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Abstract

In recent studies, amorphous silica (SiO;) has been used as a host matrix for rare-earth ions
to prepare luminescent materials that can be used in various light emitting devices. Sol-gel
glasses have the potential to hold up to >10% dopants without losing their amorphous
structure. However, before rare earth (RE) - doped sol-gel glasses can be used as luminescent
material, several fluorescence quenching mechanisms must be overcome. There are several
quenching mechanisms which are present in all materials that are more serious in sol-gel
glasses. The first is cross relaxation which involves energy transfer between RE elements; the
others are energy transfer through lattice vibrations and to hydroxyl (OH) groups which are
present due to the use of water as the solvent during the preparation process. A few studies
have demonstrated that the luminescence intensity of rare-earth doped silica can be improved
through incorporation of co-dopants such as Al, TiO,, B and by annealing at high
temperatures (e.g. > 500°C).

Following their footsteps and in order to make comparisons, we used aluminum as the co-
dopant in some samples to investigate the effects on luminescence yield for various RE
concentrations. We also investigated the effects of magnesium co-dopant and high
temperature annealing on the luminescence intensity of rare-earth doped silica. In this work,
the highest emission intensity was observed for the sample with a composition of 0.5 mol%
Ce*". Cerium doped silica glasses had broad blue emission corresponding to the Dj,- F;
transition at 445 nm but exhibited apparent concentration quenching after higher
concentrations of 0.5 mol% Ce’". Silica containing Mg®" or AI’" ions displayed an increase
in luminescence intensity as the Mg”™ or AI’" to Ce’* ratio increases for the range
investigated but significant luminescence enhancement was observed for Mg*":Ce ratio
greater than 20, while that of AI*" co-doping had the highest luminescent intensity when the
ratio of Al:Ce is 10:1. This enhanced photoluminescence was assigned to an energy transfer
from the Mg nanoparticles, to result in enhanced emission from Ce’". The AI’* or Mg®" ions
disperses the ce** clusters, enhancing ’Fs;, and °Fy, emissions due to increased ion-ion

distances and decreased cross-relation.
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Chapter 1

1. Introduction

The term sol-gel process is a chemical synthesis technique for preparing gels, glasses and
ceramic powders. The sol-gel process generally involves the use of metal alkoxides, which
undergo hydrolysis and condensation polymerization reactions to give gels. Sol-gel glasses are of
current interest because of their potential applications such as electronics and optics [1]. Glasses
have been conventionally prepared by low temperature methods, but the use of the sol-gel
process enables the preparation of porous or dense glasses with superior homogeneity, purity,
and good optical qualities (high transmittance) at significantly lower temperature [2]. Sol-gel
materials provide an excellent vehicle for the incorporation of secondary phase including metal
ions, organic molecules or macromolecules. These species may be doped into the gel-matrix as it
is being formed (pre-doping) [3] or incorporated after the glass has been prepared (post-doping).
It is well recognized that impurity and defects [4-5] in silica glasses are important parameter that
greatly influence properties of silica glasses.

Glasses doped with Ce®" ions that emit optical transitions in the 300-500 nm wavelength range
due to electric dipole allowed 5d-4f transitions, are useful in many applications including fiber
optics, scintillators and tunable lasers [6]. Currently, much interest has emerged in the Ce®” ion
for its application in high energy physics, because of fast and efficient luminescence in the UV
and blue spectral region. The emission of the Ce’" ions produced by the electron transition of 4{™
! 5d-4f", can be blue/red shifted depending on the type of co-doping solids [7, 8]. Also other
factors such as modification of the ligand field around the Ce’" ions in silica, presence of
hydroxyl ions, energy transfer by cross-relaxation and the concentration of the co-dopants have
significant effect on the luminescent wavelength and intensity. First, the hydroxyl groups (OH)
which is a chemical impurity in silica glasses, causes luminescence quenching. OH is one of the
most important impurities in glasses, having disproportionately large influences on various glass
properties. A trace amount of water can reduce the viscosity [9-10], chemical stability [11] and
density of the glass [12]. Even when water is not contained in a glass, it can enter into the glass

surface through diffusion, thereby affecting the chemical, optical and mechanical properties of



the glass. Water in the surrounding atmosphere shortens the static fatigue life of silica glass [13-
14]. Furthermore, water can interact with defects in glass. Still annealing the silica glasses at
high temperature (e.g.>600 °C) does not necessarily remove all of the OH groups. The presence
of OH groups near Ce’" ions provides a non-radiative decay mechanism for the Ce, causing
luminescence quenching.

Secondly, the clustering of the Ce’” ions at higher concentrations causes luminescence
quenching through cross relaxations [15, 8]. At higher Ce concentrations, most ions reside in
clusters and the lattice defects become more important, the luminescence is observed from a
minority of isolated ions. Low solubility of Ce’" ions in silica, and the need to coordinate with
limited numbers of non-bridging oxygen, make Ce’" ions cluster on pore surface. The tendency
of Ce®" ions to cluster increases luminescence quenching by energy transfer among Ce” ions and
the rate of energy transfer between Ce’" ions is strongly dependent on the inter-ionic distance.
These quenching mechanisms may be overcome or enhanced with the use of the co-dopants.
Several research groups [8] have experimented with co-dopants and have found that aluminum
produces the greatest enhancement on fluorescence of all rare-earth-doped materials. These
researchers have found that the AI*" co-doping improves fluorescence yield remarkably, but the
mechanism is not yet understood [8]. One generally accepted explanation has been that A’
prevents Ce dopants from clustering in the glass, thus reducing ion-ion energy migration and
cross-relaxation. The traditional interpretation of the enhancement of fluorescence is that Al’*
ions increases the number of non-bridging oxygen for Ce®” ions to bond to, therefore dispersing
clusters [16].

While Al-co-doping has been shown to reduce interactions among the Ce-O-Ce bonding, the
exact nature of the way Al is incorporated into glass matrix is not well understood [17]. It is
likely that the lower coordination number of aluminum increases the probability that Al-O-Ce
bonds form. Aluminum may act as either network former or as a modifier. Its presence in the sol-
gel glass is also known to increase the residual OH problem [18]. Recent work by Monteil et al
[19] used numerical modeling to attempt a better understanding of the role AI’" plays. Their
numerical simulation predicted that RE ions in silica matrix containing AI*" are found solely in
aluminum-rich regions of the glass. However, the result also indicated that AI’" co-doping does
not prevent RE ions from forming clusters. At present, the researchers [8] have found that N

co-doping has considerable impact on luminescence yields in these materials.



Following their footsteps and in order to make comparisons, we used aluminum as the co-dopant
in some samples to investigate the effects on luminescence yield for various RE concentrations.
We also investigated the effects of magnesium co-dopant and high temperature annealing on the
luminescence intensity of rare-earth doped silica. It was observed the magnesium or aluminum
co-dopants and annealing temperature significantly affect the luminescence intensity. This
enhancement may be due to the Mg/Al reducing the charge defects or OH induced reduction by

substitution of trivalent rare-earth ion site into the silica or dispersing the Ce®" ions.

2. The problems.

The specific objectives of this study are:
e To synthesis and characterize silica nanoparticles in order to study defects centers and
luminescence properties of pure silica grown by the so-gel technique since this is an

important parameter that influence the properties of silica glass and its applications.

e To synthesize and characterize Ce’" doped silica (SiO») nanophosphors in order to

investigate the concentration quenching effects of Ce ions on the PL luminescence.

e To study the effect of Mg or Al ions co-doping on the Ce’" doped silica (SiO»)
nanophosphors. Specifically, it was intended to experimentally determine the variation in

the luminescence intensity and wavelength with Al or Mg concentrations.

e To investigate the influence of the annealing temperature on the material properties of
pure or doped silica nanophosphors (SiO,, Si0,:0.5%Ce’", Si0,:0.5%Ce’":1%A1>" and
S10,:0.5%Ce’":1%Mg™").



3. Aim of this study.

Our rural communities are disadvantaged in terms of service delivery such as electricity; this is
due to the unavailability of main grids reaching these areas. This research will give rural people
an opportunity to have lighting materials at home and safety on the roads by use of the phosphor
nanoparticles. However, sol-gel optical materials have diverse potential applications in phosphor,
laser, and amplifier technologies, but RE-doped sol-gel glasses are known to suffer from three
luminescence — quenching mechanisms. Firstly there is natural tendency for RE ions to form
clusters in the sol-gel preparation, secondly the cause of low luminescence efficiency is
quenching due to residual hydroxyl (OH") group in the glass (SiO,). The hydroxyl group can
associate with an RE ion, providing a non-radiative de-excitation channel for the excited ion that

lowers luminescence yield and thirdly is due to energy transfer to the matrix.

The clustering of the Ce’ * ions can be reduced by adding Al or Mg as a co-dopant, so the co-
dopant (e.g. AI'") disperses the RE clusters and the lower coordination number of AI’” increases
the probability that Al-O-RE bonds form. The reduction of OH" groups is accomplished by

annealing the gels at high temperature.

4. Thesis Layout.

This thesis is organized into eight chapters. In Chapter 1 introduction, aim of this study and the
statement of the problem of this project are expressed. In Chapter 2, literature survey and
background information is presented on the relevant theoretical aspects of present research on
synthesis and characterization of Ce®" doped silica (SiO,) nanophosphors. The typical sol-gel
process is discussed as well as highlighting its important advantages of easy, cheap, and scalable
process of synthesis of nanoparticles. Attention is also focused on the luminescence properties,
quenching mechanisms and the critical relationship between the material properties and the
growth conditions of these nanoparticles. The experimental procedures followed during the
preparation of Ce*" doped silica (SiO,) nanophosphors as well as the deposition techniques used
are discussed in detail in chapter 3. An important aspect of this study was the accurate

characterization of the Ce’” doped silica (SiO,) nanophosphors. A large number of structural,



morphological and optical characterization techniques were used in this study, and these are thus
discussed in this chapter. The experimental results that followed from the detailed study of the
influence of growth parameters and the doping or co-doping effects on the ultimate
nanophosphor material quality are presented and discussed in Chapter 4, 5, 6 and 7. These results
take the form of SEM micrographs, PL, EDS and XRD measurements of composition as well as
x-ray diffraction patterns to determine the presence of crystalline phases. Finally, in Chapter 8§,
the most significant results are summarized and conclusions are drawn, with suggestions for

future research.
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Chapter 2: Background

2.1 General Sol-gel process

The sol-gel process is the name given to any processes that involve a solution or sol that
undergoes a sol-gel transition. At the transition, the solution becomes rigid, porous mass through
destabilization, precipitation, or supersaturation [1-4]. The sol-gel is one of the most suitable
ways for producing glasses and glass nanoparticles. As an alternative to melted glass, a sol-gel
derived glass is a good medium for studying crystallization and phase separation [6]. The
relatively mild reaction conditions, purity, homogeneity and simplicity of the sol-gel method
make it an excellent tool for producing substances with precisely tailored properties [5].

The sol-gel process (see Fig. 2.1) involves the simultaneous hydrolysis and condensation
reaction of metal alkoxide [7]. In general, the synthesis of sol-gels begins with an organosilicate
precursor such as tetramethylorthosilicate (TMOS) or tetraethylorthosilicate (TEOS), since it is
easier to undergo the chemical reaction with water. The first stage is a hydrolysis reaction where
a proton from the water molecule reacts with the oxygen of the OCH,CHj3 group in the precursor
molecule as shown in Fig. 2.1. The intermediates produced by this stage are ethanol and TEOS
derivative with a very unstable Si-OH bond in place of an OCH,CHjs group. The hydrolysis
reaction is reversible, therefore excess water is needed in order to drive the equilibrium to the
right and an acid is added as a catalyst to speed up the reaction. The unstable Si-OH bond
immediately undergoes either a water or alcohol condensation reaction as shown in Fig. 2.1. In
the water condensation reaction a proton from one of the OH groups reacts with the oxygen of
another OH group to produce water and a Si-O-Si bond between two former TEOS molecules. In
the alcohol condensation reaction the proton of the OH group reacts with the oxygen of nearby
OCH,CHj; group to produce ethanol and a Si-O-Si bond [9]. The byproducts are the only
difference between these two reactions.

The reaction continues until nearly all the OCH,CHj3 groups react and a network of silicon-
oxygen bonds form throughout the former solution or sol. The reaction is a polycondensation

reaction and occurs during the gelation stage of sol-gel formation.

8



CH5CH,0

CH3CH,0
Hydrolysis o Qi +
CH,GH, 0 S —OCH,+ HOH — Yo O¥SE—3 CHyCH01 - Si—OH  + CH3CH20H
CH4CH,0 CH3CH,0
CHacHzo\ jommmmnmnees . JOCHzCH;
CH3CH,0 - Sj _dH + HO:—Si“""OCHZCH3 Water condensation
CH3CH20 OCHZCHS CH.CH.0
Sideproduct sve /OCH2CH3
CH3CH 011 St—0—S8j-IOCH,CH,
Sideproduct CH4CH 0 OCH,CHj;
CH3CH,Q — OCH:CH;
CH3CH,0O v Sj _OH + CH304:_Si"""OCH2CH3 Alcohol condensation
CH3CH,O "~ 77777~ ©  OCHzCH3

Figure 2.1: Synthesis reaction for the formation of each Si-O-Si.

For polycondensation the water and alcohol by products from the reaction remains in the pores

of the network, see Fig. 2.1. This phase establishes a 3D network which invades the whole

volume of the container. As the reaction progresses, each side of the tetrahedral formed around

silica becomes connected through oxygen to another silicon atom and forms a three dimensional

network. This network is best described as possessing an order as described for an amorphous

glass [6]. Thus a gel is obtained and for these two syntheses the liquid used as a solvent to

perform the different chemical reaction remains within the pores of the solid network. Once the

sol reactions are complete, temperature dependent gelation, aging and drying processes take

over. To increase the density of the material and remove the byproducts, we must follow the sol-

gel synthesis process by a high annealing schedule.



2.1.1 Gelation

The gelation point of any system, including sol-gel silica, is easy to observe qualitatively (by
turning the capped or closed Erlenmeyer flask upside-down), but extremely difficult to measure
analytically. As the solution particles grow and collide, condensation occurs and macroparticles
form, this is where the sol becomes a gel. Gelation is determined by checking whether the
solution no longer runs free which means when it has a high viscosity [10]. Gelation of the
solution occurs within approximately one week (or can take 24hrs with the help of a catalyst).
An acid or base catalyst such as nitric acid or ammonium hydroxide increases the rate of
polycondensation and gelation. Extra protons provided by the acid interact with the unreacted
OCH,CHj3 groups, vastly increasing the number of molecules undergoing reaction at any
particular time. West and Hench [11] noted that base catalyzed solutions gel faster than acid
catalyzed solutions. The gelled samples occupy the same volume as the ungeeled samples and
the transition is irreversible, at this point samples crumbles easily when removed from the

Erlenmeyer flask.

2.1.2 Aging

After the gel has formed and is completely aged at room temperature to let all available bonds
connect, it sits in a solution of alcohol solvent and water for a period of time (hours to days). It
occurs slowly allows time for the sol-gel to undergo further condensation forming more Si-O-Si
linkages and its density increases causing the siloxanes (Si-O-Si) network to become more rigid.
Samples shrink and its density increases as the solvent leave the pores of the sol-gel decreasing
the number of the pores [2, 12 and 13]. The shrinkage rate increases with concentration of silica

in the sol and temperature.
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2.1.3 Drying

The gels (Xerogel) were then dried at temperature close to room temperature and under
atmospheric pressure [14], retaining their original shape, but often crack. No further weight loss
occurs over time during the drying process. Samples do not show effects from ambient
conditions. The xerogel are hard and also porous. The transparent nature of these glasses makes
them suitable for optical applications and allows the xerogels to be studied by standard
spectroscopic techniques, like absorption, Raman and PL spectroscopy. No matter how drying is

accomplished, the gel is not truly dry until it is subjected to some stabilizing heat treatment.
2.1.4 Densification

Annealing the porous xerogel at high temperature causes densification to occur. In the gelation
process, dry gels formed through hydrolysis always entrap some water, alcohol, and other
organic groups reducing the density. Annealing sol-gel glasses reduce or eliminate residual
hydroxyl groups therefore increases the density of the samples. It also activates the lattice
relaxation of the glass network, and encourages ion migration in the glass host. During the

annealing process, the rare earth ions are thermally activated into migration forming clusters.

00 o “ aqing/ |
0  solvent evap %"8

Sol Gel Xerogel Dense
Glass
FIGURE 2.2: Depiction of the Sol-Gel Process [20].
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The driving force behind annealing effect is reduction in surface area of the materials attributed
to the removal of water and organics [15-17]. However, certain samples material properties do

not exhibit a linear relationship with surface area [18,19].

2.2 The properties of silica (SiO) glasses.

The chemical compound silica or silicon dioxide is an oxide of silicon with a chemical formula
of S10,. It has three dimensional network structures in which each silicon atom is bonded to four
oxygen atoms, which are tetrahedrally arranged. Each oxygen atom is being shared by two
silicon atoms. Since Si-O bonds are very strong, therefore, silica is relatively inert and has a very
high melting point. Pure silica is colorless but sand is brownish or yellowish due to the presence
of impurities of ferric oxide. Silica, as sand, is a principal ingredient of glass, one of the most
inexpensive of materials with excellent mechanical, optical, thermal, and electrical insulator
properties. Silica is a group IV metal oxide, with molar mass of 60.0843 g/mol, its electron
configuration is 1s* 2s” p°® 3s® p?, oxidation states of 4, valence electrons of 4 and energy gap of
around 9 eV at 300K. It is one of the most abundant oxide materials in the earth’s crust; silica is
insoluble in water and resists the action of all acids except hydrofluoric acid which readily acts
on it.

The glass has very high viscosity, and this property allows the glass to be formed, cooled and
annealed without crystallizing. Silica, its physical structure may exist in either crystalline or
amorphous forms (non-crystalline). Fig. 2.3 shows the two-dimensional representation of the
difference between crystalline and non-crystalline silicon structure [21]. Crystalline silica has its
oxygen and silicon atoms arranged in a three dimensional repeating pattern. Non- Crystalline
forms of silica have a random pattern. Consequently, while in a crystalline form every dopant ion
will be surrounded by essentially the same electronic environment, in an amorphous form every
dopant will be surrounded by a slightly different electronic environment.

The electronic environment of an ion affects the stability of excited species, thus affecting the

position of energy levels slightly and the transition rate from one energy level to another slightly.
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Figure 2.3: Representations of molecular arrangements in a crystalline and non-crystalline
silicon glass. In crystalline, there is high degree of long range and short range in silicon

glass, non-crystalline, the order is only in the range of a few molecules [21].

2.3 Doping Silica

The common method of improving the conductivity of a semiconductor is to add impurity atoms
to silica which in turn creates more free charge carriers. This process of adding impurity atoms to
a semiconductor is called Doping. The concentration of either free electrons or the free holes can
be raised by the electrically active impurities in a semiconductor by donating electrons to the
conduction band or by accepting them from the valence band [22]. Doping causes the
semiconductor material to become impure or extrinsic. There are two different types of doping
atoms, namely donors (p-type) and acceptors (n-type)

Consider, for instance, a specimen of Si (silicon) which has been doped by As (arsenic). By
introducing a donor atom impurity substance with five valence electrons into the lattice structure
of the intrinsic (pure) silicon, four of its valence electrons will immediately form bonds with the
four silicon atoms immediately closest to it leaving one electron un-bonded. Since these fifth
electron cannot enter the bond, which is now saturated and so it exists at a higher energy level
than its surrounding bonded electrons (in their valence band), and hence this electron detaches
from the impurity and is free to migrate through the crystal as a conduction band electron (e.g.
the electron enters the C.B). Once it loses its fifth electron the donor atom becomes a positively

charged ion (As"). Therefore only the free un-bonded electron contributes to conduction and not
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the remaining positive ion. As is a donor, having a valence greater than the host. These new high
energy donor electrons contribute to a general raising of the average energy level of all of the
electrons in the body, which in turn causes the donor level of an n-doped silicon to be slightly
raised below the conduction band as shown in Fig. 2.4(a). Because the level is so close to the
C.B, almost all the donors are ionized at room temperature, their electrons having been excited
into the C.B [23]. Note that the electrons have been created without the generation of holes as
compared to an intrinsic semiconductor. The concentration of electrons for doped samples [23] is

determined using equation 2.1:

kT2 3 78
=2(;2)7 (memy)s e*s” 21

where kg is Boltzmann constant, T is the temperature, m, is mass of electron and m, is mass of
hole. When a dopant (impurity) atom is introduced in a crystal, the perfect periodicity of the
crystal is destroyed; at a particular atomic site background potential of the host lattice is replaced

by the potential of the impurity.

l C.B
Ed _____________________
f f
Donor
V.B

Figure 2.4 (a): Shows the donor level in a semiconductor

Similarly an impurity substance with three valence electrons such as boron (B), aluminium (Al)

and gallium (Ga) could be added to the intrinsic semiconductor material. An appropriate choice
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of impurity may produce holes instead of electrons. Suppose that the Si crystal is doped with B
impurity atom. As each of these three electrons form bonds with their neighboring
semiconductor atoms, there is a fourth bond which is not able to be formed. This leaves one bond
unable to be formed. These impurity atoms are known as acceptor atoms as they each create a
hole in the structure. This hole possesses an effective “positive” charge in the valence band of
the acceptor atom and it can participate in the hole drift during conduction. The acceptor is
negatively charged, by virtue of the additional electron it has entrapped. Since the acceptor holes,
introduced into the sample by doping, have slightly higher energy levels than the silicon’s
valence band, any electron which falls into one of these holes must loose energy. The holes
removing any potential “free” electrons which may have been gathering enough energy to break
across the forbidden energy gap to become free. This has the overall effect of lowering the

acceptor level of a p-type doped substance very slightly, as shown in Fig. 2.4(b).

C.B

Acceptor

v Y

I

V.B

Figure 2.4 (b): Shows the acceptor level in a semiconductor

Because the acceptor level lies in the energy gap, slightly above the edge of the V.B, almost all
the acceptors are ionized at room temperature, the electrons excited from the top of the V.B to
fill this hole, then the holes falls to the top of the V.B becoming a free carrier [23]. Therefore
Boron (B) is an acceptor, having a valence less than the host (Si). The concentration of holes can

be calculated by using equation 2.2 which is valid for pure and doped sample [22].
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An acceptor is neutral at very low temperature; it becomes ionized when an electron obtains
sufficient energy to be lifted from the valence band to the so-called acceptor level [22]. A
semiconductor may of course contain many impurities and defects that cannot be ionized as
easily and thus do not affect the electrical conductivity.

In this project silica (SiO,) is doped with Cerium (iii) nitrate hexahydrate (Si*" doped with Ce®*
ions). Since the host has 4 valence electron while dopant has 3 valence electron, the Ce®” is an
acceptor. Therefore three of its valence electrons will immediately form bonds with the three

silica atoms immediately closest to it leaving one electron un-bond, creating a hole (or vacancy).

2.4 Luminescence

O O 0]
7\ (Metastable)
Ener
&Y Photon
—» Energy
—_—
v
o _
(Equilibrium)
Absorption Luminescence
(0)) 2 (&)

Figure 2.5: Shows the process luminescence.

Luminescence may be defined as the process in which electron that have been excited to higher

energy states decay back into lower states at equilibrium thereby emitting radiation in the form
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of a photon. Clearly, luminescence is the opposite of absorption. In the absorption process the

energy of the photon must be at least equal to E; (the band gap energy):

hv > E, 23

v=E 24

g
where h is Planck’s constant. Again in the absorption, the total energy and total momentum are

conserved, where

Er=E + hv 2.5

kF: kl‘l‘q 26

where E; is the initial electron energy in the valence band, Ef is the final electron energy in
conduction band and q is the wave vector of the photon. In the conduction band E; is zero and in
the visible spectrum g —0, therefore

krp = k; 2.7

This result (kp=k;) is known as the selection rule and means that only vertical transitions in K-
space are allowed between valence band and conduction band [22]. It is important to realize that
at step (1) in Fig. 2.5 above, the incident energy need not be only from a photon. It may well be
temperature effect, a photon and electrical stimulus. For example, in a p-n junction an electric
current result in luminescence that is subsequently classified as electroluminescence. In the same
token, luminescence due to a photonic absorption is referred to as photoluminescence.

The processes involved in luminescence are the exact opposite of the electron excitation. The
fundamental decay transition occurs between the C.B and V.B. However, other transitions will

occur also between these bands and the various impurity levels (both acceptors and donors).

17



2.5 Rare Earth metal ions

The lanthanide metals or Rare Earth metals are all relatively electropositive metals that strongly,
although not exclusively, favor the tripositive oxidation state. During the last few decades, the
application of RE doped sol-gel glasses have grown significantly in scope coming to include
sensors, waveguides and solid state laser materials. They all can enter a +3 oxidation state in
which both s electrons are lost and either d or f electron as well, but some of the lanthanide rare
earths also show +2 or +4 oxidation state. The lanthanides metals (La-Gd) are the lighter metals.
In their magnetic and spectroscopic properties the lanthanides show important differences from
the d-block elements, this happens because the 4f electrons are pretty well (although not totally)
shielded from the external fields by overlying 5s® and 5p° shells. The states arising from the
various 4f" configurations therefore tend to remain nearly invariant for a given ion [24]. The
lanthanides ions have ground states with a single well-defined value of total angular momentum
J, with the next lowest J state at energies many times kT above, hence virtually unpopulated.

Even though the 4f orbital are well shielded, however, they become more attractive as Z
increases [25]. Ce (Z=58) the 4f orbitals become more stable than the 5d orbitals, since the 5d
state is easily affected by the ligands. All the lanthanides neutral atoms have the configuration
6S?4F" except where the minimization of electron-electron repulsion associated with a set of
orbital completely filled by parallel spins makes the F" configuration preferable (e.g.
Gadolinium). The ions, lose the 6s electrons first, but in general lanthanides do not have a stable
+2 oxidation state in compound, instead, they all show a stable +3 oxidation state, which is the
net charge that strikes the best balance between the ionization energy or solvation energy
stabilization of the ion. For the lanthanides, whose 4f electrons are entirely buried in the inner
core, the increasing nuclear charge leads to a smooth contraction from Z= 57 to 71. This trend is
known as the lanthanides contraction. It has some chemical effects of interests. The lanthanides
contraction lead to essentially identical radii (e.g. Europium (Eu) is 1.09A, Terbium (Tb) is

1.08A, Cerium (Ce) is 1.15A and Praseodymium (Pr) is 1.15A [25].

18



2.5.1 Energy levels of Ce*".

The electron configuration of cerium atom is [Xe] 4f'5d'6s” In liquids and solids Ce can occur
in a trivalent or tetravalent state, by losing its two 6s electron and one or both of its 4f electrons.
Trivalent Cerium ion is the most important activator in various fluoride and oxide materials for
its allowed optical transitions of 4F"-4F"'5d [5, 6]. The triply charged cerium ions with one 4f
electron are optically active; the resulting electronic energy level in a solid structure is shown in
Fig. 2.6. The 4f electrons, though they are not the outermost electrons, can be excited to 5d
electron shells when excited by the photons, electrons and other energetic particles which can
yield the emission when the excited 4f*'5d electrons transfer back to 4f" electron shells.
When cerium enters a liquid or a solid, the expansion of the electron shells that decreases the
electrostatic interaction between the electrons results in a reduction of the energy of the excited
states from that of the free ion values. This nephelauxetic shift increases with the degree of
covalency of the cerium-anion band. The spin orbit interaction splits the “F ground state into two
J states separated by ~ 2000 cm™. Because the 4f" electron is shielded from the ligand field by
the closed 5s and Sp electron shells, the overall splitting of the sz states is small. When the 4f
electron is excited to the outer 5d state, however, it experiences the full effect of the ligands. In
general, the electronic d-state splits into several energy levels whose degeneracy in the
crystalline field depends on the site symmetry. The overall splitting of the 5d manifold is
typically of the order of 5000-10000 cm.
In the case of Ce’", the transitions from the 4f ground state to the lowest 5d energy level may
occur anywhere from the UV to the visible for silica host, depending on the symmetry and the
strength of the ligand field [26]. Electric-dipole transitions between the 4f ground state and the
5d excited state of Ce’" ion are parity allowed and have a large oscillator strength. Trivalent
cerium ions may be excited to a 5d state by ionizing radiation either directly by intraionic
processes within Ce’" or indirectly. In the first case the excited Ce’” will emit a 5d~5f photon
(hv) via [26]:

Ce3t - Ce3" + hv 2.8
Ce’" may also lose its 4f electron to form Ce*" either by direct ionization or by capturing a hole
created in the valence states of the anions, for example by atomic-like 2p~3s transitions of

oxygen or fluorine. The process

19



Cce3* + hv > Ce*t 2.9
may be prompt if the hole is nearby or delayed if the hole must diffuse to the vicinity of cerium
site. The resulting Ce*" may then capture an electron,

Ce*t +e > Ce3* 2.10
and subsequently decay by the process in Equation 2.10 [26]. Usually the emission and
absorption spectra of the Ce®” ion consists of broad bands due to transitions between the ground
state of the 4f' configuration (a doublet 2F5/2 and 2F7/2) and the lower excited states (the crystal
field components of the 5d configuration). Three electronic transitions are possible (see Fig. 2.7).
The lowest energy transition, 2Fsp—7Fp (2000 cm'l), is a Laporte forbidden p—p transition and
corresponds to an f'—f" transition [27]. The other two transitions, 2F5/2—>2D3/2.5/2, are laporte

allowed nf—n-1fd transitions [28].
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Figure 2.6: Electronic energy levels of Cce* (upper) and configuration diagram of Ce*
(lower). This partial energy level diagram shows the transitions that produce emission

in the visible and UV range of spectrum.
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The f—f transition is of low energy and is expected to appear in the visible region (Amax~440
nm), whereas the f—d transitions are observed in the ultra violet region (A~190-300).

Jorgensen [29] suggested that Ce’” ions might exist with a lower coordination number, producing
the weak band. The intensity of the weak band is strongly dependent on the temperature, the
presence of the other ion, and even the substitution of heavy water as a solvent [27]. The 4F-5d
transition is an allowed electric dipole transition and therefore high emissions can be achieved.
The wavelengths of absorption and emissions are more strongly affected by the host lattice
because of a strong interaction of the 5d-electron with the neighboring anion ligands in the
compounds, most of the Ce*-activated phosphors show a blue or nearly ultraviolet emission [30-
35] and others show the blue and UV emission [32-35]. These two emission bands, at 385 nm

and 436 nm are the characteristic of Ce®" transitions from the 5d to *F7, and °Fs), states,

respectively.
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Figure 2.7 (a): Shows Ce’" expected emission spectrum [36].
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2.6 Defects in silica

Defects simply mean an imperfection of material. Silica glass has been widely used in many
fields due to its unique properties. It has been well recognized that impurity in silica glasses, and
thermal history, affect the properties of silica glasses. Chemical impurities in silica glasses have
been greatly reduced by doping, co-doping and annealing. However, even in the absence of such
impurities, structural point defects such as E’ centers and non-bridging oxygen hole centers
(NBOHCs) can exist. The variety of structural defects [37] can be introduced in silica glass
during its fabrication process [38] or post-treatment [39] and play important role by affecting
various properties of silica glass, such as optical absorption, luminescence bands [40], refractive
index [41] and density of silica glasses [42]. Compared with the traditional silica material, nano-
sized silica has a huge surface area. Low coordinated elements (SiO;) are easy to form many
kinds of the surface, which may make nano-sized silica having much different optical property
from traditional silica materials. The effect of defects formation on the phosphor samples can
influence the PL intensity and thus lead to the quenching effect. Many Researchers have reported

several kinds of optical active centers in nature, such as:

1) Neutral Oxygen Vacancy

The simplest defects is a vacancy which is a missing atom (Oxygen), and often known as the
Schottky defects. The oxygen deficiency is obtained by adding any missing bond of a silicon
atom and any additional bond of an oxygen atom as one-half oxygen vacancy each. Oxygen
vacancies are also introduced during the fabrication process. The removal of an oxygen atom is

[

accompanied by a =Si-Si = [43] bond formation, where denotes bonding with three separate
atoms. Neutral oxygen vacancy defects, which are the most characteristic lattice imperfections of

crystalline and glassy quartz, cause a large number of radiatively stimulated phenomena.
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(2) Non-bridge oxygen hole center (NBOHC)

One of the most studied luminescent defects in silica is the NBOHC or oxygen dangling bond
(=Si-O)). The non-bridging oxygen hole center is obtained from the precursor after hole capture
[44]. It occurs predominantly in synthetic silica with excess oxygen. The formation of a non-

bridging oxygen hole center (NBOHC) defect [45,46] is;

=Si-O-Si= — =Si-O" + Si= 2.11
Where “=” and “” Denotes or symbolize the bond with three oxygen and unpaired electron
respectively, lastly we have =Si-O , which is a NBOHC (oxygen dangling bond). The majority
of the dangling bond centers are unpuckered. From Skuja et al most NBOHC’s disappear within
few seconds after the photolysis pulse [47]. The remaining small fraction of room temperature-

stable NBOHC’s is usually assigned to an intrinsic process [48].

(3) Peroxy radicals

The peroxy radical is fundamental oxygen associated paramagnetic defects in SiO, glass.
Peroxy-center is associated with oxygen, formed by the action of an O, (Super oxide ion) ion on
a silicon atom to lead to Si—~O—O'.This structural identification of peroxy radical has stimulated
studies on reactions involving peroxy radicals. The most studied channel is the formation of
peroxy radical from the E’ center (a silicon dangling bond,=Si) in SiO, glass stuffed with the
interstitial O, [49],

=Si' + O, — =Si-0-O’ 2.12
4) E’ center (a silicon dangling bond)
E’ center is the most studied defect in silica (SiO») and is an unpaired electron in a tetrahedral sp

hybrid orbital of silicon atom bonded with three separate oxygen atoms [50]. In the E’-center, an

electron is trapped in an oxygen vacancy to give =Si [51]. E' center in amorphous silica can be
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formed at favorable precursor sites and can only be formed in the amorphous structure. The E'-
center is assigned to a silicon dangling bond (=Si’), with the Si atom bonded by two bridging

oxygen and an OH group (E'(OH)").

2.7. Clustering of Ce’" jons.

Cerium, like other rare-carths, has a low solubility in the glass matrix; therefore, Ce’” ions tend
to migrate to the sol-gel pores. In particular, because clusters are formed around non-bridging
oxygen, the clusters are formed at the pore surface. Because Ce’” has a high coordination
number (meaning it can have a large number of ligands), Ce’" can form partial bonds with
several of the lone pair of electrons on the network oxygen, forming a layer of Ce’" at the pore
glass interface. However, by increasing the cerium concentration increases the probability of

clustering.

Silicon
Oxvgen

®
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. Mg%/ or A"~ network former
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Figure 2.9: Sol gel glass structure shows that dopant (Ce®") acts as network Modifier and

the Co-dopants (Mg2+ and AI’") acts as a network former. [52]

By looking at Fig. 2.9, the Ce’" ions dope crystals substitutionally, in so-gel glass, Ce’" ions

prefer not to join the network. Instead, they become network modifiers, by coordinating with
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multiple oxygen atoms. The cerium ions choose non-bridging oxygen atoms preferentially, as

their electron density is considerably higher than that of other nodes in the network.

2.8 Introduction for types of the luminescence quenching mechanisms:

In this part, we will discuss interactions that reduce luminescence in materials. There are many
mechanisms that cause losses in luminescence, firstly is Energy transfer to matrix vibrations,
second Concentration Quenching and thirdly is The Residual Hydroxyl (‘OH) groups.
Luminescence occurs when the excited ions release energy in the form of photon. The excited
ion may be coupled with its environment, which may result in fast, non-radiative energy
transfers. Energy dissipation reduces the efficiency of the luminescence processes. In order for
Ce-doped sol-gel glasses to fulfill their application potential, we must maximize the

luminescence yield. To this end, we must reduce these energy transfer effects.

2.8.1 Energy transfer to matrix

The first quenching mechanism is the energy loss due to matrix vibrations of the host material, in
our case is silica (SiO;) glass, by exciting silica matrix with energy there is going to be energy
transfer between Si>" ions and the emission will be Non-Radiative Recombination. Matrix
vibrations are present in any host material, and are difficult if not impossible to control. All of
our samples are made with a silica host material, so this quenching effect is expected to be
uniform across our samples. The maximum energy corresponding to lattice vibrations depends

on the host material [53]. In oxide glass, this is about 800 cm™ [54].

2.8.2 Concentration Quenching

Concentration quenching is the process in which the excitation energy reaches a site causing
nonradiatively transitions (a killer or quenching site), lowering the luminescence efficiency of
that composition. This type of quenching usually occurs at higher concentrations of the dopant,
because then the average distance of the Ce ions is so small that there is energy migration among

REs elements. At low concentrations of Ce3+, the distribution of Ce*" in Si0, is not uniformly
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distributed and the distance between Ce’" ions are very large. Maximum luminescence intensity
is observed when the Ce®” ions are distributed uniformly in the host (SiO,) and bound to non-
network oxygen atoms in Si-O-Ce, however, luminescence decreased with increasing in the Ce®”
content, because the distance between the Ce*"-0-Ce’" ion becomes short or clustered.

The source or cause of this quenching (decrease in luminescence intensity) process is due to
clustering of Rare-earth ions (RE-O-RE) ions in sol-gel glass pore at high doping levels. The
clustering of Rare-earth in so-gel decreases the luminescence intensity of certain susceptible
transitions, in Ce’" ions, it quenches the intensity of the 5d-4f transitions. At higher RE
concentrations, most ions reside in cluster, the luminescence is observed from minority of
isolated ions and the distribution of Ce®" ions is not uniformly, there are regions of high and low
distributions in the host. Tightly clustered RE ions do not contribute to the luminescence
intensity peak because of strong cross-relaxation. This clusters of the Rare-earth ions on pore
surface firstly, may be due to the low solubility [55,56] of RE; in SiO,. The low solubility may
be due to the Rare-earth ions which are bigger in atomic or ionic radius than the host matrix (e.g.
atomic radius of Ce®" is 2.7A and for silica (Si*") is 1.46A) and secondly, the need to coordinate

with limited numbers of non-bridging oxygen [57].
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Figure 2.10: The cross-relaxation between two Rare-earth ions
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Cross-relaxation (CR) is an energy transfer process between two ions. The CR rate depends
strongly on the average distance between RE ions. The quenching of the Rare-earth causes the
non-radiative decay. Fig. 2.10 shows the process of cross-relaxation (CR). In our work, we only
focus on CR between Ce ions. The specific interaction between clustered Ce’* ions that
depopulate the *Dy excited state is suggested to be CR. The process involves an electron excited
to the “Ds), energy level drops to the lower “Ds); energy level. The energy from this transition is
transferred non-radiatively to the second ion. The close match in energy between the ’Ds;p—Dsp
and “F7,—"Fs;, makes this process highly effective at quenching radiative emissions in samples
with doping levels above optimum Ce’* ions. Because no photon is emitted in this energy
process, we call it a non-radiative relaxation. The energy transfer mechanism involves multipolar
interactions, the cross-relaxation rates depend strongly on separation distance between Ce’* ions.

In rare-earth, it is well known that dipole-dipole interactions dominate the process [58].

2.8.3 Non-radiative Vibrational Excitation of Residual hydroxyl (OH) group.

The third important quenching mechanism is as a result of residual hydroxyl group (COH)
remaining in the sol-gel material, even after annealing at high temperature (e.g. 600 °C). When
located near REs in the matrix (RE-OH), "OH ions provide non-radiative decay, as shown in Fig.
2.11. The presence of water in the starting solution (sol), and water generated during
condensation reactions in the sol-gel process, causes an abundance of OH in the material.

Secondly, water molecules in the atmosphere diffuse into the samples after annealed process
such as during crushing the samples. This process is called Rehydration. Rehydration happens
because glasses made using the so-gel method are typically less dense and more porous than melt
glasses. Water and many other solvents have vibration energies from 2000 cm™ to 3000 cm™

[59]. A glass with "OH group (HO-Si-OH), the "OH group absorbs excitation energy causing

bond vibrations; hence it will not release or emit photons leading to the luminescence quenching.
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Figure 2.11: Vibrational excitation of water.

2.9 Magnesium and aluminium co-doping

Magnesium appears in Group 2 in Periodic Table and is known as the alkaline earth metal. It is a
silver-white metal of low density mainly used in making light alloys e.g. magnalium and electron
[60]. The alkaline earth metals have a fixed oxidation state of +2 (e.g. Mg”"), and their
compounds are mainly stable ionic solids, which are colorless unless a colored anion is present.
The metals are electropositive, readily forming Mg®" ions. Magnesium nitrate hexahydrate is
very soluble in both water and ethanol and its melting point is 89 °C (362K). Magnesium nitrate
hexahydrate is a white crystal and decomposes at 330 °C. Because of its smaller size Mg*" is the
hardest of the ions. The electron configuration of Mg is 1s*2s*2p®3s” and Mg*" has 1s*2s°2p°.
Aluminium nitrate is a salt of aluminium and nitric acid, existing generally as a crystalline
hydrate. Its melting point is 73 °C, decompose at 135 °C and exhibit an oxidation state of +3.
Aluminium is used in making electric cables, pots and pans. It has electron configuration of
15*25*2p°3s”3p' and AI’" has 15°2s*2p°. Aluminium is a metal which does form trivalent ions, but
many of its compounds are predominately covalent and form no compounds with metal, only one

simple hydride, its oxide and hydroxide are amphoteric, it dissolves in acids to give aluminium
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salts (AL’ [60]. Anhydrous AP’ jons occur in anhydrous AlF; and the hydrated ion, (Al
(H,0)6)’", is found in many hydrates e.g. AI(NO3); - 9H,0, and in aqueous solution [60].
AI(NOs3)s . 9H,0 1is a white refractory material that is almost insoluble in water but soluble in
acids and alkalis because it is amphoteric.

Many Researchers shows that the Al is the most effective rare-earth fluorescence enhancing co-
dopant [58] than other co-dopants such as Ti [61] and P [62], but the exact mechanism for
fluorescence enhancement is not yet understood. Many Researchers [58] suggests that rare-earth
ions form RE-O-RE bond with one another, especially at higher concentration doping. Since
both Aluminium and rare-earth ions are trivalent rare-earth would likely to form RE-O-Al bonds
as well. Aluminium substitutes itself into the SiO, matrix during synthesis and could thereby
prevent clusters of rare-earth (e.g. Ce’”) ions from forming [63]. Aluminium may act as a
network former, as shown in Fig. 2.9. Laegsgaard et al. showed that Al ions substitute for Si
ions, forming triangles in which a RE ion is situated [52]. Although the study showed that only
three Al ions are required to dissolve one RE ion, the AI/RE ratio had to be 10:1 to ensure
complete cluster dissolution, which means Al creates Al rich regions where RE ions are located
[63]. Even our experimental data indicate that Al disperses Ce’” ions when the Al:Ce ratio is at
least 10:1 and at higher percentages luminescence quenching effect (above 5% Al) is observed.
The best sample is Si02:0.5%Ce3+:5%A13+, which reduces the rate of non-radiative decay and
improves or increases the quantum yield. Aluminium increases the luminescence in UV region of

350 nm (2D3/2—>2F5/2) while D5 ,—>°F5), luminescence decays for A" samples containing.

In contrast to Al co-doped samples, the luminescence intensity is greatly improved when Mg co-
dopant is introduced into the Ce systems. Luminescence in samples containing more than 0.5%
of dopants is strongly quenched. Thus, the enhancement of luminescence intensity when Mg is
added to the samples has been ascribed to Mg”" ions dispersing Ce®” ions clusters, reducing the
inter-ion distance between Ce”" ions and luminescence quenching. Also the Mg®" ions network
former, see Fig. 2.9. Even Our experimental data indicate that Mg dispersing Ce®" ions when the
Mg:Ce ratio is at least 20:1. The luminescent was observed with the Si0,:0.5%C¢’ +:10%Mg2+,
so above the 10%Mg”" ions we don’t know whether luminescence intensity keep on increasing

or quenching, however in future we have to determine or check. The Mg®" improves the
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luminescence in blue region of 436 nm (2D3/2—>2F7/2), while the luminescence of 2D3/2—>2F 5
disappears.

In agreements with finding of other researchers, Al co-doping relatively improves the
luminescence intensity as compared to Mg. The reason being that the electronic configuration, of
A" is 1s* 2s* 2p° 3s® 3p', thus behaving more like a metal since its valence band is only
partially filled but in its AI’" oxidation state, it’s completely full (1s® 2s* 2p°®) exhibiting very low
conductivity. Mg has the electron configuration of 1s 2s* 2p° 3s?, so its band is completely filled
up, resulting in an insulator like property, however, in reality Mg is a metal, although a poor one
with low conductivity. A very similar property is displayed by Mg”" in its oxidation state of 2-+.
Since the solids are divided into two major classes: metal and insulator, the difference between

the two can be easily understandable by the basis of the energy band theory.
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Chapter 3

Experimental Procedure and Overview of Research techniques
3.1 Experimental Procedure
3.1.1 Introduction

The study of the sol-gel process started back in the late 19™ century and this section focus on the
synthesis of silica, Ce-doped silica and co-doped with AP’ and Mg*" respectively. Sol-gel
process commonly starts with homogenous solutions of metal salts or metal organic precursors in
mixture of HO and alcohols. Due to starting with homogenous solutions, the sol-gel technique is
considered as an alternative way for the preparation of silica with a more homogenous
distribution of rare-earth ions. Sol-gel process is well known and widely used for creation of
glasses and ceramic materials. The wet-gel is obtained by adding silica alkoxide precursors
together with ethanol as solvent and again adding water simultaneously with acid. Sol-gel
chemistry begins as soon as the precursors are added together. For more information on the

preparation of sol-gel you can go to [1].
3.2 Synthesis

3.2.1 Synthesis of silica, Ce* doped silica, Ce* doped silica nanoparticles co-doped with

different mol% of Mg** and AI’*, respectively.

Silica glasses were synthesized by the sol-gel technique [2] using tetraethylorthosilicate (Si
(OC2HS5)4, TEOS), ethanol (ETOH), distilled water and Nitric Acid (HNOs, as a catalyst) as
material sources. The purities of these reagents are similar to those of analytically pure reagent.
During preparation of pure silica 10 mL of tetra-ethylorthosilicate (TEOS, Si (OC;Hs)s)
dissolved in 10 mL ethanol. The resulting clear solution was stirred for about 10 minutes. To
catalyze the hydrolysis and polymerization reactions, 5 mL of concentrated nitric acid was added

simultaneously with 14 mL of de-ionised water and the mixture stirred for 24 hours at ambient
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temperature until gel point. The volume ratio of TEOS, ETOH, WATER, and HNO; was
1:1:1.4:0.5.

Silica doped with different mol% of Ce’" were synthesized using the same material sources of
the preparation of silica and cerium nitrate (Ce (NOs); ) was used as dopants. When synthesizing
series of cerium doped silica, the similar procedure of synthesizing pure silica was followed, but
this time the solution of silica was stirred for 30 minutes. After that the various mass of cerium
(IIT) nitrate was dissolved in 5 ml of ethanol and was added to the foregoing mixture of silica

solution and the solution further stirred till gel point.

Similar experimental procedure was followed during synthesis of Al or Mg co-doped samples. In
this case the concentration of Cerium (III) nitrate was hold constant while mol% of magnesium
nitrate (Mg (NO3)3) or aluminium nitrate (Al (NOs);) were varied from 0-20%. The salt mixture
were dissolved in 5 or/and 2.5 mL of ethanol and added to the stirred silica solution. The

combined solutions were further stirred till gel point.

The gels were then dried at room temperature for approximately 5 to 14 days. Dried gels were
crushed and sintered in a furnace at 600 'C for two hours to remove solvent and organic ligands
and to obtain full densification. The powders were re-crushed and were ready for

characterization. The preparation was done at ambient conditions.

3.3 Sample Characterization

3.3.1 Introduction

In this study, a wide variety of characterization techniques were used to evaluate the material
quality of the semiconductor nanoparticles. The techniques broadly deal with the issues such as
sample surface topography, morphology including grain size, shape, evidence of voids, the
presence of crystalline or amorphous phases and detection of shallow-level impurities. The
thermal analyses of the samples were determined by differential scanning calorimetry (DSC) and

thermo gravimetric analyses (TGA). The structural properties of the polycrystalline nanoparticles
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were studied by scanning electron microscopy (SEM) and the presence of crystalline phases by
x-ray diffraction (XRD). The stoichiometric ratios of pure, Ce’" doped and Mg or Al ions co-
doped silica nanoparticles were determined by energy dispersive x-ray spectroscopy (EDS). The
optical properties of the nanoparticles were evaluated by photoluminescence spectroscopy (PL)
and UV-vis spectroscopy. The most important features of these characterization techniques are

outlined in the following sections.

3.3.2 Thermal Analysis

3.3.2.1 Differential Scanning Calorimetry (DSC)

DSC is a thermal analysis technique used to measure changes in heat flows associated with
material transitions. DSC measurements provide both qualitative and quantitative data on
endothermic (heat absorbing) and exothermic (heat evolving) processes. DSC is commonly used
to determine the glass transition temperature and crystalline melting point of materials (e.g.
polymers) [3]. In the DSC, a material specimen is weighed and placed into DSC sample pan. The
sample pan and empty reference pan are placed within the DSC apparatus. The DSC cell is
heated or cooled at some controlled rate while continuously monitoring the differential heat flow
between the sample and reference pans. The heat flow profile obtained during the DSC heating
or cooling run is subsequently analyzed for any of several endothermic and / or exothermic
transitions. The undoped,doped and co-doped xerogels were used as precursor for DSC. Thermal
analysis was performed using Perkin Elmer DSC 7 differential scanning calorimeter, under
flowing nitrogen atmosphere, as shown in Fig. 3.1. The samples approximately weighed in the
range of 5-10 mg, were heated from 25 to 200 °C at the heating rate of 10 °C min™'. Peak
temperatures of melting and enthalpies were determined from the scan. The instrument was
computer controlled and calculations were performed using Pyris Software. Fig. 3.1 shows the

DSC model used in this study.
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Figure 3.1: The Perkin-Elmer DSC7 thermal analyzer.

3.3.2.2 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) is a thermal analysis technique used to measure changes in
the weight (mass) of a sample as function of temperature and or time. Its principal uses include
measurement of a material’s thermal stability, absorbed moisture content and composition. It is
useful to determine the amount of material lost as the sample is heated [4]. In TGA, a sample is
placed into a tared TGA sample pan which is attached to a sensitive microbalance assembly, as
shown in Fig. 3.2. The sample holder portion of the TGA balance assembly is subsequently
placed into a high temperature furnace. The balance assembly measures the initial sample weight
at room temperature and then continuously as the temperature increases the material loses weight
as species decompose or evaporate from the sample. These changes are detected by the analytical
balance from which the sample is suspended. A plot of TGA data is typically weight percent on
the y-axis and temperature on the x-axis. The data would be plotted with weight percent as the y-
axis and time as the x-axis. The undoped, doped and co-doped xerogels were used as a precursor
for TGA. In order to determine the thermal stability of the various xerogels, thermogravimetric
analyses were performed in a Perkin-Elmer TGA7 thermal analyzer in the flowing nitrogen

atmosphere under the constant flow rate 20 ml min™', as shown in Fig. 3.2. The xerogels were
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also annealed at 600 °C and the resulting powders were used as precursor for other techniques.
The samples approximately weighting 5-10 mg each were then heated from 25 to 600 °C at a
heating rate of 10 °C min™. The instrument was computer controlled and calculations were done

using Pyris Software.

Figure 3.2: Photo of TGA apparatus.

3.3.3 Structural Analysis

3.3.3.1 Scanning Electron Microscope (SEM)

SEM is a type of electron microscope that images the sample surface by scanning it with a high
energy beam of electrons in a raster scan pattern. SEM is used to determine the topography,
morphology, composition and crystallographic information of a sample. It has a greater depth of
field, higher resolution and higher magnification than ordinary optical microscope. The SEM
only produces high-resolution images of the sample surface. Hence, the internal structure of the
sample cannot be determined unless cross-section is performed. Scanning electron microscopy
was conducted using a SHIMADZU SSX-550 Superscan SEM Model operating in standard high
vacuum mode and is equipped with energy dispersive spectroscope, see Fig. 3.3. The filament

used was standard tungsten cathode and the images were taken at 5 keV depending on the
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sensitivity of the material to the electron beam. Samples were placed on a specimen stub lined
with double sided adhesive, conducting tape and then coated with a thin layer of gold to reduce
sample charging. Sputter coating is done because samples are semiconductors. The sputter
coating is done to prevent the accumulation of static electric charge on the specimen during
electron irradiation, and secondly the sputter coating is done to improve contrast and resolution.

The SEM generates a beam of electrons in a vacuum.

Figure 3.3: SHIMADZU SSX-550 Superscan SEM Model with EDS.

3.3.3.2 Energy Dispersive Spectroscopy (EDS)

EDS is a spectrographic technique that identifies elemental composition within single particles in
a sample matrix, providing qualitative and semi-quantitative information [5]. As a type of
spectroscopy, it relies on the investigation of a sample through interactions between
electromagnetic radiation and matter, analyzing X-rays emitted by the matter in response to
being hit with charged particles. Its characterization capabilities are due in large part to the
fundamental principle that each element has a unique atomic structure allowing x-rays that are

characteristic of an element’s atomic structure to be identified uniquely from each other. To

41



stimulate the emission of characteristic X-rays from a specimen, a high energy beam of charged
particles such as electrons or a beam of X-rays, is focused into the sample being studied.

At rest, an atom within the sample contains ground state (or unexcited) electrons in discrete
energy levels or electron shells bound to the nuclear. The incident beam may excite an electron
in an inner shell, ejecting it from the shell while creating an electron hole where the electron was.
An electron from an outer, higher-energy shell then fills the hole, and the difference in energy
between the higher-energy shell and the lower energy shell may be released in the form of an X-
ray. The number and energy of the X-rays emitted from a specimen can be measured by an
energy dispersive spectrometer. As the energy of the X-rays is characteristic of the difference in
energy between the two shells, and of the atomic structure of the element from which they were
emitted, this allows the elemental composition of the specimen to be measured.

However, EDS systems are most commonly found on Scanning Electron Microscopes (SEM-

EDS) and EDS used in this study is shown in Fig. 3.3.

3.3.3.3 X-ray Diffraction (XRD)

XRD is the science of determining the arrangement of atoms within a crystal from the manner in
which a beam of X-rays is scattered from the electrons within the crystal. A crystal is a solid in
which a particular arrangement of atoms (its unit cell) is repeated indefinitely along three
principal directions known as the basis (or lattice) vectors. It is a technique used to characterize
the crystallography structure, crystallite size (grain size), and preferred orientation in
polycrystalline or powdered solid samples. It is also a common method for determining strains in
crystalline materials. An effect of the finite crystallite sizes is seen as a broadening of the peaks
in an X-ray diffraction as is explained by the Scherer equation. In XRD spectroscopy the wave
nature of the X-rays are diffracted by the lattice of the crystal to give a unique pattern of peaks of
reflectors at different angles and of different intensity, just as light can be diffracted by a grating
of suitably spaced lines. The diffracted beams from atoms in successive planes cancel unless

they are in phase, and the condition for this is given by the Bragg’s law [6]:

2dsind = ni 3.1
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Here d is the spacing between diffracting planes, 8 is the incident angle, n is any integer and A is
wavelength of the beam. The X-ray detector moves around the sample and measures the intensity
of these peaks and the position of these peaks at diffraction angle of 26. The X-ray

Diffractometer used in this study is Bruker AXS Discover diffractometer, as shown in Fig 3.4.

Figure 3.4: The X-ray Diffractometer used in this study is Bruker AXS Discover

diffractometer.

3.3.4 Optical Properties

3.3.4.1 UV-VIS-NIR Spectroscopy

Ultraviolet and visible (UV-Vis) absorption spectroscopy is the measurement of the attenuation
of a beam of light after it passes through a sample or after reflection from a sample surface.
Ultraviolet and visible light are energetic enough to promote outer electrons to higher energy
levels. UV-Vis spectroscopy is usually applied to molecules or inorganic complexes in solution.
Since the ultraviolet (UV) region scanned is normally from 200 to 400 nm, and the visible
portion is from 400 to 800 nm, UV-Vis spectroscopy is useful to characterize the absorption,
transmission, and reflectivity of a variety of technologically important materials, such as

pigments, coatings, windows, and filters. It measures the intensity of light passing through a
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sample (I), and compares it to the intensity of light before it passes through the sample (I,). The
ratio I / 1, are called the transmittance, and are usually expressed as a percentage (%T). The

absorbance, A, is based on the transmittance [7]:

%T

A= _log(mo%

) 3.2

The basic parts of a spectrophotometer are a light source, a holder for the sample, a diffraction
grating or monochromator to separate the different wavelengths of light, and a detector, check
Fig. 3.6. A spectrophotometer can be either single beam or double beam. In a single beam
instrument all of the light passes through the sample cell. I, must be measured by removing the
sample. In a double-beam instrument, the light is split into two beams before it reaches the
sample. One beam is used as the reference; the other beam passes through the sample. Some
double-beam instruments have two detectors (photodiodes), and the sample and reference beam

are measured at the same time, check Fig 3.5.

O> Reference Detector
Mono- .
Ratio

chromator

lamp

Sample Detector

Figure 3.5: The schematic of a double-beam UV-vis spectrophotometer [8].

Samples for UV/Vis spectrophotometer are most often liquids, although the absorbance of gases
and even of solids can also be measured. Samples are typically placed in a transparent cell,
known as a cuvette. Cuvettes are typically rectangular in shape, commonly with an internal width
of 1 cm. The type of sample container used must allow radiation to pass over the spectral region
of interest. The most widely applicable cuvettes are made of high quality fused silica or quartz
glass because these are transparent throughout the UV, visible and near infrared regions. Glass
and plastic cuvettes are also common, although glass and most plastics absorb in the UV, which
limits their usefulness to visible wavelengths [9]. The UV-vis Spectroscopy used in this study
was from Shmadzu Corporation, Model-UV-vis 1700 Pharmospec, and show in Fig 3.6.
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Figure 3.6: UV-vis Spectrophotometer from Shmadzu Corporation, Model-UV-vis 1700

Pharmospec.

3.3.4.2 Photoluminescence Spectroscopy (PL).

PL Spectroscopy is a process in which a substance absorbs photons (electromagnetic radiation)
and then re-radiates photons. Quantum mechanically, this can be described as an excitation to a
higher energy state and then a return to a lower energy state accompanied by the emission of a
photons. This is one of many forms of luminescence (emission of light) and is distinguished by
photoexcitation (excitation by photons). PL. Spectroscopy concerns monitoring the light emitted
from atoms or molecules after they have absorbed photons [10]. PL spectroscopy is suitable for
the characterization of both organic and inorganic materials of virtually any size, and the samples
can be in solid, liquid, or gaseous forms.

Electromagnetic radiation in the UV and visible ranges is utilized in PL spectroscopy. The
sample’s PL emission properties are characterized by four parameters: intensity, emission
wavelength, bandwidth of the emission peak, and the emission stability [11]. PL emission
properties can change, in particular a size dependent shift in the emission wavelength can be
observed. Additionally, because the released photon corresponds to the energy difference

between the states, PL spectroscopy can be utilized to study material properties such as band
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gap, recombination mechanisms, and impurity levels. Solid sample can also be analyzed, with
the incident beam impinging on material (powder). Generally an emission spectrum is recorded,
where the sample is irradiated with a single wavelength and the intensity of the luminescence
emission is recorded as a function of wavelength. In this study Photoluminescence measurements
were done on a Carry Eclipse Fluorescence Spectrophotometer system, equipped with a 150 W
xenon lamp as the excitation source as shown in Fig 3.7 and secondly using a SPEX 1870, 0.5M

Spectrometer, equipped with a He-Cd laser lamp as the excitation source.

————— e
[

Figure 3.7: PL spectroscopy from Carry Eclipse Fluorescence Spectrophotometer

System, equipped with a 150 W xenon lamp as the excitation source.
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Chapter 4

Characterization of pure SiO; nanoparticles prepared by sol-gel method.
4.1 Introduction

Sol-gel silicate glasses are SiO, glass monoliths made by the sol-gel process using silicate
precursors. The sol-gel process has been extensively studied and used for preparation of high
optical quality transparent monoliths by incorporating transition metals in a SiO, matrix [1-2].
The versatility of sol-gel technology provides control over the surface, shape, morphology of
materials from the earliest stages of production until the final stages of the process.

The different molar ratios of reagents and the concentrations of reactants decide the density,
morphology (whether they are clustered or dispersed) and transparency of sol-gel [3]. The sol-gel
process can be dried by the two products through xerogel which takes long time and aerogel
often achieved by supercritical. SiO, glass is one of the most important optical materials for
technologies and applications. It is used for optical fibers, UV and Vis-UV lasers because of its
wideband gap. In sol-gel processing, the SiO; gel backbone is O-Si-O network, which is
susceptible to various defects [4, 5]. Many researchers have reported several kinds of optical
active centers in nature SiO;, such as oxygen vacancy (-Si-S-), non-bridge oxygen hole center (-
Si-O), which give birth to the luminescence bands at 2.7, 3.1, 4.2 and 1.9 eV respectively [6-8].
Many researchers have observed optic-active defect centers in UV region [9-13] of SiO,. Defects
in Si0; have been widely studied in the last decades. The prepared SiO, nanoparticles show the
photoluminescence in the blue region or blue emission at maximum luminescence band of 448
nm (2.7 eV), with the shoulders around 422 nm (2.9 ¢V), 471 nm (2.6 e¢V) and 540 nm (2.3 ¢V).
Some researchers have reported the luminescence property of SiO; in the UV region [14] and
others in the visible region [15, 11, and 12]. In this sector we present the thermal, morphological,

structural and luminescent characteristic of SiO; prepared by the sol-gel method.
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4.2 Result and Discussion

4.2.1 Thermal analysis

Fig.4.1 (a) shows the Differential thermal analysis of SiO, xerogel nanoparticles. The SiO,
xerogel has an endothermic or melting peak at 105.4 °C and the enthalpy of 880.2 J/g. This
endothermic peak is due to free adsorbed water. The SiO, xerogel has high enthalpy due to the
large crystallites in SiO, xerogel chains which melt at high temperature compared to the small
crystallites. At the melting temperature, the SiO, xerogel chains come out of their ordered
arrangements by absorbing heat and begin to move around freely; hence the melting is an
endothermic transition. The presence of OH groups in SiO; also contributes to absorption at high

temperature and high enthalpy.

Fig. 4.1 (b) shows the TGA thermodiagram for SiO, xerogel nanoparticles. It is observed that the
Si0, weight sharply decreases from room temperature up to 150 °C while no significant weight
loss was recorded from 150 °C to 600 °C. The TGA shows that from 25-95 °C a 40 wt% losses
were also observed, attributed to removal of water in a gel. From 95 °C-150 °C again there is the
loss of 30 wt% removal of water and ethanol and again the weight loss of almost 5 wt. % from
150 °C — 600 °C which is due to the vaporization of organic solvent, the decomposition of
nitrates in precursor gel and relaxation of the SiO, skeleton. SiO, xerogel is more thermally
stable, by thermally stable it means it can melt at high temperature and it can withstand heat.
Since at temperature around 600 °C the graph is considerably stable which means we have used

that temperature to anneal the samples.
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Figure 4.1: (a) DSC and (b) TGA measurements of unannealed SiO; xerogel.



4.2.2 Morphological and Structural properties.

Fig. 4.2 Shows the SEM micrograph of SiO, xerogel nanoparticles annealed at 600 °C for 2
hours. The surface aspects of the SiO, nanoparticles at high magnification are spherical, smooth
and homogenous but with isolated aggregates. At low magnification the micrograph show that

that the particles are micro, irregular shape and aggregated.

Figure 4.2: SEM image of a xerogel SiO; at (a) high and (b) low magnifications.
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Due to low solubility of SiO, in the acidic aqueous/ alcohol media, siloxane bonds hardly break
and hence no rearrangement of chains occur [16]. Fig. 4.3 shows the energy dispersive X-ray
spectrum of xerogel SiO,. The composition analysis of the nanoparticles suggests the existence
of Si, O, (from the cores and the outside shell), C (from the copper (Cu) gridding for

measurement) and Au (from thin gold overlayer).
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Figure 4.3: EDS shows elemental component of the synthesized samples for a

xerogel SiO; annealed at 600 °C for 2 hours.

An X-ray diffraction pattern of xerogel SiO, is shown in Fig. 4.4 (a). The spectra have only one
dispersive broad peak, which indicate that all the samples are non-crystalline solids [17, 3]. The
broad diffraction peak signifies small sized particles (in nano range). The heat-treatment in air

using furnace at 600 °C for 2 hours have minimal effect on the structure of pure SiO,.
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Figure 4.4: XRD spectra of xerogel SiO, nanoparticles annealed at 600 °C for 2

hours.
4.2.3 Absorbance and Transmittance of pure Silica nanoparticles.

Fig. 4.5 shows the UV-VIS spectrum and optical absorption spectrum of xerogel SiO,
nanoparticles dispersed in ethanol. It is seen from the spectra that the SiO, has an absorption
peak at around 275 nm, which correspond to the 4f and 5d transition [18-19] and is similar to the
corresponding reference sample in this study (see transmission and absorption curve of SiO; in
Fig. 4.5). The annealed xerogel SiO; nanoparticles in ethanol displayed a fair transparency in the

visible region.
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Figure 4.5: UV-VIS spectrum and Optical absorption spectrum of xerogel

SiO; nanoparticles annealed at 600 °C for 2 hours.

4.2.4 Photoluminescence properties

Fig. 4.6(a) presents the luminescence spectra of xerogel SiO, heat-treated at 600 °C in air for 2
hours excited at 325 nm using He-Cd laser lamp. A broad emission with maximum peak at 448
nm was detected in the blue region of the visible spectrum. The analysis on this broad band with
the Gaussian function is shown in this pattern. Four luminescence bands contribute to this broad
band with the maximum at 422, 448, 471 and 540 nm as shown in Fig. 4.6(a). These
luminescence bands are attributed to the defects in SiO,. Since xerogel SiO, has low
coordination number (which forms bond with few metals or elements and also have a low
number of ligands), it easily forms many kinds of defects [4-5] on the surface, which may make

nano-sized SiO, having much different optic property.

The SiO, gel backbone of the O-Si-O network is susceptible to various defects. Some of the
common defects in SiO, are neutral oxygen vacancies [20], and the O states (or positive holes),

known as non-bridge oxygen hole center [21]. In the present work, the intense blue emission
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around 448 nm was reported, but other researcher reported the luminescence band of xerogel
Si0, nanoparticles in the UV region [14] and other in the visible region [22].

In this work, a major emission peak is observed in the blue region of the visible region at 448 nm
(2.7 eV) with shoulders at 422, 470 and 540 nm. The emission peak at 2.7 eV has been attributed
by researchers [23-24] to neutral oxygen vacancy (-Si-Si-) in SiO,. The luminescence band at
around 422 nm (2.9 eV) and 470 nm (2.6 e¢V) may be attributed to the some kind of oxygen
deficiency center (-Si-O-) [21], while the luminescence band at around 540 nm (2.3 eV) to the
impurities in SiO,. The PL emission spectra of xerogel SiO, annealed at 600 °C for 2 hours,
excited by the xenon lamp operating at 250 nm, is shown in Fig. 4.6(b). The spectrum shows
several emission bands at 418, 436 and 368 nm. The major two unresolved peaks were detected
in the blue region of the visible spectrum at 418 nm and 436 nm with minor peak detected in UV

region at 368 nm. These emissions are due to the structural defects in SiO, [11-13].
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Figure 4.6: (a) Photoluminescence emission spectrum for xerogel SiO, using He-Cd laser

lamp.
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Figure 4.6: (b) Photoluminescence emission spectrum for xerogel SiO; using xenon lamp.
4.3 Conclusion

Spherical Si0, particles with nanometer particle size distribution have been synthesized by the
hydrolysis reaction of TEOS in ethanol containing deionized water and nitric acid. The particles
showed sharp UV absorption bands at around 270 nm. The bright PL emission band was
observed with the maximum at 448 nm with the shoulder around 422, 478, and 540 nm. The
luminescence characteristic of SiO; is found to be excitation energy dependent. The XRD
analysis shows that the SiO, nanoparticles are amorphous and TGA shows that the amount lost

as a sample is heated.
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Chapter 5

Synthesis and characterization of Ce** doped SiO; nanoparticles
5.1 Introduction

The so-gel technique that involves the simultaneous hydrolysis and condensation reaction of the
metal alkoxide [1] is one of the most common methods of synthesizing SiO; nanoparticles. It has
simple chemical manipulations and a greater homogeneity of samples. It is well known that
almost every element in the periodic table can be stuffed into glasses, to control its quality and
opto-electronic properties. Glass hosts with their superior properties such as optical, flexible
geometry, higher doping levels and fiberization capability are a viable alternative to crystal.
Glass matrices also provide a wider tunability range because of varied site geometries available
to the active species. Cerium doped sol-gel SiO, glasses seems to be a promising material for
diverse applications such as phosphors, lasers, amplifiers and radiation detection technologies [2,
3]. Ce’" ions were widely used as activators in various oxides materials for its allowed optical
transitions of 4f—5d. A strong overlap of the activator 5d orbitals with ligand orbital causes high
sensitivity of their spectral characteristics to the local structural environment. Many researchers
have mentioned two main luminescent bands of Ce’” ions at 357 and 450 nm in the samples of
Ce’ -doped glasses and crystals [4-6]. Both of the two bands were attributed to the 4f-5d
transitions of triply charged cerium. There is still no doubtless conclusion about the relationship
between the luminescence bands and the environment structure. In some Ce’ -doped materials,
there was only one luminescence band with the maximum at 357 nm [5,6], but in other samples
luminescence bands at 450 nm appeared [5]. The luminescence of Ce doped silica is influenced
by factors such as the modification of the ligand field around the Ce’" ions in SiO,, presence of
hydroxyl ions, energy transfer by cross relaxation and the concentration of dopants [7]. It was
therefore of great interest to distinguish between the luminescence arising from Ce®" ions and of
that arising from defect centers in the silica matrix. Thus, the purpose of this paper is to study the

absorption and luminescent properties by using UV (Ultra Violet) and PL (photoluminescence)
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spectroscopy of Ce-doped SiO; glasses made by the sol-gel process. Secondly the dependence of

the PL wavelengths and intensity on the Ce** concentrations was investigated.

5.2 Result and Discussion

5.2.1 Thermal analysis

1@ " Si0,:0.5% Ce™
Sio

Normalized heat flow (w/g)

24+——FT—"——F1T— 77— T T T 7T
20 40 60 80 100 120 140 160 180 200 220

Temperature/’C

Figure 5.1: (a) DSC measurements of unannealed SiO, and Si0,:0.5% Ce’" xerogels.

The differential thermal analyses (DTA) of samples are shown in Fig. 5.1(a). SiO, xerogel has a
melting peak at 105.4 °C and the enthalpy of 880.2 J/g observed in the heating and cooling
process [8]. The peak correspond well to the desorption of physically adsorbed water, the
removal of chemically adsorbed water, and the decomposition of organic matter and hydroxide
groups. The results of DSC indicate the presence of organic matter in the monodispersed sample
and the higher melting peak of SiO, xerogel compared to the Ce-doped implies the stronger bond
between the Si-O networks. This means the high melting peak shows that the bonding between
the metals is strong. The presence of Ce in the SiO, matrix decreases the melting peak

temperature to 100.8 °C and reduces the enthalpy to 868.2 J/g.
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Figure 5.1: (b) TGA measurements of unannealed SiO; and Si0,:0.5% Ce’" xerogels.

Si0,-Ce melts at lower temperature as compared to SiO; because of the weak intermolecular
forces between the Si-O-Ce or Si-Ce. The temperatures of DSC start at 25 °C and stop at 200 °C

because from 200 °C to 600 °C there was just a constant line or straight line.

Thermogravimetric analyses (TGA) were carried out to determine the content of organic matter
in the SiO; nanoparticles. As shown by Fig. 5.1 (b) weight loss of about 40 wt. % from room
temperature to 125 °C was due to the desorption of physically adsorbed water and chemically
adsorbed alcohol. The weight loss of 20 wt. % from 125 to 135 °C was due to the removal of
chemically adsorbed water. Weight loss of almost 5 wt. % from 135 to 600 °C was mostly due to
the decomposition of organic matter and the hydroxide groups. There was a total weight loss of
75 wt. % when SiO; xerogel sample was heated from room temperature to 600 °C. The presence
of Ce as a do-pant significantly reduces the residual mater due to existence of weak bonds
relative to that of SiO; xerogel. The do-pants partly participate in the removal of "OH group thus

reducing the number of pores.
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5.2.2 Morphological and structural properties.

Fig. 5.2 show SEM micrographs of Si0,:0.5% Ce’** samples’ annealed at 600 °C. Since SiO; is a
semiconductor, therefore injection of large number of high energy electrons on to its surface
causes surface charging. To circumvent this, samples were sputter coated with Gold (Au) in
order to be able to monitor the surface morphology of the samples. The surface aspects of the
nanoparticles are found to be spherical, smooth and homogenous in all cases but with isolated
aggregates of SiO,/ SiO,:Ce. However, small nano-sized particles on some of the large
agglomerated particles are clearly evident. It was observed that the concentration of the Ce ions
have less effect on the morphology of the samples. Figure 5.3 (a) and (b) show the EDS spectra
performed on the particles (a) SiO,: 0.5% Ce*" (b) SiO, xerogels. The components analysis of
the particles suggests the existence of Si (from the cores and the outside shell), oxygen (O) (from
the cores and the shells) and carbon (C) (from the Cu(copper) gridding for measurement) and
SiOy: 0.5% Ce*" shows Si, O, C, and Ce*" but cerium peak are small due to the low

concentration of it.

Figure 5.2: SEM images of Si0,:0.5%Ce*" nanoparticles showing aggregation and

spherical nanoparticles.
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Figure 5.4: XRD spectra of (a) SiO; and (b) Si0,:0.5% Ce* xerogels.
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Since we have coated our samples with Gold (Au) to prevent charging, small amount of Gold is
also observed on the spectrum. X-ray diffraction patterns of SiO, and SiO,:Ce”" is shown in Fig.
5.4. All of the spectra are similar and only have one dispersive broad peak, which indicate that
all the samples are non-crystalline solids. The heat-treatment of samples in air using furnace at

600 °C for 2 hours have minimal effect on the structure of SiO, and Ce-doped SiO,.

5.2.3 Absorbance and Transmittance of SiO, and SiO,: 0.5% ce*,
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Figure 5.5: Transmittance and absorbance measurement of SiO; and SiO,: 0.5% Ce**

xerogel.

The SiO, nanoparticles in ethanol solution displayed a fair transparency in the visible region.
The presence of Ce’ in the matrix slightly increases the transmission intensity and lower
absorption peak of SiO,. For SiO,, there is an absorption peak at around 275 nm, which
correspond to the 4f and 5d transition [9,10] and is similar to the corresponding reference sample
in this study ( see transmission and absorption curve of SiO,:Ce’) in Fig. 5.5. In contrast for

samples containing Ce’" ions, no clear absorption peak but an absorption edge was observed.
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5.2.4 Photoluminescence properties

Fig. 5.6 (a) presents the photoluminescence spectra of SiO, xerogel excited at 325 nm after heat-
treated at 600 °C in air for 2 hours. A broad emission with maximum peak at 448 nm (2.7 eV)
was detected in the blue region of the visible spectrum. The analysis on this broad band with the
Gaussian function is shown in this pattern. Four luminescence bands contribute to this broad
band with the maximum at 422, 448, 471 and 540 nm. Three luminescence bands (422 (2.9 eV),
471 (2.6 eV) and 540 nm (2.3 eV)) can be due to the defects in SiO,. These values which are
slightly blue shifted may be due to the size of the nanoparticles but comparable to luminescence
peaks at 450, 560 and 650 nm for SiO, xerogel as reported by some researchers [11]. This
assumption of an indication of quantum confinement is in agreement to the SEM results where
nano-sized particles are observed as reported above. Since SiO; has a low coordinated elements
(this means it can have a low number of ligands) and therefore easily form many kinds of defects
on the surface, which may make nano-sized SiO; to have much different optic property (e.g.

figure of Si0y,).
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Figure 5.6(a): Photoluminescence emission spectrum for SiO; xerogel.
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Three luminescence bands are attributed to the defects in SiO, gel backbone of the O-Si-O
network, which is susceptible to various defects [12,13]. Some of common defects in SiO; are
neutral oxygen vacancy [14], and the O states (or positive holes), also called non-bridge oxygen
hole center [15]. Fig. 5.6 (b) shows the photoluminescence emission spectra of Si0,:0.5% Ce’”
excited by 325 nm photon after heat treated in air at 600 °C for 2 hours. A broad emission with
maximum peak at 445 nm (2.8 eV) was observed in the violet and blue region of the visible
spectrum. The broad emission can also be decomposed to two luminescence bands with the
maximum wavelength at 442 nm (22624.43 cm’') and 467 nm (21413.28 cm™). Two main
luminescence bands of Ce’" ions at 357 and 450 nm in samples of Ce’" - doped glasses and
crystals have been reported [16-18]. The PL emission spectra from SiO,:Ce’" is very similar to
that of Si0O, but with enhanced luminescence and slight shift from 448 nm to the 445 nm with

addition of Ce*" ions to Si0s.
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Figure 5.6(b): Photoluminescence emission spectrum for Si0,:0.5% Ce** xerogel.
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The PL emission at 445 nm could possibly be due to transition in both SiO, and Ce’” emitting
centre. This implies that there is possibility of host SiO, transfers energy to the emitting centre
Ce’" just like in the commercially used ZnS:Ag", in which the sulphide host transfers energy to
Ag". The emission from SiO, at 540 nm appears to have been quenched in case of SiO,:Ce’".
The existence of several peaks can be attributed to non-equivalence of the Ce ions (e.g.
coordination number changing with the surrounding ligands from one side to another). These
luminescence bands are characteristic emission of 4f'—5d' transitions of triply charged Ce**
ions [13,19,20], commonly in either in the ultraviolet or visible region (blue) and it consists
typically of two bands, which corresponds to the transitions from the lowest 5d' crystal field
component (°D3p) to the two components (2Fs, and 2F7,) of the 4f ground state [20]. The
dependence of the luminescence spectra of SiO,: Ce on the Ce concentration is illustrated in
Figure 5.7(a). The emission intensity is related to the concentration of the Ce’" activator ions.
With the increase of the concentration of the activator ion, the luminescent center increases and
the emission intensity is enhanced. The highest luminescent intensity yield of the particles was
obtained at a Ce concentration of 0.5% and lower or higher Ce contents results in a substantial
decrease in emission intensity. The luminescence spectra overlap for other mol percentages (e.g.

Si0,:0.75%Ce”" and Si0,:1.25%Ce’") which are not include in Fig. 5.7(a).

Fig. 5.7(b) shows the variation of maximum luminescence intensity with Ce concentrations. The
luminescence spectra depict a threshold value as the concentration of the activated elements
increases as a result of concentration quenching effect. At high concentration the clustering of
activator atoms may change a fraction of the activator into quenches, and may induce the
quenching effect. This decrease in emission intensity commonly attributed to *Ds,—>2F;
transitions shows the presence of stronger cross-relaxation induced quenching with smaller inter-
ion distance [21]. The relationship between the relative luminescence intensities by monitoring
the emissions of 2D3/2—>2FJ at 545 nm and doping Ce*" concentrations for samples annealed at
600 °C for 2 hours is shown in Fig. 5.7(c). The quenching concentration is about 0.5%. In
general, the quenching concentration effect is ascribed to transfer energy from Ce’" ions to

nearby quenching centers.
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Figure 5.7: (a) Luminescence spectra of SiO,: Ce obtained for different Ce concentration at

Aexe = 325 nm.

The smaller nanosized particles result in the fact that the non-radiative centers distribute
randomly with a considerable fluctuation in particles, at the same time, the more interfaces effect
in smaller nanosized particles lead to energy transfer between Ce’" ions is inhibited [22]. All of
these would lead to nonradiative transfer decreased and a higher Ce®" quenching concentration.
The mutual interactions type of luminescence quenching in solid-state materials can concluded

by analyzing the constant s from the following relational expression [23,24]:

10g(1/C)=—§10gC+logf 5.1

where I is the relative emission intensity, C is the Ce’" dopant content, s is the mutual

interactions constant. When logC is the horizontal ordinate, log(//C)is the longitudinal

ordinate, the slope coefficient of curve iss/3. The luminescence quenching is related to the

. . + . . .
electric multipole resonant transfer between nearby Ce’" ions and exchange interactions.
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Figure 5.7: (b) Experimental results and Gaussian function fitted graphs of concentration

dependence of the normalized emission intensity of Ce*" doped SiO;.
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Figure 5.7: (c) The relation of the concentration of Ce’" ions (log C ) and the log(/ / C) for

the 2D3/2—>2FJ transitions in SiO,:Ce phosphors.
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The relationships between log(/ /C) and log C in SiO,:Ce’" nanoparticles prepared at 600 °C for

2 hours are plotted in Fig. 5.7(c), which can be fitted into linear, and the slope coefficient of
linear is —2.9 (close to 3), according to the slope coefficient of linear, the parameter s is
calculated to be 9. When s is between 8 and 10, the mutual interaction is dominated by electric
dipole and electric quadrupole interactions, for the energy transfer by cross relaxation among the
Ce®” jons in the SiO,:Ce phosphor. Other non-radioactive processes that could contribute to
luminescence quenching effects are energy transfer to hydroxyl ions and SiO, deep level defects.
In order to eliminate the contributions of these effects the as prepared nanoparticles are
synthesized at similar experimental conditions and annealed at high temperature (around 600

°C).

5.3 Conclusion

A simple method for preparation of SiO, with Ce nanoparticles by using a sol-gel method has
been described. The SEM results showed small spherical nano-sized particles super-imposed on
some of the large agglomerated particles. The surface morphology was less dependent on the Ce
concentration in SiO; glass. Ce-doped glasses exhibited a broad emission band in the blue region
which indicates the potential for this material as the active medium for tuneable phosphor
applications in this region. The PL spectrum of SiO, with Ce nanoparticles showed enhanced
luminescence band with the maximum at about 445 nm (2.8 eV) however significant quenching
occurs after total concentration of only 0.5 mol % of Ce. The luminescence band of SiO; is

shifting from high wavelength to the short wavelength.
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Chapter 6

The effect of Mg”* ions on the Photoluminescence of Ce’* doped silica.
6.1 Introduction

The sol-gel process is an efficient technique for the synthesis of phosphors due to the good
mixing of starting material and relatively low reaction temperature. Another attractive feature of
sol-gel glasses is that they can hold a higher concentration of dopants without losing their
amorphous character. However, before rare-earth (RE)-doped sol-gel glasses can be used in
practical applications such as phosphor materials, several luminescence quenching caused by
clustering effects must be overcome. Optically active elements such as metal (Rare-earth and
nanocrystals) can be doped into the so-gel matrix, with an enhanced luminescence induced by
an energy transfer from host or AI’* to Ce®* ions [1,2]. A trivalent Ce ion is one of the most
important activators in various fluoride and oxide materials for its spin allowed optical
transitions of 4f-5d [3].

Researchers have reported that the fluorescence is greatly enhanced with the use of Al as co-
dopants [4, 5]. The enhancement of luminescence due to Al co-doping has been ascribed to Al
dispersing RE clusters, increasing the average distance between the rare-earth ions [6,7]. Rare-
earth clustering and dispersing has been studied with fluorescence line narrowing, which is a
laser technique that allows the detection of energy migration among the Rare-earth ions [7, 8, 9].
In this paper we present a study on absorption and luminescence properties of SiO,:Ce’" co-

doped Mg”" as characterized by UV-Vis and photoluminescence (PL) spectroscopy.
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6.2 Result and Discussion

6.2.1 Thermal analysis
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Figure 6.1: DSC (a)-TGA (b), of pure SiO,, Si0,:0.5% Ce** and Si0,:0.5% Ce**: 1% Mg*".
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The DSC analyses of the samples are shown in Fig. 6.1 (a) SiO, xerogel has an endothermic
peak at 105.4 °C and an enthalpy of 880.2 J/g observed in the heating and cooling process. Ce’'-
doped SiO, xerogels show the endothermic peak at 100.8 °C with enthalpy of 868.2 J/g and Mg*"
co-doped shows a similar peak at 90.5 °C with enthalpy of 469.9 J/g. The TGA curves in Fig.
6.1(b) show weight loss of about 45 wt. % from room temperature to 125 °C occurred.
Additional weight loss of 30 wt. %, from 125 °C to 135 °C, was observed. Lastly weight loss of
almost 5 wt. % from 135 °C to 600 °C was observed. Overall there was a total weight loss of
80 wt. % when undoped SiO, xerogels were heated from room temperature to 600 °C. The yield
is highest for Ce*" doped sample and lowest for the Mg*" co-doped sample. The possible
processes that take place as the temperature increases are, elimination of physically adsorbed
water and ethanol, oxidation of residual organics, relaxation of the SiO, skeleton, condensation
of adjacent hydroxyls and segregated hydroxyls, and viscous sintering, in that order [10]. The
decrease in endothermic peak temperature due to the presence of Ce’" or Mg*" ions is attributed
to the existence of stronger hydrogen bond between the Si-O networks and water molecules [11]
or weaker intermolecular forces between the Si-O-Ce and Si-O-Mg bonds. It is suggested that
the introduction of the Ce’” and Mg®" acts as interlayer separator in the SiO, network, thus

facilitating the release of the water molecules to occur at lower temperatures.
6.2.2 Morphological and Structural properties.

Fig. 6.2 shows the SEM micrograph of the annealed co-doped Ce®*/Mg*" xerogel, after annealing
at 600 °C for 2 hours. The morphology of the nanoparticles was characterized by nearly spherical
individually resolved nanoparticles producing a denser morphology. The observed grain sizes are
mostly between 80 — 120 nm. It is important to note that the presences of dopant and co-dopant
ions in silica do not greatly influence the size and the morphology of particles. Fig. 6.3 shows the
energy dispersive X-ray spectrum of (a) undoped (b) Ce’" doped and (c) 1 mol % Mg*" co-
doped, annealed SiO, xerogels. The elemental analysis of the nanoparticles suggests the
existence of Si, O, Mg (from the cores and the outside shell), C (from the copper (Cu) gridding
for measurement) and Au (from thin gold over layer). The significantly small counts of Mg*" and

Ce’" ions is direct indicative of small concentrations of these ions in the samples.
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The typical XRD patterns of (a) undoped (b) Ce’"-doped and (c) 1 mol % Mg*" co-doped
annealed SiO; xerogels are shown in Fig. 6.4. The presence of dispersive broad peak centered

around 20~24° is indicative of highly disordered / or amorphous SiO,. The heat treatment of the
samples at 600 °C for 2 hours did not change the crystalline structure.

Figure 6.2: SEM micrographs depicting the typical morphological features of xerogels
(Si0,, Ce-SiO; and Mg co-doped SiO;) annealed at 600 °C for 2 hours in air.
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Figure 6.3: Represented EDS spectrum of (a) SiO; (b) Ce-SiO; (0.5 mol % Ce) and (c) Mg
(1 mol % Mg) co-doped xerogels annealed at 600 °C for 2 hours in air.
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Figure 6.4: Represented XRD spectra of (a) SiO; (b) Ce-SiO; (0.5 mol % Ce) and (¢) Mg (1

mol % Mg) co-doped xerogels annealed at 600 °C for 2 hours in air.

6.2.3 Absorbance and Transmittance analysis.
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Figure 6.5: Transmittance and absorbance spectra of (a) SiO;, (b) Ce-SiO; (0.5 mol % Ce)
and (c¢) Mg co-doped SiO; (1 mol % Mg) xerogels annealed at 600 °C in air for 2hours.
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Fig. 6.5 show the optical transmittance and absorbance spectra of (a) SiO; (b) Ce-SiO, and (c)
Mg co-doped samples heat-treated at 600 °C for 2 hours in air. SiO, and Ce-doped samples
exhibited high optical transmittance and lower absorbance in the visible region. The presence of
Mg”" ions drastically reduces the transmittance, but significantly increases the absorbance. The
Si0; and Mg co-doped samples presented a weak absorption peak at 275 nm, while the Ce-doped
samples quenches this peak respectively. Since no shift is observed in the position of the

absorption peak it is therefore concluded that the peak is due to the host material.

6.2.4 Photoluminescence properties.
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Figure 6.6: (a) Photoluminescence emission spectra of (i) SiO, (ii) Ce-SiO; (0.5 mol % Ce)
and (iii) Mg co-doped SiO; (10 mol % Mg) xerogels annealed at 600 °C for 2 hours in air

with its Gaussian peak fits.

Fig. 6.6 shows PL emission spectra of (i) undoped, (ii) Ce’" -doped and (iii) Mg*" co-doped
annealed Si0; xerogels excited with a wavelength of 250 nm. The emission spectra of undoped
silica presents defect related transitions at 366 nm, 418 nm and 436 nm, Fig. 6.6(i). The intrinsic
luminescence spectrum of SiO, may vary slightly from sample to sample depending on the

syntheses and processing conditions, but it always occurs in the blue region of the spectrum. As
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shown in Fig. 6.6(iii), two peaks were fitted as a solution for the broad spectra of Ce®" doped
samples. The two peaks are centered at 422 and 450 nm, respectively, and differ by ~2000 cm ™.
Clearly the luminescence therefore can be ascribed to the electric dipole-allowed transition from
the lower 5d (°D) excited state to the 4f' ground state (a doublet ’Fs, and “F7) of the Ce’™ ions
[12]. It is well known that the emission of Ce ions is either in the UV or visible region and

consists of transitions from the lowest 5d excited state to the 4f ground state [13-18].
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Figure 6.7: Photoluminescence emission spectrum series with two unresolved peaks at 422
and 450 nm of Mg co-doped SiO; xerogels of different concentrations: 0.01, 0.05, 0.25, 0.5,
1, 5, 10 mol % Mg annealed at 600 °C for 2 hours in air.

Fig. 6.7 contains the emission spectra of sol-gel glasses containing 0.5 mol % Ce’" and varying
Mg’" concentrations annealed for 2 hours at 600 °C. The presence of Mg co-dopant significantly
increases the luminous intensity. The Mg*" ions disperses the Ce’™ clusters, enhancing *Fs, and
2F7/z emissions due to increased ion-ion distances and decreased cross-relation. Also, an
introduction of Mg”" co-dopants with different valences from Ce’", produce defects, because of
charge compensation requirements, resulting in change of energy transfer with the presence of
Mg ions. The ratio of increase in intensities of both peaks of Ce’" at higher concentrations of

Mg is different from that of lower concentration of Mg®" ions which indicates a change of
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surrounding of the Ce’" ions in the SiO, lattice at lower concentration of co-dopant. It was
observed that intensity of emission peaks increases significantly as Mg concentrations increases
with a critical value of Co-dopants/RE ratio of at least 20:1 as reported Al co-doping [18].
Previously Al [7] has been shown to be more efficient in enhancing luminescence of dopants in
materials such as Ti [5], P [19], Ca [19] and thus became the standard co-dopants used by
different research groups [20, 21] in the phosphor field.

6.3 Conclusion

Si0,, Ce** doped and Mg”" co-doped phosphor powders were successfully synthesized by the
sol-gel process, involving the hydrolysis and condensation of organometallic precursor. The
DSC and TGA showed that the presence of Ce®* (or Mg®") ions decreases the endothermic peak
temperature while Ce’" increase the yield but Mg®* reduces it. The UV showed that the presence
of Ce’” in the matrix slightly increases the transmission intensity and lower absorption peak of
undoped SiO,, while the presence of Mg?™ ions reduces the transmittance, but increases the
absorbance peak. The Gaussian peak fits to the PL results showed two peaks at 422 nm and 450
nm that fit the broad band spectrum. The origin of these two peaks is due to the crystal field split
of the 4f levels of Ce’" ion. An increase in luminescence intensity was observed as the Mg*" to
Ce’" ratio increases for the range investigated but significant luminescence enhancement was
observed for Co-dopant:Ce ratio greater than 20. This enhanced photoluminescence was assigned
to an energy transfer from the Mg nanoparticles, to result in enhanced emission from Ce’". The
Mg2+ ions disperses the Cce’* clusters, enhancing ’Fs, and 2F7/2 emissions due to increased ion-ion

distances and decreased cross-relation.
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Chapter 7

The effects of the aluminum co-doping on the photoluminescence properties of Ce* doped

SiO; glasses.
7.1 Introduction

The sol-gel process is of significant interest as it is synthetically flexible and allows for a more
homogenous distribution in the final products. SiO, glasses doped with rare earth elements that
emit in UV and visible regions are useful in many applications including laser materials and fiber
optics. RE-doped sol-gel glasses are known to suffer from two fluorescence-quenching
mechanisms. The first is RE clustering. RE ions have high coordination numbers and must share
the limited number of non-network oxygen atoms in the matrix [1]. Clusters form through RE—
O-RE bonding, and facilitate both energy migration and cross relaxation. The second important
quenching mechanism is a result of residual hydroxyl groups (OH’) remaining in the sol-gel
material, even after annealing at high temperatures (e.g. 600 °C). Enhanced photoluminescence
of trivalent rare-earth activator ions are induced by energy transfer from S*[1], CIT1], Ti*'[2]
and AI’" ions[2, 3, 4, 5] has been reported. The enhancement of luminescence due to Al co-
doping [2-5] has been ascribed to Al dispersing RE clusters, increasing the average distance
between the rare-earth ions and therefore decreasing cross relaxation [6,7]. Rare-earth clustering
and dispersing has been studied with fluorescence line narrowing, which is a laser technique that
allows the detection of energy migration among the Rare-earth ions [7, 8, 9]. Although the
mechanisms is not yet understandable studies have clearly showed that the A" ions co-doping is
significantly effective at dispersing RE ions when the ratio of AI:RE is 10:1 or greater. In this
section synthesis and characterization of Al co-doped SiO; nanoparticles in the forms of powders
is presented. The concentration dependence and the influence of size on the micro-structural and
luminescent properties are discussed. The investigation of luminescence properties through

energy transfer between Ce’" and AI’", of Si0,:Ce’":AI’" nanoparticles are of the main points.
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7.2 Result and Discussion

7.2.1 Thermal analysis

The DSC analyses of the samples are shown in Fig. 7.1(a). SiO, xerogel has an endothermic
peak at 105.4 °C and an enthalpy of 880.2 J/g observed in the heating and cooling process. Ce*'-
doped SiO, xerogels show the endothermic peak at 100.8 °C with enthalpy of 868.2 J/g and AI**
co-doped shows a similar peak at 90.5 °C with enthalpy of 469.9 J/g. The TGA curves in Fig.
7.1(b) show weight loss of about 40 wt. % from room temperature to 125 °C. Additional weight
loss of 20 wt. % was observed from 125 °C to 135 °C. Lastly an extra weight loss of almost 5 wt.
% was observed from 135 °C to 600 °C. Overall there was a total weight loss of 75 wt. % when

undoped or doped SiO, xerogels were heated from room temperature to 600 °C.
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Figure 7.1: DSC (a)-TGA (b), of pure SiO,, Si0,:0.5% Ce*" and Si0,:0.5% Ce**: 1% A’

The possible processes that take place as the temperature increases are, elimination of physically
adsorbed water and ethanol, oxidation of residual organics, relaxation of the SiO, skeleton,
condensation of adjacent hydroxyls and segregated hydroxyls, and viscous sintering, in that order
[9]. The decrease in endothermic peak temperature and the yield (or residual matter) due to the
presence of Ce’ or Al’"ions is attributed to the existence of stronger hydrogen bond between the
Si-O networks and water molecules [10] or weaker intermolecular forces between the Si-O-Ce
and Si-O-Al bonds. It is suggested that the introduction of the Ce’™ and AI’* acts as interlayer
separator in the SiO, network, thus facilitating the release of the water molecules to occur at
lower temperatures. However, the residual weight of all the samples is not the same since they
did not contain the same amount of dopants. The yield product of the Ce**-doped SiO, xerogel is
overlapping the xerogel SiO, because it has higher molar mass than the host (unannealed Si0,).

The order in which the samples melts or degrade depends on melting point of the original
compound. The experimental melting point decreases according to the original melting point of
the compound, for SiO; (1650 °C) and for Ce (iii) nitrate hexahydrate (200 °C) and for Al nitrate

(73.5 °C). And again it depends on the intermolecular forces.
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7.2.2 Morphological and structural properties of nanoparticles.

Fig. 7.2 shows the SEM micrographs of the annealed SiO, xerogel, after annealing at 600 °C for
2 hours. The morphology of the nanoparticles was characterized by nearly spherical individually
resolved nanoparticles producing a denser morphology. The observed particle sizes are between
80 — 120 nm. It is important to note that the presence of dopant and co-dopant ions in SiO, did
not greatly influence the size and the morphology of particles. Fig. 7.3 shows the EDS spectrum
of (a) undoped (b) Ce’" doped and (c) 1 mol % AI’* co-doped, annealed SiO, xerogels. Samples
are sputter coated with a thin gold layer in order to prevent surface charging of nonconducting
sample surface by high energy electrons.

The elemental analysis of the nanoparticles suggests the existence of Si, O, Al (from the cores
and the outside shell), C (from the C double sided tape) and Au (from thin gold over layer). The
significantly small counts of A’ and Ce’* ions is direct indicative of small concentrations of

these ions in the samples.

Figure 7.2: SEM images of pure SiO,.
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Figure 7.3: EDS shows elemental component of the synthesized samples (a) SiO; (b) SiO;:
0.5% Ce*" and (c) Si0,:0.5%Ce**:1% AI**.

The typical XRD patterns of (a) undoped (b) Ce’"-doped and (c) 1 mol % AI’" co-doped
annealed SiO, xerogels are shown in Fig. 7.4. All the spectra are similar and only have one
dispersive broad peak centered at 20 ~ 24 degrees. The broad peak shows that the SiO, particles
are highly disordered and / or amorphous. Heat-treatment in air using a furnace at 600 °C for 2

hours did not change the structures of the SiO, with Ce** and co-doped with AI*".
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Figure 7.4: XRD spectra of (a) SiO; (b) Ce- SiO; (c) Al co-doped xerogels annealed at 600

°C for 2 hours in air.

7.2.3 Absorbance and Transmittance analysis.

Fig. 7.5 show the optical transmittance and absorbance spectra of (a) SiO, (b) SiO,: 0.5% Ce’*
and (c) SiO,: 0.5% Ce’™: 1% AI’" co-doped samples heat-treated at 600 °C for 2 hours in air.
Si0, and Ce-doped samples exhibited high optical transmittance and lower absorbance in the
visible region. The presence of AI’” ions drastically reduces the transmittance, but significantly
increases the absorbance intensity. The SiO, sample presented a weak absorption band at 270
nm, while the Ce-doped and Al co-doped samples quenches this band. This absorption band
observed at 270 nm for all samples correspond to the 4f and 5d transitions [11,12], and is similar
to the corresponding reference sample in this study (see transmission and absorption curve of
Si0,:Ce™) in Fig 7.5. Since no shift is observed in the position of the absorption band it is

therefore concluded that the band is due to the host material.
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Figure 7.5: Transmittance and absorbance measurement of pure SiO;, SiO;: 0.5% ce

and Si0,:0.5%Ce*":1% A’
7.2.4 Photoluminescence properties.

Fig. 7.6 shows the excitation spectrums of SiO, and SiO»: 0.5%Ce’". Both indicated a single
band in the region from 250 to 300 nm. This band is attributed to allowed transitions from the
ground state to the crystal-field splitting of the 5d level. The difference to these two spectrums is
that the Ce*"-doped SiO, has a higher intensity than the undoped SiO,. The peak position of the
absorption spectrum (as shown in Fig. 7.5) is in agreement with the excitation spectrum. The
excitation spectrum of SiO,: 0.5% Ce’” 5% AP’ is not included because the luminescence

intensity was saturating.

Fig. 7.7(a) shows the photoluminescence spectra of undoped and Ce’*-doped annealed SiO,
xerogels under the excitation of 270 nm wavelengths. The emission spectra of undoped SiO,
presents defect and charge transfer between Silicon (Si) and oxygen related transitions at 365
nm, 377 nm, 419 nm and 436 nm. The intrinsic luminescence spectrum of SiO, may vary slightly
from sample to sample depending on the syntheses and processing conditions, but it always
occurs in the blue region of the spectrum. Fig. 7.7(b) shows the luminescence patterns of

undoped SiO, annealed at 600 °C in air for 2 hour.
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Figure 7.6: The excitation spectra of the doped and undoped SiO; samples annealed in air

at 600 °C for 2 hours.
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Figure 7.7(a): the emission spectra of the Ce-doped and undoped SiO, samples annealed in

air at 600 °C for 2 hours both excited at A= 270 nm.
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Two broad emissions at average of 371 nm and 427 nm were observed with an excitation
wavelength of 270 nm. The analysis on these two broad bands with the Gaussian function is
shown in this pattern. Three luminescence bands contribute to this two broad band with the
maximum at 370, 418 and 448 nm. Fig. 7.7(c) shows the luminescence patterns of the Ce’*-
doped SiO, annealed in air at 600 °C for 2 hours and excited at 270 nm. Ce’ -doped SiO, display
unresolved peaks at short wavelength (uv-region) around 359 and 377 nm and maximum peak at
428 in long wavelength (visible region). It is well known that the emission from Ce*" is either in
the UV or visible region, consisting typically of two main luminescent [13, 14, 15, 16, 17] which
corresponds to the transitions from the lowest 5d' crystal field component (*Dsp) to the two
components (2F5/2 and 2F7/2) of the 4f ground state. These transitions are attributed to the
quadruple (436 nm) and triply charged Ce ions (315 nm) [18]. As observed in section 5.2.4 of
Ce-doped samples, Si0,:0.5% Ce’" produced the highest intensity, this specific sample was
further co-doped with various concentrations of Al ions to investigate the effects of co-dopant on
luminescence properties. Fig. 7.7(d) shows the luminescence of the Al co-doped SiO, annealed
in air at 600 °C for 2 hours. One broad emission band was observed with the maximum at 368

nm when excited at 270 nm.
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Figure 7.7(b): Shows the Gaussian fits for the PL spectra of SiO,.
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Figure 7.7(d): Shows the Guassian fits for the PL spectra of SiO;: 0.5% Ce*": 5% Al
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The analysis on this broad band with the Guassian function is shown in this pattern. Two
luminescence bands contribute to this broad band with maximum at 368 and 406 nm. Since the
effect of Al co-doping on the luminescence intensities will not be clear from a graph of
luminescence intensity against wavelength for all the concentrations. Therefore a graph of
luminescence intensities against wavelength for low Al concentration (x< 0.5) is also presented
in Fig. 7.8(a). The Al co-doped samples display two different behaviors for Al concentrations
below and above 0.5% AI’". Fig. 7.8(a) depicts two unresolved broad peaks at around 370 and
429 nm. Both these luminescence bands intensities increases with increase of Al’
concentrations as shown in Fig. 7.8(a). For AlI’* concentrations above 0.5% mol, the PL peak
position enhance peak at 368 nm, which can be resolved at 414 and 436 nm. From Fig. 7.8(a) the
difference in luminescence intensities at long wavelength is clear than that of short wavelength.

This unresolved character of the emission band depends on the temperature and Ce’*

concentration [19].
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Figure 7.8(a): The PL emission spectrums of SiO,: 0.5% Ce** and SiO,: 0.5% Ce*": x%

AI** where x is 0.01 <x<0.5.
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Fig. 7.8(b) shows the PL emission spectra of SiO, with different mol % of AI’*; all excited with
270 nm photons. The effects of AI’" ions are clear. When the concentrations of AI’" were
increased the luminescence intensity is increased up to 5% AI’" ions, where the maximum
luminescent intensity was obtained. Above the 5% AI’" a decreases in luminescence intensity
was obtained when the concentration of Al was further increased. This enhanced luminescence
band at around 368 nm, possible could be due to the cross relaxation [4]. In this way, aluminium
acts as a network former by distancing each Ce’” ion from each other. The highest luminescent
yield of the particles was obtained at a Si0,:0.5%Ce’":5% AI’*, this shows that the cerium ions
are dispersed well in glasses containing AI’*, but only when the Al:Ce ratio is at least 10:1.

Other radioactive process that could contribute to luminescence enhancement is AI’" jons
reducing the residual hydroxyl groups (‘OH). From the DSC measurements, Fig 7.1 (a) it is clear
that the amount absorbed is decreasing when the co-dopants are added. Lastly, the luminescence

enhancement of SiO,: 0.5% Ce**:5% AI’* may be due to the energy transfer from A’ to Ce®".
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Figure 7.8(b): PL emission spectra from SiO;: 0.5% Ce* co-doped with different

percentages of AI’ ions.

The energy transfer from AI’" ions to Ce’" ions is due to the emission rate which is faster than

the radiative rate of "OH ions from Ce (Ce-OH bond), which makes it impossible for 'OH states
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to transfer energy to Ce’" ions. The PL intensity of SiO,: 0.5% Ce’": x% AI’" where x is the
different percentages of AI’" (0.01 < x < 12) as a function of the Al’* concentrations is shown in
Fig. 7.8(c). The emission peaks intensity increased when the amount of Al increased, and a
maximum value was found in the x = 5 sample, then the emission intensity was quenched
gradually. After the highest luminescent intensity the PL intensity start to decrease from x = 6.5

to 8.5 and again start to increase when x = 10 to 12.
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Figure 7.8(c): Shows Graph of AI'* ions concentration versus maximum peak intensity.
7.3 Conclusion

Al with SiO, is successfully dispersing clusters of Ce** ions but not distributing the Ce" ions
uniformly in all environments or regions. But at higher percentages or greater than 5% Al there
is a quenching of luminous intensity. The PL spectrum of SiO, with different mol% Al*"
nanoparticles showed a luminescence band with the maximum at about 315 nm and the highest
intensity was obtained with SiO,: 0.5% Ce’":5% AI’*. Even the UV spectrum shows that the AI**

ions improve the absorption intensity of SiO, doped with Ce. This highest intensity is due to the
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reduced energy transfer rate due to the interface of the nanoparticles, so that less energy can

migrate to the quenching sites.
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Chapter 8

Conclusion and Future work
Conclusions

Pure, Ce*"-doped and Mg*" or AI*" co-doped SiO, nanophosphors were successfully synthesized
and characterized. The DSC analyses showed that the AI’" and Mg*" co-doped endothermic peak
melt at lower temperature compared to SiO, and Ce-doped unannealed xerogels. TGA revealed
that the unannealed co-doped samples degrade at lower temperature more than the doped and
unannealed SiO, xerogels.

SEM images depict particles that are spherical in shape and nanosized. The presence of dopant
or co-dopant has minimum effect on surface morphology. The EDS depicted the presence of
expected elements in all the samples. XRD showed that all the samples are non-crystalline. Since
the dopant or co-dopant is present in very small molar ratio its presence did not significantly
change the crystalline structure of SiO;.

The UV-vis showed that the presence of Ce’” in matrix lowers the absorbance but increases the

I’ or Mg ions significantly

transmittance of annealed SiO, xerogels, while the presence of A
increases the absorbance significantly.

The annealed SiO, xerogels display defects and polaron related luminescence emission. Ce-
doped silica (Si0,:Ce’") samples display Ce’* characteristic luminescence transitions from 5d to
4f energy levels. It was observed that the luminescence intensity is Ce’'-ion concentration
dependent. The highest luminescent intensity yield of the particles was obtained at a Ce
concentration of 0.5% and lower or higher Ce contents results in a substantial decrease in
emission intensity. The decrease in emission intensity with increasing Ce activator concentration
may be due concentration quenching as discussed in chapter 2.

An increase in luminescence intensity was observed as the Mg”™ or AI’" to Ce’" ratio increases
for the range investigated but significant luminescent enhancement was observed for co-
dopant:Ce ratio greater than 20. It was found that AP’ luminescence almost enhances 3-times as

much as Mg*" ions. This enhanced luminescence is attributed to an energy transfer from the

Mg®" or Al nanoparticles, to result in enhanced emission from Ce*". The co-dopants disperses

99



3+ . 2 ) .. . . . .
the Ce’ clusters, enhancing “F7, and “Fs, emission due to increased ion-ion distances and

decreased cross-relaxation.
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Future Work

8.1 Effect of annealing temperature on luminescence of doped Si0O, glasses.

We have observed that apart from concentration of Ce-dopant, the luminescence intensity of
doped-SiO, glasses is significantly affected by the presence of hydroxyl ions which are residue
after hydrolysis process and annealing conditions. It is therefore important to quantify the
contributions of hydroxyl ions by studying the annealing effects on the luminescence properties

of these samples.

8.2 Dependence of size of the SiO, nanoparticles on preparations parameters.

It is our belief that the preparation conditions have significant influence on the sizes and
therefore the type of defects in SiO, gels and powders. This will intern affects the luminescence
properties of the materials. Since the observed measurement made by XRD, show that all
samples are amorphous, it was not possible to use these measurements to approximate the
particles sizes. Hence further studies should be done using various techniques e.g. TEM to
determine the relations between particles sizes, preparation conditions and luminescence

properties.

8.3 Luminescence property as functions of Ce and Al or Mg.

In all our measurements on co-doped SiO, samples, in the presence of different % Al or Mg, the
luminescence was studied for the maximum peak observed at about 0.5% Ce. It is important to
compare this result with the intensity of luminescence as a function of Ce in the presence of
fixed Al or Mg as a co-dopant, since this will give us some information’s whether the
luminescence strongly depends on the environment and varies as the concentration of Al (Mg) or
Ce or both. The information obtained will supply us with more information on the role of Al in

doped glasses.

8.4. Improving the sample properties using solvent agents
In our work so far, no solvent agents such as DMF (dimethylformamide), was used during
synthesis of sol-gel glasses. Our samples do come out of furnace with cracks, which negatively

affects the luminescence properties of the SiO, glasses. However, we have been able to bring the
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annealing temperature higher (600 °C) and achieve full densification of glasses that contain low
concentrations of do-pants and co-dopants. In future reducing agents and further higher

annealing temperature would be applied to avoid sample cracking.

8.5 Energy transfer between Al (Mg) and Ce ions
Further studies should be done to quantify and differentiate the contributions of luminescence
enhancement by energy transfer between the Al (Mg) and Ce ions from that of reductions in

cross relaxation due co-dopant acting as spacers between corresponding Ce ions.
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