spectrometer attached to an ultra high vacclhmmber Physical Electronics
PHI 549 Auger spectrometer. The first CL data weakected from the set of samples
with different concentration (0.2, 1, 1.5, and 2l of C&" while the P was
fixed at 0.2 mol %. Further measurements were cctedufrom SiQ:PI3+ (0.2 mol
%)-C€" (1 mol %) whose CL intensity was comparatively tighest. The second set
of CL data were recorded when the acceleratingageltwas varied from 1 to 5 kV
while keeping the beam current constant at 8.5 flide last sets of data were
collected when the beam current was varied from 50 uA while the beam voltage

was kept constant at 2 kV.
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6.3 RESULT AND DISCUSSION

EDS and HRTEM data confirmed the presence of ear¢h clusters inside
the silica matrix. As shown in figure 6.1(a), thdRFEM image revealed a high
amorphous structure of SiOThis compares well with the XRD results whichskd
one broad diffraction peak at 22orresponding to amorphous Si@ee fig. 4.2).
Figures 6.1 (a), (b) and (c) present the HRTEM iesagf SiQ nanoparticlesSiO,-
:PP*, and SiQ:Pr*-Ce*, respectively. From figures 6.1 (b) and (c), indse seen
that black spots are uniformly dispersed in amoushsilica matrix. These were not
observed in pure silica matrix as shown in figurg(®). The chemical analyzes of the
samples confirmed the presence of Si, O, Ce, arakPndicated in the EDS figures
6.1 (d) and (e). Therefore based on these obsengti was then concluded that the
black spots represent clusters of rare earth iagtisthe size ranging from ~2 to 5 nm
in diameter inside the Sinatrix. These observations compare well with gnsults
of Prakashet al. [6] and Fasolet al. [7] where they observed clusters of Co doped
NiAl ,0,in SiO,, and C&"in SiO,, respectively.

Figure 6.2 shows FTIR spectra of $jGi0:Pr*, Si0,:Ce™* and SiQ:Pr*-
Ce all calcined at 606C for 2hrs. The two absorption bands at 1160 @%6tm'
corresponding to the LO and TO modes of Si-O-Shamgtric stretching vibration
(vag), respectively [8,9] were observed for all the pten. The weak absorption band
at 945 cml associated with Si-OH stretching mode was alssene[8,9]. The
presence of this absorption band can be due twahe strong Si-O-Si asymmetric
stretching,vas (Si-O) absorptions in this region [8]. In additjidhwas also realized
that this band increased with incorporation of dleéivator ions into the SiOmatrix.
Another absorption band associated with Si-O-Siragtnic stretchingvs) at 795 cm

! was observed [8,9].
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Fig. 6.2FTIR absorption spectra of SiGBiO,:Pr*, Si0,:Ce*", SiO,:Pr*-Ce** phosphor powders.

The CL emission spectrum of SiG®hown on figure 6.3 presents the broad
emission band centred in the blue region at 445wimch can be ascribed to either
structural defects in the Sj@etwork or charge transfer between O and Si atd@js [

The CL emission spectrum of the Sioe™ phosphor powders under
irradiation of 2 kV electrons, 8.5 HA beam currégmta high vacuum chamber at a
base pressure of 1.2 x 4@ orr is shown in figure 6.4. The CL emission spect
from SiO:Ce®* consists of two blue bands located at 452 nm (yveakl 494 nm
(strong). The peak positions were determined framusSian fits as clearly shown in
the figure.The two bands at 452 nm and 494 nm can be assaiatie ’D3/, —2F/

and®Da—°Fsp0f Ce™*, respectively.
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Fig. 6.3CL emission spectra of Si@anopatrticles irradiated with 2 kV, 8.5 pA beanelgctrons in a
high vacuum chamber containing 1.2 x*Ilorr.

Trivalent Ceion has only one electron in the 4f state. Theldctron of the #*
ground state configuration yields two componéhts and °F7, due to spin-orbit
interaction and & electron of the excitedf45d * configuration forms 4D term which

is then split by crystal field into two stalk commqemnts?Ds,and’Ds, states [10, 11].
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Fig. 6.4CL emission spectrum of SYIe™* after irradiation with 2 kV, 8.5 pA beam of elewnts in a
high vacuum chamber containing a base pressureof 108 Torr.

The CL emission spectra of the SiPr*, SiO;Ce™, and SiQ:Pr*. Ce**
phosphor powders under irradiation with 2 kV elext, 8.5 pA beam current in a
high vacuum chamber at a base pressure of 1.28xTtér are shown in figure 6.5.
The CL emission spectrum from Si©rF* showed the characteristic emission peaks
of PP that can be associated with the transitions aaiyng from the®*P, and D,
multiplets to the'H =6 5, 2yand’F ;= 2, 3. g€nergy levels all localized in thé,4ntra-
configuration of the Bf ions. The broad red emission at 580-700 nm whaHctbe
due to both’Py—°Hs and'D,—>H, transitions with dominant emission froii level

of PP* was also observed.
The CL emission spectra of SiGe**-Pr** showed both bands from €én the

blue spectral region and a small shoulder frofi irthe red spectral region when the

J. Alloys Compd. 509 (2010) 2986-29%8



amount of P and C&" were both 0.2 mol%. The small shoulder froni*Rwas
slowly quenched with increasing €econcentration and only blue emission from
Ce** could be observed. Blue emission frontGeas slightly enhanced with addition
of 1 mol% C&" into 0.2 mol% P¥ compared to singly doped SiQe*. These
results suggest the energy transfer frori’ Rins to its nearest neighbouring e
ions. The energy transfer from3Pto Cé&* may be explained by the non-radiative
relaxation from excitedf4'5d state to higher 3P level of Prion to & state of C&
ion, followed by the radiative relaxation of excit&d electrons of C¥ ion.

The energy level diagram presented in figure héws the energy transfer
pathways between Prand C&" ions. The main radiative transitions of Pand C&"
are designated with downward arrows. It is alsodrtgnt to mention that there is a
competition between Piradiative process and energy transfer betwe&napd C&",
however, the energy transfer frontPio C€* takes place faster. In addition, for the
process of energy transfer to dominate, th&" @ad Pt neighbouring ions must be
near enough in the host matrix. The quenching wiiescence with increasing €e
ions may be due to formation of clusters of Cens with PF* in the host matrix.
This could be due to self-quenching of*Creighbouring ions. At 1 mol% &e the
Cée* neighbouring ions may be near enough to trandfer énergy from one to
another. However, an increase in*Ceoncentration led to the shortening of the
distance between its neighbouring ions as a reguibn-radiative loss of excitation
energy between Gkions favouring quenching effect and decreasinginestence

intensity.
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Fig. 6.5CL emission spectra of the Si®F* (1 mol %), SiQ:Ce** (1 mol %), and Si@Pr* (0.2 mol
%) - CE* (0.2, 1, 1.5, 2 mol %) irradiated with 2 kV, 8.8 jbeam of electrons in a high vacuum
chamber containing a base pressure of 1.2%Tidr. The insert shows the CL intensity as a fiemct

of different C&" concentrations.

Janget al. [11] observed the energy transfer betweeti #nd C&", as well as
between P¥ and TB" co-doped in ¥AlsO:, (YAG). Nie et al. [12], on the other
hand, reported the energy transfer betweéhdd CF* in SrAlO1e.

Vergeeret al. [13] and Meijerinket al. [14] found it difficult to find the
efficient energy transfer from Prto EU* irrespective of the fulfilment of an
important condition for energy transfer which i thresence of resonance between
PP and Ed" ions. The luminescence intensities were compacediifferent gels
with and without Mg particles by varying the diféet concentrations of Mg [15].

Silica containing M§" and C&" ions had broad blue emission due to the energy
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transfer from M§" to CE*. An increase in luminescence intensity was obskasethe

Mg2+ to C€" ratio increases for the range investigated.
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Fig. 6.6Schematic energy level diagram showing the tramsiticalized within P¥and Cé*ions.

The dependence of the CL intensity of SRY*-Ce® on different beam
voltages from 1 to 5 kV while the beam current virasd at 8.5 yA was investigated
as shown in figure 6.7. When the beam current \ixesl fat 8.5UA, the CL intensity
of this phosphor increased upon increasing beanmtag®lfrom 1 to 5 kV. This
indicates that saturation could not be reachedpkV which is a good prospect for
FEDs. Similarly, the CL intensity was observedrtorease with an increase in the
beam current from 5 to 30A while the beam voltage was kept constant at 2 kV.

Figure 6.8 shows the beam current plotted agatihet maximum CL

intensity of SiQ:Pr**-Ce*" at 488 nm. Again, no saturation was observed (BD{0A.
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The increase of CL intensity with an increase iarevoltage and beam current can
be attributed to deeper penetration of electroms the phosphor surface and the
larger electron beam current density [16]. The tebec penetration depth can be
estimated using equation 2.2. Figure 6.9 shthesnormalized calculated penetration
depth plotted against the electron beam voltage.

It can be clearly observed from this figure thhe tpenetration of the
energetic electrons into the phosphor was showmdmease with increasing beam
voltage. The deeper penetration of electrons ineopghosphor results in an increase
on the electron-solid interaction volume in whiottiéation of C&" and Pf* activator
ions takes place [17]. Therefore, an increase teraaction volume, which effectively
determines the generation of light emission with iacrease in electron energy,

resulted in an increase in the CL intensity of Sf@"-Ce*".
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Fig. 6.7CL emission intensities of Gein Si0,: PP*-Ce** phosphor as a function of different beam
voltages.
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Fig. 6.8CL emission intensities of €ein Si0,: Pr*-Ce** phosphor as a function of different beam
currents.

Furthermore, with an increase of acceleratingagdf more plasmons are
being produced by incident electrons resulting iarge number of excited &eand
Pr*ions, thus yielding higher CL intensity [16]. Tkize of the nanoparticles may,
however, play a significant role in the CL integsut different excitation beam
voltages due to the electron excitation volume im&d [18], especially when the
penetration depth equals the particle size. Is@imed that the CL emission from the
boundaries/surface of the nanoparticles is less that of the inside of the particle

due to surface states that may lead to non-radiakdcay of the excited electrons.
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Fig. 6.9The calculated penetration depth as a functioreaften beam voltage.

The CL spectra before and after 50 CJatectron bombardment are shown
in figure 6.10. The CL intensity of the main broad peak at 488 with a small
shoulder at 450 nm decreased by 80% under 2 k\{1&.8lectron beam exposure.

Figure 6.11 shows the Auger peak-to-peak heighiPHs) of O, Si and C
elements on the surface of the 8FF*-Ce** phosphor as a function of electron dose.
The CL intensity is plotted on the same figure émmparison. The Auger peak
intensity of O was shown to decrease with prolongkttron bombardment of the
SiO, while that of Si was rather constant. It was alsticed that prolonged electron
bombardment led to a significant decrease in thenBnsity and this corresponds to
the decrease in the Auger peak intensity of O. Thiselation between the decrease
of CL intensity and that of the Auger peak intepditom O can be attributed to
desorption of O from the surface following the @len-beam dissociation of Si@s

a result of the formation of an oxygen-deficientface dead or non luminescent layer
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of SiQ, where x < 2 on the surface [19, 20]. The coldso @hanged more to the red

region, indicated that the Biis still contributing to the light emission.
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Fig. 6.10CL emission spectra of Si®r*,Ce* powder phosphors before and after exposure to,2 kV
8.5 pA electrons in 1x10Torr of O, backfilled from the base pressure of 1.2 %T@rr.
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Fig. 6.11Auger peak-to-peak heights of O and Si versus 2le¢tron dose at 1x10Torr O,
backfilled from the base pressure of 1.2 XT@rr.
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6.4 CONCLUSION

The CL intensity behavior of the SiOPP*- Ce** nanophosphor at different
concentrations of Gé co-doped in Si@Pr**, beam voltages and beam currents was
presented. The CL emission from*Celue) and PY (red) ions was observed when
the concentration of these ions 0.2 mol %, with tiilee emission from Cé
dominating. However, for addition of 1 mol % Teto 0.2 mol % PY led to
quenching of Pf emission and enhanced blue emission from @as observed as
compared to sipce™. Energy transfer from Prto CE" was discussed. An increase
in the CL intensity was observed with increasingrbevoltage up to 5 kV and beam

current up to 30 pA and no saturation was observed.
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CHAPTER 7

THE INFLUENCE OF Pr 3 CO-DOPING ON THE PL AND
CL PROPERTIES OF SiO,:Eu**/Tb*

7.1 INTRODUCTION

Enhanced luminescence induced by energy transfereke trivalent rare earth
ions co-activators (co-dopants) in a matrix hasnbéemonstrated in nanophosphors
for potential application in light emitting deviceSuch studies have provided
information about the interaction between the attivs and the host matrix, as well
as insight into long-range interactions and endragysfer between the activator ions.
In some cases, co-activators tend to quench thénksmence intensity instead of
enhancing it. This is due to the fact that co-dojes form clusters in a host matrix
thus lowering the fluorescence efficiency.

This chapter deals with the synthesis of p-activated SIQEU*"/Tb** using
the sol-gel method. The effects of*Pro-doping in the luminescence properties
under excitation of ultraviolet (UV) light and higlenergy electrons were
demonstrated. Fluorescence quenching effects duertoco-doping will also be
discussed. Further studies on luminescence dedagvioe of TE*- PF* and Ed*-

Pr* ion pairs were conducted.

7.2 EXPERIMENTAL

7.2.1Preparation of SiO,. Th**-Pr** and SiO,: Eu**-Pr3*

SiO, co-doped with different concentrations of PFb*" ion pairs samples
were prepared by mixing 0.05 mol of TEOS, 0.1 nfdHgO, 0.1 mol. of ethanol, and

0.145 mol of dilute nitric acid were stirred at nodemperature for 1 hour resulting in



a clear sol. The sol was then mixed with a desimdunt of Pr(NO)6H,0 dissolved

in 5 ml of ethanol and stirred for 30 minutes. Asided amount of Th(NQ)6H.O
dissolved in 5 ml of ethanol was also added tortindure and stirred further for 30
minutes until a gel formed. The gel was then tiemed into a petri dish and was
dried at room temperature for 8 days. The driednged ground and then heat treated
at 600°C for 2hrs in ambient air. A similar procedure vialfowed for preparation of
SiO,:PP*-Eu**samples.

The CL data were recorded using an Ocean Optic9)GBHEpectrometer
attached to an ultra high vacuum chamber of thesiehlyElectronics PHI 549 Auger
Electron Spectrometer. The phosphor powders weadiated with an electron beam
accelerated at 2 kV and beam current ofi20at a high vacuum base pressure of 1.6
x 10® Torr. The excitation and emission data of th®,%o-doped T~ PF* and
Eu**-Pr* were carried out at room temperature using a Domg\@ptron Co. setup,
consisting of DM711 and DM152i monochromators ppged with a Xe Arc lamp
DL180-Xe. The decay curves of the phosphor samptre obtained from an optical
parametric oscillator (OPO Continuum Surelite) peochpby third harmonics of
Nd:YAG laser as an excitation source. The decagadggwere detected, and stored
with a Tektronix TDS 3052 digital oscilloscope. Tlparticle morphologywas
analyzed by JEOL 2100 High Resolution Transmissieectron Microscopy
(HRTEM) and Field Emission-Scanning Electron Miaoge (FE-SEM) while the
chemical composition of the phosphor powders wadyaed by Energy Dispersive
Spectrometer (EDS). The X-Ray Diffraction data werallected using X-Ray
diffractometer (Phillips Xpert) using a CuaK(A\=1.5405 A) radiation to study the

crystal structure of phosphor samples.
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7.3 RESULT AND DISCUSSION

7.3.1 Phase and structure analysis (XRD)

The XRD patterns fron8iO,:1 mol% TB*-0.2 mol% Pt and SiQ:1 mol%
Eu®*- 0.2 mol% Pt phosphor powders did not show any detectableadifion peaks
from Tb*, PP#*, and Ed" either before or after calcining at 600 Instead, their
diffraction peaks resembled that of pure Suthich showed one well known broad
diffraction peak of amorphous Si@t 28 = 22 similar to the patterns shown in Fig.

4.2.

7.3.2 Elemental analysis (EDS)

The EDS spectra obtained from $iOmol% EF*-0.2 mol% P#and SiQ:1
mol% Tb**-0.2 mol% Pt in figure 7.1 (a) and (b), respectively, showerhedraces
of Si, O, Pr, Eu, and Tb ions [1]. HRTEM imagess(i#s not shown) fronthese
phosphor powdersn the other hand confirmed the successful incaitpmr of PF,
Eu®, Tb*, and C&" ions. These were evidenced by the presence of btank spots
with irregular shape randomly distributed inside tamorphous structure of SIO
which were not observed from pure Sithage. The FE-SEM images (see fig.4.3)
revealed the agglomeration of mostly spherical,p#bticles with an average particle

size in the range of ~20 to 120 nm in diameter [1].
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Fig. 7.1EDS spectra of (a) (b) Sicl mol% Ed*- 0.2 mol% Pt and (b) Si@1 mol% T5*- 0.2 mol%
Pr

7.3.2  PL properties of SiO;Eu*-Pr**and SiO,: Tbh**-Pr®*

In order to evaluate the effect of ®Prco-doping in SIQEU, the
photoluminescence properties were investigatedfigare 7.2, the PL emission
spectra of Si@1 mol% Ed* and SiQ:1 mol% Ed*-0.2 mol% Pt obtained after
excitation at 395 nm are compared. It can be se®n the spectra that the emission

associated withDo—'F; (3=0, 1, 2, 3, afransitions of E¥ with the intense red emission



corresponding t8Dy— F; transition were observed. The emission peaks ar&a0d
and 590 nm are due fDy—'Fo and°Do—'F; transition of Ed", respectively. The
other emission peaks centred at 650 and 700 nnesafi®m the®Do—'F5 and

°Dy—F4, respectively.

The assignment of these emission peaks is in danoe with the previous work
reported by Changqging al. [2] and Wanget al. [3] for SiO:EU** phosphors. It can
be noticed from the figure 7.2 that these emissimese quenched after Prco-
doping and no transitions of Pmwere detected. Above all, no change in the peak
shape was observed, which indicates no contribdtinm Pf*. These results confirm
the observation of Kandpaét al. [4] for PP-Eu®" ion pairs co-doped in
dimethylsulphoxide (DMSO) system where the sigaific decrease with Brco-
doping and increasing Prconcentration was reported.

The supporting evidence of the luminescence chiagadue to PY co-doping
was also observed by comparing the excitation speaft SiQ:1 mol% Ed* and
Si0,:1 mol% Ed*-0.2 mol% P monitoring the emission peak at 614 nm as shown
in figure 7.3. Both excitation spectra exhibitedaies of peaks in the region of 300
and 540 nm corresponding 65—"D; (=1, 2, 3. 4) 'Fo—"G3, 'Fo—"Hs,’He, with the
intense absorption band at 395 nm attributeFge-"L¢ of EL**. The assignment of
these peaks compares well with the results of Waarad. [3] and Dejnekeet al. [5]
for EW** in SiO, and fluoride glasses, respectively. It was noteat the excitation
spectra of Si@1 mol% E{*-0.2 mol% P#" emission is very similar to that of singly
doped Ed" in SiO, except that it is 90 % less intense in comparisith SiOx:Eu*".
Similar observations were also reported by Meijegnal. [6] for Tb**-Yb*" ion pairs

in YPO, system.
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Fig.7.2Emission spectra of Sil mol% Ed* and SiQ:1 mol% Ed*-0.2 mol% P nanophosphors
after excitation at 395 nm at room temperaturegiaitXXenon lamp.

We also investigated the effects of ‘Rro-doping in luminescence intensity
of SiO:Tb*. In this case it was expected that an increas&®inconcentration from
0.2 to 1 mol% will further reduce the ¥’D4 emission lines and the ¥r'D, or 3Ry
emission will be pronounced due to energy transfem Tb®* to PF*. Such results
were reported by Mahatet al. [7] for Tb**-Pr** ions co-doped into oxyfluoroborate
glass. The emission spectra of Omol% T and SiQ:1 mol% TE*™-0.2 mol%
Pr* were compared and are shown in figure 7.4. Thpsetsa were collected after
excitation at 379 nm at room temperature. Both spezonsist of the green emission
which can be attributed to tH®,—'F; (=4, 5, gtransitions of TB" and the emission
peaks appear at 489, 543, 549, 584, 622 nm, régplyctThese results agrees well

with results reported elsewhere [7,8-10].

114



a . 3+
}\Em =614 nm —Si0,:1 mol%Eu

7|:0 1.5|_6 ——Si0,1 mol%Eu **-0.2 mol%Pr ¥
60000 - '
7, 5
FO,l- Dz
5 40000
S,
2
0
[ ]
o)
g
£
—
o 20000

I T I T I T I T
250 300 350 400 450 500 550
Wavelength [nm]

Fig. 7.3Excitation spectra of Sl mol% Ed* and SiQ:1 mol% E{*-0.2 mol% P¥" after monitoring
the emission peak at 614 nm at room temperature.

The strongest emission is centred at 543 nm acmtiesponds to thd,— 'Fs
transition of TB". Again, when adding the Prion, the luminescence intensity from
Tb*" is significantly quenched.

Figure 7.5shows the excitation spectra of $iDmol% TE* and SiQ:1 mol%
Tb*"-0.2 mol% P?" obtained while monitoring the green emission a3 5. The
excitation peaks are assigned according to previepsrts [7,11]. As shown in both
spectra, no excitation peaks fronRrould be observed and the*flexcitation peaks

are quenched with Prco-doping.
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Fig. 7.4Emission spectra of Sicl mol% TB" and SiQ:1 mol% TH*-0.2 mol% Pt nanophosphor
powders obtained after excitation at 379 nm at réemmperature.

The strong quenching is apparent from alf*Pco-doped SIQEU**Tb**

phosphors powders. There two possible reasons whaghbe the cause of this. First,

the aggregation of Pfions or pairing Pi ions with EG*/Tb*" ions. Such process

leads to migration of excitation energy from onévator ion to its nearest ion by

non-radiative transitions and via a large numbetrarisfer steps, before the energy is

released. During the transfer process, the eneagybe transferred to defects which

act as energy sinks within a transfer chain thaditey to a significant decrease on the

PL intensity. In this case, it is most likely toppeen that the energy may be exhausted

by Killer or/and defect during the energy proces®ag one kind of Bf ions prior to

the other kind of EU/Tb®" ion. Secondly, it is also possible that the intécac

between PY-Eu** and PF*-Tb*" ion pairs is through a BfEW? and PT*-Tb?* metal-

metal charge transfer state and this energeticaigrlaps the TH (°DJ) level and

Eu®* (°Dy) level hence the strong quenching.
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Fig. 7.5Excitation spectra of SiAl mol% TH*and SiQ:1 mol% TH*-0.2 mol% Pt obtained after
monitoring TH* emission at 543 nm at room temperature.

The quenching of luminescence witt¥Paddition can also be caused by cross
relaxation between Prions. This process is described by energy trarfséen one
Pr*to another P¥ neighbouring ion by transition that matched in ggein this case
of PF*, theP, an'D, emission can be quenched wi, level of PF* ion through
cross-relaxation patterns such as Wo—'Fo12 = *Hs—'Dy (ii) °D1—'Foz4 =
*H,—'D, as these transitions are resonant with emissiophofions [12]. Previous
studies revealed that, at low *Prconcentrations, the most intense emission
corresponds to théD,—°>H, transition. However, this transition shows a styon
quenching with increasing Pror at high P¥ concentrations and the most prominent
emission from théP, transition. This strong quenching of th2, emission is often
observed in the emission spectra of"Rmd has been attributed to cross-relaxation
between PY ions [12,13]. Blasse and Gabmaier [14] put forwaodne theoretical

explanations of the concentration quenching eféext they suggested that when the
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concentration of doped ions is higher than a tloleshthe nonradiative energy
transfer between neighbouring dopant ions will kile fluorescence. Since the
probability of the energy transfer is proportional R®, whereR is the distance
between the dopant ions [14], the formation of $airdopant ions is the major cause
of fluorescence quenching.

The other major reason which might have an impactthe quenching of
fluorescence is presence of residual hydroxyl gso(fpH) in SiQ glass even after
annealing at higher temperatures. Most of sol gelvdd rare earth doped glasses
have been reported to suffer from this processtdulee abundance of Oldroups in
the material which are formed due to the preseriogaber in the starting sol, and
water generated during condensation reactions anstit-gel process. The OH ions
have strong absorption band from 2000 to 4003 emd their presence near the rare
earth ions provides non-radiative decay paths fer ¢xcited rare earth ion thus
decreasing fluorescence yield [9].

In order to obtain additional information on theninescence properties of*Pr
co-doped SIQEW*"Tb*, the luminescence decay curvesSb$ and’D, levels of Ed*
and TB" were investigated. Figure 7.6 shows the room teaipee luminescence
decay curves of the PL emission (a) at 614 nm ftbg-F, transition of Ed* and
EU®*-Pr" in SiO,, and (b) at 543 nm frofD,— 'Fs transition of TB* and TH*-Pr*in
SiQ,. In general, if one kind of luminescence centréstexin a phosphor material,
then the decay function can be fitted by the firster exponential equation. If two
centres exist in a phosphor then the decay fund#mbe fitted by the second order
exponential equation and so on. In addition, thealb®r of the decay function can
also be influenced by the presence of energy tearnsfhd impurities in the host

matrices. In the current study, the luminescen@ayleurves were all fitted using the
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first order exponential profile. The fitted lifetevof T (°D4level) singly doped Si©
was determined to be 3.3 ms while that of Ro-doped Si@Th** was 0.9 ms. The
similar behavior was observed for $SiEU®*-Pr** whose lifetime was 0.9 ms and also
shorter than that of Blisingly doped Si@ which had a lifetime of 2.3 ms. These
results compare very well with the observationsliefet al. [15] who observed the

lifetime of 1.30 ms for LOs:5 mol% Ed" film which was reduced by 3/4 due to
addition of 0.1 mol% Bf. The decay was even faster with increasing" Pr

concentration (0.3 and 0.5 mol%). For*¥r** ion pairs in oxyfluoroborate glass,
Mahatoet al. [7] reported that the lifetime of th®, level of TB"* was reduced to 1.1
ms from 1.7 ms for the sample having 1 mol% Tbmol% Pr* and further reduced
to 0.8 ms for 1 mol% TH-3 mol% Pr*. It is obvious from our results that the
luminescence from B (°Ds level) and TB" (°D, level) decay fastewith PP* co-

doping as evidenced by shortening of lifetimes. lSphenomenon confirms the

quenching effect of Bfions.
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Fig. 7.6Decay curves for theD,-'F5 transition of TB" in Si0, for 0.2, 0.5, and 1 mol% concentrations
of PP while the TB" concentration was kept at 0.2 mol%.



7.3.3 CL properties of SiO,: Eu®**-Pr** and SiO,; Th*"-Pr3*

In order to verify our observations from PL, thé @roperties of P¥ co-
doped in SIQ ECTH® phosphors powders were investigated. Figure &Zgmts the
CL spectra of Si@l mol% TB*, SiOx1 mol% TBE*-0.2 mol% Pt" phosphor
powders under irradiation of 2 kV, 20 pA beam caotrim a high vacuum chamber
containing a base pressure of ~ 1.6 ¥ Torr. It was noticed that under low-voltage
electron beam excitation, both SiDb**, Si0,: Th**-Pr** phosphor powders exhibited
typical emission lines of T located 410 nm’Ds— 'F4), 433 nm {Ds—'Fs), 488 nm
(°Ds—'Fe), 543 nm {Ds—'Fs), 588 nm {Ds—'F4), and 622 nm°Ds,—'Fs). The
strongest green emission originates from Ig—'Fs transition at 543 nm. The CL

intensity from SiGTb*"-Pr* was 95% less than that of SiDb*".
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Fig. 7.7CL spectra of Si@1 mol% TB*, and SiQ: 1 mol%TB"-0.2 mol% Pt'samples irradiated with

2kV, 20uA beam of electrons in a high vacuum chambataining a base pressure of ~ 1.6 ¥ 10

Torr. The insert shows the CL intensity from SiPr*-Tb*" as a function of 0.2, 0.5, and 1 mol%'Pr
concentrations.
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Similar results were observed where the same ploosggmples were excited using
UV light. However, we also observed that tfi2; emission lines can be hardly
observed in the PL emission spectrum under UV lggtaitation, but they can be seen
in CL spectrum for the identical samples. Significdecrease in T emission with
increasing Pf" concentration was observed as clearly indicatetiéninsert of figure
7.7.

Figure 7.8 presents the CL spectra of SiGnol% Ed*, Si0x1 mol% Ed*-
0.2 mol% Pt phosphor powders under irradiation of 2 kV, 20 lpgam current in a
high vacuum chamber containing a base pressureldd x 10° Torr. For SiQ:Pr",
the emission lines which correspond to tHeransitions of P¥ from *Py—>H., *He,
3F,, 3Fa4, and’Do—>Hs, *Hs, °F4 with the main red emission at 614 nm assigned to
'D,—3H,were observed. When Elis co-doped with Bf, the P¥* emission was still
present and no emission from ¥uwas observed. These results confirm the
observations of Zachaat al. [16]. The CL intensity kept on dropping with inasing
concentrations of Pt (0.5 and 1 mol%) as shown in the insert of figar@. It was
noticed that both the CL emission spectra from &G Tb** with co-doped P¥
exhibited strong quenching from ¥emission and Bf emission.

However, we observed an obvious difference betveerCL and PL emission
spectra obtained from phosphor samples and sufdratice may be attributed to two
possible factors. First, the difference of excitatmechanisms involved in the PL and
CL. During the PL process, the photons used foitatkan have energy less than the
bandgap of the host matrix so that no electron-hmdérs are generated. The
luminescent centre is excited using a wavelengtiglyn the absorption band which
will then non-radiatively relax to the ground statfter a short while by emitting

photons corresponding to specific transitions liaea within the centre itself. In the

121



case of CL, the generation of charge carriers {{@as and holes) under irradiation by
energetic electrons occurs through impact ionipatids a result, the accelerated
electrons create a multiplicity of charge carrieasd the excitation energy is

transferred by excitons to luminescent centres.

60

—— Si0,1 mol% Eu ™
—— Si0,:0.2 mol% Pr **
—— Si0,:0.2 mol% Pr *'-1 mol% Eu *'

B

50

40

g

CL intensity [a.u.]
9

CL Intensity (a.u)

Wavelength (nm)

Fig. 7.8CL intensities of Si@1 mol% Ed*™-0.2 mol% Pt and SiQ:0.2 mol% Pt at 2kV, 20pA in
1x107 Torr, G, as a function of electron dose. The insert shoe<h intensity from SiQPF*-Eu** as

a function of 0.2, 0.5, and 1 mol%°Pconcentrations.

The second factor is associated with the presefickooal saturation effect. In
comparison with the UV excitation, the excitatiorteinsity and excitation density of
luminescence centres are very high under low-veltelgctron beam bombardment.
As a result, in the case of ¥tdoped samples, the cross relaxafibg+'Fs— D+’ Fo
may be suppressed, hence, the appearance dDstemission from the CL emission

spectra. In the case of SiBU**-Pr* the strong quenching from Premission was

observed and this behavior is different from thespectra of identical samples. This



can be due to the fact that when this phosphor Eamspexcited with energetic

electrons, the radiative process from'Riccurs faster than that of Eu

7.4 CONCLUSION

The CL and PL properties of SiTb*/EU®* co-doped with P¥ derived from
sol gel method were studied by varying the conegioim of PF*. The strong
fluorescence quenching with *Praddition was observed from both SiTh**/Eu®*
co-doped with Pf nanophosphor powders. The possible reasons whight rhave
been the main cause of this quenching are discussedetail. The decay

measurements of SKTb>*/EL** co-doped with B exhibited shorter lifetimes.
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CHAPTER 8

SUMMARY AND CONCLUSSION

The CL and PL properties of Si@b*"/Eu** co-doped with Pf derived
from sol gel method were studied. It was found thatdoping PY into
SiOxTb**/EL®* phosphors strongly quenches the CL and PL infessitf SiQ:Pr*-
Eu®" and SiQ:Pr*-Tb** nanophosphor powders. Possible reasons which rbagktte
major cause of this fluorescence quenching werecudsed in detail. The
luminescence decay measurements exhibited shdfieéimes from SiQ:Tb**/Eu®*
co-doped with Pf samples which indicates the introduction of extealiative
channels due the presence of energy transfer bettese ion pairs.

The CL intensity behavior of the Si®r*-Ce** nanophosphor at different
Ce** concentrations, beam voltages and currents wagpaésented. The CL emission
from Ce* (blue) together with a small shoulder fron‘?*F(red) with the blue emission
from Ce€* dominating was observed when the concentratiobath ions was 0.2
mol%. However, when the €econcentration was increased to 1 mol% Gehile
that of PF* was kept to 0.2 mol%, the red*Pemission was quenched and enhanced
blue emission from Gé was more pronounced than that of singly doped.GRuch
behavior was attributed to energy transfer frofi Rs C€*. An increase in the CL
intensity was found to increase with increasing nbeeoltage and current. No
saturation was observed which is good for fieldssioin display technology.

Red emission originating from bof® and'D, emitting levels of Pf was
observed from both SiPr* with and without embedded ZnO nanoparticles.
Enhanced red emission from3P|doped SiQ was achieved by incorporating ZnO
nanoparticles and this indicates that ZnO act aseffective sensitizer for Bt

emission. The luminescence enhancement frorfi Rith quenching of green
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emission from ZnO was attributed to energy trangéfem ZnO to Pt D, level
showed the longer lifetime compared to tRg level as observed from luminescence
decay data. Investigation of the luminescence &f ir SiO, as a function of Bf
concentration revealed the shortening i, lifetime with increasing PBf
concentration i.e above 0.2 mol%. The concenmatpenching effect due to
migration of excitation energy among*Pions was speculated to be the main effect
of self-quenching of théD, level. The'D, level was also found to be influenced by
temperature as its lifetime slowly decreased wittreéasing temperature from 8 to
300 K.

The CL intensity degradation from the SiP**-Ce*, SiOxPr* and
Zn0.SiG:Pr* nanophosphors powders corresponds to the deavétise Auger peak
intensity of O after electron bombardment of thegghor surface for several hours.
Formation of an oxygen-deficient surface dead am haninescent layer of SiQ
where x < 2 on the surface is believed to be thenrause of CL degradation of

SiOx:PrP*-Ce™, SioxPr* and ZnO.Si@Pr* nanophosphors powders.
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FUTURE PROSPECTS

Trivalent PF* has been specially found to be attractive as fiersfthe effective
infrared emission for optical amplification at 1uB+ and the possibility of
simultaneous blue-green-red emission for lasepactnformation display and optical
imaging, as well as infrared to short wavelengthssian through an up-conversion
emission processHowever, self-quenching of the luminescence from émitting
levels of P¥* is a commonly observed phenomenon and becausabit has been a
challenge to optimize the luminescence efficiereguiting from transitions in these
levels. It is therefore very important to furthewestigate the luminescent properties
of PP* at different host matrices. In that case, we ca® ahvestigate ways of
optimizing the luminescence efficiency originatifigm different emitting levels of
Pr*. Furthermore, it would be interesting to investigap-conversion luminescent
properties of Pf when is co-doped with other rare earth ions oradiyedoped into
guantum dots.

To fully understand why Pt acts as a quenching centre for many trivalent
rare earth ions emission, it would be importanffitst investigate if there is any
energy transfer between *Prand that particular ion. Theoretical energy transf
expressions can be used to calculate the kindtefdation taking place between the
two ions. Otherwise, Ptcan be co-doped with transition metals in a sedoch

energy transfer partner of Pr
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