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ABSTRACT

This study was aimed at investigating degradation of and energy transfer iIEl oxide based
phosphors for application in low voltage field emission displays. Cathodoluminescence
degradation of commercial Y203:Eu powder, Y,0;:Eu thin film and sol-gel Si0,:Ce,Tb
nanoparticle powder phosphors was studied by Auger electron spectroscopy (AES) and
cathodoluminescence (CL) spectroscopy. Energy transfer from ZnO nanoparticles to
Eu®* and Ce®" was demonstrated by exciting ZnO-SiO2:Eu and ZnO-SiQ,:Ce powder
phosphors with a 325 nm HeCd laser beam. Energy transfer was also demonstrated

between Ce** - Eu** and Ce**- Tb** ion pairs co-doped in SiO;.

The Y»0;:Eu powder, Y.03:Eu thin film and sol-gel Si0,:Ce,Tb nanoparticle powder
phosphors were irradiated with an electron beam of energy 2 keV in a vacuum chamber
maintained at 1x10%, 1x107 or 1x10® Torr O,. The effect of surface coating on the
surface and CL intensity degradation was also investigated by coating some of the films
with a thin layer of Ta;Os. Degradation of CL intensity of Y,0;:Eu thin film and
Si0,:Ce,Tb nanoparticle powder phosphors occurred simultaneously with desorption of
oxygen from the surface. In the case of Y;03:Eu powder phosphors, fhere was no
desorption of atomic species during electron beam irradiation. Possible mechanisms for

the degradation of CL intensity and desorption of atomic species are discussed.

Energy transfer from ZnO nanoparticles to Eu** and Ce* occurred when Zn0-8iO5:Eu
and Zn0O-Si0,:Ce powders were irradiated with a 325 nm HeCd laser beam at room
temperature. Embedding of ZnO nanoparticles in SiO;:Eu and Si0,:Ceé resulted in
complete suppression of green photoluminescence of the ZnO nanoparticles and a
subsequent enhancement of red and blue photoluminescence of Eu** and Ce**
respectively. The blue photoluminescence was enhanced slightly more than the red
photoluminescence. Possible mechanisms of energy transfer from ZnO nanoparticles to

Ce** and Eu’* ions are discussed.
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Furthermore, it was demonstrated that for different concentrations of Ce**and Eu** in

Si0,:Ce,Eu, blue photoluminescence of Ce®* was enhanced by an energy transfer from

Eu*. The enhancement was largest when 0.5 mol% Ce’* was co-doped w

th 0.5 mol%

Eu’*. In the case of different concentrations of Ce** and Tb** in Si0,:Ce,Tb, green

photoluminescence of Tb®" was enhanced by an energy transfer from

Ce**. The

enhancement was largest when 0.5 mol% Ce** was co-doped with 1 mol % Tb*.

Possible mechanisms of energy transfer from Eu** to Ce®*, and from Ce’|

discussed.
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ACRONYMS

* AES - Auger electron spectroscopy

* APPHs — Auger peak-to-peak heights

* CL - Cathodoluminescence

* EtOH - Ethanol

* FTIR — Fourier transform infrared spectroscopy
* PL - Photoluminescence

* PLD - Pulsed laser deposition

* RGA - Residual gas analyser

e TEM - Transmission electron microscopy
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CHAPTER 1: INTRODUCTION

1.1. OVERVIEW

Initially, only sulphide powder phosphors (e.g. ZnS:Cu,Au,Al, ZnS:Ag,Cl

were used in electronic displays such as cathode ray tubes (CRTs) and fjeld emission
displays (FEDs) {1]. However, it has been established that cathodolumingscence (CL)
intensity of these phosphors degrades rapidly under prolonged electron beam exposure by
releasing volatile sulphur compounds (SO,) which may contaminate the emitter tips of
FED devices [2]. At high temperatures and poor vacuum pressures, these phosphors have
been found to be chemically unstable, resulting in the degradation of the surface layer
and a detrimental effect on the CL efficiency [3]. The CL efficiency of sulphide

phosphors can also be affected by high current densities and low voltages required for

FEDs [3]. |

Oxide phosphors have been reported to be more chemically and thermodynamically
stable under high current densities and at elevated temperatures [4,5,6]. Unlike sulphide
phosphors, oxide phosphors do not release volatile compounds detrimental éo emitter tips
of FEDs during electron beam exposure [5,6]. Oxide phosphors have therefore been

considered to replace sulphide phosphors in low-voltage FEDs.

In order to solve technological problems associated with the CL degradation of powder
phosphors more effort has been directed to the development of thin films of oxide
phosphors for application in FEDs. Compared to powders, thin film phosphors offer
advantages such as good adhesion to the substrate, better thermal stability, less
outgassing, uniform properties across the covered areas and they also |offer higher
resolution with less material [6,7]. The rate of CL intensity degradation can be reduced
by coating the film surface with a thin material that has good optical proaI;rties and is

transparent to light resulting from excitation by low energy electrons [8].




The realization that micro-sized materials and nanomaterials (nanopa;rticles) have
different electronic and optical properties has resulted in increased research activities on
luminescent properties of nanoparticles over the past ten years. The c;lifferences in
electronic and optical properties have been ascribed to the quantum conﬁnejnent effect of
charge carriers (electrons and holes) in the restricted volume of nanoparticles. Quantum

confinement can lead to effects such as increased spacing of energy levels and increased

bandgap, resulting in spectral shifts [9,10]. Based on the difference in ¢
optical properties, it has been speculated that CL intensity of nanoscd
(nanophosphors) may be superior to that of micro-sized phosphors unde;
excitation [9]. Luminescent properties of nanophosphors (oxide and sulpl

being evaluated for application in low-voltage FEDs,

There has been a rapid increase in synthesis and characterization of nanopk
the past ten years due to the realization that a nanoparticle can transfer ener
nanoparticle non-radiatively via electronic interaction (i.e. long range reson
[11,12].

cathodoluminescence and photoluminescence intensity of nanophosphors.

This suggests that energy transfer processes could be used

al. [12], Hayakawa et al. [13] and Bang et al. [11] have reported an energy

CdS, $nO- and ZnO nanoparticles, respectively, to Eu** ions embedded in S

This transfer of energy resulted in considerable enhancement of red photo

of the Eu*" ions.

lectronic and

le phosphors

r low-voltage

hide) are also

10sphors over
gy to another
ance transfer)

to enhance

Nongami et
transfer from
10, matrices.

luminescence

Energy transfer in micro-sized powder phosphors has also been reported l?etween rare-
earth elements such as Tb**, Ce**, Eu**, Sm®" etc. co-doped with different cfoncentrations
in different host matrices. For example, Lin and Su [14] observed energy transfer from
Ce’™ to Tb™ ions in Mgy Yg(SiOs)40o. Nazarov ef al. [15] reported energy transfer
between Tb>* and Eu’* co-doped in CaWO;. In general, the probabili' of energy
transfer between co-doped rare-earth activator elements has been found to depend on the
host matrix and the concentration of the activators [15]. This finding has inspired many
researchers to explore energy transfer between rare-earth elements co-doped with

different concentrations in different host matrices.




A variety of methods have been used to synthesize nanoscale phosphors ‘that could be
used in low-voltage FEDs. These include chemical vapour deposition, hydrothermal, sol-
gel, high-temperature organometallic and microwave-assisted methods. | The sol-gel
method has been widely used [11,12,13] to prepare a variety of luminescent nanoparticle
materials for use in flat panel displays. This method was also used in this study to
synthesize nanoscale phosphors, which were characterized for application in low-voltage

FEDs.

1.2. STATEMENT OF THE PROBLEM

A lot of research has been devoted to cathodoluminescence degradation o:f micro-sized
sulphide phosphors since they are used in many display applications including CRTs and
FEDs. A mechanism that shows the relationship between their CL degradation and
surface chemical reactions has been established. Since these phosphors are not very
efficient at low voltages required for FEDs, micro-sized and nanoparticle oxide

phosphors are being investigated to replace them.

Investigation of oxide phosphors has mainly been limited to luminescent |properties of
thin films of europium-doped yttrium oxide (Y.0s3:Eu) phosphor. A proper way to
evaluate these phosphors for application in low-voltage FEDs would be to study their
luminescent properties including CL and surface degradation during prolohged electron
beam exposure. It is important to determine the mechanism that shows the correlation
between their CL degradation and changes on the surface chemical compasition during
electron beam exposure. Williams [4] studied the CL degradation of micro-sized oxide
thin film and powder phosphors but could not determine the mechanism that correlates
the CL degradation with changes on the surface chemical composition during electron

beam exposure.

In the case of oxide nanophosphors, the focus has mainly been on enhancement of
photoluminescence by an energy transfer from embedded nanoparticles to luminescent

centres. Energy transfer in nanophosphors could also be evaluated between pairs of




activator ions co-doped in different host matrices. Considering the fact that oxide
nanophosphors have potential for application in low-voltage FEDs, it is [imperative to
study their degradation and determine the mechanism that shows the relationship between
their CL degradation and changes that occur on the surface during glectron beam

exposure.

1.3. RESEARCH OBJECTIVES

To investigate:

(i) the CL degradation of micro-sized Y,03:Eu powder and thin ﬁlin phosphors.
(if)  the effect of surface coating on luminescent intensity of thin films of Y203:Eu

phosphor.

(ili)  the CL degradation of SiO7:Ce,Tb nanoparticle powder phosphors.

(iv)  non-radiative energy transfer from ZnQ nanoparticles to Eu’* and Ce* jons
embedded in Si0; .

(v)  non-radiative energy transfer between Ce**-Tb**, Ce**-Fu*" and Ev**-Tb*" ion

1
pairs confined in SiO, with different concentrations.




14. THESISLAYOUT

Chapter 2 provides background information on electronic displays (cathode{ray tubes and

field emission display), fundamentals of phosphors and luminescence progesses such as

cathodoluminescence and photoluminescence. Detailed information on energy transfer in

phosphors and of cathodoluminescence degradation of sulphide phosphors is also

provided.

A summary of surface analysis techniques used in this study is provided

This includes a brief description on how each of these techniques works.

in chapter 3.

Chapters 4, 5, and 6 deal with cathodoluminescence degradation of Y,QOs;:Eu powder,

pulsed laser deposited Y,03:Eu thin film and sol-gel Si0;:Ce,Tb powder phosphors

respectively.  Possible mechanisms that relate changes on the surface chemical

composition to the decrease of CL intensity are discussed.

Preparation and encapsulation of ZnO nanoparticles into SiO;:Eu and Si0,:Ce and co-

doping of Ce**-Ev**, Ce**-Tb** and Ev’*-Tb** ion pairs in SiO; matriceg

process is discussed in chapter 7.

by a sol-gel

Energy transfer between ZnO nanoparticles and Ce®" and Eu®* embedded in SiO; is

discussed in chapter 8 and energy transfer between Ce**-Eu**, Ce**-Tb** and Eu**-Tb**

ions pairs co-doped with different concentrations in SiO, is discussed in chapter 9.

Possible mechanisms for energy transfer from one luminescent centre t¢ another are

discussed.

discussed in chapter 10.

A summary of the thesis, conclusion and suggestions for possible futuge studies are
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CHAPTER2: BACKGROUND INFORMATION

2.1. EMISSIVE DISPLAYS

Emissive displays are electronic devices that involve the conversion of ele

ctrical energy

to luminous energy as a function of the real image signal [1]. They are divided into three

categories, namely projection, off-screen and direct-view. A projection
electronic device that utilizes a viewing screen separate from the optical so
screen display is a device where the image is not viewed on a screen.

display is a device where the image is generated in the immediate pro
viewing screen. Direct-view displays are classified into cathode ray tube

flat panel displays (FPDs).

display is an
urce. An off-
A direct-view
ximity of the
5 (CRTs) and

2.1.1. CATHODE RAY TUBES

A CRT is a vacuum tube in which an electron beam is accelerated with high voltage (20

kV or more) and projected toward a phosphor (material that emits light when struck with

a beam of electrons) deposited on a screen that forms the front face of the Fube [2]. The

electron beam is produced by an assembly called an “electron gun”(catho
the rear of the tube as illustrated in figure 2.1. To form an image on the scr

is deflected in the vertical and horizontal directions either by the electros

electrodes within the tube or by magnetic fields produced by coils locate
neck of the tube [2]. When the electron beam strikes the phosphor-coated s

bright visible spot is produced on the screen. The image is formed wher

rastered across the screen. CRTs are commonly used to obtain visu

electronic information in oscilloscopes, radar systems, television receivers

monitors. Typical values of cathode to anode distance (D) (see figure 2.1)

to 100 cm.

de) located at
een, the beam
tatic effect of
:d around the
screen, a tiny
1 the beam is
al display of
and computer

ange from 25




Figure 2.1. The basic components of a CRT tube [2].

2.1.2. FLAT PANEL DISPLAYS

FPDs are flat and light and do not require a great deal of power to accelerate electrons

from the cathode to the anode. They are often defined as ideal displays that are thin, have

low volume, an even surface, a high resolution, high contrast, sunlight readability and are

solid state and lightweight [2]. Some examples of FPDs are plasma display

panel (PDP),

vacuum fluorescent display (VFD), liquid crystal display (LCD) and f?eld emission

display (FED). Since the FED is promising to give a better performance!

compared to

other FPDs [2], many industrial groups are investing in its development. It is in line with

this that this study is aimed at investigating phosphors for application in low voltage

FEDs.

2.1.3. FIELD EMISSION DISPLAYS

A FED is an emissive vacuum electron device in which electron emitters (
grid) are individually controlled by “cold” cathodes to generate light. It
common features with the VFD and the CRT. The image is formed 1
electrons from a cathode onto a phosphor-coated screen that is typical
potential of 5 kV or less [3]. A cross sectional view of the FED is shown

The electron source in the FED consists of a matrix-addressed array of mij

arranged in a
shares many
by impinging
ly kept at a
in figure 2.2.

llions of cold




)
r

emitters. This array of field emitters is placed in close proximity (0.1 — 3 mm) [4] with a

phosphor faceplate and is aligned such that each pixel has its own set of field emitters.

Phosphors

Figure 2.2. A cross-sectional view of a field emission display [S].

2.1.4. COMPARISON BETWEEN A CRT AND A FED

CRT and FED share many common features, including a glass vacuum envelope, a
phosphor coated anode and a cathode electron source. They both generate light by
cathodoluminescence (CL) process, i.e. electrons from the cathode are accelerated across
a vacuum gap to bombard the phosphor screen (anode) and produce light:. The major
difference between these two displays is the source of electrons. In the CRT, three
electron guns are used to raster a beam of electrons across the screen that is typically kept
at a potential of 20 kV or more, whereas the FED employs an array of field emitters to
accelerate electrons to the screen usually kept at 5 kV or less [3,6]. The basic design of
the CRT is such that a certain distance (usually 25 — 100 cm) is required between the
cathode and the anode to ensure a proper focus and raster capability. In the FED, the
distance between the cathode and the anode ranges from 0.1 to 3 mm [4]. Figure 2.3
compares a CRT and a FED, having similar screen dimensions. In view of common

features between the CRT and the FED, the FED manufacturers have| adopted the
standard CRT phosphors [7].




it a CRT, the electron
gun sds far from the anade.

In a FED, the
electron arvay sils
onty a millimeter
away from the ancde. E&

dimensions [8].

2.2. FUNDAMENTALS OF PHOSPHORS

A phosphor is any sensitive material that emits visible light when exposed tq

Figure 2.3. A comparison between a CRT and a FED having similar screen

photons or a

beam of electrons [7]. The amount of light emitted depends on the amort of energy

used for excitation. Phosphors are usually in the form of powders, but in so
may be in the form of thin solid films. They are synthesised by intentionall
an impurity with a relatively low concentration into an inorganic crystalline
The impurity that activates the crystal to luminesce is referred to as an §
dopant, while the crystal itself is referred to as the host matrix [7,9]. A

usually identified by its chemical formula, e¢.g. ZnS:Cu, where ZnS is th

¢ cases they
y introducing
material [7].
ictivator or a
phosphor is

= host matrix

and Cu is the activator. If more than one activator is used, commas are usgd to separate

them (e.g. ZnS:Cu,Au,Al), and these additional activators (Au and Al) are called co-

10




Le]

activators, The host materials of activators should have wide bandga

ps and be

transparent enough to enable the transfer of visible light to the surface. A phosphor

should also be chemically stable in the presence of water since it is usually syspended in

an agueous solution during the screen deposition process [7]. In addition, i
thermally stable since the CRT (or FED) glass envelope must be outgassed in
baking at temperatures ranging from 250 — 350 °C [7].

t should be

vacuum by

Phosphors are usually unique to particular applications since their characteristics are

tailored to the type of stimulus and the wavelength of the output radiation.
CRT and FED, phosphors are excited by a beam of electrons accelerate

cathode to the anode. In plasma monitors, phosphors are excited by UV ligl

In both the
d from the
1t produced

by electromagnetically charged plasma. The operating conditions of a Ffr:.D place a

number of critical requirements on a phosphor. These include good chromaticity, high

luminance, high efficiency, low safuration and good aging properties at low voltage and

high current densities [10]. All these requirements must be considered when preparing

phosphors for FED:s.

2.3. VOCABULARY OF LUMINESCENCE

Luminescence 1s the phenomenon of emission of light from various phosphor materials

[9]. It may be divided into two kinds, namely phosphorescence and fl

Lorescence.

Phosphorescence is a slow process in which emission continues for a few seconds,

minutes or even hours after removing excitation [11], whereas fluorescence is a fast

process in which emission stops abruptly after turning off the excitation [9

,11]. Each

type of luminescence may be referred to by a name according to the method of excitation.

For example: photofluorescence (photophosphorescence) is an excitation

caused by

photons, cathodofluorescence (cathodophosphorescence) is an excitation caused by high

energy electrons and electrofluorescence (electrophosphorescence) refers tp excitation

caused by the passage of an electric current through the specimen.

For some

manifestation of luminescence, it is not necessary to attempt their classification into

either fluorescence or phosphorescence and the terms

photoluminescence,

11




cathodoluminescence and electroluminescence are currently being used. |In this study,

only cathodoluminescence and photoluminescence processes are discussed.

2.5. CATHODOLUMINESCENCE

Cathodoluminescence (CL} is defined as luminescence stimulated by a collision between
an energetic beam of electrons (primary electrons) and a solid material (phosphor)
resulting in an emission of visible light. The most common example is the CL process
taking place on the screen of a television set: CRT or FED. Two types of collisions are
possible, namely elastic and inelastic collisions. An elastic collision oceurs between
primary electrons and atoms of target material. This collision type produces back-
scattered electrons, which suffer virtually no loss of energy. Inelastic collisions involve

electron-electron and electron-plasmon interactions. In these cases, a single primary

electron undergoes rapid inelastic collision within a phosphor. Each |collision can
produce secondary electrons (secondaries). The secondaries whose energies exceed the
work function of the phosphor will escape into vacuum; otherwise they will be trapped
within the lattice. Figure 2.4 depicts the number of electrons, N{e), emitted as a function
of energy (E) during collision between primary electrons and target material. The peak
on the right is due to those electrons, which have undergone purely elz;stic collision
without losing energy. All the electrons whose energy is below this peak have undergone
inelastic collision. The large peak on the left is due to those secondaries that escape to
the vacuum [12] and they are referred to as “true secondaries”. The “true secondaries”
are not responsible for the CL process, it is rather those secondaries trapped within the
phosphor that are pertinent to CL since they can generate electron-hole pairs when they

couple.

12
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Figure 2.4 Total number of electrons leaving a surface as a

function of energy [12]. E
I

2.5.1. EMISSION OF LIGHT IN A PHOSPHORS BY A CL PROCESS

When an energetic electron is incident on a phosphor, a number of physical processes
occur. These include emission of secondary electrons, Auger electrohs and back-
scaterred electrons. Hundreds of free electrons and free holes are produil:ed along the
path of the incident electron (primary electron). As illustrated in Figure| 2.5, the free

electrons and holes may couple and produce electron-hole (e-h) pairs.

13
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Figure 2.5, CL process in a phosphor grain.

The e-h pairs can diffuse through the phosphor and transfer their energy to activator ions
and subsequently emit light [13,14]. This process is referred to | as radiative
recombination. Unwanted process in which the e-h pairs recombine non-radiatively by
transferring their energy to Kkiller centres (incidental impurities and inherent lattice
defects) is also possible. The e-h pair can also diffuse to the surface of the phosphor and
recombine non-radiatively [13]. A thin “dead” (non-luminescent) layer may be formed

on the surface.
2.5.1. MODELS OF CATHODOLUMINESCENCE TRANSITIONS

FED or CRT phosphors may be classified into two groups according to transitions that
occur when they are bombarded with an energetic electron (2 — 10 keV), One group
inc-ludes phosphors where cathodoluminescent transitions occur in the bandgap and the
other group includes phosphors where transitions are localized in luminescent centres
such as rare-earth elements. These are referred to as bandgap and intra-atoniic transitions

respectively.

14



2.3.1.2.1. BANDGAP TRANSITION PHOSPHORS

Figure 2.6 shows models of bandgap transitions in a phosphor. During bombardment of a

phosphor by an energetic electron (2 — 10 keV), free electrons and fre¢ holes are

generated in the conduction and valence bands respectively [7]. If the crystql is perfect,
i.e. free from impurities and lattice defects, the free electrons and holes maj% recombine
directly and subsequently emit photons. The energy of each photon is ajqual to the
bandgap between the valence and conduction bands [7]. This direct recombination
process is represented by model (a) in Figure 2.6. However, this intrinsic emission due to
band-to-band transition is rarely found in CRT/FED phosphors except in the ultraviolet
emission band of ZnO phosphor [15]. The presence of activator impurities, incidental
impurities and lattice defects usually distort the crystal and create localized ebergy levels
(impurity levels) in the bandgap. This provides effective recombination paths‘ for the free
electrons and holes as represented by (b), (c) and (d) in Figure 2.6. The photon energy of

these transitions is smaller than the bandgap in accordance with the impurity l‘evel.

CONDUCTION BAND (with free electrons

P

Impurity

(a) (b) (c) |(d) levels

>
<

\ 4

T gf’ ;:a wi-,"‘ ef.l.:;sag &{ﬂ 2 { ik T 1‘;
# B we Fe oM W n B

VALENCE BAND (with free holes)

Figure 2.6. Models of cathodoluminescent transitions.

Model (b) in figure 2.6, i.e. transition between a free electron in the condjiction and a

|
hole trapped by an acceptor level was first proposed for the blue and green luminescence

15



of Ag and Cu activators in ZnS, respectively [16]. Model (c) represents a transition
between a deep donor level and the valence band (a free hole). However, both (b) and (c)
rarely occur in CRT/FED phosphors. Model (d), i.e. transition between a|donor and an
acceptor, was later accepted for CRT/FED phosphors. It has been speculated that
cathodoluminescent process in ZnS:Cu,ALAu (green) and ZnS:Ag,Cl|(blue) occur

according to model (d) in which Cu and Ag produce deep acceptor levels and Al and Cl

produced shallow donor levels [7].

2.3.1.2.2. INTRA-ATOMIC TRANSITION PHOSPHORS

In many rare-earth-doped phosphors such as Y0,S:Eu and Y,03:Eu, light emission does
not involve a transition between an activator ion (Eu*") and a host matrix (Y20:S or
Y,03). It results from transitions localized within luminescent centres (Eu:cl+ ions). This
has been attributed to a shielding effect of the 4f electrons by the 5s and 5p ﬁ:lectron shells
of the Eu** [17,18]. Figure 2.7 shows an energy level diagram of luminescént transitions
within Eu®*. The diagram shows that absorbed excitation (high energy elecirons) induces
transitions to higher f levels whereupon non-radiative transitions to the Dy (J=0,1,2,3)

states occur. This is followed by radiative transitions to the ground state.

Higher excited
energy levels

=---P»non radiative transition

‘D
D
D
D

— radiative transition

W} F

Absorption Emission

J

Figure 2.7. Intra-atomic luminescent transitions in Eu*" jon.
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2.5. PHOTOLUMINESCENCE

Photoluminescence refers to luminescence stimulated by the interaction| of a photon
(visible, ultraviolet or infrared) with a solid material (phosphor). It is divided into two
major types, namely intrinsic photoluminescence and extrinsic photoluminescence [19].
Intrinsic photoluminescence is displayed by materials, which contain no impurity atoms.

Extrinsic photoluminescence results from intentionally incorporated impurities, in most

cases metallic impurities or intrinsic defects [19).
2.5.1. INTRINSIC PHOTOLUMINESCENCE

There are three kinds of intrinsic photoluminescence, namely band-to-band, exciton and
cross-luminescence. Band-to-band photoluminescence occurs when an electron in the
conduction band recombines with a hole in the valence band. This process can only be
observed in materials of high purity and high lattice quality. An exciton i:s a composite
particle resulting from the coupling of an electron and a hole [20]. It then travels in a
crystal and produces luminescence by releasing its energy at luminescent centres [20].
Cross-luminescence is produced by the recombination of an electron in the| valence band

with a hole in the outermost core band [19].

2.5.1. EXTRINSIC PHOTOLUMINESCENCE

Extrinsic photoluminescence is produced by intentionally incorporated impurities. In
most cases this is produced by metallic impurities and defects [19]. Extrinsic
luminescence is divided into two types, namely localized and delocalized Juminescence.
In a delocalized luminescence the excited electrons and holes of the host lattice
participate in luminescence process [19]. ZnS:Cu,Al,Au is an example of a phosphor
where delocalized luminescence occur. In localized luminescence, the host lattice does
not contribute to luminescence process. The luminescence process ii‘ confined to

activators such as Eu?** ions in Y,05:Eu phosphor . }
\
|
|
|
i
1
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2.5. APPLICATIONS OF CATHODOLUMINESCENCE AND
PHOTOLUMINESCENCE

Cathodoluminescence and photoluminescence have many applications in light- emitting
devices such as CRTs, FEDs, fluorescent lamps, solid state lasers, optical wave guides

and fiber amplifierr In CRTs and FEDs light emission is produced by

cathodoluminescence process in which the electrons, from the cathode, | interact with
phosphor material deposited on the screen of the device. Photoluminescende can be used
to determine the bandgap of new semiconductor compounds, to identify sp'eciﬁc defects,
to understand the physics underlying the recombination mechanisms in semiconductors
and also to determine the quality of materials by quantifying the amount of radiative

recombination produced [19].

2.5. CATHODOLUMINESCENCE DEGRADATION
|

Cathodoluminescence intensity of CRT/FED phosphor is known to degraJde drastically
due to prolonged exposure to a beam of electrons. Degradation of the CL intensity of
phosphors has been a subject of interest since the 1960s. It is defined as a reduction
(quenching) of luminescence efficiency of phosphors during electron beam or photon
exposure [7]. There are two kinds of effects that contribute to the CL degradation. These
are (1) the presence of a killer (incidental impurities or lattice defects) ard (2) thermal

quenching (an increase in temperature) {7].
2.5.1. KILLERS
Killers are defects caused by incidental impurities (adsorbed atoms or molecules) as well

as defects that are inherent to the lattice. The impurities adsorbed at the surface may

quench cathodoluminescence by producing a non-luminescent surface layer [7] when

they react with ambient vacuum species. There are two ways in which killers can quench

luminescence of phosphors. First, bypassing killers are capable of capturin| free carriers

in competition with luminescent centres during diffusion of the free carrier$ produced by
|

18



excitation, allowing them to recombine non-radiatively. Second, ionization of impurity
atoms may quench luminescence when competing with intra-ionic radiative transitions

during resonant energy transfer processes [21].

2.4.2. THERMAL QUENCHING

Thermal quenching refers to reduction in luminescence of a luminescent centre due to an
increase in temperature. It occurs at high temperatures when thermal vibrations of atoms
surrounding the luminescent centre transfer energy away from the centre resulting in a
non-radiative recombination, and a subsequent depletion of the excess energy as phonons
in the lattice [22]. Thermal quenching process can be described in terms of
configurational coordinate model of a luminescent centre shown in figure 2.8.

:

thermal vibration .

ansinon from

a Ue toa Uz
vibrational siate

Figure 2.8. Configurational coordinate model of a luminescent dentre
[23].

The Uy and U, in figure 2.8 represent the energies of luminescent centres in the ground

state and in the excited state, respectively. If the centre is optically excited, the system
undergoes a vertical transition from the stable ground state (point 0 on the Up) to the
excited state (point B on the U,). This transition causes the system to adapt to the new
equilibrium situation by changing its atomic configuration from B to the new equilibrium
(A) along the curve U,, with excess energy dissipated as heat. In a short while, the
system undergoes a vertical jump, a radiative transition, from A to D, emittipg the energy
difference between the two states as radiation. This transition is then folhowed by the

|
[
|
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slower rearrangement of the atomic configuration from A to 0 along Ug, with excess
energy dissipated as heat. If the system temperature is too high, the luminescent centre
can be stimulated from A to C along U.. The centre may transit, at the crossing point C,

from the vibration state of the excited state to a different vibration state of the ground

state 0, with the vibration energy dissipated into the host lattice. Thus, the non-radiative

relaxation from A competes at high temperatures with a radiative transition from A to D,
1

causing thermal quenching of emission [7]. 3

2.5. PFANHL’S LAW AND AN ELECTRON STIMULTED SURFACE
CHEMICAL REACTION

Extensive research performed on the CL degradation of phosphors over the past four
decades has resulted in the proposal of Pfanhl’s law that describes the rate of degradation
of CL intensity, and in the development of a model called an electron stimlplated surface
chemical reaction (ESSCRY), which predicts that the CL degradation is depended upon the
type of gas in the vacuum, gas pressure, beam voltage and electron (coulombic) dose

[24].

2.5.1. PFANHL’S LAW

Pfanhl’s law was proposed by A. Pfahnl [25] in the 1960s after investigating the CL
degradation in a large number of phosphors. He attributed the CL degradation in non-
activated phosphors such as ZnO and CaWO4 phosphors to the creation| of new non-
radiative recombination sites, whereas in many Ce*" activated phosphors he}attributed the
CL degradation to both increasing non-radiative recombination and de‘Lactivation of
luminescent sites by charge compensation (i.e. Ce**— Ce**). The expression (Pfanhl’s
law) that describes the rate of CL intensity of phosphors is given by [25]:

IU
(1+CNY’

I(N)= @.1)
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where 7 is the aged CL intensity, Iy is the initial CL intensity, N is the numbs
per unit area and C is the burn parameter which is equal to the inverse of t
electrons per unit area required to reduce the intensity to half its original val
2.5.2. ELECTRON STIMULATED SURFACE CHEMICAL R
A mathematical model of an ESSCR developed by Holloway et al [2
correlation between degradation of CL intensity and the depletion of sulp
the surface of ZnS:Cu,AlLAu and ZnS:Ag,Cl powder phosphors. Accg
model, the concentration of S on the surface, Cs, can be represented

chemical rate equation:

“C e
dr

CH‘

us?

:r of electrons
he number of

ue [25].
EACTION
4] shows the
hur (S) from

irding to this

vy a standard

2.2)

where & is a chemical rate constant, C] is the concentration of the adsorbed atomic

species that will react with ZnS, # is the order of the surface reaction; and
surface reactions are assumed [25]. Assuming that the reaction takes
surface, C,s can be expressed as:

C,=2¢_C

ma era.r’

where Z is the number of reactive atomic species produced from the parent
is the dissociation cross section of the molecule to atoms, C,, is the surface
of the molecular species, J is the current density causing the dissociation,
lifetime of a reactive atomic species [25]. C,, controls the rate of producti

can be expressed as:

P,
N 2emkT

C, =0 (7,2

)

where o is the molecular sticking coefficient and the first term in br

the first order

place on the

2.3)

molecule, ¢,
concentration
and 1, is the

on of C,. and

2.4)

ackets is the

molecular mean stay time on the surface, while the second term in buackets is the
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molecular flux onto the surface. 7, is the mean time between attempts by| the adsorbed

molecule to escape from the surface, Q is the energy required to desorb frotn the surface,
k is Boltzman’s constant, T is absolute temperature, and P,, is the partial pressure of the

molecular gas in the vacuum. Substituting equations (2.3) and (2.4) into (2.2) gives:

% = —koC,Z¢, J7 . (r,e?" ) st

J2mrmkT ) )

Equation (2.5) may be written as

@<, __kupa, (2.6)

"

5

where K'’is defined by
K'=koZ¢ 1, (1,62 ) 2nmkT). 2.7
Integrating equation (2.7) with respect to time yields

Cg - C_?e-X?"J’, ‘ (28)
where the boundary conditions of C, =C? at time equal to zero were appliéd. Jt is equal

to coulomb per unit area or the electron dose, also known as the coulomtlic dose [24].
This model predicts that the concentration of S will decrease expongntially with
coulombic dose, and the rate of loss will be larger at higher gas pressures.|Since the Cs
and the CL intensity are correlated, equation (2.8) can be written in terms of the CL

intensity, /-, as
Loy = 1o e ™" 2.9)

The study of degradation of sulphide phosphors such as ZnS:Cu,Al,Au, ZnS:Ag,Cl and

Y20;8:Eu showed a direct correlation between the decrease of CL intensity and changes

22




in the surface chemistry during prolonged exposure to a beam of electrons. These

changes suggest that electron beam stimulated surface chemical reactions are accurring.
u

!
}

|
In the case of ZnS phosphors, it has been widely accepted that ZnS can combine with

reactive atomic species from electron-beam-dissociated ambient vacuum gages such O,

and H,O to form a non-luminescent layer of either ZnO or ZnSQO4 [26,27]. The formation

of these layers can be expressed by the following chemical reactions: |
|
|

ZnS +20, = ZnSO, o (@10
2ZnS +30, = 27Zn0 + 280, 2.11)
ZnS + H,0 = ZnO + H,S( 1) (2.12)

I

Itoh et al. [27] reported that a ZnSO4 layer was formed on the suHace when
Zn8:Cu,ALLAu was degraded in an H,O, which is not in agreement with equa’,tions (2.10)
and (2.12). Swart et al. [26] used XPS to confirm that a ZnQ layer was foil'med on the
surface of the ZnS:Cu,Al,Au phosphor according to reaction (2.11). Sebastidn et al. [28]
proposed the formation of ZnO layer according to reaction (2.12). Chen er al. [29]
degraded ZnS:Cu,Al,Au powder phosphors in different mixture of gases and concluded
that ZnSOy layer was formed when degrading in the dry Oz ambient and Zn0O layer was
formed when degrading in an H,O ambient. Along with the formation of ZnO layer,
Sebastian et al. [28] demonstrated that subsurface point defects of isoelectrgnic oxygen,
which led to an increased probability of non-radiative recombination, were %llso created.
In the case of Y20,S:Eu, the ESSCR led to the formation of less luminescent Y,0;:Eu
layer [25], which decreased the CL intensity significantly. 'l

|

|

!

|

|

|
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2.6. THIN FILM PHOSPHORS AND SURFACE COATINGS

|
Physical and luminescent properties of Y503:Eu thin films grown by either pulsed laser

deposition or metalorganic techniques have been investigated by various researchers [30-

34]. It has been reported that post-deposition annealing at temperatures |ranging from

800°C to 1200°C improved luminescent intensity of thin film phosphors considerably
[16,30-33]). However, the study of luminescent properties of Y;0,S:Eu thin films
demonstrated that Eu’* ions substituted Y°* ions in the lattice and forme%:l luminescent

centres even without post-deposition annealing [35]. |

Singh ef al. [33] investigated the effects of optical properties of different substrates and
of surface roughness on the brightness of Y,0s3;:Eu thin films growniby the PLD
technique. The films were grown on quartz, lanthanum-aluminum oxide (LAO), sapphire
and silicon substrates. The films grown on quartz exhibited the highest CL brightness
followed by those on sapphire, LAO and silicon substrates, respectively [33]. The results
show that both the optical properties and the surface roughness play a major role in
controlling the CL brightness of thin films, i.e. films grown on substrates with good
optical properties like quartz have a better light output and rough surfaces also increase

light output by suppressing total internal reflection.
|
|

Thin film phosphors are generally less bright than powder phosphors because an
estimated 80% to 90% of the light generated within the film is lost due to internal
reflection [31]. However, the effects of total internal reflection can be reduced by
tailoring the surface using various methodologies including variation in processing
conditions, modifying the surface and adding a buffer layer between the[ﬁlm and the
substrate [33]. |

Coating thin film phosphors with materials that delay the onset of degradati(lm can reduce

the rate of degradation of CL intensity. Fitz-Gerald et al. [36] coated Y,0,S8:Eu phosphor
|

with TaSi, and they observed a significant reduction in the rate of loss of |CL intensity,
|

and the coating did not affect the integrity of the phosphor. Hillie and Swatt [34] coated
P



ZnS:Cu,Au,Al thin film phosphor with CdO and established that CdO coating delayed
the formation of a non-luminescent ZnO layer on the surface thereby reducing the rate of
loss of CL intensity considerably. Trottier [37] established that some coatings such as
Si0; and Ag increased the rate of degradation of Y,0,S:Eu thin film phosphors. It is
therefore important to use coating materials with selected optical properties, which are

not detrimental to the handling qualities, brightness and chromaticity of phosphors and

they must be thin enough to be transparent to light resulting from excitatﬁon by low

energy electrons [36]. I

2.7. ENERGY TRANSFER IN PHOSPHORS

!
The process of energy transfer in phosphors involves interaction begtween two

luminescent centres referred to as the sensitizer (energy donor) and the activator (energy
acceptor). The interaction can be an exchange interaction (e.g. spectral or wave function
overlap) or an electric or a magnetic multipolar interaction [20]. Energy transfer can
occur between a pair of identical luminescent centres (e.g. two identical rare-earth ions}
or between two non-identical centres. Energy transfer between two identical centres,
especially two identical rare-earth ions, has been an issue of research for the past two

decades. In this study, energy transfer was evaluated between non-identical centres.
The process of energy transfer between two non-identical centres, a sensﬁtizer/energy

donar (D) and an energy acceptor (A) separated by a distance R in a phosphor, is

illustrated in figure 2.9.
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b

Figure 2.9. (a) Two centers D and A separated by a distance R, (b) en#rgy transfer

between D and A, and (¢) the overlap between D emission and A absor“)tion spectra
(201, |

Energy transfer can only occur if the energy differences between the grodlnd states and
the excited states of D and 4 are equal and if a suitable interaction (e.f. spectral or
wavefunction overlap) exists between the centres [20]. The rate of energy transfer (Pp,)

between D and 4 is given by [20]:

B, -E;;r—|<D,A'

|

|

|

* 2 |
Hp|D' 4> [e,(E)g(E)YIE, | (213)

!

|

where the matrix element represents the interaction between the initial state |D ,A>and
1
the final state < D, A’|. Hyp is the interaction Hamiltonian and D" and 4" are the excited

states of D and 4. The integral represents the spectral overlap between D emission and A4

26



absorption where gx(E) is the normalized optical line function of center x (x

D’ can decay to the ground state non-radiatively by transferring energy to Al
|

= D or A).

with a rate

Pp, (transfer rate) or radiatively with a rate Pp (radiative rate). The critical distance (R.)
|

for energy transfer is defined as the distance for which Pp, equals Pp. For R > R,

|
radiative emission from D prevails, and energy transfer from D to 4 dominatds for R <R
|

[20]. |
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|
CHAPTER 3: AN OVERVIEW OF RESEARCH TECHNIQUES
' |

\
I
|
3.1. INTRODUCTION |
|
|

A wide variety of surface analysis techniques were used to studyi degradation,
morphology and crystallinity of oxide-based powder and thin film phosbhors. These
include Auger electron spectroscopy (AES), x-ray photoelectron spectrosc&:py (XPS), x-
ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM). In addition, the pulsed laser deposition (PLD) technique
was used to grow and coat thin luminescent films. The AES and the XPS{ were used to
monitor the elemental composition on the surfaces of powder and thin ﬁhm phosphors
during electron or x-ray bombardment, respectively. The SEM was u“f‘.ed to obtain
information about morphology of powder phosphors. The XRD was us%:d to identify
crystalline phases of powder samples and the FTIR was used to identifyiand/or verify

compounds synthesized by a sol-gel process. This chapter provides an introductory

overview of some of the techniques used in this study.

\
\
|
3.2. AUGERELECTRON SPECTROSCOPY ;
?
Auger electron spectroscopy (AES) was developed in the late 1960s a.ndi it Cierives its
name from Pierre Auger, a French physicist who discovered the Auger effect in the mid
1920s [1]. The basic Auger process involves three steps. First, an electron ifrom the core
level (K level) of an isolated atom is removed by an incident primary :electron with
sufficient energy (typically in the range of 2-10 keV). Second, the resultir}mg vacancy in
the K level is immediately filled out by an electron from the L, level arlld the energy
released in this transition is simultaneously transferred to a second eIect‘fon in the L»

level. Third, this electron is ejected from the atom as an Auger electron, The Auger

|

electrons are detected and analyzed with an electron spectrometer. In the }‘\uger process
|

illustrated in figure 3.1, the final state is a doubly-ionized atom with core holes in L; and

L, shells.
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Figure 3.1. Three basics steps of the AES: (1) removal of the K electron (2) filling of
the vacancy by the L; electron and (3) emission of the Auger electron from the L,

level. |
|

|
I

The emitted Auger electron is referred to as a KLL electron [2]. It should bje noted that
Hydrogen and Helium atoms cannot be detected by AES because they have ho electrons
occupying the L level [1,2]. The energy of the Auger electron (Egz;) can l‘?e estimated
from the binding energies of the levels involved in the Auger process by the e:xpression:

Ey,=E,~E, -E,, | (3.1)

|

where Fy, E I ,EL1 are the energies associated with levels K, L, and L, respe&tively. The
\

energy of Auger electrons is usually between 20 and 2000 eV [2]. This energy is
characteristic of the atom from which it was emitted and the number of Eelectrons is
dependent on the concentration of that element in the sample [2], i.e. it is inc:lependent of
the energy of the primary electron. The essential components of an AES spectrometer
are ultra high vacuum (UHV) chamber, electron gun, electron energy ahalyzer and
electron detector [1]. Figure 3.2 shows the PHI model 549 Auger spectrorAeter used in
this study. ,
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Figure 3.2. The PHI model 549 Auger spectrometer.

33. X-RAY PHOTOELECTRON SPECTROSCOPY :

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is a widely used surface technique to obtain chemical
information at surfaces of various materials. The XPS process involves the ejection of an
electron (photoelectron) in vacuum from the K level of an atom by an energetic incident
x-ray photon [3]. Photoelectrons are collected and analyzed to produce a :spectrurn of
emission intensity versus electron binding energy. In general, the binding ean:rgies of the
photoelectrons are characteristic of the element from which they are emitts:ed [4]. The

schematic of the XPS process is shown in figure 3.3. :
|
|
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Figure 3.3. Schematic diagram of the XPS process in copper [5].

The kinetic energy (Ex ) of the ejected photoelectron is dependent on the energy of the
incident photon (Av) according to the following equation [5]:

E =h-®-E,, (3.2)

where hv is the x-ray photon energy, E, is the binding energy of the photoelectron in the
parent atom and @ is the work function of the target material. The low kinetic energy (0
- 1500 eV) of emitted photoelectrons limit the depth from which it can emerge and this
means that the XPS is a very surface-sensitive technique [4]. The basic con:lponents of a
XPS spectrometer are an x-ray source, electron energy analyzer for the pﬁotoelectrons,
and an electron detector. The XPS spectrometer used in this study was the Quantum
model 2000, shown in figure 3.4, from the South African Council for §Icientific and
Industrial Research (CSIR). '
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Figure 3.4 Quantum 2000 scanning x-ray photoelectron spectrometer.

3.4. PULSED LASER DEPOSITION

The pulsed laser deposition (PLD) technique for growing thin films involves ablation of a
solid target in a high vacuum chamber — either in vacuum or in the pre:;ence of some
background gas by means of laser pulses [6]). In this technique, a laser beam (usually an
excimer laser) is directed at a solid target and its interaction with the tméet produces a
plume of the target material that is ablated on a heated substrate placed dire{:tly in the line

of the plume. An example of a laser plume during ablation is shown in ﬁgu:re 3.5.
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Figure 3.5. A picture of laser plume during ablation [7].

Multiple targets can be loaded inside the chamber on a rotating holder and be sequentially
exposed to the laser beam, thereby enabling the in-situ growth of heterostructures and
superlattices with relatively clean interfaces [6]. The PLD technique has a number of
advantages over conventional thin-film deposition techniques (e.g. spray Ipyrolysis and
MOCVD), including cost-effectiveness, stoichiometric transfer, and inheré:nt simplicity
for the growth of multilayered structures [6]. The PLD system used in tl:liS study (see
figure 3.6) was from the Laser Institute at the University of Stellenbosch.
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Figure 3.6. The PLD system for growing thin solid films.
3.5. X-RAY DIFFRACTION

X-ray Diffraction (XRD) is a powerful non-destructive technique used to investigate
structural properties of crystalline materials. It can be used in applications such as phase
identification, determination of grain size, composition of solid solution, lattice constants,
and degree of crystallinity in a mixture of amorphous and crystalline substances [4]. A
diffraction pattern is produced when a material is irradiated with a collimated beam of x-
rays. The x-ray diffractometer used in this study was Philips APD model 3720, shown in
figure 3.7, from the Major Analytical Instrumentation Center (MAIC) at thelUniversity of
Florida (USA).
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Figure 3.7. Philips APD 3720 x-ray diffractometer.

3.6. FOURIER TRANSFORM INFRARED SPECTROSCOPY :
Infrared (IR) spectroscopy is a non-destructive analytical technique used to identify
organic and inorganic compounds. IR spectra are obtained by detecting changes in
absorption (transmittance) intensity as a function of frequency. If an unknown compound
is subjected to IR radiation of a specific frequency (usually between 300 and 4000 cm™),
it will absorb the energy allowed by vibration of the bonded atoms [8]. The compound
will be identified by fingerprinting, i.e. by matching the spectrum obtained with the
reference spectrum. Most commercial instruments measure [R radiation using Fourier
transform spectrometers, hence the technique is popularly known as F ou1:-ier transform
infrared (FTIR) spectroscopy. The three basic components of the FTIR 'system are a
radiation source, an interferometer, and a detector [1]. A simplified layout of a typical
FTIR spectrometer is shown in figure 3.8. The FTIR spectrometer used in this study was
a Nicolet Model 20 SXB, shown in figure 3.9 from Particle Engineering ReISearch Centre
(PERC) at the University of Florida. |
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Figure 3.8. Simplified layout of a FTIR spectrometer |S].

Figure 3.9. Nicolet Model 20 SXB FTIR spectrometer.

3.7. SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) is a technique in which a beam of ﬁrllely focused
electrons is used to examine materials on a nanometer ;to micrometer zscale. The
examination can yield information about topography, morphology, coméosition and
crystallography of materials {9]. When a beam of primary electrons impinges the surface
of a sample, it generates low energy secondary electrons. The intensity of these
secondary electrons is governed by the surface topography of the sample. An image of
the sample surface is therefore constructed by measuring secondary electron iﬁtensity asa

function of the position of the scanning primary electron beam [4]. In this study, the
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SEM images of powder and thin film samples were obtained using Leo-Field Emission

Scanning Electron Microscope model 1525 (see figure 3.10) from the CSIR%

Figure 3.10. Leo-Field Scanning Electron Microscope.
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CHAPTER 4: DEGRADATION OF Y;0;3;:Eu POWDER |
PHOSPHORS I

4.1. INTRODUCTION ;

In this chapter, degradation of the CL intensity and the corresponding surfa;:e changes on
the chemical composition of commercial Y>03;:Eu powder phosphor are discussed. The
standard Y,0;3:Eu powder phosphor was obtained from Phosphor Technology in the
United Kingdom. Y,03:Eu is a well-known red-emitting photoluminescence and
cathodoluminescence phosphor used in high resolution and projection television screens,
and fluorescent lighting. It has replaced the traditional red-emitting yttrium oxysulphide
(Y20,S:Eu) phosphor because of its efficiency at high temperatures and stability in poor
vacuum pressure [1]. It has a quantum efficiency that approaches 100% and it fulfils all
the requirements for a good red-emitting phosphor [2]. It is considered one of the most

promising oxide-based phosphors to be used in low voltage FEDs.
42. EXPERIMENTAL

Auger electron spectroscopy (AES) and Cathodoluminescence (CL) spectroscopy were
used to monitor changes on the surface and the corresponding decrease of the CL
intensity, respectively, during electron beam bombardment. The AES measurements
were taken in an ultrahigh vacuum (UHV) chamber using a PHI Mode¢l 549 Auger
spectrometer. The chamber was first evacuated to 2.9 x10” Torr before backfilling to
1x107 or 1x10°® Torr O2. The CL data was collected with an S2000 miniature fiber
optics spectrometer. Figure 4.1 shows the schematic diagram of the PH:I Model 549
Auger spectrometer with a quartz view port of the S2000 spectromf:;ter mounted

approximately 60° to the incident electron beam.
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PC for CL measurements

Optical Spectrometer

Figure 4.1. The schematic diagram of the AES system and the S2000 Optical

Spectrometer.

Both the Auger and the CL measurements were taken simultaneously with the same
electron beam of energy 2 keV and the beam current of 10 pA. The diameter of the
electron beam was 120 pm, which was determined by measuring the beam current as a
function of distance while moving the edge of the Faraday cup perpendicular to the
electron beam (see ref. [5]). The current density was calculated by dividing the beam
current with the beam area and its value was 88.5 mA/cm®. Residual gas mass analyses
(RGA) were performed using an Anavac-2 mass analyzer. The RGA spectra were
collected before and after bombarding the Y,0;:Eu powder phosphors with 2 keV

electrons.
4.3. RESULTS AND DISCUSSIONS

Figure 4.2 shows the RGA spectra taken at base pressure of (a) 2.9x10”° Torr O when
the electron beam was off and after 10 hours of degradation at (b) 1x10”7 Torr O,.
Residual gases such as water vapour (H,O), methane (CHj), carbon mol:loxide (CO)
Argon (Ar) and (CO;) were present at base pressure before O; was leaked into the
system. After degradation, all other gases except Hz, CO and Ar were remo{lled from the

vacuum chamber. The removal of these gases is attributed to electron béam induced
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surface chemical reactions. The RGA data shows that there was no Oy in the system

before backfilling to 1x107 Torr O,. .
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Figure 4.2. RGA spectra taken (a) before degradation at base pressure of
2.9 x 10”° Torr and (b) after degradation at 1 x 10”7 Torr Os.

Figure 4.3 shows the Auger spectra taken before and after degradation with a 2 keV
electron beam at 13107 Torr O2. The elements present on the surface were yttrium (Y),
adventitious carbon (C) and oxygen (O). The intensity of the Auger peak of Y and O
increased slightly after degradation suggesting that there was an increase in the atomic
concentration of each of these elements. The absence of C Auger peak after degradation

is attributed to a reaction between C and O to form volatile COy species. |
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Figure 4.3. Auger spectra of Y>0;:Eu powders (a) before and (b) after
degradation at 1x10” Torr O,.

The CL emission spectra of Y;03:Eu powders (a) before and (b) after 10 hours of
degradation are shown in figure 4.4. Due to a shielding effect of the 4f electrons by the
5s and 5p electron shells of the Eu** ion, light emission in Y;0;:Eu does not involve a
transition between an activator (Eu’") and a solid state band (Y203) [3,4]. It results from
f—>f electronic transitions in the Eu’* ion (see figure 2.7). The main emission peak due
to a °Djg — 7F2 transition is at a wavelength of 611 nm. Less intense emission peaks at 535
nm, 590 nm, 628 nm and 711 nm due to SDQ—)7FJ (J = 0,1,2,3,...) transitions are also
visible, The fact that the main emission peak at 611 nm did not shift from its original
position during degradation suggests that exposure to electron beam did not change the
radiative relaxation process for Eu*". After degradation, the main emission peak is only

20% of the initial intensity, showing a significant reduction in the CL intensity.
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Figure 4.4, CL spectra of Y;O3:Eu before and after degradation

at 1x107 Torr O,.

Figures 4.5 (a) and (b) show the Auger peak-to-peak heights (APPHs) of O, Y and C and
the CL intensity as a function of electron dose during degradation at 1x10% and 1x107

Torr Oz, respectively.
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Figure 4.5. The CL intensity of Y,O;:Eu powders and the APPHs of O,Y,
and C as a function of electron dose during degradation at (a) 1x 10 Torr O,

and (b) 1x10”7 Torr O,.
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Initially, the Auger peaks of Y and O increased marginally before stabilizing for the
duration of the experiment. The increase is probably due to removal of C from the
surface according to the ESSCR model discussed in chapter 2 (sec 2.3.5). The CL
intensity from both graphs decreased continuously with exposure time. Figu:fe 4.6 shows
the normalized CL intensity curves during degradation at 1x10”® and 1x107 Torr O,.
Consistent with the results of Swart er al. [5] and Itoh et al. [6], the decrease of

degradation of CL intensity was faster at higher oxygen pressure (i.e. at 1x107 Torr).

Normalized CI. (arb.units)
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Electron Dose (Cfcmz)

Figure 4.6. Normalised CL intensity of Y,0;:Eu powder phosphor during
degradation at 1x10° Torr 02 and 1x10”7 Torr O,.

The ESSCR model proposed for the degradation of ZnS phosphors could be applicable to
Y:0;:Eu powder phosphors. It should be recalled that the dissociation of Zn-S bonds by
electron beam bombardment is followed by desorption of S and the increase of Zn and O
Auger peaks due to the formation of a dead layer of ZnO. In the case 6f Y,03:Eu

powders, no desorption of atomic species was observed from the surface during
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degradation. In stead there was a relative increase in the Auger peak from O at (a) 1x107
and (b) 1x10°® Torr O as shown by the peak ratios of O/Y as a function of the electron
dose in figure 4.7. The data suggest that a less efficient oxygen-rich Y;03.x:(x >0) layer
was formed on the surface according to the ESSCR model. This layer could be
responsible for the degradation of CL intensity.

6.4

-

6.2-
6.0 (a) Oxygen/ Ytriumat1x107 Torr O,
5.8
5.6
5.4-
5.2
5.0
48-
46
444

4.2 T T T T T T
o 500 1000 1500 2000 2500 3000 3500
Electron Dose (Cr‘cmz)

APPH Ratios
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Figure 4.7. APPH ratios of O/Y as a function of electron dose during degradation at
(a) 1 x 107 Torr O; and (b) 1 x 10° Torr 0,

4.4. CONCLUSION

Degradation of CL intensity of Y2O3:Eu phosphor powder was investigated by AES and
CL spectroscopy. The degradation was attributed to the formation of a less luminescent
oxygen-rich layer of Y,01+x on the surface. The rate of decrease of CL intensity was
higher at 1%10”7 compared to 1x10°® Torr O,. The electron beam irradiation could also
cause incorporation of O isoeletronic traps in the near surface region [7] resulting in an

increased non-radiative recombination.
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CHAPTER S: DEGRADATION OF PULSED LASER
DEPOSITED Y,0;:Eu THIN FILM PHOSPHORS

5.1. INTRODUCTION

The PLD technique was used to grow thin luminescent films of Y,0;:Eu phosphor on
silicon (Si) (100) substrates. A protective surface layer of tantalum pentioxide (Ta;0s)
was ablated on some of the films in order to decrease the rate of degradation of CL
intensity. In addition to its good optical properties, Ta,Os was chosen because it is
known to be absorption-free over the wavelengths ranging from 390 nm to 1000 nm [1].
This makes it an excellent coating material for all materials emitting within the visible

region of the electromagnetic spectrum.
5.2. EXPERIMENTAL

A commercial Y,0;:Eu powder phosphor obtained from Phosphor Technology (UK) was
first ground using a mortar and a pestle, annealed at 800°C in laboratory air for 24 hours,
and then pressed without binders into pellets to make solid targets for laser ablation. Si
(100) substrates were first ultrasonically degreased for 5 minutes in acetone, methanol
and isopropanol sequentially; and then blown-dry with nitrogen gas. The pressed
Y,05;:Eu and commercial Ta;Os targets were mounted on a rotating holder and a Si
(100) substrate was mounted on a heater (perpendicular to targets’ holders). The distance
between the targets and the substrate was 4.2 cm. The schematic diagram of the PLD
system is shown in figure 5.1. The ablation process was carried out at 0.3 Torr O,
backfilled from a base pressure of 5.1 x 107 Torr, and a substrate temperature of 700 °C
using a Lambda-physik EMG 308 nm XeCl excimer laser. The laser beam was operated
at a repetition rate of 10 Hz, an energy density of 6.2 J/em® and pulse duration of 25 ns.
Ablation of Y>0;:Eu was achieved with 900 laser pulses and only 50 pulses were used to

ablate TayQs.
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Figure 5.1 Schematic diagram of the PLD system.

XPS was used to determine the chemical composition of the major chemical elements,
AES was used to examine the changes on surface chemical composition and CL

spectroscopy was used to monitor the decrease in the CL intensity during degradation.
5.3. RESULTS AND DISCUSSIONS

Figure 5.2 shows the XPS spectrum of Ta;Os-coated Y>O3:Eu thin film. The presence of
Y,0 and Ta on the surface suggests that Y,0;:Eu and TayOs were ablated on the Si (100)

substrate. Eu’" jons could not be detected by the XPS probably due to their relatively

low concentration in Y503 matrix.
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Figure 5.2. XPS spectrum of Ta;0s-coated Y;0;:Eu thin film grown on a Si (100)

substrate.

The Auger and the CL data were collected in a 1x 10 Torr O vacuum backfilled from a
base pressure of 3x10? Tomr. Both the uncoated Y»0;:Eu and Ta;0s-coated thin films

were irradiated for 10 hours with a 2 keV, 88.5 mA/cm? beam of electrons.

The AES spectra of Ta;Os-coated Y;Os:Eu thin films (a) before and after 10 hours of (b)
degradation at 1x 10 Torr O, are shown in figure 5.3. The fact that the AES could not
detect even the most intense Auger peak of Y at 127 eV [2] and Ta suggests that the
ablated Y,03:Eu and Ta,Os films were too thin. It is therefore reasonable to tentatively
assign the peak at 83 eV to Si (from the substrate) rather than Y. It should be noted that
the Auger peak from elemental Si is at 92 eV [2] and the peak at 83 eV is associated with
Si in the SiOy (x > 0) compound (see chapter 6). It is therefore most likely that the
interfacial SiOy layer was formed during pulsed laser ablation. Choi ef al. [3], Bardal et

al. [4] and Sharma et al. [5] reported that the SiO, layer was formed at the interface
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during epitaxial growth of Y,Os films on the Si (100) substrates. The intensity of O
Auger peak from the degraded sample is less than that of the O peak from undegraded
sample, showing that O desorbed from the surface during degradation. The absence of C
after degradation suggests that C reacted with O to form volatile CO, species.

(a) Before degradation

273 eV - Carhon

) After degradation

AN(E)/AE

512 eV - Oxygen
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Figure 5.3. Auger spectra of Ta;Os-coated Y>O3:Eu thin film (a) before and
(b) after degradation at 1x10” Torr O,.

Figures 5.4 and 5.5 shows respectively the normalised APPHs of O and CL intensity as a
function of the electron dose for uncoated and TayOs-coated Y;0;:Eu thin films. The
Auger peak from O was decreasing with the CL intensity in both the uncoated and Ta,0s-
coated films, showing that there is a correlation between desorption of O and the decrease
of CL intensity. In ambient laboratory light, the red light emitted from the uncoated film
was more intense than that of the Ta,Os-coated film. The low intensity from the Ta;Qs-
coated film could be attributed to light trapping by total internal reflection at the

substrate-phosphor and Ta,Os-phosphor interfaces due to smooth surfaces. Jones et al.
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[6] and Singh et al. [7] pointed out that smooth surfaces are responsible for light trapping
at interfaces. Although the CL intensity of Ta;Os-coated film was less than that of the
uncoated film, it is clear that the TayOs layer reduced both the CL degradation and
desorption of O significantly. If light trapping can be overcome by making the surface
rougher, by inserting a buffer layer between the substrate and the ablated material or by
post-ablation annealing at elevated temperatures (~1000°C) as reported by Jones ez al. [6]
and Singh ef al. [7], then Ta;Os would make a good protective layer in reducing the rate
of CL degradation and desorption of atomic species from phosphor surfaces. Desorption
of O from the surface suggest that a less-luminescent, oxygen-deficient Y;0;.x (0<x<3)
surface layer was formed. This layer could be responsible for the degradation of the CL

intensity.

Tazos - coated Y203:Eu film

Uncoated Y203:Eu film

Normmalized Oxygen APPHs (arb.units)

™T

—— -7
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Figure 5.4. Normalised Auger peak heights of O as a function of electron
dose for (a) uncoated and (b) Ta,Os-coated Y,O;:Eu thin films.
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Figure 5.5. Normalised CL intensity of (a) uncoated and (b) Ta;Os-coated
Y,0;:Eu thin films as a function of electron dose.
It is clear that Y,O3:Eu powders (chapter 4) and thin films display different behaviour of
degradation when exposed to a beam of 2 keV electrons. In the case of powders, the
decrease of CL intensity was faster and there was a slight increase in the concentration of
O on the surface relative to that of Y. In the case of thin films, the decrease of CL
intensity was relatively slow and O was desorbed from the surface. The reason for the

differences is not yet known at this stage.

5.4. CONCLUSION

Uncoated and Ta;Os-coated Y,O;:Eu thin films were successfully grown on Si (100)
substrates using the PLD technique. The changes on the surface chemical composition
and degradation of CL intensity of the films were investigated with the AES and the CL
spectroscopy, respectively. The degradation of CL intensity occurred simultaneously
with desorption of oxygen. A Ta;Os layer reduced the rate of degradation of CL intensity
and of desorption of oxygen from the surface of the films. The fact that thin films were
less bright than powders suggests that total internal reflection occurred at smooth

interfaces.
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CHAPTER 6: DEGRADATION OF Si0,:Ce, Tb POWDER
PHOSPHORS

6.1. INTRODUCTION

In this chapter, cathodoluminescence degradation of SiO:Ce, Tb (0.5 mol%Ce** and 1
mol% Tb>*) nanoparticle powder phosphors prepared by a sol-gel process is discussed.
Information on the synthesis of Si0,:Ce,Tb by the sol-gel process is provided in chapter
7 (section 7.2.3). Si0,:Ce,Tb powder samples were characterized with AES, CL
spectroscopy and XPS.

6.2. EXPERIMENTAL

The AES data was collected with a PHI model 549 Auger spectrometer. The samples
were irradiated for 10 hours with a 2 keV and 54 mA/cm? beam of electrons incident at ~
90° to the sample in an ultra high vacuum chamber containing either 1x10® or 1x107
Torr O;. The CL data was collected simultaneously with the AES data using an Ocean
Optics S2000 spectrometer, which was mounted at ~60° to the incident beam of

electrons.

The XPS data was collected with a Quantum 2000 spectrometer using Al K, x-rays of
energy 1486.6 eV. Survey scans were collected from 0 to 1400 eV with a beam diameter
of 100 um and a pass energy of 188 eV. High resolution scans were collected with a pass

energy of 29 eV.

6.3. RESULTS AND DISCUSSION

The CL spectra before and after degradation are shown in figure 6.1. The strongest
emission peak due to the *Ds— 'Fs transition in Th** ions was only 50% of the initial
intensity after degradation, showing a significant decrease of the CL intensity during 10

hours exposure to 2 keV electrons.
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Figure 6.1. CL emission spectra of Si0;:Ce,Tb powder phosphors before
and after degradation at 13107 Torr O,.

The AES spectra (1) before and (2) after degradation at 1x10” Torr O, are shown in
figure 6.2. The absence of C (usually at 273 eV) suggests that there was less
contamination from hydrocarbons in the UHV chamber. Before degradation, the Si
Auger peak associated with Si0; [1,2] was at 76.5 eV (spectrum 1). After degradation,
this peak was at 83.5 eV as shown in spectrum (2). The shift from low energy to higher
energy has been attributed to the change in the density of state in the valence band and
relaxation effects [1,2). It has been reported that prolonged electron beam exposure
reduces the peak intensity of Si peak in SiO; at ~70 — 80 eV due to development of the
new peak at ~92 eV, which is associated with elemental Si [1,2,3,4]. In this study, no Si
peak was observed at ~92 eV. Instead, the Si peak at 76.5 ¢V has shifted (by 7 eV) to
83.5 eV and the peak intensity has been slightly reduced.
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Figure 6.2. AES spectra (1) before and (2) after degradation.

The CL intensity of Si0;:Ce,Tb and Auger electron peak-to-peak heights (APPHs) from
O, Si and adventitious carbon (C) at (1) 1x107 and (2) 1x10® Torr O, are shown in
figure 6.3 as a function of electron dose. The concentration of C on the surface was
relatively low. It is clear that as the CL intensity decreased, the Auger peak intensity

from O also decreased while the peaks from Si and C remained constant.
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Figure 6.3. APPHs of O, Si and C as a function of 2 keV electron dose at (1) 1x1 07
and (2) 1x10° Torr Q3.
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Figures 6.4 shows the normalized CL intensity at (1) 1x10™® and (2) 1x107 Torr O, and
Figure 6.5 show the normalized oxygen Auger peaks (1) 1x107 and (2) 1x10° Torr O,
as a function of electron dose. It is clear that there is a correlation between degradation
of the CL intensity and desorption of O. Consistent with the results of Swart et al.[5] and
Pfahnl [6] the decrease of CL intensity was faster at high oxygen pressure, i.e. at 1x107
Torr Os,.
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Figure 6.4. Normalised CL intensity as a function of dose of 2 keV electrons
at (1) 1x10°® Torr O; or (2)1x107 Torr O,.
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Figure 6.5 APPHs of O as a function of dose of 2 keV electrons at (1) 1x10° Torr O
or (2) 1107 Torr O,.

Figure 6.6 shows the XPS survey spectra of the degraded (spectrum 1) and undegraded
(spectrum 2) Si0,:Ce,Tb nanoparticle powders. Spectrum 1 shows peaks from elemental
$1,0,Tb, Ce. The peak at 882 eV is associated with Ce in CeO, compound, suggesting
that a non-luminescent oxide layer of CeO, was formed on the surface. The absence of
Ce®* and Tb* ions in specttum (1) can tentatively be attributed to relatively low

concentrations of these ions in the Si0Q, matrix.
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Figure 6.6. XPS survey spectra of (1) degraded and (2) undegraded

8i0;:Ce,Tb powder phosphors.

High resolution scans of SiO; peaks at ~103 eV from degraded (spectrum 1) and
undegraded (spectrum 2) samples are shown in figure 6.7. Spectrum (1) is relatively
narrow and has shifted by ~0.2 eV to the left. A relatively small peak associated with
elemental Si appeared at ~98 eV in spectrum (1). The shifting of the spectrum and the
appearance of Si peak at ~98 eV suggest that an oxygen-deficient SiO, (0<x<2) layer was

formed on the surface of the degraded sample.
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Figure 6.7. XPS high resolution peaks of SiO; from (1) degraded and
(2) undegraded Si0,:Ce,Tb powder phosphors.

Based on the XPS, AES and the CL data, a correlation between the decrease of CL
intensity and of the Auger peak intensity from O could be established. Oxygen was
desorbed from the surface following the electron-beam dissociation of Si0,. An early
mechanism for desorption of oxygen from soda glass proposed by Lineweaver [7]
involves the production of a net negative charge in the glass when bombarded with high
energy electrons. This net charge sets up an electric field in the glass. Under the
influence of this field, the positive sodium ions present in the glass diffuse away from the
surface and the oxygen ions move towards the surface and are eventually released into
the vacuum. As documented by Thomas [2], the creation of an internal electric field is
not a necessary condition for the dissociation of SiO; and the subsequent desorption of O.
The mechanism of dissociation of SiQ; is widely accepted to be electron stimulated
desorption due to creation of an electron hole in the L3 level of Si and Auger relaxation

and emission from the valence band producing an O species that desorbs according to
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the Knotek-Feibelmann mechanism of electron stimulated desorption [8]. In this study,
desorption of O is attributed to an ESSCR. Under electron beam bombardment, the Si-O
bonds are broken and free oxygen is desorbed as ions [1,2] or as O, molecule following a
reaction with dissociated species (H, O or C) from vacuum ambient gases (e.g H,O, Oz
and CO,). It is quite likely that desorption of oxygen resulted in the formation of a non-
luminescent oxygen-deficient layer of silicon oxide (SiOy), where x<2. Formation of a
Si0, rather than a Si layer could explain the absence of the 92 eV Auger peak associated
with elemental Si in the AES spectra. Like the dead layer of ZnO on ZnS or the less
luminescent layer of Y,0s3:Eu on Y,0,S:Eu, the SiO, dead layer could be the main cause

of degradation of CL intensity of the Si0,:Ce,Tb phosphor.

6.4. CONCLUSION

It was also shown that the intensity of CL emission from the 8i0,:Ce,Tb phosphor
decreased simultaneously with desorption of oxygen from the surface. Possible
mechanisms to explain the effect of oxygen desorption on the reduced CL emission from
Si02:Ce, Tb powder phosphors were discussed. SiOy (x<2) and possibly CeO; layers
could be responsible for the degradation of CL intensity with increasing dose of 2 keV

electrons.
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CHAPTER7: PREPARATION OF ZnO AND RARE-EARTHS-
DOPED SiO, NANOPARTICLE PHOSPHORS BY A
SOL-GEL PROCESS

7.1.  INTRODUCTION

In recent years, significant progress has been made in an attempt to understand the
fundamental concepts of synthesizing nanomaterials with different shapes and particle
sizes for applications in a wide variety of technological areas such as electronic
information displays, catalysis, ceramics, magnetic data storage, structural components
etc. [1]. Various chemical processes including chemical vapour deposition (CVD), high
temperature organometallic and sol-gel have been developed for the synthesis and
commercial production of nanomaterials [1,2]. The sol-gel process has been used for
many years to produce metal oxide and ceramic powders with high purity and
homogeneity. The first silica and alumina gels were produced in the 1800s by Ebelman
and Cossa respectively [1]. Over the past two decade, this process has been widely used
to synthesise nanophosphors for possible application in low voltage FEDs. The most
commonly synthesized nanophosphors are SiO; doped with rare-earth elements, and ZnO
[3-6]. This chapter presents an overview of synthesis of nanophosphors of ZnO, Si0O;
doped with different concentrations of Ce**-Tb**, Ce**-Eu’*, or Ev**-Tb** ion pairs, and
Si0y:Ew/Ce with embedded ZnO nanoparticles. The samples were characterized with
XRD, FTIR, XPS and SEM.

7.2. SOL-GEL PROCESS

The sol-gel process involves the generation of a colloidal suspensions (sols) at relatively
low temperature, which are subsequently converted into viscous gels [1]. The gels are
usually dried at room temperature to form powders. In the sol-gel process, metal
alkoxides are formed from hydrolysis (using water or alcohol) of reactive metal

precursors, followed by condensation and polymerization reactions. Metal alkoxides are
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compounds formed from direct or indirect reactions between a metal M and an alcohol
ROH. During hydrolysis, the alkoxy groups (OR) are replaced by hydroxy! ligands (OH)

according to the following reaction:

M(OR), + H,0 — M(OH)(OR),, + ROH, (7.1)

where R is an alkyl group (C,Hzq+1). The mechanism of this reaction involves the
addition of a negatively charged HO® group to the positively charged metal centre M™)
followed by the removal of ROH [1]. Condensation occurs only when at least one
hydroxyl ligand (OH) is bonded to the cation M to form M-OH. Condensation can
proceed via olation (reaction by which a hydroxo bridge is formed between two metal
cations) or olation (formation of an oxo (O) bridge between two metal cations) according

to the following reactions:

olation: M-OH+M-OH, - M-OH-M+H,0 (7.2)
oxalation: M-CH+H-OM(ROM) — M-O-M+H,O(ROH) (7.3)

Removal of the solvents (water or alcohol) by condensation and unwanted impurities by
using organic reagents, and drying under atmospheric conditions are important steps in
the formation of organic, inorganic or composite organic-inorganic materials by the sol-
gel process. Several factors which are known to affect the hydrolysis reaction are: (1) the
nature of the alkyl group (2) the nature of the solvent (3) the concentration of each
species in the solvent (4) temperature (5) solvent to alkoxide molar ratio and (6) the

presence of an acid or a base catalyst [1].

7.3. EXPERIMENTAL

-

7.3.1 PREPARATION OF ZnO NANOPARTICLES

A detailed review of the preparation of ZnO nanoparticles by a sol-gel process can be
found in the literature [3-5]. For this study, 0.459 g of Zn(CH3COO); (zinc acetate) was
dissolved in 30 ml of ethanol (EtOH) using vigorous stirring at 80°C for 90 minutes. The
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resulting transparent solution was cooled in ice water. Then 0.22 g of NaOH was
dissolved in 10 ml of EtOH in a preheated ultrasonic bath and was also cooled in ice
water, This solution was slowly added to the transparent solution using vigorous stirring
in ice water. Oxides are formed during hydrolysis and condensation of dissolved species

according to the following reactions [4]:

Hydrolysis: ZnO-OAc+OH &2 Zn-OH + OAc’ (7.4)
Condensation: Zn-OH + Zn-OAc &2 Zn-O-Zn+ HOAc (7.5)

where Ac = acetate. A flow diagram for the preparation of ZnO nanoparticles is shown

in figure 7.1.
- “ -
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Dissalve NaOH 1n a Stir for L hour &
prehested ultrasonic bath 75 -80°C

. Cool in ice water
Coolin ot water [ {5 - 10min)

Add NaOH sol, to
ZnlCH,C, ), sl
dropwise within
| tin

houry of storage at room

Green emussion observed
immediately or after 24
lemperature

(Wash m EtOH-heptane mixture
{1:2 volume satio) Ceoninfuge at 900
pm. Repeat washing at least 3 himes

Redisperse 1n EtOH and/or dry at 90°C for
2 hours, Ready for characterization

Figure 7.1. A flow diagram for the sol-gel preparation of ZnO nanoparticles.

The unwanted CH;CQO™ and Na' ions were removed by washing the gels repeatedly in a
mixture of ethanol and heptane (volume ratio of 1:2). The ZnO nanoparticles were either

precipitated by centrifuging and dried at 90°C for two hours or suspended in EtOH.
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7.32. PREPARATION OF SiO;:Eu (Eu** = 1 mol%) AND SiO,:Ce(Ce*'= 1 mol%)
WTH ADSORBED ZnO NANOPARTICLES

A SiO;:Eu gel was prepared by mixing 10.4 g of tetraethylorthosilicate (TEOS) solution
with 4.6 g of EtOH and 4.5 g of 0.15 M HNOs;. The mixture was vigorously stirred at
room temperature for 1 hour. Then 0.216 g of Eu(NO;).6H,O was dissolved in 4.6 g of
EtOH, then added to the TEOS solution, and stirred for 1 hour at room temperature. The
resulting transparent solution was divided into two parts and one part was combined with
the EtOH suspension of ZnO nanoparticles with a molar ratio of 20:1 (Si:Zn), and stirred
for 1 more hour. A few drops (10-15 drops) of 0.15 M of NaOH were added to the
mixture in order to balance the pH. The gels were dried at room temperature for 8 days,
ground into powders and calcined at 600°C for 2 hours in laboratory air. Similar
approach was used for preparation and embedding of ZnO in Si0;:Ce. Figure 7.2 shows

a flow diagram for the preparation of Si0O;:Eu with embedded ZnO nanoparticles.

-
4.6 EtOH _
4.5g 0.15M HNO, +
. 104 g TEOS room temy.

e
0.217 g Eu(NO ), 6H,0
& u(+ Ja6H; w Add dropwise while stirring
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more hour
y
ZnO in EtOH, few j . " (
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added. L, .
i B
Stir for 1
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Alt Lati ind t fi d
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(app. 3 to 10 days)

Figure 7.2. A flow diagram for the sol-gel preparation of SiO;:Eu, with adsorbed

ZnO nanoparticles.
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7.3.3. PREPARATION OF Si0; NANOPHOSPHORS CO-DOPED WITH
DIFFERENT CONCENTRATIONS OF Ce&*-Tb*, Ce*-Eu'* and Eu*-
Tb> ION PAIRS

Si0;:Ce, Tb gels were prepared by mixing 10.4 g of tetraethylorthosilicate (TEOS)
solution, 4.6 g of EtOH, and 4.6 g of 0.15 M nitric acid (HNO3) and stirred for 1 hour.
The resulting transparent solution was mixed with a desired amount of Ce(NO3)-6H,0
dissolved in 4.6 g of EtOH and stirred for 30 minutes. A desired amount of
Tb(NO;)-6H,0 dissolved in 4.6 g of EtOH was then added to the mixture and stirred for
another 30 minutes. The gels were dried for 8 days at room temperature, ground into
powders and annealed at 600°C for 2 hours in laboratory air. All steps were carried out at
room temperature except the annealing part. A similar approach was used to prepare
Si0;:Ce,Eu and SiO;:Eu,Tb. Samples of Si0,:Ce,Tb, SiO;:Ce.Eu and Si0;:Eu,Tb with

concentrations of activators varying between (¢ and 5 mol% were prepared.

7.4. RESULTS AND DISCUSSIONS

XRD spectra from (a) ZnO-SiO; (b) ZnO nanoparticle powders (¢) and standard ZnO
micrometer-sized powders are shown in figure 7.3. Except for the broadening of ZnO
peaks due to smaller particle sizes, the pattern of ZnO nanoparticles resembles that of
ZnO micrometer particles. The ZnO-SiO, powders did not show any detectable
diffraction peaks from ZnO either before or after calcining at 600°C (see Figure 7.2 (c)).
The inability to detect diffraction from ZnO nanoparticles is associated with the size-
broadened ZnO diffraction peaks and high amorphous scattering background from the
Si0, matrix. The lack of diffraction both before and after calcining suggests that the ZnO
particles remained small in the SiO; matrix. However, ZnO nanoparticles were present in

the ZnO-8i0;:Eu powders as detected by the XPS data.
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Figure 7.3. XRD patterns from (a) calcined ZnO-SiO; nanoparticle (b) dried
ZnO nanoparticle and (c) standard ZnO microparticle powders.

Particle sizes of dried ZnO nanoparticle powders were estimated from the broadened
XRD peaks using Scherrer’s equation:

kA
Pcosé

(7.4)

where d = diameter, k= Scherrer constant ~ 0.9, 1 = wavelength of x-ray radiation, # =
full width at half maximum of the diffraction peak, and &1is the angle of diffraction. The
average ZnO nanoparticle diameter was 4 nm as calculated using (102) peak with 28 =

0.83rad, f=0.04 rad and 1 = 1.54 A.

The SEM photographs of ZnO and calcined SiO;:Eu nanoparticle powders are shown in
figures 7.4 and 7.5 respectively. The photographs show that particles have different

shapes and sizes. Most notably, the particles are agglomerated and overlap each other.
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Figure 7.4. The SEM photograph of dried and powdered ZnO nanoparticles

Figure 7.5. The SEM photograph of calcined SiO2:Eu powder phosphor.

A particle may be a single unit (e.g. a single crystal) or it may consist of subunits [7].
The individual subunits are called primary particles and the agglomerated subunits are
called secondary particles. Figure 7.6 shows the schematic diagram of the primary and
secondary particles.
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Figure 7.6. Schematic diagram showing the primary and secondary particles [7].

The SEM measurements often can only determine the particle size of secondary particles
[7]. For crystalline materials (e.g. ZnO), the size of primary particles can best be
estimated by the broadening of x-ray diffraction peaks, from dark-field imaging by
transmission electron microscopy (TEM) or from lattice imaging by high resolution
transmission electron microscopy (HRTEM) [7]. For amorphous materials (e.g. SiOz),
the size of primary particles can be estimated by bright-field imaging using TEM or
HRTEM. It is therefore almost certain that the SEM photographs in figures 7.4 and 7.5
show only the secondary particles of ZnO and SiO:Eu respectively. In the case of ZnO,
these secondary particles are assumed to consist of nanounits with the average diameter
of 4 nm as estimated by Scherrer’s equation. In the case of SiO;:Eu, the secondary
particle sizes estimated from the SEM photographs were in the range of 100 — 1000 nm.
This means that the primary particles consisted of nanounits whose individual sizes were

less than the individual sizes of the secondary particles.

FTIR spectra from dried ZnO nanoparticles, micrometer sized ZnO particles, SiQ; and
Zn0-Si0; gels are shown in Figure 7.7. The Zn-O stretching mode frequencies

(460 cm™ and 532 em™) of ZnO nanoparticles overlap those from micrometer-sized ZnO
particles, and they are consistent with those reported in the literature [8,9]. These
stretching mode frequency peaks are indicative of the successful synthesis of ZnO
nanoparticles. Small peaks were observed from ZnO nanoparticles at 1406 cm™ and

1572 cm’”', probably from the stretching mode frequencies of adsorbed CO. Similarly, a
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2352 cm™ band for ZnO and SiO, probably resulted from the absorption of CO; [8]. The
well known stretching mode frequencies of SiO; at 465 em™, 816 em™ and 1083 em™[10]
were present in the spectra from both Zn0O-8i0;: (1mol%)Eu mixtures (no. 3) and pure
Si0, (no. 4). A peak at 938 cm™ in spectrum no. 3 can tentatively be ascribed to the
incorporation of ZnO nanoparticles. The broadening of the SiO; 465 cm™ peak in
spectrum no. 3 can be attributed to overlap of the SiO, peak at 465 cm™ and the 460 cm™
peak from the 5 mol% of ZnO nanoparticles. Furthermore, there is more intensity at 531
cm™ in spectrum no. 3, again consistent with the incorporation of 5 mol% ZnO into SiO;.
These spectra are consistent with those from ZnO-loaded silica molecular sieves (MCM-
41) reported by Kwon et al. [8] and Gu et al. [10].

1 ZnO nanoparticlas
2 ZnQ micrometer particles
3 ZnO-Si0_:Eu

. 2 4
4 S!.O2 535 5{
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Figure 7.7. FTIR spectra from (1) ZnO nanoparticles, (2) ZnO micrometer particles
(3) ZnO-Si0;:Eu, and (4) SiO;
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The XPS spectrum of calcined ZnO-S10;:Eu in figure 7.8 shows that O, Si, Zn and an
adventitious C were present on the surface. Eu’* ions could not be detected by the XPS
probably due to their relatively low concentration in the SiO; matrix. The data suggests

that ZnO nanoparticles were incorporated in the SiO; matrix.
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Figure 7.8. XPS survey spectrum of Zn0O-Si0O;:Eu (ZnO = 5 mol% and Eu* =1

mol%) powders calcined at 600°C,

7.5. CONCLUSION

Nanophosphors of ZnO, SiO,; doped with different concentrations of Ce**-Tb**, Ce*'-
Eu®* or Eu’*-Tb*" ion pairs, and SiO,:EwCe with adsorbed ZnO nanoparticles were
successfully synthesized with a sol-gel process. The particles had different shapes and
sizes. The average diameter of individual ZnO primary particles estimated using
Scherrer’s equation was 4 nm. The sizes of secondary particles of SiO;:Eu estimated

from the SEM photographs was in the range of 100 — 1000 nm.
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CHAPTERS8: ENHANCED PHOTOLUMINESCENCE OF
Si0,:Eu AND Si0,:Ce INDUCED BY AN ENERGY
TRANSFER FROM EMBEDDED ZnO
NANOPARTICLES

8.1. INTRODUCTION

This chapter deals with enhanced photoluminescence of Eu** and Ce®* ions induced by
ZnO nanoparticles embedded in SiO; matrices. Samples were prepared by a sol-gel
process as discussed in chapter 7. Photoluminescence data were collected at room

temperature using a 325 nm HeCd (25 mW) as the excitation source.
8.2. RESULTS AND DISCUSSIONS

Figure 8.1 shows the PL emission spectra of (1) dried ZnO nanoparticles, (2) ZnO
nanoparticles suspended in EtOH and (3) standard ZnO micrometer-sized powders. A
well known defect-related green emission from dried and suspended ZnO nanoparticles
was observed around 560 nm (2.22 eV) and 581 nm (2.13 eV), respectively. This
emission was sufficiently intense to be observed in ambient laboratory light. In the case
of standard ZnO microparticles, the defect-related green emission was observed at 501
nm with very low intensity. A red-shift from the normal emission at ~ 500 -520 nm [1,2]
in ZnO microparticles to 560 and 580 nm in dried and suspended ZnO nanoparticles,
respectively, is associated with recombination of delocalised electrons at singly occupied
oxygen vacancies with deep trapped holes and it is attributed to quantum confinement
effects [3,4]. Direct bandgap (UV) emission attributed to the recombination of exciton
centres in ZnO [2] was at: (1) 372 nm (3.34 ¢V) in suspended ZnO nanoparticles, (2) 376
nm (3.31 eV) in dried ZnO nanoparticles and (3) 386 nm (3.22 eV) in standard ZnO
microparticles. These peaks are compared in figure 8.2. Due to quantum confinement

effects [3.4], the peaks from ZnO nanoparticles are broader than the peak from ZnO
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micropartilces, and have shifted to shorter wavelengths; and the bandgap energies of the

nanoparticles are higher than that of the microparticles.

Wavelength (nm)

(1) Dried ZnO nanoparticles 560 nm (redshifted)
(2) Suspended ZnO nanoparticles E =222V
(3) Standard ZnO microparticle powdars
)
8
O
8 386 7
B E - 3226V
G
g 581 nm (redshiftad
C ey
372 nm
E =334eV
[*4
T 1 T 1 T T T T I
300 400 500 600

Figure 8.1. Photoluminescence emission spectra from (1) dried ZnO nanoparticles

(2) ZnO nanoparticles suspended in EtOH and (3) standard ZnO microparticle

powders.
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Figure 8.2. UV emission from (1) ZnO nanoparticles suspended in EtOH (2) dried

ZnO nanoparticles and (3) standard ZnO microparticle powders.

Figures 8.3. compares the PL emission spectra of SiO,:Eu and ZnO-SiO;:Eu. The main
peak of red emission from Eu’* is at 613 nm in both spectra. The green emission of ZnO
nanoparticles at 560 nm is completely suppressed. The intensity from ZnO-8i0;:Eu is 3
times larger than that from SiO,:Eu. The enhancement of the intensity of Eu® and the
suppression of the green emission from ZnO nanoparticles suggests that energy from the
excitation source (325 nm HeCd laser) was absorbed by ZnO nanoparticles and
transferred non-radiatively to Eu®* ions. Similarly, figure 8.4 shows intense blue
emission of Ce** ions from ZnO-Si0,:Ce at 417 nm, probably due to an energy transfer
from the embedded ZnO nanoparticles. The intensity from ZnO-Si0O,:Ce is 4 times larger
than the intensity from SiO,:Ce.
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Figure 8.3. Photoluminescence emission spectra from (1) ZnO-SiO;:Eu and

(2) SiO;:Eu.
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Figure 8.4. Photoluminescence emission spectra from (1) ZnO-SiQ;:Ce and

(2) SiO;:Ce.
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The rate of energy transfer is known to depend on spectral overlap and other types of
interaction between the energy donor and the energy acceptor [S]. The transfer rate from
a broad-band donor (e.g. ZnO) to a broad-band acceptor (e.g. Ce*") must be faster than
the transfer rate to narrow-line acceptor due to anticipated optimal spectral overlap of the
broad bands. In addition, the strength of interaction is determined by the intensity of
optical transition and this is larger for allowed (broad band) compared to forbidden
(narrow line) transitions [5]. Energy transfer from an allowed broad-band donor (ZnO) to
a forbidden narrow-line acceptor (Eu’") is only possible for nearest neighbours in the
lattice [1]. The results in figures 8.3 and 8.4 show that the band-to-band energy transfer
from ZnO to Ce** ions is more efficient (4 times larger) than the band-to-line energy

transfer (3 times larger) from ZnO to Eu®" ions.

Zn0-S10;:Eu was poorly excited (results not shown) by 325 nm photons suggesting that
there a lack of spectral overlap between Eu’" excitation band and ZnO emission band.
Similar results were reported by Bang ef al.[6]. They therefore attributed energy transfer
from ZnO nanoparticles to Eu’" to phonon-mediated processes. It is likely that this
phonon-mediated energy transfer dominated over emission from ZnO nanoparticles when
R < R, [6]. The excitation of ZnO nanoparticles and energy transfer to Eu’" are
illustrated schematically in figure 8.5. It is shown that emission from Eu* is sensitized

by energy transfer from ZnO nanoparticles and partially by direct excitation of Eu**.

i

o . @] © . O o . ZnO nanoparticle
é o < ground state Eu?*
< 2 Q ©
. ©  Excited state Eu™*
excitation
o & & © @
x — energy transfer
// — emission
@ o @° ¢
Si0, '

Figure 8.5. Excitation of ZnO nanoparticles and energy transfer to Eu’* ions in

Si0; [6].
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Energy level diagrams of Eu’* and ZnO, and an energy transfer process from ZnO
nanoparticles that could lead to enhanced red emission from Eu* are shown in figure 8.6.
Absorption of excitation energy is followed by relaxation to the defect states in the
bandgap of ZnO nanoparticles. Subsenquently, the energy is transferred resonantly or by
phonon-mediated processes to the 5Dj (=0,1,2,3...) states of Eu3+, resulting in enhanced

photoluminescence during radiative relaxation to the ground state [6].
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Figure 8.6. Possible transitions in ZnO and Eu* ions and mechanism of energy

transfer from ZnO nanoparticles to Eu® ions [6].

Although the PL excitation data for Si0;:Ce was not collected in this study, it is known
that the excitation band of Ce®" in silicate glass is at ~320 nm [7). Based on this result
and the PL emission spectra of ZnO nanoparticles in figure 8.1, the spectral overlap of
Ce’* absorption band and ZnO emission band is estimated to be at ~ 350 — 400 nm. This
estimation is consistent with the interpretation that energy transfers from ZnO
nanoparticles to Ce**. Energy level diagrams of Ce®* and ZnO and postulated mechanism

of energy transfer from ZnO nanoparticles to Ce™ is illustrated in figure 8.7.
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Figure 8.7. Possible transitions in ZnQO and Ce* ions and proposed mechanism for

energy transfer from ZnQ nanoparticles to Ce’* ions [5,6].

The 5d' excited configuration in Ce* is split by the crystal field into two components
(2D5Q and 2D3f2), and the 4f' ground state configuration yields two components (sz and
2F4p) due to spin-orbit coupling [5]. Blue emission emanates from the lowest crystal
field component of the 5d' configuration to the two levels of the ground state. Since the
green emission from ZnO results from states lying lower than the Ce’* states, it seems
reasonable to speculate that energy transfer results from bandgap excitation and
recombination in the ZnO nanoparticles. In this model, energy transfer is faster than
holes trapping and recombination with electrons, therefore the green emission from ZnO
is quenched completely and blue emission from Ce*" is enhanced considerably. This is
shown in Figure 8.7, where the bandgap excitation of ZnO has resulted in creation of an
exciton, and a subsequent non-radiative recombination results in excitation from the
ground 4f states to the excited 5d states on the Ce’* centre. Subsequent radiative
relaxation on the Ce’* would result in enhanced blue emission. This speculation is
consistent with the Ce®" emission being at a similar but lower energy (417 nm) than the
bandgap emission from ZnQO (372 nm). Finally, the relatively low Ce’* emission

intensity in Si0;:Ce is consistent with its low excitation cross section at 325 nm [5],
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however, the quenching of ZnO emission and significant enhancement of Ce® emission
in ZnO-Si0,:Ce demonstrates that energy transfer from ZnO nanoparticles to Cce* is

occurring.
8.3. CONCLUSION

The incorporation of ZnO into SiO;:Eu and SiO;:Ce suppressed the normal green
emission from ZnO nanoparticles resulting in an enhanced red and blue
photoluminescence from the Eu®* and Ce** activators, respectively. The enhancement of
photoluminescence was attributed to an energy transfer from the ZnO nanoparticles.
Possible mechanisms for energy transfer from ZnQO nanoparticles to Eu’' and Ce** were

discussed.
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CHAPTERY9: ENERGY TRANSFER BETWEEN Ce**, Eu*" and
Tb*" IN SiO, MATRICES

9.1. INTRODUCTION

This chapter deals with energy transfer between Ce**-Eu’*, Ce**-Tb*" and Eu**-Tb*" ion
pairs co-doped with different concentrations in Si0,. Samples were prepared by a sol-gel
process as discussed in chapter 7. The PL data were collected at room temperature using

a 325 nm He(d laser (8.8 mW) as the excitation source.

9.2, RESULTS AND DISCUSSIONS

Figure 9.1 shows the PL emission spectra of Si0;:Ce,Eu nanoparticle powder phosphors
with concentrations of Ce®" and Eu*" varied between 0 and 1 mol%. Spectra (1) and (5)
show that the intensity of red emission from Si0;:Eu (1 mol%Eu) was higher than that of
blue emission from SiOx:Ce (1mol%Ce). When Ce®* and Eu** ions were co-doped with
different concentrations (spectra 2-4), blue emission of Ce** ions was enhanced and red
emission of Eu®* jons was suppressed. The intensity was highest for 0.5 mol% Ce** and
0.5 mol% Eu3+co-doping (spectrum 2). These results suggest that energy was transferred

from Eu®* ions to enhance blue emission of Ce>" ions.
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Figure 9.1. PL emission spectra of SiO;:Ce,En nanoparticle powder phosphors with

concentrations of Ce’" and Eu® ions varied between 0 and 1 mol%.

An energy level model that explains an energy transfer from Eu’* to Ce* is shown in
figure 9.2. According to this model, the transfer of energy involves an interaction
between two excited states, namely 5D3 of Ev’' and 2D3;2 of Ce**. The 5d'—> 4f
transition in Ce’* is at ~24000 cm™ (417 nm) [1] and the °Ds = 'F; (7 = 1,2,3,4...)
transition in Bu’* is at ~24500 cm™(408 nm) [2]. The *Dg—> 'F; transition in Eu’" is at
~17000 cm™ (588 nm), which is too low an energy to transfer to Ce’*. Therefore the
speculation that energy transfers from the °Dj state of Eu’* to the *Dsp, state of Ce” is

consistent with the law of conservation of energy:.
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Figure 9.2. Possible transitions in Ce** and Eu’* ions, and mechanism of

energy transfer from Eu* ions to Ce** ions [1,4].

Energy transfer was also evaluated using higher concentrations (~2 -5 mol%) of Ce* and

Eu**. Figure 9.3 shows that for concentration of 5 mol%, red photoluminescence of Eu’”
was still intense but blue photoluminescence of Ce** was quenched. This shows that Ce**
ions are sensitive to concentration quenching. The quenching effect, probably due to
higher concentrations, was also observed (results not shown) in samples co-doped with 2

mol% Ce**- 3 mol% Eu** and 3 mol% Ce’* - 2 mol% Eu’" ion pairs.
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Figure 9.3. PL emission spectra of SiO;:Ce (5 mol% Ce’) and SiOz:Eu (5 mol%
Eu’") nanoparticle powder phosphors.

Photoluminescence emission spectra of Si0;:Ce,Tb powder phosphors with different
concentrations of Ce’* and Tb™ are shown in figure 9.4. The PL emission spectrum of
Tb*" consists of four emission peaks located at 488 nm (°’D4= "Fe), 543 nm (°Ds— 'Fs),
586 nm (°Ds~ 'F4) and 622 nm (°D4—> 'F3). The strongest emission peak is located at 543
nm, The PL emission spectrum of Ce** consists of a broad band located at 430 nm
(5d'— 4d"). The green emission of Tb>* was enhanced considerably by Ce** co-doping.
The enhancement was largest for addition of 0.5 mol% Ce’" to 1 mol% Tb**. These
results suggest that energy transfer from Ce’ jons to Tb>* ions took place, and this

transfer was maximized with 0.5 mol% Ce** co-doping.
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Figure 9.4. PL emission spectra of $i0,:Ce,Tb with different concentrations

of Ce’* and Tb*" ions.
An energy level model that explains an energy transfer from Ce** to Tb® is shown in
figure 9.5. The transfer involves interaction between the 5D3f2 state of Ce** and the Dy
state of Tb**. The *Ds— Fs (543 nm) transition in Tb* occurs at ~20600 cm’™ (485 nm)
[3,4] and the blue emission in Ce** occurs at ~24000 cm’! (417 nm) [1]. As a result, the

transfer of energy from Ce’* to Tb* is allowed by the law of conservation of energy.
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Figure 9.5. Possible transitions in Ce’* and Tb* ions that result in an energy

transfer from Ce** to Tb*' ions [1,d].

The transfer of energy from Ce’* to Tb*>" may be due to spectral overlap between the
emission band of Ce™ and the excitation band of Tb®*. While PL excitation data were
not collected in this study, Lin and Su [5] reported that spectral overlap between the
Ce®* emission band and Tb** excitation band in Mg, Y3(Si04)s0:Ce,Tb occurred between
350 — 550 nm. The interpretation that energy transfers from Ce** to Tb** is consistent
with this report of spectral overlap between Ce** emission and Tb* excitation.
Moreover, energy transfer from an allowed broad-band energy donor (e.g. Ce*™) to a
forbidden narrow-line excitation energy absorber (e.g. Tb*") is possible for nearest

neighbours in a host lattice [4]. Even though the critical distance, R., could not be
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calculated from the present data, suppression of blue emission from Ce®* ions suggests
that the transfer rate (Pp4) from the energy donor (Cey) to the energy acceptor (Tby)

was faster than the radiative rate (Pp) of the donor.

Extremely low photoluminescence was observed for Eu’*-Tb?* co-doping irrespective of
the concentration of either Eu’* or Tb®" ions, suggesting that no energy transfer took
place between these ions. Li and Su [5] attributed the lack of energy transfer between
Ce’* and Sm®" to the formation of Ce*" - Sm*" ion pairs. Similarly, the lack of energy
transfer between Eu’* and Tb>" could be due to charge transfer resulting in the formation

of Eu**-Tb* ion pairs.
9.3. CONCLUSION

It was shown that the emission intensity of Ce** ions could be increased by Eu’* co-
doping. The increase was maximized for Ce’* and Eu*'concentrations equal to 0.5
mol%. Ce** and Eu** quenched each other when higher concentrations (~2-5 mol%)
were used. This observation was attributed to the concentration quenching effect of Ce**
ions. For Ce**-Tb>* co-doping, energy was transferred from Ce** to enhance green
emission of Tb®*. The intensity of the green PL emission was highest for samples
prepared with Ce** and Th*" concentrations equal to 0.5 mol% and 1 mol%, respectively.

Possible mechanisms for energy transfer were discussed.
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CHAPTER 10: SUMMARY AND CONCLUSION

The contents of this thesis could be divided into three categories, namely (1)
cathodoluminescence degradation of Y20;:Eu and SiO,:Ce, Tb powder and pulsed laser
deposited Y,0;:Eu thin film phosphors (2) enhanced photoluminescent intensity of red
and blue emissions of SiO;:Eu and Si0,:Ce respectively induced by an energy transfer
from embedded ZnO nanoparticles and (3) energy transfer was also evaluated between
Ce**-Eu*, Ce**-Tb** and Eu**-Tb** ion pairs co-doped with different concentrations in

Si0; matrices. Possible mechanisms for degradation and energy transfer were proposed.

In a first set of experiments, the AES and CL spectroscopy were used to study CL
degradation of commercial Y>03:Eu powder, pulsed laser deposited thin film phosphors
and sol-gel Si0,:Ce,Tb nanoparticle powder phosphors. Powder and thin film samples
were irradiated with a 2 keV beam of electrons in a vacuum chamber maintained at 1x10
§ 1x107 or 1x10® Torr O,. The CL intensity of the samples was degraded considerably
by prolonged electron beam irradiation. In the case of Y,0;:Eu thin films and
$i0,:Ce,Tb powders, CL degradation occurred simultaneously with desorption of O from
the surface. Among other things, oxygen-deficient non-luminescent layers of Y,03 (0<
X <3) and SiOx (0< X <2) could be responsible for the CL degradation of Y>0O;:Eu thin
films and Si0,:Ce,Tb powders respectively. In the case of Y,0;:Eu powders, electron
beam irradiation did not seem to induce desorption of atomic species from the surface.
Instead, there was a relative increase in the concentration of O. An oxygen-rich non-

luminescent layer of Y203+« (x >0) could be responsible for the CL degradation.

In a second set of experiments, enhanced photoluminescence of ZnO-Si0,:Eu and ZnO-
Si0,:Ce phosphors prepared by a sol-gel process was demonstrated. Photoluminescence
data were collected at room temperature using a 325 nm HeCd as an excitation source.
Quenching of the normal green emission from ZnQ nanoparticles and a subsequent
increase of red and blue emissions of Eu’* and Ce’* ions respectively, point to the
probability of an energy transfer from the ZnO nanoparticles to Eu** and Ce** ions. In

the case of Zn0-Si0,:Ce, energy transfer was attributed to spectral overlap between ZnO
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emission band and Ce*" absorption band. Because of lack of spectral overlap between
ZnO emission band and Eu®* absorption band, energy transfer in ZnO-SiO;:Eu was

attributed to phonon-mediated processes.

In a third set of experiments, energy transfer was investigated for different concentrations
of Ce-Eu, Ce-Tb and Eu-Tb ion pairs co-doped in SiO,. In the case of Si0;:Ce,Eu, blue
photoluminescence of Ce** was enhanced by an energy transfer from Eu® to Ce**. The
PL intensity of the blue emission was maximized for 0.5 mol% Ce** versus 0.5 mol%
Eu’. In the case of Si02:Ce,Tb, energy was transferred from Ce®” to Tb’* to enhance
green emission of Th*>" ions. The PL intensity of the green emission was maximized for
1 mol% Tb** vco-doped with 0.5 mol% Ce®*. In both Ce-Eu and Ce-Tb ion pairs,
energy transfer was attributed to spectral overlap between the emission and absorption
bands of the energy donor and the energy acceptor, respectively. In the case of
Si02:Eu,Th, the PL emission of either Ev®* or Tb>* was very low irrespective of the
concentration. This was attributed to quenching effect probably due to the formation of

Eu**-Tb*" jon pairs by charge transfer processes.
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FUTURE PROSPECTS

The work presented in this thesis suggests many Iavenues for future research. To
understand degradation phenomenon of oxide phosphors, it is important to do more
experiments under different conditions. This include degrading in different gas mixtures
(i.e. Hy, HyO, CO;), which are usually present in vacuum chambers and are known to
influence degradation behaviour of FED phosphors. It is important to investigate further
why degradation behaviour of Y,0;:Eu powders and thin film phosphors is different, 1.e.
why does oxygen desorb from the surface in the case of thin films but not in powders.
Since mechanisms presented in this study about the correlation between desorption of
oxygen from the surface and the decrease of CL intensity are based on speculations, it is
imperative to do more experiments and monitor constantly the rate of desorption of
oxygen and that of decrease of CL intensity during electron beam bombardment. This

could help in developing a reasonable model to explain this correlation.

It is important to investigate tendency of activator ions to donate or absorb energy when
co-doped with other activator ions in a matrix. It was found that in Ce**-Eu®* co-doping,
energy was transferred from Eu®" to Ce*, but in the case of Ce**-Tb** co-doping it was
transferred from Ce*' to Tb®*. It would therefore be interesting to investigate the cause
for Ce** to behave like this. The quenching process between Eu’* and Tb*" in SiO; must
also be investigated. There could be other factors than charge transfer such as the type of
substrate that may be responsible for the quenching process. This can be done by co-

doping in other substrates than SiO;.

Transmission electron microscopy study must be conducted in order to determine particle
sizes of amorphous SiO; nanounits that could not be determined by the SEM in this
study. Samples with different particles sizes and shapes must be prepared in order to
determine the effects of size and shape on cathodoluminescence degradation as well as

cathodoluminescence and photoluminescence intensity.
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