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Abstract

Phosphor materials doped with noble metals have attracted considerable attention for the
past fifty years due to their possible applications in lighting and solar cells with improved
efficiency, biology, lasers and novel display technologies. Active research has recently
been focused on the interaction between noble metal nanoparticles and rare-earth ions in
different phosphor hosts, with the aim of luminescence enhancement. Much attention has
been paid to silver nanoparticles due to their strong absorption of electromagnetic
radiation, resulting from localized surface plasmon resonance which can enhance the
incident electric field by about two orders of magnitude. Although some reports have
been published in regard to phosphors doped with silver, there is still room to better
understand the interaction between silver and phosphors and to boost the efficiency of
such phosphors.

In this work, three different types of materials, namely amorphous silica, bismuth silicate
and zinc oxide were used as hosts for silver and terbium. These hosts were selected due
to their good physical properties and particularly because they have the appropriate
refractive index, which is one of the main parameters required to control the plasmon
absorption band for plasmonic enhancement. Doped and undoped amorphous silica and
bismuth silicate were successfully prepared by the sol-gel method, while zinc oxide was
prepared by the combustion method. The sources of the dopants used in this work were
silver nitrate and terbium nitrate. The prepared phosphor powders were investigated by
many techniques in order to apply appropriate conditions for phosphor enhancement. The
structure, morphology and particle size were investigated by X-ray diffraction and
transmission electron microscopy. Reflectance and absorption band of localized surface
plasmon resonance were measured using a ultraviolet-visible spectrophotometer. X-ray
photoelectron spectroscopy was used to investigate the composition of the phosphors,
while optical properties were investigated using a fluorescence spectrophotometer having

a xenon lamp or by exciting samples with a helium-cadmium laser.




Firstly, doped and undoped amorphous silica was synthesized by the sol-gel method. The
photoluminescence properties of amorphous silica doped only with silver as a function of
annealing temperature were investigated in detail. The obtained results showed that the
addition of silver after annealing at low temperature (500 °C) enhanced the luminescence
associated with oxygen deficiency centres of the amorphous silica host, which is
attributed to the formation of silver oxide. Increasing the annealing temperature to 1000
°C introduced new optically active centres in the amorphous silica. These new emission
bands were related to excess oxygen due to decomposition of the silver oxide at high
temperature. The additional luminescence band changed the blue emission from pure
amorphous silica to near white light from the silver doped material suggesting that the
silver doped silica system may be suitable for solid state lighting applications. The
stability of this phosphor under ultraviolet irradiation was also investigated.

To study the effect of addition of silver on the terbium luminescence, both terbium (5
mol%) and different silver concentrations were incorporated into amorphous silica using
the sol-gel method. The obtained results showed significant enhancement of the terbium
emission when 1 mol% silver was added after annealing at 500 °C. In previous works, the
enhancement of rare-earth ion emission in the presence of silver was assigned to two
possibilities, namely plasmonic enhancement associated with silver nanoparticles or
energy transfer associated with silver ions. This work shows a third possibility, namely
that enhancement of the rare-earth (e.g. terbium) emission is due to energy transfer from
defects of the host material to the terbium ions, where the addition of silver influences the
silica host defects.

Secondly, powder samples of doped and undoped zinc oxide were successfully prepared
by the combustion method. The photoluminescence properties of zinc oxide doped only
with silver were studied in detail. More than a two fold increase in the intensity of near
band edge emission of undoped zinc oxide was observed in the presence of silver
nanoparticles. A new mechanism due to interaction between silver nanoparticles and zinc
oxide has been proposed as being responsible for the enhancement of near band edge

emission which is different from previous reports.




In other samples, zinc oxide was doped with both terbium and silver. The addition of 1
mol% silver to the 5 mol% terbium doped zinc oxide system caused significant
quenching on the terbium emission intensity instead of enhancement. The quenching
effect is attributed to radiative energy transfer from terbium ions to silver nanoparticles
(re-absorption) and was studied by means of spectral overlap and lifetime measurements.
In the previous reports, researchers focused only on enhancement as a beneficial effect
and considered quenching as a deleterious effect. In this work, the obtained results
showed that the absorption of energy by silver nanoparticles (acting as energy acceptors)
can also be beneficial in biological and polymer applications where local heating is
desired i.e. photothermal applications. Another novelty of this work is that one can use
the down-converting phosphor properties (containing, for example, rare-earth ions) as
effective method to indirectly couple a laser to the plasmon resonance wavelength of
metal nanoparticles without the need to change the particle size or shape of the
nanoparticles, which requires special synthesis methods.

Thirdly, bismuth silicate was synthesized using the sol-gel method and successfully
doped with only terbium or silver, or co-doped with both. A simple way to select a
suitable host material, when doped with any rare-earth ion and incorporated with silver
nanoparticles, to cause overlap between an excitation band of the rare-earth ions and the
localized surface plasmon resonance of the metallic nanoparticles in order to study
possible plasmonic enhancement is presented using Mie theory calculations.
Luminescence properties of the terbium doped bismuth silicate containing silver
nanoparticles were explored in detail and an enhancement of the emission from the
terbium ions at 545 nm when excited at 485 nm of about two and a half times is attributed
to amplification of the electric field associated with the localized surface plasmon
resonance of the silver nanoparticles. A particular novelty of the present work is the use
of a crystalline host instead of an amorphous host to study plasmonic enhancement as in

previous studies.
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Chapter 1

Introduction

1.1 Overview

Nowadays, phosphors with low cost and high efficiency are required due to increasing
concern on consuming energy. Consequently, the amount of research in this field has
increased rapidly in varied areas of research in the past fifty years. Among luminescent
materials, rare-earth (RE) ions are well-known due to their unique luminescent
properties. RE ions can emit in a wide range of the electromagnetic spectrum which make
them a good candidate in many applications such as solid state lasers, optical
communications, sensing and display systems etc. [1], and recently have found an
application in photodynamic therapy of cancer [2].

On the other hand, some other phosphors such as ZnO and SiO, have become more and
more popular in the last decade. ZnO is well-known for having good physical properties
over most other semiconductor materials. Due to its wide band gap (3.37 eV) and large
exciton binding energy (60 meV) at room temperature [3, 4], ZnO plays an important role
in developing optoelectronic devices. Moreover, ZnO has attracted considerable attention
as a low-cost and environmentally-friendly photonic material and can be easily
synthesised in different forms e.g. nanoparticles (NPs), nanorods, nano-disks, nano-
cubes, etc. [4]. Recently, ZnO has been used in the medical field because of its
biocompatibility, biodegradability and non-toxicity. SiO, is a potential candidate material
for optoelectronic applications because it is an environmental friendly, low cost and easy
to fabricate material with good thermal and chemical stability.

The effective extraction of light from phosphors has attracted a major attention [5]. Some
significant improvements in phosphor efficiency have been made by modifying the
excitation rate by co-doping by different activators such as RE and transition metal ions

[6]. However, the absorption cross-section of RE ions is very small, since the 4f-4f
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transitions are theoretically forbidden due to the parity selection rule. Consequently, the
RE ions cannot be effectively excited directly by ultraviolet (UV) light. As a result
different approaches, namely charge-transfer state (CTS) absorption, f-d absorption and
host absorption, have been used to enhance the excitation rate of RE ions [7, 8]. In a
different way, for other phosphors such as ZnO [9-11] and SiO; [12] doping with
different impurities has also become a strategy for enhancing or modifying their optical
properties.

Recently, active research has focused on noble metal doped phosphors with the aim of
enhancement [7, 11, 13]. Special attention has been given to Ag NPs due to their good
optical properties associated with the so-called surface plasmons (SPs). NPs are defined
as particles having sizes in the range of 1-100 nm, and sometimes several hundreds of
nanometres are considered. The most important characteristics of NPs are their high
surface area to volume ratio. Due to these properties, NPs exhibit specific physical and
chemical properties which are different from their bulk forms [14]. The most attractive
property of these nanostructures is electromagnetic resonances due to collective
oscillations of the free electrons (conduction electrons) which are termed SPs [13]. SPs
can exist in various metals, most importantly in noble metals such as Ag and Au.
Actually, there are two types of SPs, namely localized SPs (LSP) and SP polaritons
(SPPs). This work will mostly be concerned with the former, defined as the collective
excitation of the conduction band free electrons associated with the small metal NPs [7].
The resonance modes occur when the frequency of the charge oscillation in NPs match
the frequency of the incident light, and a very strong electric field around metal NPs is
created. This occurs in metal NPs in the size range about 10-100 nm and results in
amplification of the electric field near the particle surfaces. This field has a spatial range
in the order of 10-50 nm and is strongly dependent on NP size, shape, and local dielectric
environment [15].

It is well known that in order to enhance the luminescence efficiency of phosphors by
noble metal NPs, there should be an optimum distance between the NPs and the emitters.

If the distance between them is very small, non-radiative energy transfer (ET) from the
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emitter to the NP can occur and therefore quenching is observed. If the emitter is located
within 10-50 nm [15], then enhancement of the emitter may be observed. At large
separations quenching of the emitters can again be observed due to re-absorption of light
by Ag NPs (radiative ET). It has been reported that to effectively enhance luminescence
efficiency from the emitters, a narrow linewidth LSP resonance (LSPR) absorption band
and spectral overlap between this LSPR absorption band and the excitation or emission
band of the emitters are required [16]. It worth noting that Ag doped in a phosphor can
exist in different forms namely, Ag ions (e.g. single Ag®, Ag™-Ag" pairs, (Ag"),, (Ag2)"
or more generally in the form of (Agn)™), small Ag clusters (less than about 5 nm in size)
or Ag NPs (Ag’, from about 5-100 nm in size) [17]. It is well known that the
enhancement or quenching of emitters in the presence of Ag® ions is assigned to ET
while the enhancement of emitters in the presence of Ag NPs is attributed to local field
enhancement associated with LSPR. Due to the very short lifetime of the plasmons, ET
from Ag NPs to RE ions is not expected [13]. However, there is still lack of information
about the nature of interaction between the phosphor and Ag, making prediction of the
enhancement and quenching of phosphors in the presence of Ag challenging.
Understanding the interaction mechanism between the Ag and phosphors is needed for
the luminescence enhancement of phosphors.

In this study, the effect of doping Ag on the luminescence of Tb** ions in an amorphous
host (SiOy) and crystalline hosts (ZnO and Bi4Siz012) has been investigated. The
influence of the addition of Ag on the emission from ZnO and SiO, also has been studied.
New mechanisms of interaction between Ag and phosphors have been proposed, which
suggest an additional complexity in understanding the enhancement, quenching and
broadening of the emission from phosphors in the presence of Ag.

1.2 Problem statement
Lanthanide ions (e.g., Th®") can exhibit three types of excitation transitions, namely 4f-4f
transitions, 4f-5d transitions, and CTS transitions. 4f-4f transitions are very important in

many applications such as solid state lasers, optical communications, sensing and display
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systems and will be the focus of this work. They involve transitions of electrons between

the different energy levels of the 4f orbital of the same lanthanide ion. These transitions

are in theory forbidden by the parity selection rule. However, when the lanthanides are

introduces into asymmetric solid hosts, the parity selection rule is relaxed due to

interactions with the host crystal field. These interactions slightly increase the probability

of these transitions (i.e. increase the absorption cross-section) [18]. Due to the low

probabilities of these transitions the fluorescence lifetimes may be as long as several

milliseconds. Although the probabilities of these transitions are increased due to

interactions with crystal field, they are still very weak with narrow emissions, prompting

a need for methods of enhancing their luminescence. In general, in order to increase the

efficiency of phosphors, the excitation rate and radiative rate should be enhanced. Noble

metal NPs are a good candidate for this purpose due to strong local electric fields

associated with LSPR. Therefore, noble metal NPs incorporated in a phosphor are

expected to enhance its efficiency.

1.3 Research Objectives

1.3.1 General Objective

The main objective of the work is to enhance luminescence from phosphors by adding Ag

as well as the study of the interaction mechanism between phosphors and Ag in both

cases of luminescence enhancement and quenching.

1.3.2 Specific Objectives

e To synthesize SiO; and Bi,SizO;, with and without dopants (Th and/or Ag) using the
sol-gel method.

e To synthesize undoped and Tb and/or Ag doped ZnO using the combustion method.

e To determine the structure of the pure hosts with X-ray diffraction (XRD).

e To incorporate Ag into SiO,, BisSi3O0;, and ZnO hosts and study the formation of Ag
NPs as the function of annealing temperature using XRD, ultraviolet-visible (UV-vis)
spectroscopy, transmission electron microscopy (TEM), Auger emission spectroscopy

(AES) and X-ray photoelectron spectroscopy (XPS) techniques.
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e To study the effect of Ag doping on the luminescence from SiO, and ZnO using
photoluminescence (PL) techniques.

e To incorporate Ag and Th ions into SiO,, BisSi3O;, and ZnO hosts and investigate the
effect of doping Ag on the PL properties of Tb ions for different annealing
temperatures.

e To formulate luminescence mechanisms for the emission of SiO,:Ag, ZnO:Ag,
Si0,:Th,Ag, Zn0O:Th,Ag and Bi;Si301,:Th,Ag.

1.4 Thesis layout

Chapter 1 provides a general information and aim of this study. A brief background on
the fundamental of phosphors and their applications, properties of lanthanides, ET
mechanisms and preparation methods of phosphors are given in chapter 2. In chapter 3 a
literature survey of the theoretical propositions and the main concepts behind NP LSPR
and the principles of plasmonic enhancement of fluorescence are discussed. The
experimental techniques adopted to realize our objective are described in detail in chapter
4. The effects of Ag ions and Ag NPs on the luminescence properties of sol-gel SiO; is
reported in chapter 5, while chapter 6 discusses the effect of the Ag NPs on the
luminescent properties of Tb ions in this host. Chapter 7 presents the effect of Ag ions on
the ET from host defects to Tb ions in sol-gel SiO, glass. The enhancement of near band
edge (NBE) emission of ZnO due to the addition of Ag NPs is presented in chapter 8. In
chapter 9 the use of down-conversion properties of Th** ions to indirectly couple a laser
to the LSPR wavelength of metal NPs is investigated. Chapter 10 presents the
enhancement of Th emission due to plasmonic Ag NPs in Bi,SizO1,. Finally, a conclusion

and suggestions for future work are given in chapter 11.
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Chapter 2

Phosphors

2.1 Introduction

This chapter consists of six sections. Basic information about the fundamentals of
phosphors and their application is given in sections 2.2 and 2.3, respectively. Section 2.4
presented the main properties of lanthanides. The theory and types of energy transfer
(ET) are reported in section 2.5. Details of the preparation methods of our phosphors are
discussed in section 2.6. Finally, the structure of the SiO,, ZnO and Bi;SizO;, has been

presented in section 2.7.

2.2 Fundamentals of phosphors

Luminescent materials, also known as phosphors, can emit light when they are excited
with incident radiation. Phosphors may either be in the powder or thin film form with
specific requirements on particle size distribution and morphology. Usually, phosphor
nanoparticles (NPs) of high quality are required, since the quantum efficiencies are
relatively higher in nanophosphors due to the fact that NPs do not scatter light [1]. The
emission from phosphors usually falls into the visible range but could also be in
ultraviolet (UV) or near-infrared (NIR). A phosphor is composed of a host and one or
more dopants (activators) with the amount ranging from parts per million to a few mole
percent (see figure 2.1). In generally, a host with good optical, mechanical and thermal
properties is required. Although there is a big difference between crystalline and
amorphous host properties, both of them have been used for phosphors. The selection of
host depends on the applications.

The luminescence properties of phosphors can be determined either by the host or

activators [2]. An activator is an impurity ion that gives desired emission when
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incorporated into the matrix. In some cases, when the activator shows a weak absorption
(e.g., 4f-4f transition in the rare-earth (RE) ions, because the optical transition is
forbidden), a second type of impurities (sensitizers) can be used. The sensitizer absorbs
energy from the primary excitation source and therefore transfers the energy to the
activator (see figure 2.1). The ET will be discussed in more detail in section 2.5. It is
worthwhile to note that in the case of a narrow band gap host, the optical absorption can
also take place by the host lattice itself (band absorption) and the energy can be
transferred to the activator ions i.e. in this case the host can act as sensitizer.

According to the excitation mechanism, the luminescence can be classified into different
types, namely photoluminescence (PL), cathodoluminescence, electroluminescence, etc.,
which are excited by photons, electrons, passage of electric current (or a strong electric
field) respectively [3, 4]. In addition to classification by excitation, two other terms are
also often used and are related to the decay time: fluorescence and phosphorescence [4]
(see figure 2.1). Phosphorescence refers to an emission of a relatively longer decay time
ranging from a few microseconds up to several milliseconds, while fluorescence exhibit
an emission of short decay time, about 10 to 107 s. According to quantum mechanical
theory, in a fluorescence event the electron transition occurs to singlet excited state where
the electron does not change its spin direction. However, for a phosphorescence event,
under appropriate conditions an electron could change its spin and create a triplet excited
state (see figure 2.1). The transitions from these triplet states to the ground state are
forbidden by the selection rules and subsequently, this process requires a longer time
until the electron spin flips back.

A phosphor is commonly represented by a formula such as SiO.:Tb** (1.0 mol%), where
SiO, indicates the matrix, Th®" indicates the activator while the percentage value (1.0
mol%) represents the amount of Tb (activator) that was incorporated per mole of the
matrix. In the case where more than one activator is used, a comma is used to separate

them, for example SiO2:Th** Ag.

Page 9



Excitation
Fluorescence

So-—_

(W]
Sensitizer levels Activator levels T
Valence band

Figure 2.1: Energy level diagram of the activators and sensitizers in a solid host. Sy, Sy,
Sz, Ao, Az and A, represent the singlet energy levels of the activators and sensitizers
while T represents the triplet state. ICS refers to intersystem crossing “spin-forbidden

singlet-triplet transition” whereas the ET stands for energy transfer.

2.3 Applications of phosphors

Phosphors have found wide application today in many fields (see figure 2.2). Major
additional applications are in emissive displays and fluorescent lamps [2, 5], e.g.
electroluminescent displays, vacuum fluorescent displays, plasma displays, and field
emission displays [3]. Other classical applications include amplifiers in optical
communication [6], lasers [7], X-ray detector systems [8] and scintillators [9]. Recently
phosphors have found new areas of applications such as solar cells [1, 10] and white light
emitting diodes (W-LEDs) [1, 11].
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Figure 2.2: Some phosphor applications.

2.4 Lanthanides

The lanthanides are the group of fifteen elements in the periodic table from atomic
numbers 57-71. It is worth noting that when scandium (Sc, Z = 21) and yttrium (Y, Z =
39) are included, they form the RE elements (yellow colour in figure 2.3). Lanthanides
are known to have unique luminescent properties and they emit in a wide range of
wavelengths, including UV, visible and NIR regions, which makes them good candidates
for many applications, including lasers, lighting and scintillators [12]. For instance, Th*",
sm*, Eu**, and Tm*" emit green, orange, red and blue light, respectively. Nd**, Er** and
Yb®" are well-known to have an emission in NIR region, but other lanthanide ions such as

Pr¥*, Sm*, Dy**, Ho*", and Tm*" also show transitions in the NIR region.
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Figure 2.3: The periodic table of elements. The lanthanides (together with Sc and Y) are

highlighted in yellow, the actinides in grey.

Most of the lanthanides exhibit a trivalent (3+) oxidation state which is the most stable.
Due to the presence of an empty, half-full or full 4f shell, other stable oxidation states
also occur, such as tetravalent (e.g. Ce*") and divalent (e.g. Eu*"). The 4f electrons of
lanthanides are well shielded from the surroundings by filled 5s and 5p orbitals.
Therefore, the optical transitions within the 4f orbitals are hardly affected by the
surroundings (ligands) or crystal electric field. As the result of shielding, the emission
transitions from lanthanides exhibit typically very narrow lines in luminescence and
absorption spectra because they have almost retained their atomic character [2].
Moreover, 4f-4f transitions are theoretically forbidden by the parity rule which leads to
long life time of the excited state of lanthanides [2, 13]. The energy levels of 4f electrons
of the trivalent RE ions have been investigated by Dieke et al. [14] (see figure 2.4). A
Dieke diagram was determined theoretically and experimentally by considering the
optical spectra of individual ions incorporated in LaCls crystals host. Due to the good

shielding of the 4f electron shell from the environment, the diagram is applicable to ions
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in almost any host lattice. Therefore this diagram can be used to

energy level transitions of all lanthanides.
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Figure 2.4: Dieke diagram showing the energy levels of the trivalent lanthanides [12].
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2.4.1 Lanthanide excitation processes

Lanthanide ions can exhibit three types of excitation transitions, namely 4f-4f, 4f-5d and
charge-transfer state transitions. The details about these excitation transitions will be
discussed below.

2.4.1.1 4f-4f transitions

The 4f-4f transitions are very important in many applications (e.g., lasers, lighting and
scintillators) and will be the focus in this work. The 4f electrons exhibit transitions
between different energy levels of the 4f orbitals of the same lanthanide ion. The electric-
dipole 4f-4f transitions are in theory forbidden by the parity selection rule. However, this
rule can be relaxed when the lanthanides are introduced into asymmetric solid hosts. The
interactions with the host material slightly increase the probability of such transitions.
This is due to the mixing of the 4f wave functions of the ion with a small amount of
opposite parity wave functions of the host which causes intra-configurational 4f
transitions to gain some intensity [15], but the corresponding emission bands usually
remain weak and narrow. Consequently, researchers use different approaches, namely f-d
absorption (see section 2.4.1.2), charge-transfer state absorption (see section 2.4.1.3) and
host absorption, to enhance the excitation efficiencies of RE ions. Recently, plasmonic
metal NPs have been used due to strong local electric field (plasmonic effect discussed in
chapter 3).

2.4.1.2 4f-5d transitions

Unlike 4f-4f transitions, 4f-5d transitions are allowed and therefore give more emission
intensity than 4f-4f transitions [1]. In 4f-5d transitions, one of the 4f electrons is excited to
a bd orbital of higher energy. Due to the interaction of the 5d electrons with the
surrounding ligand ions, the bonding strength changes upon 4f-5d excitation ( the d
electrons contributes in the chemical bonding), resulting in broad absorption and
emission bands [2], and this is typically observed in Ce**ions (4f* configuration). For this
reason the 4f-5d excitation strongly depends on the host properties (particularly crystal
field) and therefore varies over the spectral range of the blue and UV region [1].

Page 14



Therefore, using noble metal NPs to enhance the 4f-5d excitation is not a good
proposition.

2.4.1.3 Charge-transfer state transitions

In this transition mechanism, the 2p electrons from the neighbouring anions (e.g. oxygen
in oxides) are transferred to a 4f orbital [3]. These charge-transfer state (CTS) transitions
are allowed and result in intense and broad absorptions. They may occur between the
lanthanide dopant and a host ion or between the host ions themselves [16]. For instance, a
Eu® ion (4f°) needs one additional electron to reach the half filled configuration. Thus 2p
electrons from surrounding anions can easily transfer to the 4f orbital of Eu®".

2.4.2 Some luminescent centres

2.4.2.1 Terbium ions

The trivalent Th* ion is one of the most investigated RE ions during the past decade [12,
17]. Due to its promising properties, Th®* is used as dopant for many solid-state devices
such as light emitting diodes (LEDs), fluorescent lamps and television screens. Under UV
excitation, the Tb*" ions in SiO, produced during this study show narrow emission lines
in both green spectral region at 490, 544, 587 and 623 nm due to °Ds—'F; (J = 6, 5, 4, 3)
transitions and the blue spectral region at 380, 415, 438, 460, 478 nm due to °>Ds—'F; (J
=6, 5, 4, 3, 2) transitions, respectively (see figure 2.5, the band around 478 nm is not
resolved due to its overlap with much stronger emission band around 490 nm). The most
intense transition occurs in the green region and corresponds to °D4—'F5 which is
located around 544 nm while in the blue region the intense transition is strongly
depended on the host and the concentration of Tb*". It is also important to note that the
intensity ratio of the green emission to the blue emission depends mainly on the
Tb* concentration. At high concentration the electrons from °D; level non-radiatively
decay to the lower energy level of D, through cross relaxation, therefore quenching the
blue emission. The cross relaxation actually occurs between two identical ions or
molecule (e.g. Tb®*) when a first ion is primarily in an excited state exchanges energy
with the second ion that was initially in ground state, which in turn leads to

simultaneously change both ions to excited state.
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Tb* ions exhibit two excitation regions: one is due to the f-d excitation band which is
located below 300 nm. The other one is due to f-f excitation band located between 300-
500 nm (figure 2.5(a)). Figure 2.5(b) shows the corresponding absorption and emission of

Tb*" ions in silica glass.

a b

Si0,: Tb (0.1 mol %), annealed 1000°C-2h 48 Tb3* :4f 5d
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Figure 2.5: (a) The excitation and emission of 0.1 mol% Tb*" doped SiO; (b) schematic

energy level diagram.

2.4.2.2 Silver ions

Silver ions (Ag") are well-known to have photoluminescence emission in crystal and
glassy matrices [18-20]. The Ag atom has a core ground state electron configuration of
[Kr] 4d™5s'. If the electron in the 5s orbital is lost, resulting in a Ag ion (Ag") with
electron configuration of [Kr]4d™, then the origin of the luminescence is owing to
electronic transitions between the 4d™® ground state (*So) and some levels (excited states)
of the 4d°5s® configuration. These transitions are theoretically forbidden in free ions due
to the parity rule, but when introduced into a matrix they partially become allowed due to
the coupling with lattice vibration of the odd parity. The Russell-Saunders states arising
from the 4d°5s® configuration are split into different energy levels (°Ds, °D-, *D; and ‘D,

in order of increasing energy) by spin-orbit coupling and by the crystal field induced by
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the surrounding ligands [19]. The transitions from D, (J = 3, 2, 1) to ground state 'S, are
spin forbidden while the transitions from ‘D, to ground state 'S, are spin allowed [18].
The transitions °D;-'Sy (J = 3, 2, 1) exhibit emission in the long wavelength (e.g. blue
and green) while the 'D,-'S, transition gives emission in the short wavelength (e.g.
violet) [18].

It is well known that when Ag ions are incorporated into glass matrices at low
temperature, they occur in different form such as Ag*, (Ag"), and (Ag,)" or generally in
the form of (Agn)™ [21]. The excitation and emission bands of these ions are observed in
the UV and visible spectral ranges and can exhibit considerable shift depending on the
composition and structure of glasses. It is worth noting that the overlap between two
different Ag species (e.g., Ag'-Ag") can also shift the excitation and emission bands [20].
For instance, the lowest excited electronic states of the isolated Ag ion in most glasses
fall at 39163 cm™ (255.34 nm) (°Ds), 40741 cm™ (245.45 nm) (3D.), 43739 cm™ (228.63
nm) (°Dy) and 46046 cm™ (217.17 nm) (*D,) [19]. Details about excitation and emission
of some Ag species in different glasses can be found in chapter 5.

2.5 Energy transfer mechanisms

ET is a physical phenomenon that occurs between two luminescent centres separated by a
distance R (see figure 2.6 (a)). An excited donor (D) can transfer its energy to another
centre called an acceptor (A), either radiatively by emitting a photon (re-absorption), or
non-radiatively. The non-radiative ET can take place by either inducing a dipole in the
neighbouring acceptors (Forster-type), or by electron-exchange (Dexter-type). It is
worthwhile to note that the ET can occur between a pair of identical centres
(homotransfer), i.e. Tb**-Tb*" or between two different centres (heterotransfer), i.e. Ag*-
Tb*. Although the nature of Forster and Dexter types of ET is different, they require
overlap between the emission spectrum of the donor and the excitation spectrum of the
acceptor. Figure 2.6 (b) explains the steps of ET from donor to acceptor.
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Figure 2.6: (a) llustration of ET phenomenon (b) Jablonski diagram illustrating coupled
transitions between donor emission and acceptor absorbance in fluorescence resonance
ET. Absorption and emission transitions are represented by straight vertical arrows (green
and red respectively), while vibrational relaxation is indicated by wavy yellow arrows.
The coupled transitions are drawn with dashed lines. The phenomenon of ET is illustrated
by a blue arrow [22].
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2.5.1 Radiative energy transfer

Radiative ET occurs when a real photon emitted by donor D is re-absorbed by an
acceptor A (or D) and is observed when the average distance between D and A (or D) is
larger than the wavelength of light emitted by the donor. The radiative ET mechanism is

represented by equations 2.1 and 2.2:

D* > D +hv (2.1)

hv +A - A" or hv +D - D* (2.2)

where D* and A* are the excited donor and acceptor, respectively. hv refers to the
photon energy emitted by the donor.

This type of ET does not require any interaction between the donors and acceptors, but it
depends only on the spectral overlap and the concentration. In case of heterotransfer the
fluorescence decay of the donor remains unchanged while in case of homotransfer the
fluorescence decays more slowly as a result of successive re-absorptions and re-
emissions [23].

2.5.2 Non-radiative energy transfer

Unlike radiative transfer, the non-radiative ET occurs without emission of real photons
by the donor and requires some interaction between the donor and acceptor. However,
non-radiative ET can result from different interaction mechanisms, involving Coulombic
interaction or intermolecular orbital overlap. The Coulombic interactions are composed
of long-range dipole-dipole interactions (Forster type) and short-range multi-polar
interactions, while intermolecular orbital overlap include electron exchange (Dexter type)
and charge resonance interactions which are only short range (see figure 2.7).

Forster and Dexter types are very important and extensively studied in phosphors. Forster
type is more sensitive at shorter distances (1-10 nm) whereas the Dexter type dominates

at very close distances (< 1 nm) where the wave functions of the donor and acceptor start
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overlapping allowing for electron exchange. For more details about ET, the reader is
recommended to consult the references [23, 24].
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Figure 2.7: Types of interactions involved in non-radiative ET mechanisms. Adapted
from [23].

2.6 Preparation methods of phosphors

Many methods of preparing phosphors have been used such as combustion, sol-gel, solid
state reaction, hydrothermal, microwave process, spray pyrolysis and precipitation
method. Phosphors with low cost and high efficiency require simple synthesis methods at
low temperature to produce a homogenous distribution of dopant and small particle size.
Combustion and sol-gel methods are a good choice because they both meet the
mentioned requirements.

2.6.1 Sol-gel method

The sol-gel process is a wet chemical technique widely used in the fields of ceramics and
glassy materials at relatively low temperatures [25]. This method involves formation of a
sol (colloidal suspension of small particles suspended in a liquid) and subsequent
crosslinking to form a viscous gel. Through this technique, highly reactive compounds

are used as initial precursors. The most common starting precursors used are generally
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metal alkoxides M(OR)x, where M is a metal (e.g. Zr, Ti, Fe, Ni) or a transition metal
(e.g. Si, Sn) atom and R is an alkyl group (e.g. methanol, ethanol, propanol, etc.). The
most widely metal alkoxide compounds used in the sol-gel method are Si(OR)4, such as
tetramethoxysilane (TMQOS) and tetraethoxysilane (TEOS). In our case TEOS is used.
These precursors are normally mixed with polar solvents such as alcohol or water, which
facilitate the two primary reactions of hydrolysis and condensation. These two reactions

(with two possibilities for the condensation reaction) are [17]:

Hydrolysis =Si-OR + H,0O — =Si-OH + R-OH (2.3)
Alcohol condensation =Si-OR + HO-Si= — =Si-O-Si= + R-OH (2.4)
Water condensation =Si-OH + HO-Si= — =Si-O-Si= + H,0 (2.5)

In the hydrolysis reaction the alkoxide group (-OR) is replaced by a hydroxyl group
(-OH) as shown in equation 2.3. The condensation can take place by either two silanols
(=Si-OH) (equation 2.5) or between a silanol and an alkoxyl group (=Si-OR) (equation
2.4) to form a bridging siloxane group (=Si-O-Si=). The number of this group increases
by allowing time for polycondensation and the network of silica is ultimately formed.
Compared to other metal alkoxides, it is well-known that the kinetics for the hydrolysis
of Si(OR)4 compounds require several days for completion. Consequently, some catalysts
are generally added to the mixture such as acids (e.g. HCI, HNO3) or bases (e.g., KOH,
amines, NH3). However, changing the reaction rate using the pH, [H,O/M(OR),] molar
ratio, and catalyst may force the completion of hydrolysis prior to condensation, which
greatly affects the physical properties of the final product [26].

A drying process is necessary to remove unwanted solvents trapped in the network,
which is typically accompanied by a significant shrinkage and densification. Further
thermal treatment (sintering) is also required to form dense glass or ceramic and to

enhance structural stability and mechanical properties.
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Compared to other traditional methods, the sol-gel method offers several advantages,
including low processing temperature, high purity, higher concentrations of dopants (e.g.,
RE®") is possible, high homogeneity of samples and relatively low cost. Figure 2.8 shows
typical processing steps for sol-gel preparation of amorphous silica particles (SiO,). In

this study the molar ratio of 1:5:10 for TEOS:ethanol:water was used.

I TEOS + Ethanol, Stirring for 30 min I
v
Add dilute HNO; to above solution Keep
stirring for 30 min
v
Transfer the mixture to water bath at 50°C
Wait for the gel to form
v
| Dry the gel in air for 24 h |
v
| Grinding, Drying, Annealing |

Figure 2.8: Schematic diagram for preparation of amorphous SiO, powder by sol-gel

method.

2.6.2 Combustion method

Combustion is defined as rapid oxidation generating heat, or both light and heat in the
case of fast oxidation [27]. This method has been extensively used to produce industrially
useful materials [28]. It is known as a versatile, simple and fast process, which offers
effective synthesis of a variety of nanomaterials. The most important features that make
the combustion method useful to prepare a phosphor are the formation and crystallization
of as prepared phosphors without need of annealing process. This process involves a self-
sustained reaction in homogeneous solution of different oxidizers (e.g., metal nitrates)
and fuels (e.g., urea, glycine, hydrazides). Stoichiometric compositions of the metal

nitrates (oxidizers) and fuels (urea) can be calculated using the total oxidizing and
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reducing valencies of the components which serve as numerical coefficients for
stoichiometric balance, so that the equivalent ratio is unity and the energy released by the
combustion is at a maximum [29]. Equation 2.6 is an example of a stoichiometric
combustion reaction of zinc nitrate (Zn(NO3),.4H,0) and urea (CO(NH,),) to form zinc
oxide (ZnO):

37Zn (NOg)z + 5 CH4N>0O — 3Zn0O + 10 H,O +5 CO, + 8 N» (26)

The N, CO, and H,0 are released during the reaction and no residuals are left in the final
product. Figure 2.9 is a schematic diagram for the preparation of nanocrystalline zinc
oxide powders by the combustion process.

In typical reaction, initially, the mixture (metal nitrates and fuel) boils and undergoes
dehydration followed by decomposition with the generation of large amounts of gases
(oxides of nitrogen and carbon) and flames after about 5 minutes, resulting in a product

that appears as porous foam filling the capacity of the container.

Zn (NO,), CH,N,0

Dissolved in deionized water
Y
Stirred until transparent
solution obtained
v
sent to furnace at 500 °C
for 5 min

W
Crush the product

into a fine powder

Figure 2.9: Schematic diagram for preparation of nanocrystalline ZnO powder by

combustion method.
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2.7 Structure of phosphor hosts

In this study we have used amorphous SiO; and crystalline BiySizO1, and ZnO as hosts
for both Th** ions and Ag due to their good physical properties. Of particular interest is
that they have appropriate refractive index to shift the localized surface plasmon
resonance (LSPR) absorption band associated with Ag NPs to overlap with one of the
Tb*" ions absorption bands for plasmonic enhancement. Details about these hosts are
given below.

2.7.1 Silica (SiOy)

Sol-gel derived silica (SiO,) is well known as a good host material for RE ions due to its
good physical and chemical stability, its excellent optical properties and the fact that it is
inexpensive and easy to fabricate. It has potential technological applications in many
fields such as lighting, catalysts, sensors, solar energy collectors, fibre optics,
waveguides, electronics, vacuum systems, and furnace windows [26, 30].

Amorphous silica may crystallize into several crystalline forms (polymorphs) under
different conditions of temperature and pressure, namely quartz, coesite, stishovite,
cristobalite, tridymite [30]. The most common are quartz, cristobalite and tridymite [31].
Except the stishovite form, all other forms have the same tetrahedral framework structure
(SiOy), but a distinct crystal structure. The Si atom is surrounded by four O atoms to form
a tetrahedral SiO4 unit and each tetrahedron corner is shared with another tetrahedron to
form the silica framework (see figure 2.10 (a)). The distance of the Si-O bonds is ranging
between 0.152 nm to 0.169 nm while the tetrahedral O-Si-O bond angle is 109.18° [32].
Each oxygen anion in the silica network is bonded to two silicon cations (Si-O-Si) with
bond angle ranging from 120° to 180°, depending on the phase (see figure 2.10 (b)).

Page 24



Figure 2.10: (a) SiO4 structural unit of most forms of SiO,, showing tetrahedral
coordination. (b) Si-O-Si bonding configuration with Si-O-Si bond angle © varying from
120° to 180° depending on the form of SiO,. Adapted from [32].

To understand the structure difference between quartz, amorphous silica and the
cristobalite phase of silica, X-ray diffraction (XRD) patterns and Fourier transform
infrared (FTIR) spectra of these phases are given in figure 2.11. The XRD (figure
2.11(a)) shows clear differences between these phases. The sample annealed at 1200 °C
show only broad hump around 21° indicate glassy silica with a high degree of
randomness and when annealed at 1500 °C is converted to cristobalite phase as
confirmed by the Powder Diffraction File (PDF) 00-039-1425. The natural quartz showed
different XRD lines compare to the amorphous and cristobalite phase which indicate that
quartz has its own structure. Moreover, the FTIR spectra of figure 2.11(b) also show
differences between the three phases which can be used as fingerprint to differentiate
between them. There are four common peaks for these phases related to Si-O-Si vibration
modes which appear in all samples indicating the formation of the silica network. Of
interest is that there is small variation in the peak position of these peaks compared to the
amorphous phase. The shift is correlated with changes in silica structure, especially
changes in Si-O-Si bond angle (figure 2.10 (b)) [33].
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Figure 2.11: (a) XRD (b) FTIR of different phases of SiO..

Theoretically, from the silica phase diagram (figure 2.12), at normal pressure trigonal o-
quartz will transform into hexagonal B-quartz at 573 °C, upon further heating the quartz
will transform into hexagonal B-tridymite at 870 °C. Heating p-tridymite at 1470 °C gives
cubic B-cristobalite and at 1705 °C B-cristobalite finally melts [30].

Coesite

0 10 20 30 40 50 60 70 80 90 100
Pressure (kbar)

Figure 2.12: Phase diagram for SiO,. Adapted from [30].
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Despite this, when silica glass is heated up it will simply turn into B-cristobalite [34]
because the structure of amorphous silica is similar to the liquid phase. To confirm that
experimentally, silica glass was prepared by the sol-gel method and annealed in different
temperature (1200 °C and 1500 °C). Both samples were characterized by XRD and FTIR.
Figure 2.11(a) shows XRD patterns which confirm the transition of amorphous silica
directly to B-cristobalite (PDF 00-039-1425) when heated up to 1500 °C at a heating rate
of 0.2 °C/min.

2.7.2 Zinc oxide (ZnO)

Zinc oxide (ZnQ) is a chemical compound found naturally in the mineral called zincite. It
is a binary compound semiconductor belonging to the group I1-VI with a wide energy
band gap (3.37 eV) and a large exciton binding energy of 60 meV at room temperature
[35]. ZnO powder has attracted much attention in the past fifty years due to its intriguing
properties such as dielectric, piezoelectric, pyroelectric, semiconducting, acousto-optic,
optical, electro-optical, nonlinear optical, photo-electro-chemical and electrical properties
[36]. Due to exceptional luminescent properties in the UV and visible region, ZnO has
found many applications particularly in optoelectronic devices [35]. Moreover, ZnO is
known as an attractive host lattice for several dopants (luminescence centres) and show
versatile applications.

ZnO crystallizes into different forms, namely zinc blende (B3), wurtzite (B4) and rocksalt
(B1) as schematically shown in figure 2.13. B1, B3, and B4 indicate the Strukturbericht
designations for the three phases [37]. In the cubic zinc blende and hexagonal wurtzite
structure, each anion is surrounded by four cations at the corners of a tetrahedron and
vice versa, while the cubic rocksalt phase is crystallized in the well known NaCl structure
(figure 2.13(a)). Among these structures, wurtzite is the thermodynamically stable phase
under ambient conditions while zinc blende and rocksalt can be stabilized only by growth

on cubic substrates and at relatively high pressures, respectively [37].
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Rock salt (B1) Zinc blende (B3) Wurtzite (B4)

Figure 2.13: Schematic representation of ZnO crystal structures: (a) cubic rocksalt (B1),
(b) cubic zinc blende (B3), and (c) wurtzite (B4). Red and grey spheres denote Zn and O
atoms, respectively. Adapted from [37].

Figure 2.14: Unit cell of the wurtzite structure of ZnO. Adapted from [38].
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Figure 2.14 shows the hexagonal unit cell of the wurtzite structure which has two lattice

parameters a and c. In an ideal wurtzite structure the ratio of these parameters is

c/a= \/8/_3= 1.633 and experimentally it varies from 1.593 to 1.601 [39]. The
hexagonal wurtzite structure of ZnO belongs to the space group Cg, in the Schoenflies
notation and P6;mc in the Hermann-Mauguin notation [37].

2.7.3 Bismuth silicate (BisSizO1,)

Bismuth-based oxides have attracted much attention in science due to their good optical
and electrical properties, which make them attractive in many applications [40]. Among
bismuth-based oxides, bismuth silicate Bi,SizO;, has excellent physical, chemical and
mechanical properties such as a high refractive index, high nonlinearity index, high
mechanical strength, chemical inertness and a fast response to optical signals [41].
Moreover, BisSizO1, is well known as a new fast scintillation material which is used in
high energy physics, computed tomography and dosimetry [42]. Recently, Bi;SizO;, has
been used as a host for some RE ions for lasing and lighting applications [43, 45].
Bismuth silicate may crystallize into different phases, namely Bi,SiOs, Bi;»SiO2 and
Bi;Si30;, depending on the thermal treatment. The most stable phases are Bi,SiOs and
Bi;Si30;, [41], which have different structures and space groups, namely orthorhombic
(Cmc2,) for Bi,SiOs and cubic (143d) for BisSizOxs.

In the Bi,Si;O1, structure the Si** cations with the local symmetry S4 are coordinated
tetrahedrally by four O% anions [SiO.] while the Bi** ions occupy a special 16-fold
position of the C3 symmetry and are coordinated by six oxygen atoms in the form of
[BiOg] octahedrons in three dimensions (figure 2.15) [45]. Figure 2.15 shows the cubic
unit cell of Bi;SizO1, which was generated using the Diamond programme [46].

Page 29



@ 5
Q si
@ o

Figure 2.15: Unit cell of Bi,SizOs; structure generated using Diamond programme.
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Chapter 3

Plasmons and plasmonic enhancement

3.1 Introduction

This chapter introduces the main concepts behind nanoparticle (NP) local surface
plasmon resonance (LSPR) and the principles of plasmonic enhancement of fluorescence.
Details about plasmon types will be given in section 3.2. LSPR will be the focus of this
work and the theoretical explanation will be given in section 3.3. Section 3.4 explains
why Ag is the best metal for plasmonic applications. The influence of size, shape and
dielectric environment on the LSPR frequency will be given in section 3.5. Section 3.6
outlines the mechanism of plasmon damping while section 3.7 explains how metals

influence the fluorescence from emitters.

3.2 Plasmon types

Plasmons are an optical phenomenon arising from the collective oscillation of conduction
free electrons in metals [1-6]. When these metals are exposed to electromagnetic
radiation, the Columbic attraction between the electrons and positive ions causes the free
electrons to oscillate at their natural frequency, which is called the plasma frequency.
Depending on the boundary conditions for the electromagnetic fields, it is commonly
accepted to distinguish between two types of plasmons, namely bulk plasmons (BPs) and
surface plasmons (SPs). Surface plasmon also exists in two classes, namely SP polaritons
(SPPs) and localized SPs (LSPs). Details about these types will be given below.

3.2.1 Bulk plasmons

BPs refers to the collective excitation of the dense electron gas in the bulk of a metal.
According to the Drude model, plasmons can be described as a cloud of negatively
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charged electrons disturbed from their equilibrium positions against the positive ion

cores. The characteristic oscillation frequency (plasma frequency) is given by [7]:

w, =N e?/eym, (3.2)

where N is the conduction electron density, e is the electron charge, m, is the electron
effective mass and ¢, is the vacuum dielectric permittivity. Equation 3.1 shows that the
plasma frequency depends only on the free electron density for a particular metal. The
electromagnetic radiation of frequency that is below the plasma frequency is reflected
because the free electron in the metal would always oscillate so as to cancel out any
applied electric field. Above the plasma frequency, the electrons cannot respond quickly
enough to screen the applied electric field and the light is instead transmitted. Most of the
bulk metals have plasmon frequency with corresponding energy in the order of 5-15 eV
[1].

BPs cannot be excited by photons due to the longitudinal nature of plasma oscillations
and the transverse nature of photons which are mismatching [1]. The only experimental
evidence of BPs is the electron energy loss spectroscopy (EELS) where the electrons
interact with thin metal foil. The properties mentioned above make the BPs impractical in
photonic applications.

3.2.2 Surface plasmons

Historically, SPs were first observed in 1902 by Wood [8]. Physical interpretation of this
phenomenon was initiated by Lord Rayleigh (1907) and further investigation was done
by Fano (1941) [8]. The complete explanation of SPs was possible only in 1968 when
Otto and in the same year Kretschmann and Raether reported the excitation of SPs [8].

As mentioned earlier, there are two types of SPs, namely LSPs and SPPs. Unlike BPs,
SPs can be excited by photons due to the presence of new boundary conditions associated
with small size [9]. SPPs are as a result of strong coupling between plasma oscillation
and electromagnetic waves (plasmon and photon) at the interface between a metal and a

dielectric, or more generally between materials that have an opposite sign of real part of
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dielectric permittivity (figure 3.1(a)). Once the SPP is excited, it propagates in the x- and
y-directions along the metal-dielectric interface until its energy is lost to either absorption
in the metal or scattering into other directions.

In the case of LSPs (figure 3.1(b)), light interacts with particles much smaller than the
incident wavelength. Due to the small size of the NPs, light can penetrate a whole particle
and force the entire free electron to oscillate in response to the external electric field, with
the effect being maximized at a resonance frequency resulting in the LSPR phenomenon
[4]. The LSPR frequency for most metals falls into ultraviolet (UV) region, while some
of alkali metals and some transition metals such as Cu, Ag, and Au exhibit plasmon

frequencies in the visible region.

a Dielectric

Figure 3.1: Schematic diagrams illustrating (a) SPP and (b) LSP. Adapted from [4].

Both SPPs and LSPs have the same physical origin, which exhibit electromagnetic field
localization near the metallic surfaces and significant enhancement with respect to the

incident fields. But their appearances are quite different, which in turn leads to different

Page 37



applications. Recently, SPs has found a way to a wide range of practical applications in
physics, chemistry, medicine and biology [10-12].

This work will be concerned only with LSPR and its applications in phosphors.
Therefore, the theoretical explanation of LSPR will be discussed in this chapter. Details
about SPPs can be found elsewhere [1, 13].

3.3 Localized surface plasmon resonance and Mie theory

In 1904, Maxwell-Garnett [14] explained the colour of glasses containing small metallic
particles by developing a theory of effective dielectric constant. The famous scientist Mie
(1908) [15] developed an electromagnetic theory of scattering and absorption of light by
a spherical particle of arbitrary size, which is now the well-known Mie theory. The
general concepts of Mie theory is that, when a metal NPs is exposed to an
electromagnetic field, its free electrons start to oscillate, transforming energy from the
incident electromagnetic wave into thermal energy in an absorption process. On the other
hand, these electrons can also be accelerated, and then they can radiate energy in a
scattering process. Therefore, the attenuation of an electromagnetic wave that is
interacting with metals i.e. the electromagnetic extinction (C.,;) can be expressed by the

sum of scattering (Cs., ) and absorption (C,ps):

Cext = Caps + Cseq (3-2)

In general, there are two models that have been demonstrated by Mie theory: firstly, for
small spherical particles much smaller than the incident electromagnetic wavelength the
interaction is governed by electrostatics rather than electrodynamics. This is often called
the quasistatic approximation (only dipole interaction is present). Secondly, for large
particles the quasistatic approximation is no longer applied due to significant phase-
changes of the driving field over the particle volume and then electrodynamics approach

(high modes present. e.g. quadruple, octupole) is required.
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3.3.1 Quasistatic approximation model

In this model, the electrodynamics effect of the local-field enhancement, described by the
Mie theory, becomes independent of R, where R is the radius of spherical particles. This
model is only valid when the NP is significantly smaller compared to the wavelength of
the incident light. In this case (R « A4), retardation effects that lead to radiative plasmon
(scattering) damping disappear and the extinction cross-section is given by the dipole
absorption only. Mie’s solution to Maxwell’s equations for this quasi-static

approximation is represented by [16]:

. 9¢e°/2 v, €, (1)
T et D)+ 26,12 + €, ()2

(3.3)

where V, = §HR3 is the volume of the NPs, A is the excitation wavelength, €, is the

(real) dielectric function of the medium surrounding the metal NPs and €;(A) and €,(})
are the real and imaginary parts of the dielectric function of the metal NPs, respectively.
The dipole resonance frequency is determined by the condition €;(A) = —2 €,,, provided
€, IS not too large and does not change much in the vicinity of the resonance. In this
approximation the wavelength position of the LSPR is independent of the NP size. This
model is used when only qualitative information is needed [5], and allows the calculation
of the expected absorption spectra of small spherical metal NPs. Figure 3.2 shows the
calculated extinction cross-section of small Ag NPs distributed in different hosts, namely
amorphous SiO; (e, = 2.2) [17], YAG (€, = 10.6) [18], Bi;Si4O12 (€,, = 8.8) [19] and
Zn0O (e, = 8.5) [20]. The dielectric constant of Ag depends on the frequency of the
incident electromagnetic wave [21]. Substituting R = 10 nm (radius of Ag NPs) and the
above data in equation 3.3 gives the results plotted in figure 3.2, which shows the
position of LSPR in different hosts. Due to small size compared to the wavelength of the
incident light, the position of plasmon excitation does not vary much in this size regime

and relatively depends on the dielectric constant of the host (see figure 3.2).
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Figure 3.2: Extinction cross-section for a Ag sphere in different hosts.

3.3.2 Electrodynamics model

In this model the dipole approximation is no longer valid. For large particles, the plasmon
resonance becomes explicitly dependent on the particle size. The extinction cross-section
is dominated by higher-order multipole absorption and scattering and the full Mie theory
is required to model the extinction spectra.

Mie solved Maxwell’s equations for an incoming plane wave interacting with a spherical
particle. The interaction between these waves and large particles leads to electromagnetic
fields which may be expanded into multipole contributions and the expansion coefficients
can be found by applying the correct boundary conditions at the interface between the
metallic NP and its surrounding, leading to [17, 22]:

A2 O
Coxt = > Z(Zn + 1) Re{a, + b, } (3.4)
n=1

Here the parameters a,, and b,, are defined as:
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_m (B (mB) = Ya(mPYY;, (B)
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(3.6)

The size parameter is defined as f = 2nR n,,,/A where X is the incident wavelength with
respect to the vacuum and n,, represents the real refractive index of the surrounding

medium and m = n/n,, where n is the complex refractive index of the particle.

These expressions can be solved computationally to produce approximate solutions that
provide some information about the effect of size and dielectric constant of the
environment on the LSPR frequency. All the numerical calculations used in this work
were carried out with the program MiePlot v4.2.11 [23], which is based on the equations
3.4-3.6.

3.4 Silver as a good plasmonic material

Among metals, noble metals are the most often used in plasmonic applications due to
their relatively low loss in the visible and near-infrared (NIR) ranges. In fact, most of the
experimental work in plasmonics has used either Ag or Au. Metals other than Ag and Au
have limited use due to their other disadvantages. For instance, alkali metals have low
loss compared to Ag and Au, but in pure elemental form they are very reactive to air and
water and are easily oxidized. Therefore, noble metals (e.g. Ag, Au) and others such as
Cu and Al are good metals for plasmonic applications. The SP damping of some metals

can be described by the quality factor Q given by [6]:

Q = w(de,/dw)/2(e;)? 3.7)
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where &, and ¢; are the real and imaginary parts of the metal dielectric function
respectively, while w is the frequency of the light. In most plasmonic applications the
quality factor Q should be more than 10 [6]. This implies that the higher the quality factor
is, the stronger the LSPR. Figure 3.3 shows the quality factors of different metals. As can
be seen, Ag has a high quality factor in the spectral range from 300-1200 nm. Al shows
high quality factor only in the UV region while Au and Cu exhibit high quality factor in
the NIR.
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Figure 3.3: The quality factor (Q) of the LSPR for a metal/air interface. A higher Q
denotes less damping and a stronger plasmon resonance. The shaded area represents the

desired quality factor for plasmonic applications. Adapted from [6].

The dielectric constant data used in figure 3.3 is for bulk metal. It is well known that
when the particle size become comparable to the mean free path [, (e.g. 52 nm for Ag),
then the collision of the conduction electrons with the NP surface becomes important and

the total damping constant as the function of size can be expressed by [24]:

[(R) =T +-E (3.8)
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where I, is the damping constant of the bulk metal (0.021 eV for Ag), V is the Fermi
velocity (1.39 x 10° m/s for Ag) and R is the particle radius. If the free electrons are
affected only by the particle size, one can express the dielectric constant of Ag as the
function of both w and R by [24]:

s(w,R)zeoo(w)+[w§( LS )]+i[w—%( f®) T )] (3.9

w2+T%, w24T(R)? w “w24T(R)2  w2+T%

where w,, is the plasma frequency and ¢, (w) is the dielectric constant of the bulk Ag at
the frequency w.

Figure 3.4 shows the effect of particle size on the optical properties of Ag. The real (a)
and imaginary (b) parts are plotted against wavelength for different particle size using
equations 3.8 and 3.9. As can be seen both parts of the dielectric constant are
significantly changed when the particle radius is less than 20 nm and becomes almost
equal to the dielectric constant of bulk Ag above 50 nm, in agreement with the fact that
when the mean free path of the conduction electron is much less than the particle size, the

dielectric constant becomes independent of R.
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Figure 3.4: Overview of the optical properties of Ag in the range between 200-1200 nm.
(a) is the real part and (b) is the imaginary part of dielectric constant of Ag as the function

of particle size and for bulk Ag.
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To study the effect of particle size on the quality factor of Ag, the quality factor of bulk
Ag and of Ag with different sizes as the function of wavelength is plotted as shown in
figure 3.5, using equation 3.7 and the dielectric constant data plotted in figure 3.4. It can
be seen that the quality factor of Ag depends on the particle size. According to the
discussion above, it can be concluded that the best size of Ag NPs for plasmonic
enhancement effect should be equal or greater than 20 nm. The detail about the effect of
Ag NPs with particle size more than 20 nm on the position of the plasmon absorption

band will be discussed in section 3.5.1.
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Figure 3.5: The quality factor (Q) of the LSPR for a bulk Ag/air interface compare to Ag

with different sizes.

Interband transition in these metals also plays a role in the plasmon damping effect. Ag
has stronger plasmon resonance because its interband transition occurs at higher energy
(~3.8 eV) compared to the LSPR energy (~2.9 eV) [25]. Au exhibits LSPR at ~530 nm
(2.3 eV) which is very close to the interband transition region (2.5 eV) [25]. Cu has the

weakest plasmon resonance because this overlaps with the interband transition region
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(2.1 eV) [25]. Therefore, according to the discussion above, Ag is the best metal for

plasmonic applications in the visible and NIR region.

3.5 Tuning of the localized surface plasmon resonance

As mentioned above, when a metallic NP is irradiated by light, the conduction electrons
oscillate coherently in response to the electric field at certain wavelength (plasmon
resonance). In fact, the LSPR wavelength depends on three different parameters, namely
the size and shape of the NP and the dielectric constant of the environment. Details about
these parameters are given below.

3.5.1 Influence of nanoparticle size

The particles with sizes in the range of 1-100 nm are defined as NPs. Actually, there are
two different size effects in this particular size regime: intrinsic size effect and extrinsic
size effect. Intrinsic size effect (quantum size effect) exists in very small particles (R less
than about 5 nm), which lead to significant change in the metal properties due to their
discrete energy levels [26]. In this size regime (when the NP may be referred to as a
cluster) the classical theory of Mie scattering is no longer valid and the quantum theory is
required. As the particle size becomes large, the energy level spacing decreases to a
continuous band structure for bulk solid and this is known as extrinsic size effect. In
order to study the influence of size effect on the optical properties of a NP, a sphere is
chosen for simplicity and NPs with size greater than 5 nm is selected.

For a spherical NP much smaller than the wavelength of light (R between 5 nm and 20
nm) the light can homogenously polarize the particle, and the interaction is dominated
only by the dipole absorption (see figure 3.6(a)). Qex: denotes the extinction efficiency
factor which is defined as the ratio of the extinction cross-section to the physical cross-
sectional area (nR?). As the particle size increases, the light can no longer polarize the
NPs homogeneously, resulting in high order modes. These higher-order modes peak at
higher energies with respect to the dipole peak (higher-order modes peak are indicated by
the arrows in figure 3.6). Consequently, the plasmon band red shifts with increasing

particle size (see figure 3.6 (b, ¢c and d)). In addition, the electrons in large NPs can be
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accelerated and radiate energy in scattering process which becomes dominant for
particles large than 30 nm (figure 3.6 (c and d)). Due to this secondary process, the
electron experiences energy loss (plasmon decay), shifting the dipole resonance to longer
wavelength and broadening the plasmon resonance linewidth (figure 3.6 (c and d)).
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Figure 3.6: Extinction (Qext), absorption (Qaps) and scattering (Qsca) efficiencies for
different sizes of Ag sphere embedded in SiO, with refractive index of 1.46 [27],
calculated using MiePlot v4.2.11[23].

3.5.2 Influence of nanoparticle shape

Mie theory provides only the exact solutions to the problem of light scattered or absorbed
by spherical particles of arbitrary sizes. Later on, Gans extended Mie theory to particles
with ellipsoid shape [22]. Further approximation of Mie equations has been developed
for other geometries to cover a wide range of arbitrary shapes, resulting in different

numerical methods including the discrete dipole approximation [9, 28], the T-matrix
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method [29], the multiple multipole method [30], the finite difference time domain
method [31] and the modified long wavelength approximation [5].

It is well-known that the plasmon resonance frequency is primarily determined by the
surface polarization, which in turn depends on the geometry or shape of NPs. Therefore,
any change of this parameter will change the surface polarization and therefore the
resonance frequency. For instance, an ellipsoid with three different axes presents three
distinct dipole modes even in the quasistatic approximation model, which is different
from a sphere with only one dipole mode [32]. Moreover, when the particle size with
shapes other than spherical is increased, extra higher modes will be present. Wiley et al.
[2] calculated the extinction, absorption and scattering spectra for a 40 nm Ag NPs with

different shapes using the discrete dipole approximation method (figure 3.7).
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Figure 3.7: The discrete dipole approximation calculation for Ag NPs with different
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Compare of nanospheres, other shapes display red-shifted resonance peaks, which is
attributed to the accumulation of surface charges on the particle corners [2]. The
distribution of these charges near the corners increases the surface polarization and
therefore reduces the restoring force for electron oscillation, resulting in a red-shift of the
plasmon resonance peak and the appearance of higher modes (figure 3.7) [2].

3.5.3 Influence of dielectric constant of the environment

Already the effects of the size and shape on the plasmon resonance position have been
discussed. The dielectric constant of the environment also plays a role in plasmon shifting
effect. According to equation 3.3 (in the dipole approximation regime for a sphere), it is
clear that the dielectric constant of the surrounding medium affects the LSPR wavelength
of NPs.

An increase in the relative permittivity of the dielectric medium (or particularly the
refractive index n = ¢,,'/2) results in a decrease in the restoring force of electron
oscillation and therefore shifts the plasmon resonance towards longer wavelength [1].
Figure 3.8(a) shows the absorption cross-sections for Ag particle with a 20 nm radius
embedded in non-absorbing media with refractive index varied from 1.0 to 2.0, calculated
using MiePlot v4.2.11 [23]. As it is expected, the plasmon resonance shifts to longer
wavelength as the refractive index increases. Figure 3.8(b) shows maximum wavelength
(Amax) Of the absorption band of the LSPR associated with Ag NPs as the function of the
refractive index of material host extracted from figure 3.8(a). Of interest is that the peak
position of LSPR absorption band increases linearly with the local refractive index in
agreement with Jensen et al. [33]. This data is very useful in case one needs to control the
LSPR band for Ag NPs for a particular application. For instance, if the desired absorption
band of LSPR is 440 nm then the refractive index of the host material should be 1.7 (see
figure 3.8(b)).
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Figure 3.8: (a) Absorption cross-section as a function of wavelength for Ag particles
with a 20 nm radius embedded in media with refractive index n = 1.0 to n = 2.0
calculated using MiePlot v4.2.11. (b) Wavelength corresponding to maximum absorption
as a function of refractive index for various materials. The blue line is a fit to act as a

guide for the eye.

Other particle shapes have been shown to exhibit a similar dependence on the refractive
index. Miller and Lazarides showed that the refractive index sensitivity linearly increases
with the peak wavelength, regardless of the NP shape for wavelengths up to 800 nm [34].

3.6 Plasmon decay

When the electromagnetic wave interacts with the metal NPs and excites a plasmon, it
can decay on the femtosecond timescale either radiatively or non-radiatively [35, 36]
(figure 3.9). Radiative decay results in a scattering process (re-emission of a photon).
This process does not lead to heating of the NP, since the entire energy is emitted as
photons. Non-radiative decay occurs via excitation of electron-hole pairs either within the
conduction band (intraband excitation) or through interband excitations caused by
transitions between d bands and the conduction band. Consequently, the excited electrons
relax through electron-electron and electron-phonon collisions, and ultimately the energy

is converted into heat. It is also worthwhile to note that the d band energy levels of Ag lie
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~4 eV below the Fermi energy level, making the interband excitations more unlikely than
intraband excitations [36]. The material, size and shape of the particles are very important
in determining the type of decay. Nonradiative decay is inversely proportional to the

volume of the NP while radiative decay is proportional [36].

Nonradiative damping Radiative damping

intraband
P excitation

? interband

excitation

Conduction band

Figure 3.9: Schematic representation of radiative and nonradiative decay of particle

plasmons in noble metal NPs.

3.7 Metal-enhanced fluorescence

The optical properties of metals NP have been of interest from a long time ago, since the
brilliantly coloured colloids used in stained glass windows in Roman times. Recently, a
number of experiments have generated new interest in using metal NPs in phosphors [37-
41]. In particular, the enhanced and confined local electric fields occurring near the
surface of these NPs when excited at the LSPR can significantly enhance the
fluorescence of emitters located near a NP [40, 41]. Metal NPs can affect the
luminescence from the closed emitter by two ways. Firstly, enhanced excitation, which in

this case the metal NPs can enhance the excitation rate (which strongly depends on the
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intensity of the electric field) of the nearby emitter due to modification of the applied
electric field, resulting from the excitation of the LSPR. Consequently, emitters in such
hot spots absorb more light than in the absence of metal NPs and therefore increases
emission efficiency of the emitter. Secondly, the excited-state emitter can couple to the
LSPR of the close NP, generating far-field radiation at the emission wavelength, resulting
in an increase in the emission intensity which is accompanied by a decrease in emission
lifetime [38, 41]. To explain the processes of excitation and emission of fluorescent
emitters, Jablonski diagrams for fluorescence in the absence of metal (a) and the metal-

emitter interactions (b) are shown in figure 3.10.

—— -
S, S,
S, \ S, \
hv, hv, K.,
3

Figure 3.10: Jablonski diagram without (a) and with (b) metal-emitter interactions. The

thicker arrows represent enhanced excitation and emission rates. Adapted from [37].

In the absence of metal NPs, the intrinsic quantum yield @, and lifetime t, of the emitter

are given by [38]:

Qo =T/(T + kny) (3.10)

o = (T + kpy)~? (3.11)
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where I and k,,,. are radiative and non-radiative decay rate, respectively. The radiative
decay rate I' is a basic parameter for any given emitter while the non-radiative decay rate
k., i1s the only parameter that can increase or decrease the quantum yield Q,. It is
clearly seen from equation 3.10 that the quantum yield can be increased by decreasing the
non-radiative decay rate. Moreover, the non-radiative decay rate can also play a role by
affecting the life time (see equation 3.11).

In the case when the emitter is located in the vicinity of a metal NP, the radiative decay

rate is increased and the quantum yield and lifetime are given by [38]:

Qm =T+ Fm)/(r +0 + kTI’lT) (3.12)

Tm=C+kl,+T,)? (3.13)

where I, and k,,, are radiative and non-radiative decay rates induced by the metal NP,
respectively. It is clear from equations 3.12 and 3.13 that an increase in the metal-induced
radiative decay rate results in an increased quantum yield and a decrease in lifetime. The
decrease in the lifetime means that the emitter will spend less time in the excited state per
excitation/emission cycle which in turn leads to improved photostability of the emitter.
Therefore, emitters near metal NP, with increased quantum yield and decreased lifetime,
can emit considerably more photons per second than those in the absence of metal NP
[37].

Although there are different parameters that can influence fluorescence enhancement
such as optical properties of metal NPs, the orientation of the emitters, electric field
enhancement and the distance between the metal NP and the emitter, the main parameters
that have strong effect are the spectral overlap of the resonant plasmon position in the
metal NP with excitation/emission spectrum of the emitter and the plasmon resonance
linewidth [40]. Both these parameters can be manipulated by changing size or shape of
the NPs.
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On the other hand, the presence of metal NPs in the vicinity of emitters can also quench
the fluorescence. These two processes (enhancement and quenching) depend on the
distance between the metal particle and the emitter. If the distance is less than 5 nm, then
non-radiative energy transfer occurs and this is accompanied by a decrease in the
emission lifetime of the emitters [42]. If the distance in the range of 10-50 nm [43], then
the emission enhancement may be observed. At longer distance outside metal NPs field
the quenching can be observed due to re-absorption of emitter’s emission by metal NPs

(radiative transfer) which in this case the emission lifetime remains unchanged [44].
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Chapter 4

Experimental research techniques

4.1 Introduction

In this chapter, a brief description of the different techniques used in the characterization
of powder nano-phosphor doped with Ag is presented. The techniques include X-ray
diffraction (XRD), ultraviolet-visible (UV-vis) spectroscopy, transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared
(FTIR) spectroscopy and photoluminescence spectroscopy (PL). A detailed chemical
analysis of powder phosphors was determined with XPS. XRD and TEM were used to
identify the crystalline phases and sizes of the Ag nanoparticles (NPs). The UV-vis
spectrocopy was used to determine the absorption band of localized surface plasmon
resonance (LSPR) while FTIR was used to identify chemical group in our phosphor
powder.

4.2 X-ray diffraction

X-ray diffraction is one of the most important characterization tools used in solid state
chemistry and materials science. This technique had been discovered in 1912 by von
Laue [1]. In the beginning, X-ray diffraction was used only for the determination of
crystal structure of matter. Later on, other uses for X-ray diffraction were discovered and
successfully applied to study physical, chemical and mechanical properties of materials.
The common used of this technique is identification of phase, preferential orientation,
texture, crystallite size, microstrain and residual stress [2]. Peak positions give
information about crystal phases as well as size, shape and translational symmetry of the

unit cell. Crystallite size, microstrain and residual stress are determined by peak shapes
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and widths while the peak intensities give information about preferential orientation
which is determined by calculating the texture coefficient [2].

4.2.1 Generation of X-rays

X-rays are generated when high energetic electrons interact with the inner shell electrons
of an atom by inelastic scattering. These energetic electrons can excite inner shell
electrons to outer shell orbitals, leaving inner shell vacancies. Then the outer shell
electrons fall to inner shell orbitals, and characteristic amounts of energy are emitted as
X-ray photons. This energy is depends on target element and the type of orbital decay. In
a cathode ray tube, X-rays are generated by heating a filament to produce electrons and
accelerating them toward a target by applying high voltage. The kinetic energy of the
electrons is transformed into electromagnetic energy (X-rays). The fast moving electrons
exhibit energy loss, which is converted into a photon to satisfy the law of conservation of
energy. As the result, a broad band of continuous radiation is generated which is the so-
called Bremsstrahlung or braking radiation (see figure 4.1). The produced X-ray spectra
consist of several components; the most common are K, and Kg. K, is produced when the
upper energy electron (L-shell electron) falls into a vacancy where the lower energy
electron (K-shell electron) has been removed (with wavelength 1.54178 A for Cu) while
Ks is produced when the upper energy electron (M-shell electron) falls into a vacancy
where the lower energy electron (K-shell electron) has been removed (with wavelength
1.39217 A for Cu). The characteristics of these X-ray spectra can be seen in figure 4.1.

Kot

Kp

0.5 1.0 1.5
A (A

Figure 4.1: Continuous and characteristic X-rays for copper. Adapted from [3].
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To produce monochromatic X-rays as required for diffraction, filtering by foils or crystal
monochromators is necessary. The proper filter used in case of Cu target is Ni which can

be used to filter out the Kg X-rays as shown in figure 4.2 [1].
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Figure 4.2: Ni filter for Cu X-rays. Adapted from [1].

4.2.2 Bragg’s law

The crystals material can diffract X-ray only if the interplanar spacing (d) of the crystal is
of the same order as that of the X-ray wavelength. When a crystal is bombarded with X-
rays at certain specific wavelengths and incident angles, intense peaks of reflected X-rays
are produced. W. L. Bragg explained this result by modeling the crystal as a set of
discrete parallel planes separated by a constant parameter d as shown in figure 4.3.

A constructive interference occurs when the differences in the X-rays travel paths ABC

and A'B'C' is an integer multiple of the wavelength. When this constructive interference
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occurs, a diffracted beam of X-rays will leave the crystal at an angle equal to that of the

incident beam. This condition can be expressed by Bragg's law [4]:
2d sinf = ni (4.2)
where A is the wavelength of the X-ray, d is the spacing of the crystal layers; 0 is the

incident angle (the angle between incident ray and the diffracted ray) and n is an integer

representing the order of the diffraction peak.

Figure 4.3: Schematic diagram of Bragg diffraction from a set of atoms.

4.2.3 X-ray diffractometer

An X-ray diffractometer consist of three basic elements: an X-ray source, a sample holder
and an X-ray detector as schematically presented in figure 4.4. In a typical experiment,
the sample rotates in the path of the collimated X-ray beam at an angle 6 while the X-ray
detector is collect the diffracted X-rays and rotates at an angle of 20. The typical patterns

data is collected as function of 20.
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The main objective of using XRD in this study is to identify the phase of our phosphors
as well as the crystalline size particularly for Ag NPs. For phase identification, the Bragg
low (equation 4.1) is used to calculate the d spacing and then compare the data with
known standards in the Powder Diffraction File (PDF). The mean crystallite size can be
obtained by Paul Scherrer’s equation, who investigated the effect of small and spherical

particles on X-ray diffraction patterns [5]:

I = KA
- B cosb

(4.2)

where 1 is the mean size of the cystallites, K is the shape factor, A is the X-ray
wavelength, B is the full-width-at-half-maximum (FWHM) in radians and 6 is the Bragg

angle.

Detector

Figure 4.4: X-ray diffractometer.

The XRD data of this work were collected by a Bruker D8 diffractometer (figure 4.5)
using CuKa (A=1.5405 A) radiation in the 20 scan range of 15-90° and the X-rays were

generated by applying 40 kV voltage on Cu anode material at a current of 40 mA.
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Figure 4.5: Bruker D8 Advance X-ray diffractometer.

4.3 Ultraviolet-visible spectroscopy

The UV-vis spectrometer is one of the oldest instrumental techniques used to identify the
number of absorbing species in a sample. The UV-vis spectrophotometer is commonly
used to analyze compounds (molecules, ions and complexes) of organic, inorganic and
biochemical in the ultraviolet (UV) and visible regions of the electromagnetic spectrum.
UV-vis spectrometers find a wide range of applications in research, industry, clinical
laboratories, chemistry etc. [6]. In most previous mentioned applications other techniques
could have been used but none replace UV-vis spectroscopy for its simplicity, versatility,
speed, accuracy and cost-effectiveness. The measured UV-vis spectrum can be obtained
as absorption, transmission and reflection spectrum [7]. Absorption and transmission
apply for gas and solution or transparent glass samples, while reflection applies only for
solid samples. All these different spectra give the same information, but show a different
interpretation of the data.
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4.3.1 Basic theory

The interaction of light with matter causes a number of process including reflection,
scattering, absorbance, fluorescence/phosphorescence and photochemical reaction [8]. In
general, when measuring UV-vis spectra, one only wants absorbance to occur. The
absorption of light is dependant on the electronic structure of species (molecules, ions
and complexes). A given electronic energy level contains a number of vibration energy
levels and each of these vibration energy levels has a number of rotational energy levels.
When photon of a given energy interacts with these species, it may cause a transition

amongst the electronic energy levels if it is energy satisfy the following relation [7]:

Ephoton =E; —E,=hv (4-3)

where E;and E; are the ground state and excited state of species respectively, h is
Planck's constant and v is the frequency of the photon.

When light passes through a sample (figure 4.6), the amount of light absorbed by the
sample is the difference between the incident radiation (l,) and the transmitted radiation
(D). The amount of light absorbed is expressed as either transmittance or absorbance.

Transmittance is defined as [8]:

T =1/I, (4.9)

while absorbance A is defined as

A=-logT. (4.5)
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Figure 4.6: Incident and transmitted light.

4.3.2 Sample preparation

4.3.2.1 Solution phase

For diffuse absorption and transmission measurements, samples were ground to fine
powder and suspended into water or ethanol, sonicated for several minutes. Then two
cuvettes were half filled, one with only solvent (water or ethanol) used as reference and
the other mixed with sample. Both cuvettes were placed into sample holder. The data
were collected at room temperature.

4.3.2.2 Solid phase

For diffuse reflectance measurements, the powder samples were ground to fine powder
and placed into sample holder. The standard used was spectralon which exhibits near
100% reflectance in the wavelength range from the near UV to the near-infrared (NIR).
For accurate measurement the powder sample has to be sufficiently thick so that all
incident light is absorbed or scattered before reaching the back surface of the holder.
4.3.3 Determination of the energy band gap

4.3.3.1 Energy band gap from absorption spectra

The optical band gap energy can be calculated from the UV-vis absorption edge using the

well-known Tauc law relation [9]:
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ahv = C;(hv — E5)™ (4.6)

where «a is the absorption coefficient, hv is the incident photon energy, C; is constant, E,
is the optical gap energy, and the exponent m is a parameter which depends on the type
of electronic transition responsible for absorption. For direct band gap m equal 1/2 and
1/3 for allowed transition and forbidden transition respectively, while for indirect band
gap m equal 2 and 3 for allowed transition and forbidden transition respectively. By
plotting [ahv]? against hv and fit the linear region with a line and extend it to the energy
axis, then one can easily obtained Eg by extrapolating the linear fitted regions to [ahv]
=0.

4.3.3.2 Energy band gap from reflectance spectra

In case of reflectance spectra, both Tauc law relation (equation 4.6) and the following

Kubelka-Munk relation (equation 4.7) [9] can be used to calculate the E,.
F(Ry) = (1—Rw)?/2Rx =K/S 4.7

where Ry = Rsample/Rreference, K 1S @bsorption coefficient and S is scattering coefficient. If
the material scatters light perfectly, the absorption coefficient K becomes equal to 2a [9].
Considering the scattering coefficient S as constant with respect to wavelength, and using

equations 4.6 and 4.7, the following expression can be written:
[F(Rs) * hv]™ = Cy(hv — Ej) (4.8)

and by plotting [F(Rwo)*hv]™ against hv and fitting the linear region with a line and
extending this to the energy axis one can easily obtain E,.

4.3.4 Instrumentation

Figure 4.7 shows a dual-beam UV-vis spectrophotometer. Inside this instrument there are
usually two light sources, a tungsten lamp which gives visible light and a deuterium lamp

which gives ultraviolet light. Mirror 1 directs light from the appropriate source through
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an entrance slit into a monochromator which contains a diffraction grating to split the
light into its constituent wavelengths. A single wavelength passes through the filter to
minimize signal noise into the modulator which contains a beamsplitter (half-mirror) to
divide the light into two beams: one passes through the sample cell while other passes
through the reference cell. Both sample and reference beams are directed into detectors

after being focussed by lenses.

Concave diffracting grating ¢ Deuterium lamp

— NMirror 1

Entrance slit

4

Exit slit Tungsten lamp

4

Filter

lens
Reference

Mirror2
Detector 1
Half
Muror Sample
Detector 2

Mirtor 3

Monochromator Sample
compartment

Figure 4.7: A dual-beam UV-vis spectrophotometer. Adapted from [10].

The detectors send the signal to the computer, which compares the intensities of two
beams and calculated the ratio of their intensities. The logarithm of this ratio gives the
quantity called absorbance which measure of how much light has been absorbed by the

sample at that particular wave length.
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For diffuse reflectance measurements, the UV-vis spectrophotometer equipped with an
integrating sphere coated with a white standard, intended to collect the light reflected by
the standard and the sample. For measurements, an integrating sphere which contains
collection port and detector was used. Diffuse reflectance spectra were recorded by a
Lambda 950 UV-vis spectrophotometer with an integrating sphere (figure 4.8). The
standard used was spectralon.

The main objective of this instrument in this work is to determine the energy band gap of
the host materials and the absorption band of LSPR.

Figure 4.8: Lambda 950 UV-Vis spectrophotometer.

4.4 Transmission electron microscopy

In 1925, De Broglie discovered that the electrons had wave-like characteristics, which
was a breakthrough in understanding many physical phenomena and led to many
applications, particularly electron microscopes. In 1927 Bush showed that a magnetic coil
can be used to focus an electron beam in the same way of using lenses glass for focusing
the light. A few years later regular production of commercial TEMs was begun [11].
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TEMSs use electromagnetic lenses to focus a high energy (100-300 kV) beam of electrons
through a very thin sample (<100 nm). One of the best advantages of using electron
microscopes is that the interaction of the electron beam with the sample produces a wide
range of secondary signals which are very useful in analytical electron microscopy,
providing one with a lot of information about the sample (see figure 4.9). Most of these
signals are presented in the TEMs, namely unscattered electrons (transmitted beam),
elastically scattered electrons (diffracted beam), inelastically scattered electrons and X-
rays which are used to generate both imaging and spectrum modes which will be

discussed in detail below.

Incident
high KV beam  Secondary
Backscattered electrons (SE)

electrons (BSE) Characteristic

X-rays
Auger Visible
eIectrons Light

Absorbed a Electron- hole
electrons pairs ‘

Bremsstrahlung
Specimen X-rays

In-elastically scattered

Elastically scattered
electrons

electrons Direct
Beam

Figure 4.9: Secondary signals generated when a high-energy beam of electrons interacts
with a thin sample. The signals direction shown here is not always represent the physical

direction of the signal. Adapted from [11].
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4.4.1 Elastic Scattering

Elastic scattering is the process in which the incident electrons beam deflected from the
sample without losing it is energy. The origin of this scattering is due to the Coulomb
interaction of the electrons with the atomic nuclei in the sample. Because of the small
mass of electrons compared to the atomic nuclei, little or no energy is lost [11]. In this
type of scattering the majority of incident electrons are forward scattered (by a few
degrees) and contribute to TEM image formation.

4.4.1.1 Bright field and dark field images

Actually there are two types of image which can be extracted from TEM, namely bright
field and dark field images. The first one is formed by selecting the direct electron beam
(transmitted beam) while the other is form by selecting only electrons that are not in the
direct beam [11] (see figure 4.10). Selection of bright field or dark field electrons results

in contrast variations that provide crystallographic information.

Incident beam

SE detector
BSE detector

Specimen

HAADF %) DF  HAADF
Retractable Detectors

BF

Figure 4.10: The various electron detectors used in electron microscopes, namely high
angle annular dark field (HAADF), Dark field (DF), Bright field (BF), secondary electron
(SE) and backscattered electron (BSE) detectors. Adapted from [11].
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4.4.1.2 Diffraction patterns

Diffraction pattern image is generated due to diffracted waves scattered by a plane of
atoms. Every atom acts as a new secondary wave source with the same wavelength as the
incident wave. These secondary waves interfere constructively to produce a direct beam
and a series of diffracted beams. The electromagnetic lenses in TEM are used to focus
these diffracted electrons beam into a regular arrangement of diffraction spots to form the
electron diffraction pattern. The main used of diffraction pattern is to solve crystallo-
graphic problems [12].

4.4.2 Inelastic Scattering

Elastic scattering is used only in the conventional TEMs as discussed above, for imaging
samples and obtaining information about the crystal structure from diffraction pattern.
Inelastic scattering occurs as a result of Coulomb interaction between a fast incident
electron and the atomic electrons that surround each nucleus, results in these fast
electrons losing a characteristic amount of energy [13], results in a collective oscillation
of free electron gas (bulk plasmons) in the material which is discussed earlier in section
3.2.1. Electron Energy Loss Spectroscopy (EELS) is concerned with the study of these
inelastic interactions. By using a high-resolution electron spectrometer the transmitted
electron beam in TEMs can be separated according to their kinetic energy and produces
an electron energy-loss spectrum showing scattered intensity as a function of their
decrease in kinetic energy (figure 4.11).

(1)  (2) (3)

Intensity (arb. Units)

Energy loss (eV)
Figure 4.11: Diagram of an EELS spectrum.
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As can be seen from figure 4.11, the EELS spectrum is divided into three regions, namely
zero loss, low loss (< 100 eV) and high loss (>100 eV) regions. The peak appearing in the
zero loss region is due to elastic scattering of electron with the sample which gives only
information about the resolution of this particular spectrum. Region two (low loss) shows
peak related to plasmon oscillations which provides data about the composition or the
dielectric nature of the material, while region three (high loss) depends on the bonding or
the ionization spectra of the particular material.

4.4.3 Energy dispersive X-ray spectroscopy

X-ray microanalysis [11] is achieved using energy dispersive X-ray spectroscopy (EDS)
to detect a characteristic X-ray signal. In TEMs the X-rays are generated when the
primary electron beam interacts with the sample, given sufficient energy, inner shell
electrons will be ejected and the atoms will be left in excited state. These excited atoms
will relax by emitting their excess energy in the form of a characteristic X-ray. The
energy of the emitted X-ray will be the energy difference between the two level and
therefore specific to the particular excited atom. Therefore, the energy of the emitted X-
ray can be related to a particular element.

4.4.4 Instrumentation

TEMSs can be divided into three components: the illumination system, the objective
lens/sample holder system, and the imaging system. The illumination system composes
the electron gun and condenser lenses, which it is responsible to take the electrons from
the source and transfer them to the sample. The second part acts as the heart of the TEM
because all the beam-sample interactions take place there. The third part is comprised of
several lenses to magnify the images or to focus this images and diffraction pattern
produced by the objective lens on the viewing screen or computer display via a charged
coupled device (CCD) camera [11] (figure 4.12(b)). It is important to note that the whole
system requires high vacuum to avoid scattering of electrons.

In this study the images, particle sizes and the diffraction pattern were obtained using a
Philips CM100 TEM. Figure 4.12 showed its photograph and a schematic diagram of a
TEM.
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Figure 4.12: (a) Photograph of the Philips CM100 TEM and (b) a schematic outline of a
TEM [14].

4.5 Fourier transform infrared spectroscopy

FTIR spectroscopy was discovered in 1887 by Michelson [15]. It is an important
technique in organic chemistry which can be used to identify the presence of certain
functional groups in a molecule. In addition it can be used to confirm the identity of a
pure compound or to detect the presence of specific impurities [16]. It offers some
advantages such as low maintenance, low cost and specificity compared with other

methods such as chromatography and mass spectroscopy [17].
The infrared is part of electromagnetic spectrum is usually divided into three parts,

namely NIR from 0.8-2.5 um (4000-12500 cm™), mid-infrared from 2.5-50 um (200-
4000 cm™) and far-infrared from 50-1000 pum (10-200 cm™). The mid-infrared range is
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very important and commonly used for chemical analysis because the most molecular
vibrations occur in this region.

4.5.1 Physical principles

When a material is irradiated with infrared radiation, specific wavelengths will be
absorbed by molecules, causing changes in their dipole moment and consequently
exciting molecules into higher vibrational states. The wavelength absorbed by a particular
molecule is a function of the energy difference between the ground and excited
vibrational states. Thus infrared radiation can only be absorbed by molecules vibration
when the frequencies of the radiation match the vibrational frequencies of these
molecules. Absorption probability and the vibration frequency depend on the strength and
polarity of the vibrating bonds and can be influenced by intra- and intermolecular effects
[18]. Therefore, the absorbed wavelengths provide fingerprint-like information on the
chemical composition of the sample.

There are different modes of vibration which can be divided into the two main modes as
follows [19]: Firstly stretching vibration modes, which one or more bond lengths change
— these are classified into two other terms related to the symmetry: symmetric vibrations,
which the symmetry of the molecules is maintained during vibration while in asymmetric
stretching, one or more of the symmetries of the molecule vanish during vibration (see
figure 4.13(a)). Secondly, bending or deformation vibration modes, in which the bond
length remains constant while one or more bond angles change. This may also be
classified into two types, namely in-plane (such as scissoring and rocking) and out-of-

plane (such as waging and twisting) as shown in figure 4.13(b).
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Figure 4.13: Schematic diagram for the IR active fundamental vibration modes. Adapted
from [19].

4.5.2 Sample preparation

All samples in this thesis were prepared by the following steps shown figure 4.14: in the
first step the KBr powder was placed into an oven at 60 °C overnight for drying. Then
200 mg of KBr and 1mg of samples were weighted by using a sensitive balance (step 2).
The weighed KBr and sample were mixed together, ground for 20 seconds using a
grinder machine (step 3). Due to hygroscopicity of KBr, the mixture was placed again
into oven at 60 °C for 30 min (step 4). Finally a transparent pellet was obtained by

pressing the mixture under 9 tons for 10 min (steps 5 and 6).
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Figure 4.14: Schematic diagram for the FTIR sample preparation steps.

4.5.3 Instrumentation

There are a number of interferometer designs used by FTIR manufacturers. But the most
common type of interferometer in use today is the Michelson interferometer. The basic
components of a Michelson interferometer are a broad light source covering the mid-IR, a
beam splitter, two front mirrors - one moving and one fixed - and a detector as shown
schematically in figure 4.15.

The light from source enters the spectrometer and is split by the beamsplitter. Half of the
beam is reflected and half is transmitted. The reflected beam goes to the fixed mirror and
reflected back to the beamsplitter while the transmitted beam is sent to the moving mirror
and is also reflected back towards the mirror. The both reflected beams form fixed and
moving mirrors are split again into two beams by the beamsplitter: one goes back to the
source (not reaching the detector) and the other goes towards the detector. Thus, the
detector detects two beams: one from the moving mirror and the other from the fixed
mirror. Due to the optical path difference of these two beams which is determined by the
positions of the two mirrors, the two beams are interfere by either constructively or
destructively for a particular frequency by positioning the moving mirror.
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If the moving mirror is scanned over a range, then the intensity of the signal should be
between maximum and minimum which gives rise to a cosine wave. The plot is defined
as an interferogram. Once an interferogram spectrum is collected, it needs to be translated
into a spectrum (absorption or transmission). The process of conversion is through the

Fast Fourier Transform algorithm which can be done by computer programme.

Fixed mirror

Source

IR Moving mirror

Beam splitter

Detector

Figure 4.15: Schematic diagram of a Michelson Interferometer.

The purpose of technique in this work is to identify the purity, phase change and to
confirm the presence of specific impurities of SiO, powder before and after heat
treatment. Figure 4.16 showed a photo of a typical Bruker Tensor 27 FTIR spectrometer

used in this work.
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Figure 4.16: Bruker Tensor 27 FTIR spectrometer.

4.6 Photoluminescence spectroscopy

PL spectroscopy is an analytical technique used to measure the fluorescence or
phosphorescence emitted by a substance when excited by photons (UV, visible or other
electromagnetic radiation) [20]. This technique is very efficient, contactless and non-
destructive. It is widely used to understand recombination mechanisms, determination of
band gap, estimation of the material quality, detection of impurity and defect levels. After
excitation of the sample to an excited state, it returns to the lower energy state which
results in the emission of photons. Normally, emission and excitation spectroscopy are
performed in one setup, which is require a broadband excitation source (particularly
xenon lamp because it has an energy continuum extending from the UV into the NIR [20,
21]. In emission spectroscopy, the excitation source remains fixed during scanning of the
emitted light while in excitation spectroscopy, the emission monochromator is set at a
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wavelength corresponding to a strong emission line and the excitation (the specific range
of electromagnetic radiation where the emitters have a good absorption) light is scanned.

Figure 4.17 shows a schematic diagram of a PL spectrophotometer with general basic
equipment. In this instrument various sources may be used as an excitation source,
namely lasers, photodiodes, and lamps. It is also provided with two monochromators to

select both the excitation and emission.
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Figure 4.17: Schematic diagram of a spectrofluorometer. Adapted from [20].

These two monochromators are motorized to allow automatic scanning of wavelength.
Photomultiplier tubes (PMTs) are used to detected luminescent samples and quantified
with the appropriate electronic devices. The output is normally presented on a
wavelength scale in graphical form which is recorded and stored with the computer. For

ideal measurements, the spectrophotometer must have the following criteria [20]: (a) the
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light source must yield a constant photon output at all wavelengths. (b) The
monochromator must pass photons of all wavelengths with equal efficiency. (c) The
monochromator efficiency must be independent of polarization. (d) The detector must
detect photons of all wavelengths with equal efficiency.

In this study, the PL measurements as well as exponential decay times of the rare-earth
(RE) ion (i.e. Tb*) were done using either a Cary Eclipse fluorescence
spectrophotometer with xenon lamp shown in figure 4.18(a) or alternatively with a 325
nm He-Cd laser as an excitation source and Horiba iHR320 monochromator attached
with an PMT detector (figure 4.18(b)). All measurements were collected in air at room

temperature.

Figure 4.18: Schematic representation of (a) the Cary Eclipse florescence

spectrophotometer (b) The 325 nm He-Cd laser PL system.

4.7 X-ray photoelectron spectroscopy

XPS was developed in mid of 1960°s as a practical technique by Siegbahn and his group
in Sweden at University of Uppsala (Nobel Prize 1981) [22]. XPS is also known as
Electron Spectroscopy for Chemical Analysis (ESCA). This technique provides
qualitative and quantitative information on all the elements in the periodic table (except

hydrogen and helium) present at concentrations >0.1 at%. Due to the short free mean path
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of the photoelectrons in the solid, this technique provides information from only the top
1-5 nm of a sample surface [23]. Due to its wide range of applications, this technique is
considered as the one of the most powerful analytical tools available. The most important
information provided by this technique is the information about the molecular
environment (oxidation state and bonding strength). The peak position in the XPS
spectrum provides information about the atomic composition of the sample surface while
the measurement of relative area of the peaks allows the composition of the sample to be
determined quantitatively.

4.7.1 Basic theory

The XPS technique is based on the photoelectric effect in which the energetic photon (X-
ray) interacts with the solid sample and produces an emission of electrons from its
surface (see figure 4.20 (a)). The kinetic energy (KE) of the ejected photoelectrons is
given by the Einstein equation [23]:

KE = hv — Eg (4.9)

where hv is the energy of the photon, Ez is the binding energy which is the energy
required to completely remove an electron from an atom or a molecule. The binding
energy can be calculated by measuring the kinetic energy of the photoelectron ejected
from the sample. To measure KE (and therefore determine Eg) a calibrated and suitably
referenced XPS spectrometer is required [22]. To do this properly, the sample is placed in
electrical contact with the spectrometer, and both the sample and the spectrometer are
grounded. This makes the Fermi level (Er) of both the sample and spectrometer at the
same energy level. Then the KE of photoelectron can be measured as shown in figure
4.19.
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Figure 4.19: The energy level diagram for grounded sample and spectrometer. The Fermi
levels of both sample and spectrometer are aligned, so that Eg is referenced to E.
Adapted from [20].

Considering figure 4.19, after alignment, the X-ray energy does not equal exactly the sum
of KE and Ep as shown in equation 4.9. The difference is the work function of the

spectrometer (¢s,). However, the work function ¢ is defined as the distance between the

Fermi level (Er)) and the vacuum level (E,,.) as follows:

¢ = Ep — Epqc (4.10)
Then after alignment, equation 4.9 can be written as

Ef = hv — KE — ¢, (4.11)

In order to determine the binding energy EX , both KE and ¢sp Must be measured. The

superscript F means that Ep is referenced to Er. Then the photoelectron spectrum of
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different binding energies can be recorded by scanning the kinetic energies using an
electron analyzer. XPS spectra are generally accompanied by Auger peaks which result
from relaxation of the excited ions remaining after photoemission. In typical process, the
K-shell vacancy left behind by the initially ejected electron as in figure 4.20 (a) may be
filled by an electron from higher energy level i.e. L3 (see figure 4.20 (b)). As the result
of conservation energy, another electron must be emitted from the same energy level
(Lz,3). This electron is the so-called Auger electron [24]. Thus the photoionization may be
associated with the emission of two electrons, a photoelectron and an Auger electron.
Note that instead of emitting an Auger electron, the photoionized atom may also relax by
emitting a characteristic X-ray, which occurs more readily for atoms with greater atomic
number (heavier atoms). Although XPS and Auger electron spectroscopy (AES) are
similar in the sense that both of them are use of a spectrometer to measure electron with
relatively low energy, the main difference between them is the source of the primary
radiation, which is necessary to induce ionization of the atoms. The primary radiation in
the AES is the electron gun while for XPS is the soft X-ray. Moreover, the energy of
photoelectron depends on the primary excitation source while the energy of Auger

electron it does not.
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Figure 4.20: (a) The XPS process and (b) the Auger process. Adapted from [25].
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4.7.2 Instrumentation
The main components of XPS system include a source of X-rays, an ultra-high vacuum
chamber and electron energy analyzer. Figure 4.21 shows a schematic diagram of an XPS

spectrometer. A description detail of the main components of XPS spectrometer is given
in [22].
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Figure 4.21: The XPS spectrometer [22].
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4.7.3 Interpretation of spectra

The photoelectrons are emitted from all energy orbitals of the target atom of a particular
element and therefore the electron energy spectrum is characteristic of the emitting atom
type. Consequently, the existence of lines in the XPS spectrum indicates the presence of a
specific element in the sample under investigation. The intensity of these lines also
indicates the relative concentration of a particular element in the sample. Therefore the
XPS technique can be used for quantitative analysis as well. Actually there are two ways
to collect photoelectron spectra, survey and high resolution scans. A survey scan is
acquired at high pass energy (pass energy is the energy which control the count rate and
therefore the resolution, i.e. high pass energy means high count rate but low resolution
and vice versa) while high resolution scans are collected at low pass energy. A survey
scan can be used to identify the composition of the sample and the determination of each
element depends on its core electrons. Figure 4.22 shows an example of the survey scan
spectrum of SiO,:Ag, obtained with pass energy of 187 eV. Elements can be identified
with the help of an XPS database of binding energies.
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Figure 4.22: XPS survey scan of SiO, doped with Ag (5 mol%).
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High resolution scans for the same sample mentioned in figure 4.22 are collected at low
pass energy of 58.7 eV. The detailed line shape allows individual chemical shifts to be
determined. Figure 4.23 shows an example of a high resolution scan spectrum of SiO,:
Ag sample. The peaks were scanned within the range of 360-385 eV and are associated
with Ag 3d photoelectrons. By using MultiPak software, the spectrum can be fitted with 4

peaks. Details analysis about this sample is given in chapter 7.

SiOzdoped (Ag 5mol %)
annealed 1000 °C

360 365 370 375 380 385
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Figure 4.23: XPS high resolution scan of SiO, doped with Ag (5 mol%).

The XPS spectrometer used in this study was the PHI 5000 Versaprobe, shown in figure
4.24.
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Figure 4.24: PHI 5000 Versaprobe scanning XPS.
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Chapter 5

White luminescence from sol-gel silica doped with silver

5.1 Introduction

Many researchers have recently been attracted to research white phosphors for
applications in solid state lighting with the goal to replace fluorescent lamps by creating
sources with improved lifetime, efficiency and reliability [1-4]. Phosphor-converted
white light emitting diodes (pcW-LEDSs) generate white light using phosphors together
with a short-wavelength excitation source in the visible and/or ultraviolet spectral regime
and now play an important role in modern lighting due to their high efficiency, relatively
low cost, compact structure and simple driving circuitry [5, 6].

Sol-gel silica (SiO,) is a potential candidate material for optoelectronic applications
because it is environmental friendly, low-cost, easy to fabricate and has good thermal and
chemical stability. It can emit light in the ultraviolet, blue and red spectral regions and
this is dependent on the type of defects in its structural network. Different synthesis
methods, thermal treatment or dopants can create different types of defects in the network
structure and then new luminescent centres may be observed [7]. Much research has been
done to control the photoluminescence (PL) associated with such defects during synthesis
by either changing the reaction medium using different parameters, such as solvents, pH
and precursors [7, 8], or by adding some impurities i.e. dopants [9]. For instance,
Kachurin et al. observed a new optical active centre in SiO, implanted by Ge ions during
thermal treatment [10] while Komarov et al. showed that the implantation of Sn ions in
SiO, formed a large number of radiative centres after heat treatment [11].

Recently, active research has been focused on Ag doped SiO; for different applications
[12, 13]. Most of the work related to phosphors has been done to investigate the possible
enhancement of the luminescence of other dopants (e.g. RE ions) in the silica co-doped

with Ag as a result of plasmonic effects related to metallic Ag nanoparticles (NPs) [14].
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However, the luminescent properties of silica doped only with Ag have not been the
focus of any studies. In the present work we report on the influence of the addition of Ag
on the luminescence properties of sol-gel SiO,. The effects of Ag ions and Ag NPs on the
optical properties of SiO, are considered in detail and possible mechanisms for the
emission are proposed. Near white light from the SiO, sample doped only with 1 mol%

Ag annealed at 1000 °C was observed.

5.2 Experimental

Undoped and Ag doped SiO, were prepared by the sol-gel method [15].
Tetraethylorthosilicate (TEOS, 99.7%), ethanol (C,HsOH, 99.0%) and water were used
as starting materials and nitric acid (HNO3) was used as the catalyst. The molar ratio was
taken as 1:5:10 for TEOS:ethanol:water [16]. Silver nitrate (AgNO3, 99.9%) was used as
the source of Ag. All samples were prepared by first dissolving TEOS in ethanol by
magnetic stirring for 30 min. Then dilute (0.15 M) HNOs, instead of pure water, was
added to the solution in order to catalyze the hydrolysis/condensation reaction. The
mixture was stirred continuously for another 30 min. To dope the silica, different
amounts of AgNO3; were first dissolved ultrasonically in a small amount of the dilute
HNO; taken from total amount. Then the solution containing this dopant was added to the
mixture which was stirred for a further 5 h. A gel was produced after about 20 h when
storing the solutions in closed containers placed in a water bath at 50 °C. These gels were
dried in open containers in air for 24 h and then ground to fine powders, which were
further dried in an oven at 50 °C for a 20 h and finally annealed in air at different
temperatures for 2 h.

Samples were analyzed at room temperature. X-ray diffraction (XRD) patterns were
recorded with a Bruker D8 diffractometer. The morphology and size of Ag NPs were
obtained from transmission electron microscope (TEM) images recorded with a Philips
CM 100 instrument. Diffuse powder absorption spectra were measured using a Perkin

Elmer Lambda 950 UV-vis spectrophotometer with integrating sphere while
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luminescence emission properties and the degradation process were measured using a
325 nm He-Cd laser.

5.3 Results and discussion
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Figure 5.1: XRD patterns of undoped and 1 mol% Ag doped SiO; annealed at 500 °C
and 1000 °C in air for 2 h.

Figure 5.1 shows the XRD patterns of powder samples of undoped SiO, and 1 mol% Ag
doped SiO, prepared by the sol-gel method. These samples were annealed in air at
different temperatures for 2 h. The samples annealed at the lower temperature (500 °C),
both with or without Ag, showed a broad peak centred at 20 ~ 23° indicating the
amorphous structure of the silica. This peak became narrower and shifted to 26 ~ 21° for

the samples annealed at 1000 °C, corresponding to an increase in the structural order of
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the amorphous silica towards the cristobalite phase, which is one of the crystalline forms
of silica [12]. Of interest is that the addition of 1 mol% Ag did not change the phase of
the amorphous structure of silica, even after annealed at 1000 °C. This is contrary to
previous reports which suggested that the addition of Ag to amorphous SiO, promoted
partial crystallization of the cristobalite phase [17, 18].

The average size of these Ag NPs was calculated by Scherrer’s equation D =
0.91/(B cosB), where B is the full width at half maximum of a diffraction peak in
radians, 6 is the corresponding Bragg angle and A is the wavelength of the X-rays. The
diameter obtained using different diffraction planes was found to be in the range of 18-25

nm.
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Figure 5.2: Diffuse absorbance curve of SiO, doped with different concentrations of Ag

annealed at different temperature in air for 2 h.
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Figure 5.2 shows diffuse absorbance spectra of two silica samples doped with 2 mol% Ag
annealed at different temperatures in air for 2 h. The sample annealed at 500 °C shows
no obvious absorption band from the localized surface plasmon resonance associated
with Ag NPs, indicating that the Ag ions are not reduced to metallic NPs in the silica
glass of this sample. However, for the sample annealed at 1000 °C there is a broad peak
centred at 425 nm corresponding to plasmonic absorption, confirming the formation of

Ag NPs in agreement with the XRD results.

12 16_ 20 24 28
D (nm)

Figure 5.3: TEM image of SiO, doped with 5 mol% Ag annealed at 1000 °C for 2 h. The
insets show the selected area diffraction pattern with several bright spots at radii
consistent with electron diffraction from metallic Ag NPs and the size distribution of the

observed NPs.
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Figure 5.3 is a TEM image of SiO, doped with 5 mol% Ag annealed at 1000 °C in air for
2 h. This micrograph image shows Ag NPs which are almost spherical in shape in an
amorphous matrix of SiO,. The right-side inset shows the size distribution of these NPs
and the modal size is found to be 20 nm, which is close to the average size calculated
using the XRD pattern and Scherrer’s equation despite the concentration of Ag in the
TEM sample being substantially higher. The crystallinity of these Ag NPs is apparent
from electron diffraction of the particles in the amorphous SiO, host (left-side inset),
which is a further confirmation for the formation of Ag NPs in SiO,, in agreement with

the XRD and diffuse absorbance results.
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Figure 5.4: Emission spectra for undoped silica and silica doped with 1 mol% Ag
annealed at 500 °C in air for 2 h.
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Figure 5.4 shows the PL emission spectra of undoped and 1 mol% Ag doped SiO,
samples annealed at 500 °C for 2 h. The spectrum of the undoped sample consists of a
small peak centred at 420 nm, which is a well-known emission region in SiO, attributed
to oxygen deficiency centres (ODCs) [7, 19], and a larger broad emission band centred
near 590 nm which is attributed to carbon impurities [14]. The addition of 1 mol% Ag
caused significant change in the luminescence: there is a strong enhancement of the
emission centred at 420 nm associated with ODCs while the peak at 590 nm associated
with carbon impurities has decreased. The enhancement of the peak at 420 nm is
associated with the decrease in oxygen content in the silica network due to the formation
of Ag,0 in the doped sample, which will be discussed in chapter 7 [14]. The Ag dopant
in this sample has not coalesced into NPs to the extent that diffraction peaks in the XRD
patterns (figure 5.1) or a plasmonic absorption band in the diffuse reflectance
measurements (figure 5.2) can be observed, and it is therefore present as individual ions
or small clusters. These are known to be luminescent, and fluorescent Ag nanoclusters
stabilized in different scaffolds were reviewed by Diez and Ras [20] while Dubrovin et
al. [21] considered the many Ag-related species that may occur in photo-thermo-
refractive glasses. The optical properties of these luminescent species are dependent on
their environment and may therefore vary significantly. According to Valotto et al. [22],
Ag ions in silicate glasses give rise to a UV band at about 330 nm from isolated Ag” ions
at low concentrations, a blue band at about 450 nm due to Ag® in higher concentrated
systems, a green band at about 530 nm which is likely due to Ag*™-Ag" pairs and an
orange band at about 600-650 nm due to Ags>*. Li et al. [23] summarize the literature for
Ag ion-exchange glasses and identify four main features: a UV band around 350 nm and
a violet band around 420 nm (attributed to transitions from the D, and the *D, (J = 1,2,3)
states of Ag* to the 'Sy ground state, respectively, under about 250 nm excitation), as well
as a deep-blue band at about 450 nm and a green band at about 525 nm (attributed to
Ag," species and Ag*-Ag” pairs, respectively, and excited effectively at about 350 nm).
Lai et al. [24] have recently considered the enhancement of Eu®" luminescence due to Ag

species in macroporous sol-gel silica and provide a simplified energy structure diagram
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indicating the emission from Ag® ions at 396 nm when excited at 245 nm and the
emission of Ag*-Ag" ion pairs at 540 nm when excited at 345 nm. Since the material
considered in this study is sol-gel silica, these results are most relevant. The wavelength
of the He-Cd laser used in this study (325 nm) is not of short enough wavelength to
excite Ag® ions, but may excite Ag'-Ag" ion pairs. Their emission at 540 nm (2.3 eV)
would then form part of the prominent low energy shoulder of the emission peak of the

Ag doped sample in figure 5.4.
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Figure 5.5: Emission spectra of SiO, samples (a) undoped and (b) doped with 1 mol%
Ag, annealed at 1000 °C for 2 h. These spectra have been fitted with Gaussian peaks on

the energy scale.

Figure 5.5 show the emission spectra of the undoped and Ag doped SiO, samples after
annealing at the higher temperature of 1000 °C. The emission spectrum of the undoped
sample shown in figure 5.5(a) is similar to that of the Ag doped sample annealed at 500
°C, being dominated by ODC defects and indicating that while doping with Ag may lead
to the formation of these defects for lower temperature annealing, they also form in pure

SiO, after annealing at higher temperature. The sample doped with 1 mol% Ag and
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annealed at the higher temperature (1000 'C) showed significant broadening of its
emission spectrum as seen in figure 5.5(b). Under such conditions the Ag ions are also
converted to metallic Ag NPs as confirmed by the XRD, diffuse absorbance and TEM
measurements presented here, as well as X-ray photoelectron spectroscopy (XPS) results
reported in chapter 7 [14]. To study the broadening of the emission spectrum associated
with the addition of Ag and its possible relation to the formation of the Ag NPs, the
emission spectra of figure 5.5 were deconvoluted into separate Gaussian peaks on the
energy scale. The emission of figure 5.5(a) corresponding to the undoped sample could
be composed of four peaks, three located in the range 2.5-3.1 eV (400-500 nm) together
attributed to ODCs and the fourth one at 2.1 eV (590 nm) attributed to carbon impurities,
as already discussed. Peaks with the same positions and widths were used to deconvolute
the emission spectrum of the Ag doped sample in figure 5.5(b), which could be fit fairly
well with the addition of only two additional peaks. One of these was in the ultraviolet
region centred at 3.26 eV (380 nm) while the second, much larger, additional peak
dominating the broadening process was centred at 2.25 eV (550 nm). Although these two
additional peaks in the Ag doped sample correspond remarkably well with the emission
wavelengths given earlier from Lai et al. [24] for Ag" ions (396 nm) and Ag'™-Ag" ion
pairs (540 nm), we do not attribute them to Ag species. It has already been mentioned
that the excitation wavelength used in this study is not short enough to excite the isolated
Ag’ ions (if present) to produce the 396 nm emission. The high temperature used for
annealing the samples (1000 °C for 2 h) was effective in producing Ag NPs. The
formation mechanism of Ag NPs in ion-exchange glass has been considered by Simo et
al. [25] and occurs above a critical temperature of 410 °C. Although the Ag NP formation
process may differ significantly in sol-gel silica glass, it is believed that the annealing
conditions that were used resulted in most of the Ag diffusing into NPs and leaving an
insignificant amount as ions or clusters. The high temperature annealing condition (1000
°C) and the formation of NPs do not suggest that the concentration of Ag*-Ag" ion pairs
should have increased substantially compared to the sample annealed at 500 °C, for

which only weak luminescence could be attributed to the Ag*™-Ag” ion pairs near 540 nm.
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In their study of macroporous sol-gel silica, Lai et al. [24] found that the excitation peak
corresponding to Ag*-Ag" no longer occurred when samples were sintered at 750 °C and
suggested that the Ag™-Ag” is transformed into Ag NPs under such annealing conditions.

Since the two new luminescence peaks at 380 nm and 550 nm in the Ag doped sample
annealed at 1000 °C cannot be attributed to Ag species, alternative possibilities must be
considered. The peak for the fitting of the spectra in figure 5.5 at 2.1 eV (590 nm) has
already been attributed to carbon impurities. Although carbon impurities have also been
reported to be associated with emission in the blue and green-red regions [2], the
appearance of the two additional peaks in figure 5.5(b) when the sample is doped with Ag
are not thought to be associated with carbon impurities. The charge transfer mechanism
between O and Si occurs only in the blue region [26] and therefore also cannot account
for the new peaks. Even emission from nanocrystalline silicon [27] has been considered,
but since the XPS in chapter 7 [14] does not show a peak related to pure Si, this is ruled
out. What remains is emission due to defects, suggesting that the presence of Ag creates
new optically active defects in the SiO, network which may be responsible for these new
peaks. PL emission close to 380 nm has been attributed to surface defects formed after
exposure to an abundant oxygen environment [27]. In our case the Ag ions (in Ag.0)
convert to metallic Ag (in the form of NPs) at high temperature and during this process
oxygen is released, suggesting an abundant oxygen environment suitable for the
formation of these defects. This is also confirmed by the XPS results in chapter 7 [14]
which showed that the O/Si ratio has increased in samples annealed at high temperature.
Therefore the presence of Ag plays a role in the formation of these new optically active
centres which does not occur in the undoped SiO, samples. The origin of the other new
peak centred at 2.25 eV (550 nm) could be due to luminescence from oxygen interstitials
or self-trapped exciton defects which have been reported to form an emission band in
SiO; with a peak in the 2.2-2.5 eV range [28]. In our case oxygen interstitials are
considered to be responsible for the new emission peak because this is consistent with the
release of oxygen as part of the decomposition of Ag,O and the formation of Ag NPs.

Therefore both new peaks in the Ag doped sample annealed at 1000 °C were formed due
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to a surplus of oxygen which occurs at high temperature because of the Ag doping.
Despite the presence of this excess oxygen, the ODCs responsible for the blue
luminescence of undoped SiO, were not annihilated (although their emission may be
reduced), but instead these additional oxygen excess defects are formed together with the

ODCs and the result is a very broad band of luminescence close to white light.
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Figure 5.6: CIE coordinates for undoped and 1 mol% Ag doped SiO,.

The Commission Internationale de 1’Eclairage (CIE) parameters such as colour
coordinates and colour correlated temperature (CCT) were calculated in order to know
the change in the photometric characteristics of our samples. As can be seen in the CIE
diagram plotted in figure 5.6, the broadening of the luminescence emission associated
with the addition of Ag changed the emission of the pure SiO, from blue with CIE
coordinates (0.22, 0.19) to emission with CIE coordinates (0.32, 0.34) which is very close
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to pure white light having CIE coordinates (0.33, 0.33) [3]. The CCT values were

calculated using the McCamy equation [1]:

CCT = —437n3 + 3601n? — 6861n + 5514 (5.1)

where n = (X — Xg)/(y — Ye) and the chromaticity epicentre is xe = 0.332 and y, = 0.186,
yielding 6070 K for the Ag doped SiO, which is close to the value of standard daylight at
noon (D65, 6500 K) suitable for cold white light emission [6], suggesting it may have
potential for solid state lighting applications.

To study the stability of this phosphor under ultraviolet radiation, the sample SiO,:Ag (1
mol%) was irradiated by a 325 nm He-Cd laser for 22 h in air at room temperature and
the emission spectrum was recorded every 5 min. The power of laser was measured to be
14 mW and the diameter of laser spot was measured to be 1.0 mm, giving an area of 0.79
mm? and an intensity of 18 mW/mm?. During the degradation study no change in the
shape of the emission spectrum was observed although the intensity was observed to
decrease. Figure 5.7 shows the variation of the PL intensity at 520 nm as a function of
time and shows relatively fast degradation. Rowland et al. [29] considered that excitation
by a laser with small spot size accelerates the degradation compared to using a UV LED
chip, which in their case had a power of 12 mW and area of 787 mm?, giving an intensity
of 15 uW/mm? The ratio of the intensities is about 1200 times, suggesting the
degradation time used (22 hours) would be equivalent to almost 3 years under the
conditions of the UV LED described by Rowland et al. [29]. Since during this time the
sample shows considerable degradation, this would be a problem for its application for
LEDs. Although the main objective of the present work is to study different kind of
defects in sol-gel silica after the addition of Ag, the significant change in the emission
spectrum after addition of Ag suggests its possible applications in lighting if the

degradation could be inhibited.
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Figure 5.7: Degradation of the emission intensity of SiO2:Ag(1 mol%) white phosphor
under continuous He-Cd laser irradiation (intensity of 18 mW/mm?) in air at room

temperature.

5.4 Conclusion

Undoped and Ag doped SiO, were prepared by sol-gel method. The influence of the Ag
on the luminescence emission of the SiO, was investigated. The chemical state of Ag as
function of annealing temperature was investigated by XRD, diffuse absorbance and
TEM, while optical emission properties were investigated using a 325 nm He-Cd laser.
The results indicate that the significant broadening of the luminescence of SiO, when
doped with Ag and annealed at 1000 °C may be attributed to formation of new optical
active centres associated with the decomposition of Ag,O. Of interest is that two different
defects have been revealed after addition of Ag which are attributed to oxygen
interstitials and surface related defects. The additional new emission bands change the
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luminescence from blue for undoped SiO, to white light emission for the Ag doped

sample, although degradation limits the use of this phosphor for LED applications.
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Chapter 6

Effect of Ag nanoparticles on the luminescence of Tb

doped sol-gel silica

6.1 Introduction

Nanomaterials are of importance for science and technology, due to their small size and
large surface areas. Noble metal nanoparticles (NPs) are particularly interesting due to
their plasmonic effects [1-2]. The study of the interaction of lanthanide ions with metal
NPs has been paid much attention [3-9] because of their unique luminescent behaviours
and potential applications. The interaction between Ag NPs and lanthanide ions, both
dispersed in a host material, can result in enhanced luminescence from the lanthanide
ions. This occurs when the excitation or emission wavelength of the lanthanide ions are
close to the LSPR wavelength of the NPs [7]. Ag NPs is known to give more pronounced
near-field effects than Au due to less pronounced resonance damping by interband
electron transitions, as it is known to have a higher energy separation between localized
surface plasmon resonance (LSPR) and interband absorption [10]. Ag NPs can be
incorporated into silica using a sol-gel process [11], which is attractive due to its low
cost, low temperature operation and environmental friendliness.

Among the lanthanides, the green luminescence of Tb*" ions finds many uses for light
emitting devices and display applications. However, Tb*" ions have a small absorption
cross-section due to parity forbidden f-f transitions, which mean that they cannot be
efficiently excited directly by long wavelength ultraviolet (UV) light longer than 300 nm.
Researchers have used different approaches, particularly exciting the strong f-d
transitions of Tb®" at shorter wavelengths or employing energy transfer (ET) from a
sensitizer such as Ce®", to enhance the excitation efficiency of Th®" ions. In the present

work, Ag NPs have been incorporated together with Tb** ions in silica, with the aim to
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enhance the f-f absorption of Tb** ions due to the strong electric field associated with the
LSPR of the metal NPs. The effect of the Ag NPs on the luminescent properties of the

Tb*" ions in amorphous silica is reported.

6.2 Experimental

All the chemicals were purchased from Sigma Aldrich and used without further
purification. The reagents for the sol-gel process to make silica were tetraethoxysilane
(TEOS) (99.0%), ethanol (99.7%) and water [12]. The molar ratio of the starting solution
was taken as 1:5:10 for TEOS: ethanol: water. For all samples the TEOS was dissolved in
the ethanol and stirred for 30 min. Dilute HNO3 (0.15 M) was then added to the solution
instead of the water, to catalyse the reaction, followed by stirring for a further 30 min. To
dope the silica samples, Tbh(NO3); (99.999%) and/or AgNO; (99.9%) were dissolved
ultrasonically in a small amount of ethanol and added to the mixture, which was stirred
for another 5 h. All solutions were then stored in closed containers in a water bath at 50
°C until a gel was formed. For drying, gels were placed in open containers in air for 22
h, ground to fine powder and transferred to a drying oven at 50 °C for a further 20 h.
Each sample was divided into two parts, one annealed at 500 °C and the other annealed at
1000 °C for 2 h. Samples were analysed at room temperature. X-ray diffraction (XRD)
patterns were recorded with a Bruker D8 diffractometer. Morphology and size of the Ag
NPs were obtained from transmission electron microscope (TEM) images recorded with a
Philips CM 100. Diffuse reflection spectra were obtained using a PerkinElmer Lambda
950 UV-vis spectrophotometer with spectralon as a standard, while phosphorescence
emission and excitation spectra were measured using a Cary Eclipse fluorescence

spectrophotometer.
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6.3 Results and discussion

6.3.1 Structural and morphological characterization
Figure 6.1 shows the XRD patterns of several samples prepared during the study. The as-
prepared samples (before annealing) showed only a broad amorphous diffraction band

centred at 26 ~ 23°, even when doped with 5 mol% Ag (figure 6.1(a)).
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Figure 6.1: XRD patterns of (a) as-prepared silica with 5 mol% Ag, (b) pure silica
annealed at 1000 °C (2 h), (c) silica with 1 mol% Tb** annealed at 1000 °C (2 h), (d)
silica with 5 mol% Ag annealed at 1000 °C (2 h), (e) silica with 1 mol% Ag annealed at
1000 °C (2 h) and (f) PDF 00-004-0783 file for Ag.
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In the undoped sample annealed at 1000 °C for 2 h (figure 6.1(b)) this peak shifted to 26
~ 21°, corresponding to an increase in the structural order of the amorphous silica
towards the cristobalite phase, which is one of the crystalline forms of silica [11]. The
addition of 1 mol% Th** did not produce any additional peaks in the XRD pattern, even
after annealing (figure 6.1(c)), but when the sample containing 5 mol% Ag was annealed
(figure 6.1(d)) peaks corresponding to crystalline Ag appeared, as confirmed by
comparison with the Powder Diffraction File (PDF 00-004-0783, figure 6.1(e)). In
addition, a small peak on the amorphous silica band near 26 ~ 21° indicates that some of
the amorphous silica converts to the crystalline phase due to the Ag doping. The average
size of Ag NPs was calculated by Scherrer’s equation D = 0.94/(f cos6@) where £ is the
full width at half maximum of a diffraction peak in radians, 6 is the corresponding Bragg

angle and A is the wavelength of the X-rays (154 pm). The average diameter of the NPs

obtained using the different Ag diffraction peaks was in the range of 20-30 nm.

Figure 6.2: TEM results for two silica samples doped with 5 mol% Ag (a) annealed at
500 °C for 2 h, (b) annealed at 1000 °C for 2 h.

Figure 6.2 shows TEM images of silica doped with 5 mol% Ag annealed at (a) 500 °C
and (b) 1000 °C for 2 h. The sample annealed at 500 °C shows a fine distribution of a
large number of Ag NPs in the silica matrix, which appear spherical in shape and about
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5-10 nm in diameter. In the sample annealed at 1000 °C the Ag NP density was much
lower and the NPs were much larger in size (20-33 nm in diameter, in agreement with the
mean size calculated by Scherrer’s equation) and not perfectly spherical in shape. This is
attributed to aggregation of the Ag NPs during the high temperature treatment. This
means that the thermal treatment can affect the size and shape of the Ag NPs. The
phenomenon of aggregation is controlled by the Gibbs-Thomson effect, where the
chemical potential is inversely proportional to the particle size [13].

6.3.2 Optical characterization

Figure 6.3 shows diffuse reflectance spectra of three silica samples annealed at different
temeratures for 2 h: (a) pure silica annealed at 1000 'C (b) 1 mol% Ag doped silica
annealed at 500 C and (c) 1 mol% Ag doped silica annealed at 1000 'C. The broad
absorption peak in the doped sample annealed at 1000 "C near 405 nm corresponds to the
LSPR peak of Ag NPs and confirms the formation of Ag NPs in the silica matrix, in

agreement with the XRD and TEM measurements.

undoped,1000 °C
1% Ag, 500 °C

1% Ag, 1000 °C

300 350 400 450 500 550 600
Wavelength (nm)

Figure 6.3: UV-vis diffuse reflectance spectra of (a) pure silica annealed at 1000 °C for 2
h, (b) silica doped with 1 mol% Ag, annealed at 500 °C for 2 h and (c) silica doped with
1 mol% Ag, annealed at 1000 °C for 2 h.
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For silica samples doped only with Tb®", the green emission from the Tb®" ions at 544 nm
increased in intensity with the doping concentration up to 7 mol%, which was the highest
concentration considered. However, due to the high cost of terbium nitrate it was decided
to work with further samples doped with 5 mol% Th*". Figure 6.4(a) shows the excitation
spectra for the 544 nm emission of Th®" for sol-gel silica samples with 5 mol% Tb** in
the presence of different amounts of Ag, where the samples have been annealed at 500 °C
for 2 h. For the sample with no Ag added, we observed six peaks at 485, 377, 369, 351,
340, and 318 nm and assigned them to the electronic transitions of Th** ions from the
ground state 'F to the °Dy, °D3, °Lio, °Ds, °Ga, and °D; excited states, respectively. As the
amount of Ag increased, the excitation peaks below 400 nm become less distinct,
although the "Fs to °D, transition near 485 nm is little affected. It is clear that the shorter
wavelength f-f transitions are highly affected by the addition of Ag. Depending on the
excitation wavelength, there can be considerable enhancement of the Th** emission. The
emission intensity of all samples at 544 nm excited by 325 nm as the function of Ag load
is shown in figure 6.4(b). The intensity increases with increasing Ag load from 0 to 1
mol%, whereas further increasing of Ag concentration decreases the intensity. The inset
shows the relation between Ag load and enhancement factor (the Th** emission intensity
relative to the sample without Ag) and it can be seen that the maximum enhancement
factor is 8.8. This enhancement factor is particularly high because the wavelength of 325
nm does not correspond to one of the Th®" -f transition wavelengths. However, even for
those wavelengths some enhancement does occur, e.g. for the "Fs to °Dj transition near
377 nm the peak height is increased by the addition of some Ag and the maximum occurs
for Ag load of 0.3 mol%. For simple plasmonic enhancement of the Th*" f-f levels, it was
expected that the excitation bands would retain their positions and that the peaks closest
to the LSPR of the Ag NPs would increase in height. Clearly the experimental results are
different to this, with the f-f excitation bands becoming less distinct. Stark splitting of the
energy levels could be the reason for this, but is not considered to be the case since the 4f
levels are well shielded and stark splitting would also result in a broadening of the

emission bands, which is not observed. So although we have achieved some enhancement
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of the green Th** emission by the addition of Ag, the mechanism does not appear to be
simple plasmonic enhancement, but is unclear and requires further study. One possibility
is the interaction of Tb®* ions with Ag” ions, instead of Ag NPs, and ET from the Ag"

ions instead of a plasmonic enhancement [14].
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Figure 6.4: Luminescence spectra of silica samples doped with 5 mol% Tb** and various
concentrations of Ag (a) excitation (Aem = 544 nm) (b) emission (Aexc = 325 nm), after
annealing at 500 °C for 2 h.

The photoluminescence data of the sample annealed at 1000 'C did not show any

enhancement and is discussed further in the next chapter.

6.4 Conclusion

Tb* and Ag co-doped silica samples have been successfully synthesized using the sol-gel
method. XRD, TEM and UV-vis diffuse reflectance results confirmed the formation of
Ag NPs in the silica matrix. The results showed that the annealing temperature can be
used as mechanism to control the shape and size of the Ag NPs in amorphous silica. For
an excitation wavelength of 325 nm, the highest intensity of the green emission of Tb**
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ions at 544 nm is obtained when the doping concentration of Ag was 1 mol%. The
change in the Th®" f-f excitation spectrum is not merely an increase in the f-f excitation
peaks closest to the LSPR wavelength of the Ag NPs, as expected for simple plasmonic
enhancement, but instead the peaks merge into a broad excitation band. This may be

evidence that ET from Ag" ions also plays a role in the luminescence enhancement.
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Chapter 7

Effect of silver ions on the energy transfer from

host defects to Th ions in sol-gel silica glass

7.1 Introduction

Glasses doped with RE ions have become increasingly important during the past fifty
years due to their unique luminescence properties and wide applications [1, 2]. RE ions
can exhibit three types of excitation transitions, namely 4f-4f transitions, 4f-5d transitions
and charge-transfer transitions. Although 4f-4f transitions are very important, for example
in lighting applications, they are theoretically forbidden by the parity rule which leads to
low absorption cross-sections [1, 3]. Researchers have used alternative approaches,
particularly exciting the strong (parity allowed) 4f-5d transitions of RE ions at shorter
wavelengths or employing energy transfer (ET) from a sensitizer to enhance the
excitation efficiency [4].

More recently noble metals nanoparticles (NPs) have been used in order to improve the
absorption cross-section of RE ions [5-7]. Noble metal NPs may be effective due to
localized surface plasmon resonance (LSPR) effects. While a plasmon refers to a
guantum of the collective oscillation of free electrons in a bulk metal, surface plasmons
correspond to charge oscillations at the extended interface of a metal (e.g. with a
dielectric) and localized surface plasmons are associated with charge oscillations in small
metallic NPs. These oscillations have particular natural frequencies which can lead to
resonance effects when they are excited by electromagnetic radiation. This phenomenon
occurs in Ag and Au NPs in the 10-200 nm size range and can result in amplification of
the electric field near the NP surfaces more than thousand times greater than the incident
field [8]. Due to these properties, NPs exhibiting LSPR have become more attractive in

different research fields such as physics, chemistry, medicine and biology [9, 10].
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For phosphors the first report of the use of noble metal NPs as a means for improving the
luminescence properties of RE ions was that of Malta et al. [3] who found enhanced
fluorescence for Eu** ions doped in glass containing Ag NPs and attributed this to LSPR
effects. Further research has been done regarding the effect of Ag NPs on the
luminescence of RE ions in glass and the general conclusion of these studies is that the
enhancement may be due to two effects: plasmonic enhancement due to the Ag NPs or
ET from Ag ions inadvertently also incorporated in the host. The differentiation between
these different luminescence enhancement mechanisms has remained a challenge [11]. In
this paper we have investigated the effects of the addition of Ag on the optical properties
of Th ions in silica. Our results suggest an additional complexity in understanding the
enhancement, namely that Ag ions can affect the defects in the silica host and therefore
the luminescence which results from ET from these host defects to Tb ions.

7.2 Experimental

Pure silicaand silica doped with Th and/or Ag were prepared by the sol-gel technique [4].
The starting materials were TEOS (99.7%), ethanol (99.0%) and distilled water. The
molar ratio was taken as 1:5:10 for TEOS:ethanol:water [4]. Silver nitrate (AgNOs,
99.9%) and terbium nitrate (Tb(NO3)3, 99.999%) were used as the source of dopants. For
all samples TEOS was first dissolved in ethanol by magnetic stirring for 30 min. To
catalyze the hydrolysis/condensation reaction, dilute HNOj3 (0.15 M) instead of water was
added to solution and stirring continued for another 30 min. To dope the silica, AgNO3
and/or Tb(NO3)s was firstly dissolved in small amount of dilute HNOj3 taken from the
total amount. This solution was added to the mixture and stirred for further 5 h. The gel
was produced in about 20 h by storing the solutions in closed containers placed in a water
bath at 50 °C. The gel was then dried in an open container in air for 24 h and ground to a
fine powder. This powder was further dried in an oven at 50 °C for a further 20 h and
finally annealed at different temperatures in air for 2 h.

Samples were analyzed at room temperature. X-ray diffraction (XRD) patterns were

recorded with a Bruker D8 diffractometer using Cu Ko X-rays. Morphology and size of
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the Ag NPs were obtained from transmission electron microscope (TEM) images
recorded with a Philips CM 100 instrument. X-ray photoelectron spectroscopy (XPS)
measurements were made using a PHI 5000 Versaprobe utilizing Al X-rays. Absorption
and diffuse reflectance spectra were measured using a Perkin Elmer Lambda 950 UV-vis
spectrophotometer, while luminescence properties were measured using a Cary Eclipse
fluorescence spectrophotometer (using a monochromatized xenon lamp as its tuneable

excitation source) and also with a 325 nm He-Cd laser photoluminescence system.

7.3 Results and discussion

Figure 7.1 shows the XRD patterns of silica doped with 2 mol% Ag annealed in air at
different temperatures for 2 h. There is a broad peak centred at 26 =~ 23° for the sample
annealed at 500 °C, indicating the amorphous (glass) structure of the silica. The
crystalline (metallic) phase of Ag did not form in the samples annealed at 500 °C and 700
°C, but increasing the annealing temperature to 800 °C and higher converts Ag ions to Ag
NPs which are indicated by the appearance of peaks related to metallic Ag (PDF 04-
0783). The average crystallite size of the Ag NPs was calculated with Scherrer’s equation
D = 0.94/(p cos ) where f is the full-width-at-half-maximum of a diffraction peak in
radians, @ is the corresponding Bragg angle and A is the wavelength of the X-rays. Using
the (111) diffraction peaks this was found to be 18 nm, 21 nm, 23 nm and 30 nm after
annealing at 800 °C, 900 °C, 1000 °C and 1200 °C respectively.
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Figure 7.1: XRD patterns of silica doped with 2 mol% Ag annealed at different
temperatures for 2 h. Peaks marked with an asterisk (*) correspond to the cristobalite

phase of silica.

The broad peak related to amorphous silica shifted to slightly lower angles with
increasing annealing temperature and for the sample annealed at 1200 °C it has a sharp
peak at 21.7° superimposed on it. This and some additional small peaks marked with
asterisks (*) correspond to the cristobalite phase of silica (PDF 00-039-1425).
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Figure 7.2: (a) TEM image and (b) size distribution of Ag NPs for silica doped with 2
mol% Ag annealed at 1000 °C for 2 h.

Figure 7.2(a) shows a TEM image of a silica sample doped with 2 mol% Ag annealed at
1000 °C for 2 h. Embedded in the silica are Ag NPs, most of which are roughly spherical
in shape. This confirms the formation of Ag NPs inside the silica network in agreement
with the XRD data, Figure 7.2(b) shows the Ag NP diameter distribution of 255 nm, in

agreement with the average crystallite size of Ag NPs calculated by Scherrer’s equation.
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Figure 7.3: UV-vis spectra of silica samples doped with 2 mol% Ag annealed at different
temperatures for 2 h: (a) diffuse reflectance of powder and (b) absorbance of powder

suspended in ethanol.
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Figure 7.3(a) shows diffuse reflectance spectra from the powder samples of silica doped
with 2 mol% Ag annealed in air at different temperatures for 2 h. The samples annealed
below 700 °C show no obvious absorption band from the LSPR of Ag NPs, indicating
that the Ag ions are not reduced to metallic NPs in the silica glass, which is in agreement
with the XRD results. Higher annealing temperatures produced a broad peak
corresponding to LSPR absorption, with no obvious shift in position as a function of
annealing temperature. Figure 7.3(b) shows absorption spectra of the same samples
suspended in ethanol. Measured in this manner, the absorption band is narrower and
shows a clear shift to longer wavelengths with increasing annealing temperature, being
centred at 412 nm, 416 nm and 425 nm for samples annealed at 800 °C, 900 °C and 1000
°C respectively. The shift of the absorption band with increasing annealing temperature
can be attributed to the changing average size of the Ag NPs, since the LSPR wavelength

is known to increase with increasing NP size [12].
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Figure 7.4: High resolution XPS spectra for (a) Ag 3d (b) Si 2p and (c) O 1s binding
energy regions of silica samples doped with 5 mol% Ag annealed at 500 °C and 1000 °C

for 2 h.

380

Figure 7.4(a) shows high resolution XPS spectra for the Ag 3d binding energy region for
samples annealed for 2 h at 500 °C (above) and 1000 °C (below). A concentration of 5
mol% Ag as was used because XPS requires concentrations of few percent for easy
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detection. For the sample annealed at 500 °C the spectrum can be fitted in terms of two
different chemical species, namely metallic silver (Ag®) and silver ions in Ag,O (Ag")
with Ag 3ds, binding energies at 368.2 and 367.7 eV respectively, in good agreement
with literature values [13]. The Ag 3ds, peaks occur at higher binding energies due to a
spin-orbit splitting of 6 eV with an intensity ratio of 2:3 compared to the Ag 3ds,, peaks.
The Ag XPS peaks for the sample annealed at 1000 °C are shifted towards higher binding
energy values. These peaks can be fitted using only a contribution from metallic Ag and
not from the Ag ions, suggesting that almost all of the Ag ions have moved out of the
silica host to form metallic Ag NPs. Although the XRD and UV-vis absorption results
indicated that no Ag NPs had formed after annealing at 500 °C, the XPS shows a
significant peak corresponding to metallic Ag for this sample. Unlike XRD and UV-vis
absorption which analyse the bulk material, XPS is surface sensitive and it is therefore
possible that some Ag NPs are formed at low annealing temperature (500 °C) on the
surface. Annealing the sample at the high annealing temperature (1000 °C) produces
material where the surface has Ag only in the metallic state and there are no Ag ions. The
reduction of Ag ions to Ag NPs therefore takes place during the decomposition of Ag
oxide (Ag.0). Figure 7.4(b) shows the high resolution XPS spectra for the Si 2p binding
energy region. For both annealing temperatures the Si 2p peak was fitted with two peaks,
attributed to Si in SiOx and SiO, with binding energies of 103.3 and 104.0 eV
respectively [14, 15]. For the sample annealed at the lower temperature SiOy is dominant,
whereas the SiO, contribution is larger for the sample annealed at 1000 °C. This
corresponds with an increase of the O/Si ratio with an increase of annealing temperature.
The XPS data therefore shows that as the annealing temperature increases, Ag ions are
reduced to metallic Ag while the released oxygen bond to Si and therefore increases the
O/Si ratio, increasing the amount of SiO; in the material compared to SiOy. Figure 7.4(c)
shows the high resolution XPS spectra for the O 1s binding energy region, with the
separation between the O 1s and Si 2p binding energies in SiO, taken as 429 eV [16].
This data is consistent with the interpretation of the other XPS peaks, indicating that Ag*

ions are present in the sample annealed at 500 °C but do not occur after annealing at 1000
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°C and that the relative amount of SiOx compared to SiO, is higher for the sample
annealed at 500 °C than at 1000 °C.
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Figure 7.5: Emission spectra for Tb®" ijons excited at 325 nm in silica doped with 5
mol% Tb only, or with 5 mol% Tb and 1 mol% Ag, after annealing at 500 °C for 2 h.

To investigate the influence of the addition of Ag on the Th emission in sol-gel silica, 5
mol% Tb doped silica samples were prepared with and without the addition of 1 mol%
Ag. These samples emitted the well-known green luminescence of Tb** ions (figure 7.5)
with the maximum corresponding to the °D,-'Fs transition at 544 nm. The XRD and XPS
results of the co-doped samples were not significantly different to those shown for the
samples only doped for Ag already discussed. Figure 7.6 shows the excitation spectra for
the Tb** ions in the singly Th doped samples compared to those also co-doped with Ag
after annealing at (a) 500 °C and (b) 1000 °C for 2 h. For the sample annealed at 500 °C,
with the addition of Ag there is a significant enhancement of the excitation band centred
around 325 nm compared to the sample only containing Tb. For the sample annealed at
1000 °C and only containing Tb, the excitation peaks are stronger than for the samples

annealed at 500 °C, which could be due to the better elimination of quenching centres
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such as hydroxyl groups at the higher temperature. Of particular interest is the fact that at
this higher annealing temperature there is no enhancement of the Th excitation spectrum

when Ag is added.
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Figure 7.6: Excitation spectra for Th®" ions emitting at 544 nm in silica doped with 5
mol% Tb only, or with 5 mol% Tb and 1 mol% Ag, after annealing at (a) 500 °C and (b)
1000 °C for 2 h, measured with the Cary Eclipse fluorescence spectrophotometer.

Several possible explanations for the enhancement for the Th excitation spectrum after
the addition of Ag for annealing at 500 °C have been considered. Even if the addition of
Ag caused a change in the local environment of the Tb®* ions, the f-levels of Tb are
shielded and insensitive to the host and therefore should not produce such a change.
Additionally the emission spectrum of the Th®" ions would then be affected, but had the
same form with or without the addition of Ag (see figure 7.5). A second possibility is that
it could be due to plasmonic enhancement, but since the XRD and absorption
measurements show that Ag NPs do not form after annealing at 500 °C, this is unlikely.
Furthermore the position of the LSPR absorption peak for small Ag NPs in silica near
420 nm (figure 7.3(b)) does not match the wavelength where enhancement of the Th**
excitation spectrum occurs (about 325 nm, figure 7.6(a)). Thirdly, ET effects are

considered. ET from Ag NPs to RE ions in general is not expected due to very short
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lifetime of the plasmons [3], and is not possible here since the Ag NPs only form at
higher annealing temperatures than 500 °C. ET from Ag ions to RE ions has been
suggested in the past to be responsible for enhancement of the RE ion fluorescence. Ag
ions incorporated in silica glass have a reported excitation range of 200-250 nm [1, 17,
18] which does not match the enhanced excitation around 325 nm observed in figure
7.6(a). Also our measurements did not show any luminescence related to Ag ions when
excited at 325 nm, meaning that ET from Ag ions to Tb ions is not responsible for the
enhancement. The final possibility considered was ET from host defects of the silica to

the Tb ions in the presence of Ag ions.
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Figure 7.7: Overlap between the excitation spectrum of Tb** ions and the host defect
emission spectrum of an undoped silica, as well as silica doped with 1 mol% Ag, both

excited at 325 nm.

Figure 7.7 shows the luminescence of undoped and Ag doped silica annealed at 500 °C
when excited by a He-Cd laser at 325 nm. For the undoped sample the origin of the broad
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band centred at 590 nm is attributed to carbon impurities [19, 20] which may come from
the organic precursors, while the smaller peak at 420 nm is attributed to oxygen
deficiency centres (ODCs) which are well-known defects in silica [21]. For a sample
doped with Ag, the luminescence peak at 420 nm associated with ODCs is greatly
increased, while the peak at 590 nm associated with C impurities is decreased. The
addition of Ag in the silica produces mainly Ag ions which compete with the silicon for
the available oxygen atoms, creating a large number of ODCs in the silica network (in a
similar way that the addition of Na affects the silica network as described by Kahnt [22].
We consider the possibility that these ODC defects transfer energy to Tb ions. The
excitation spectrum of Tb from figure 7.6(a) is redrawn on figure 7.7 and shows that the
ODC defect emission peak around 420 nm, with its shoulder at longer wavelengths,
overlaps the "Fe-°D, excitation transition of Th®* at 490 nm. This suggests that ET from
the ODC defects to the Th*" ions is indeed possible, which could then account for the
enhancement of the Th excitation spectra of figure 7.6(a) near 325 nm.

For higher annealing temperatures the Ag ions coalesce to form metallic Ag NPs and in
the process oxygen is released from the Ag,O, so the O/Si ratio is increased with a
corresponding decrease in the ODCs. This decrease in the ODC defect concentration after
annealing at high temperature (1000 °C) therefore means that the Th ions cannot be
excited strongly through ET from these defects and the Th excitation spectrum does not
show enhancement near 325 nm in figure 7.6(b) as it did in the case of the sample
annealed at 500 °C (figure 7.6(a)). The luminescence of the Tb ions is therefore affected
indirectly by the addition of Ag through the influence this has on the host defect
concentration in the silica. In a similar way, Zhang et al. [23] have suggested that the
luminescence from Yb in SiO; thin films was enhanced by ET from non-bridging oxygen
hole defects influenced by the addition of Al in the SiO, network.

The enhancement of RE ion emission by the addition of noble metals to phosphor
materials is an interesting possibility which has received some study in the past but which
has not yet produced systematic results and requires further study. Although the main

idea is that the fluorescence may be enhanced by plasmonic effects due to noble metal
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NPs, in the case where Ag is added the cause of the enhancement has been debated and
suggested to be due to ET from Ag ions to the RE ions. This work has shown that the
addition of Ag in silica can also affect the host defect concentrations and therefore the ET
from these host defects to Tb ions, adding to the complexity in the interpretation of the

enhancement affects when noble metals are added to phosphor materials.

7.4 Conclusion

Th and Ag co-doped silica samples have been synthesized using the sol-gel method. For
annealing below 700 °C the Ag was incorporated as ions, while XRD, TEM, UV-vis and
XPS results confirmed the formation of metallic Ag NPs at higher temperatures following
decomposition of the Ag,O. The results showed that the Ag ions influence host defects in
the silica which, through ET, can enhance the luminescence of Tb ions for an excitation

wavelength around 325 nm.
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Chapter 8

Non-plasmonic enhancement of the near band edge

luminescence from ZnO using Ag nanoparticles

8.1 Introduction

ZnO has attracted considerable attention as a low cost, environmentally friendly photonic
material because of its direct band gap (3.37 eV at room temperature) and large exciton
binding energy (60 meV) [1-4]. It generally has two photoluminescence (PL) emission
regions, namely near band edge (NBE) emission in the ultraviolet (UV) due to the
recombination of excitons and visible emission due to the recombination of carriers
trapped at deep level defects. Doping ZnO with impurities has been investigated in order
to improve its optical properties for white light applications [2, 3], as well as for
enhancing the NBE emission for UV applications [4] where it is reported that
incorporation of Ag nanoparticles (NPs) in ZnO significantly improved the NBE
emission efficiency as a result of the resonant coupling between the ZnO excitons and Ag
NP localized surface plasmons. Localized surface plasmon resonance (LSPR) describes
the large collective oscillation of the conduction electrons in small metallic NPs [5] and
can amplify the electric field of incident electromagnetic radiation near the metallic NPs
by two orders of magnitude [6]. Enhancement of the NBE emission of ZnO nanorods has
been reported when Au NPs have been sputtered onto their surface. Because the
enhancement factor varied considerably with coating time, Lin et al. [7] suggested that
simple surface passivation could not account for the effect. To explain the enhancement
of the NBE as well as suppression of the visible luminescence, it was proposed that the
visible emission from ZnO was absorbed by the Au NPs due to surface plasmon
resonance (of almost matching wavelength) and that energetic electrons resulting from

non-radiative decay of the plasmons were able to transfer from the Au NPs to the
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conduction band of the ZnO. Similar experimental results were obtained by C. W. Cheng
et al.[8] and although possible contributions from the surface passivation effect and the
mechanism previously explained were considered, two additional mechanisms were
proposed to account for the NBE emission enhancement and visible emission quenching.
Firstly it was suggested that electrons normally trapped at the defect level of ZnO
responsible for the visible luminescence are able to transfer directly to the Au NPs
(having lower Fermi energy) and consequently hot electrons are created in high energy
states which can transfer back to the conduction band of the ZnO nanorods. Secondly, it
was suggested that the presence of Au NPs creates a new recombination path for ZnO
excitons via coupling to surface plasmons, which results in efficient energy transfer (ET).
This Purcell enhancement mechanism would rely on a subsequent radiative emission
mechanism from the surface plasmons as explained by Lai et al. [9], who reported a
negligible enhancement of NBE emission for ZnO films coated by Au but a large
enhancement for coating by Ag and attributed this difference to the better match of the
ZnO NBE luminescence energy with that of the Ag surface plasmons. The effect of
sputtering Ag on ZnO thin films was studied by Peihong Cheng et al. [10]. The Ag
islands on the ZnO surface were considered as oblate spheroids having LSPR modes
associated with directions normal and parallel to the surface which were found to be close
to the wavelengths of the NBE and visible emissions from ZnO, respectively. They noted
that luminescence enhancement of the ZnO is possible due to the Ag NPs as a result of
enhancement of the electric field and radiative decay rates, but that damping induced by
non-radiative ET may also occur. For their samples the NBE emission was strongly
enhanced while the visible luminescence could be slightly enhanced or suppressed
depending on the experiment details. The effect of Ag NPs embedded in ZnO films
grown by magnetron sputtering was reported by Liu et al. [11] who found that the
absorption of the Ag NPs covered a wide spectrum, which was attributed to a broad
distribution in their size and shape. The NBE emission of the ZnO was enhanced by a
factor which correlated well with the density of Ag NPs and was attributed to the effect
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of LSPR, while a similar enhancement of the weak visible emission was also found
because of the broad range of the plasmon resonance wavelengths.

In this paper, undoped and Ag doped ZnO were prepared by the combustion method with
the aim to further understand the interaction mechanism between the NBE emission of
ZnO and the Ag NPs. Despite the number of existing models dealing with the
enhancement of the NBE emission of ZnO, we do not find a satisfactory explanation for
the phenomenon, which we also observe, within the parameters of our experiment and
therefore present an additional model. Despite the enhancement being as a result of the

Ag NPs incorporated in the ZnQO, it does not rely on their plasmonic nature.

8.2 Experimental

All chemicals were purchased from the market and used as received. Undoped and 1
mol% Ag doped ZnO were prepared by the combustion method. Silver nitrate (AgNOs3,
99.9%) was used as the source of dopant. Zinc nitrate tetrahydrate (Zn(NO3),.4H,0,
98.5%) was used as a precursor and urea (CO(NH,),, 99%) was used as a fuel. In a
typical synthesis the Zn nitrate and urea mixed in the stoichiometric ratio of 2.7 were
dissolved in a small amount of distilled water and a homogenous solution was obtained
after stirring for 20 min. For doping, the necessary amount of AgNO3; was added to the
mixture before stirring began. The resulting solution was transferred to a muffle furnace
which was maintained at a temperature of 500 °C. In a few minutes all the water
evaporated, followed by decomposition and generation of a large amount of gases. These
combustible gases ignite and burn with a flame, yielding a large amount of foamy solid.
The resulting material was allowed to cool down to room temperature outside the furnace
and then ground to fine powder. The colour of the samples changed from white to light
grey when doped with Ag.

The structural properties were studied with a Bruker D8 X-ray diffractometer using
CuKa radiation generated by an accelerating voltage of 40 kV and a current of 40 mA.
The morphology and size of the Ag NPs were obtained from transmission electron

microscope (TEM) images recorded with a Philips CM 100 instrument working at 60 kV
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and the samples were produced by the dipping amorphous carbon support grids into a
dilute ethanol suspension of the powder samples. Diffuse reflectance spectra were
measured using a Perkin Elmer Lambda 950 UV-vis spectrophotometer, while
luminescence properties were measured using a 325 nm He-Cd laser PL system.

8.3 Results and discussion

Figure 8.1 compares the X-ray diffraction (XRD) pattern of the undoped ZnO with that of
the 1 mol% Ag doped ZnO. For the pure sample all the diffraction peaks can be matched
to the Miller indices of planes for the hexagonal wurtzite structure of ZnO as given in the
Powder Diffraction File (PDF 079-0208). For the doped sample additional peaks marked
with asterisk (*) are observed. Their relative size is exaggerated by plotting the square
root of the counts on the vertical axis. These additional peaks match the expected
positions for face centred cubic Ag (PDF 04-0783). No additional diffraction peaks were
observed, indicating only the formation of metallic Ag NPs in the ZnO matrix and no

silver oxide (Ag,0, AgO) phases.

(1 mol% Ag)

Undoped

PDF 00-079-0208

square root of the counts (arb. units)

15 30 45 60 75 90

Figure 8.1: XRD patterns of pure and Ag doped ZnO compared to standard patterns from
the Powder Diffraction File. The square root of the counts is plotted on the vertical axis

to emphasize the small peaks of the metallic Ag NPs (stars).
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No slight shift of the ZnO peaks to smaller angles in the doped samples was detected,
which has previously been reported when larger Ag* ions substitute Zn** ions in the
lattice [4]. The crystallite size of the undoped ZnO host particles was estimated using the
well known Scherrer formula [12] and found to be about 30 nm. Since the XRD peaks
related to the Ag NPs are small, their size was rather determined by TEM measurements

instead of the Scherrer formula.
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Figure 8.2: TEM images of (a) undoped ZnO and (b) ZnO doped with 1 mol% Ag.

Figure 8.2 shows TEM images of (a) undoped ZnO and (b) ZnO doped with 1 mol% Ag.
As can be seen from figure 8.2(a) the ZnO nanocrystals are irregularly spherical with a
average diameter of 30 nm, which is similar to the calculated crystallite size from the
XRD data. Figure 8.2(b) shows additional small spherical Ag NPs of diameter about 6
nm present in the Ag doped sample. The grain structure of the ZnO host material is
clearly affected by the addition of the Ag dopant, although there is not a significant
difference in the width of the ZnO XRD peaks between the doped and pure sample in
figure 8.1.
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Figure 8.3: (a) Diffuse reflectance curve of pure ZnO and Ag doped ZnO doped. (b)

Calculated scattering and absorption cross-sections for an isolated 6 nm Ag NP

embedded in a ZnO matrix.

Figure 8.3(a) shows diffuse reflectance spectra of pure and 1 mol% Ag doped ZnO. The
sharp decline in reflectance as the wavelength decreases into the UV below 400 nm is
associated with the NBE excitonic and band-to-band absorption of the ZnO. For the
doped samples there is a dip in the reflectance spectra centred at 478 nm (see the inset)
which is attributed to LSPR absorption of the Ag NPs. This confirms the formation of
metallic Ag NPs in the ZnO in agreement with the XRD and TEM measurements. Figure
8.3(b) shows the extinction cross-section components (scattering and absorption) for a 6
nm diameter Ag NP in a ZnO matrix calculated using the software MiePlot v4.2.11 [13].
The refractive index of the host material is assumed to be constant and a value of 2.1 was
used as an average for ZnO in the wavelength range of interest [14]. The default dielectric
constant data (i.e. refractive index) used in the MiePlot software is for bulk Ag [15], but
was corrected for the enhanced electron scattering in a small (6 nm) Ag NP [16]. As
expected for very small metallic NPs, the scattering is negligible compared to the
absorption. The experimental and theoretical absorption results match well and the small
variation may be due to the dispersion of shapes and particle sizes in the sample or the
estimation of the refractive index data, but confirm that most of the Ag NPs are

embedded within the ZnO host material as it appears from the TEM data (figure 8.2(b)).
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Figure 8.4: Emission spectra of pure and Ag doped ZnO excited at 325 nm by He-Cd

laser.

Figure 8.4 shows the luminescence spectra of the undoped and 1 mol% Ag doped ZnO
excited by a He-Cd laser at 325 nm. These spectra both have a sharp peak near 390 nm
due to NBE emission and a broad visible emission band centred near 610 nm. The red
visible emission which was observed, rather than the generally reported green defect
emission, is characteristic of ZnO prepared by the combustion method and is attributed to
oxygen-related defect [17]. The addition of 1 mol% Ag caused more than a twofold
increase in the NBE emission while the visible emission band was almost unchanged.
The weak emission feature near 780 nm is due to the second order of the strong NBE
emission. The data did not show any luminescence from Ag,O [18], Ag nanoclusters [19]
or Ag ions[20], showing that the Ag is located only within the metallic NPs which were
observed using XRD, TEM and diffuse reflectance.

An enhancement of the NBE emission (i.e. radiative exciton recombination) could result
from an increase in the number of excited carriers, an enhancement of the radiative
recombination rate or a decrease in some non-radiative recombination pathway. In the
latter case, improving the crystal quality, decreasing the concentration of defects and

passivating the surface are therefore expected to enhance the NBE emission of ZnO.
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Although the TEM results showed a change in the morphology of the ZnO matrix when
Ag was added, no significant change to the crystal structure or crystallite size can be
deduced from the XRD data. In addition, there is no significant change to the visible
defect emission from the ZnO after doping. Therefore it appears unlikely that there was
an improvement in the crystal quality or a reduction in defect concentration in the Ag
doped sample sufficient to explain the large enhancement of the NBE emission. Any
possible reduction of surface traps or surface passivation related to the addition of Ag is
expected to be small (especially since the Ag is located mainly in the NPs) and this alone
is not considered sufficient to explain the change in the luminescence. We therefore
consider further either an enhancement of the radiative recombination rate or an increase
in the number of excited carriers.

Plasmonic enhancement (metal enhanced fluorescence) of a luminescent centre may
occur when the LSPR band of a nearly metallic NP overlaps either with its excitation
band (as a result of an enhancement of the local electric field) or its emission band (as a
result of enhancement of its radiative decay rate) [21, 22]. A good match is a key factor
when trying to achieve a large plasmonic enhancement and this allowed Chen et al. to
obtain a 40-fold NBE emission enhancement in Mgo2ZnosO by utilizing the quadrupole
mode of plasmon resonance of Ag nanostructures which occurred in the UV close to the
emission wavelength [23], as well as accounting for the slightly varied enhancement of
the visible luminescence from ZnO utilizing the LSPR of Ag and Au NPs by Lawrie et
al. [24]. In the case of our experiment, the LSPR of the Ag NPs was centred at 478 nm
(figure 8.3(a)) which is not close to either the narrow NBE emission wavelength of 390
nm or the broad red visible luminescence centred at 610 nm (figure 8.4), meaning that the
condition for effective plasmonic enhancement is not realized, neither via an increase in
the NBE emission recombination rate nor via effective local field enhancement which
might have excited more carriers. Because of the mismatch of the excitation wavelength
and both the NBE emission and red visible defect luminescence with the LSPR
wavelength in this study, plasmons are not effectively excited in the sample and the

enhancement mechanism whereby hot carriers resulting from plasmon decay [25, 26] are
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transferred to the ZnO conduction band to enhance the NBE emission cannot be invoked
in this case. Other reported mechanisms which have been shown to be important in other
studies, such as unintentional H doping, metal-induced gap states and metal diffusion [27]
are not considered to be of relevance for our experimental conditions. Considering the
possibilities, it is concluded that the enhancement is most likely due to an increase in the
number of excited carriers, although this increase is not due to plasmonic effects.

We therefore propose a new model that may contribute to the enhancement of the NBE
emission of ZnO. Existing models include the injection of hot electrons created by
plasmon decay from the Ag NPs to the conduction band of ZnO. Plasmons are not
effectively excited in out sample, but we propose that hot electrons are created by direct
absorption of the UV excitation photons of the He-Cd laser by the Ag NPs and
transferred to the ZnO in a process similar to the well known phenomenon of
photoemission. This charge transfer then leads to enhanced NBE emission in a similar
way as if the electrons had originated due to plasmon decay i.e. an increase of the excited
electron density in the conduction band of ZnO and leads to more emission. Figure 8.5
illustrates the proposed mechanism in terms of the energy level structures of Ag and
ZnO, assuming the formation of a Schottky barrier between them and taking the ZnO to
be n-type. As-prepared undoped ZnO is typically n-type and even though doping it with
Ag is often done in the expectation of making it p-type, this has generally proved
challenging [28, 29] and in this experiment the Ag is located in the metallic NPs rather
than substitutional sites, so it is not expected to change the ZnO from the typical n-type.
From the diagram it is seen that photo-excited electrons in the Ag can pass over the
relatively small Schottky barrier into the ZnO. The charge transfer is not unique to our
model, being often considered in other models as well [27].

The essential difference is the origin of the electron i.e. photo-excited carriers in our case
rather than hot carriers induced by plasmon decay. The Ag 4d band lies relatively deep
below the Fermi level for Ag [30] and the energy of the 325 nm He-Cd laser (3.82 eV)
would not be sufficient for electrons excited by interband transitions to overcome the

Schottky barrier. However, intraband transitions may still account for the effect. Note
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that this mechanism is not in opposition to others, but provides an additional manner in
which the NBE emission of ZnO may be enhanced by doping with Ag. Although figure
8.5 illustrates the essential features of the new model, the size of the Schottky barrier
(psg) is not accurately known. It can be estimated from the simplistic formula @z =
¢um — xs neglecting surface states [31] where ¢,, is the work function of Ag and y; is
the electron affinity of ZnO, which using the values from Fang et al. [32] gives ¢gg in the
range 0.17 eV to 0.39 eV eV. This can be contrasted to actual values quoted by Fang et
al. [32] of 0.68 eV to 0.84 eV, and the experimental values of 0.908 eV and 0.988 eV
[33]. The higher experimental values have been attributed to oxidation of the Ag [34].
Despite the variation in reported values, the Schottky barrier is much smaller than the

laser excitation energy.
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Figure 8.5: Simplified representation of (a) e-h pairs in Ag NPs excited directly by a He-
Cd laser at 325 nm, (b) excited electrons with energies high enough to overcome the
Schottky barrier o5 = ¢ — x are injected into the conduction band E. of ZnO, where

¢ is the work function of the Ag and y is the electron affinity of the ZnO.
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Of interest is that Fang et al. [32] suggest that the ZnO NBE emission enhancement
caused by Ag is much less than that for Zn, which has a lower work function and forms
an ohmic contact with the ZnO, allowing easy transfer of electrons from the metal to the
ZnO. The fact that such an electron transfer leads to enhancement of the NBE emission of
ZnO is a key aspect of our mechanism. Despite the Schottky barrier that is normally
assumed to form between metals such as Ag and Au, they are still widely reported to
enhance the NBE emission and the transfer of energetic electrons from the metal to the
ZnO is attributed to plasmonic effects [35]. In our case where plasmonic enhancement is
not possible, we ascribe the origin of the energetic electrons to absorption of the
excitation laser photons. Finally, it can be noted that the contact between Ag and ZnO has
been reported to be ohmic in an electrical study [36] and this possibility has also been
considered in explaining the photocatalytic properties of Ag doped ZnO [37, 38] which
has led to some confusion on the nature of the interface [39]. Recent first principles
calculations have given the interesting prediction that Ag deposited on the O-terminated
c-plane of ZnO gives a Schottky barrier of 1.11 eV while Ag deposited on the Zn-
terminated c-plane results in an ohmic contact [40]. In the model for the enhancement of
the NBE emission presented here the size of the Schottky barrier is not critical, but the

process is expected to be more efficient if the Schottky barrier is smaller.

8.4 Conclusion

The formation of ~6 nm diameter NPs in Ag doped ZnO prepared by the combustion
method was confirmed by XRD, TEM and diffuse reflectance measurements. PL excited
by a 325 nm He-Cd laser showed a more than two-fold enhancement in the intensity of
the NBE emission of the doped sample compared to the pure ZnO, while the red visible
emission band was similar for both samples. The results suggest that this enhancement is
not due to LSPR associated with metallic NPs as may have been expected, but instead it
is proposed that photoemission transfer of electrons occurs from the Ag NPs into the

conduction band of ZnO and results in the enhancement. This model adds to the variety
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of ways in which doping or coating ZnO with noble metals can enhance its NBE

emission for possible UV optoelectronics applications.
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Chapter 9

Use of ZnO:Tb down-conversion phosphor for Ag
nanoparticle plasmon absorption using a He-Cd

ultraviolet laser

9.1 Introduction

Noble metal nanoparticles (NPs) have attracted particular interest because of their unique
properties associated with localized surface plasmon resonance (LSPR) [1-4], which is
defined as the collective oscillation of conduction electrons in small metal NPs [1]. The
interaction of light with spherical metal NPs was explained a long time ago with Mie
theory, showing that when NPs are exposed to light the electrons start to oscillate,
particularly when driven at the LSPR frequency [5]. Some energy from the incident light
wave is converted into thermal energy in an absorption process while the accelerated
electrons can also re-radiate energy in a scattering process [6]. The sum of these two
processes is the so-called extinction coefficient which can be expressed by Cext = Caps +
Csca- The absorption process is dominant for small NPs while the scattering process is
dominant in larger NPs having a size comparable to the electron mean free path [7].
Although the former process is problematic for luminescence enhancement applications,
it is very important and beneficial in a range of applications requiring localized heating
[3,8, 9]

The normal way to tune the LSPR of metal NPs is to change their size or shape, which
may require special synthesis methods and equipment [10], or to change their dielectric
environment (host or solvent) which may not be desired. Moreover, tuneable lasers have
a limited wavelength range and can be extremely expensive. In this work we propose a
new mechanism to resonantly excite the NPs without the need for changing the excitation

source (laser) and the particle size, shape or environment by using the down-conversion
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properties of an appropriate RE ion. ZnO has attracted considerable attention as a low-
cost, environmentally-friendly and easy to synthesize material, and has been used in the
medical field because of its biocompatibility, biodegradability and non-toxicity [11].
Although small Ag NPs in ZnO have a LSPR wavelength near 478 nm, it is demonstrated
that they can be excited using a 325 nm He-Cd ultraviolet laser indirectly through the
down-converting properties of Th** ions doped in the ZnO host material. The radiative
energy transfer (ET) from the Tb®" ions to the Ag NPs was studied by means of spectral
overlap and photoluminescence (PL) lifetime measurements in the presence and absence
of the Ag NPs. The results show that the Ag NPs act as energy acceptors, having a
quenching effect on the luminescence of the Th** ion donors. The excited Ag NPs
convert the light energy into heat during relaxation with possible applications for
localized heating.

9.2 Experimental

Powder samples of ZnO and ZnO:Thb (5 mol%) were prepared by the combustion method.
To some samples Ag was also added to form NPs. Zinc nitrate tetrahydrate
(Zn(NO3),.4H,0, 98.5%) was used as a precursor and urea (CO(NH>),, 99%) was used as
a fuel. These were mixed in a stoichiometric ratio of 2:7. For the doped samples 5 mol%
of the Zn precursor was replaced with terbium nitrate pentahydrate (Tb(NO3)3.5H,0,
99.9%), while silver nitrate (AgNO3, 99.9%) was also added to some samples. In a
typical synthesis, the precursor nitrates and urea were dissolved in a small amount of
distilled water and a homogenous solution was obtained after stirring for 20 min. The
resulting solution was transferred to a muffle furnace maintained at temperature of 500
°C. In a few minutes all the water evaporated, followed by decomposition and the
generation of a large amount of gases. These combustible gases ignite and burn with a
flame, yielding a large amount of foamy solid. The resulting material was allowed to cool
down to room temperature outside the furnace and then ground to fine powder.

The structural properties were studied with a Bruker D8 X-ray diffractometer (XRD)

using CuKa radiation generated by an accelerating voltage of 40 kV and a current of 40
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mA. The morphology and size of the Ag NPs were obtained from transmission electron
microscope (TEM) images recorded with a Philips CM 100 instrument working at 60 kV
and the samples were produced by the dipping amorphous carbon support grids into a
dilute ethanol suspension of the powder sample. Diffuse reflectance spectra were
measured using a Perkin Elmer Lambda 950 UV-vis spectrophotometer, while
luminescence properties were measured using a 325 nm He-Cd laser photoluminescence
system. The decay curve measurements were carried out with a Cary Eclipse

fluorescence spectrophotometer having a xenon lamp as the excitation source.

9.3 Results and discussion

Figure 9.1(a) shows the XRD pattern of undoped ZnO. All of the peaks correspond to the
hexagonal wurtzite structure of ZnO given in Powder Diffraction File (PDF) 079-0208.
The average crystallite size was calculated from the Scherrer equation using each of the
(100), (002) and (101) planes, giving an average diameter of 29 nm.
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Figure 9.1: XRD patterns of (a) pure ZnO and (b) ZnO doped with Ag and/or Th. Note

that for (b) the square root of the counts is plotted on the vertical axis to emphasize the

small peaks of the metallic Ag NPs (stars) and the Th,O3 phase (diamonds).
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Figure 9.1(b) shows the patterns of the ZnO samples either single doped, or co-doped,
with Ag and Tb. A number of additional small diffraction peaks are present in these
samples, which are attributed to face centred cubic (metallic) Ag (PDF file 04-0783) and
body centred cubic Th,O3; (PDF file 074-1986). Of interest is that no diffraction peaks
from silver oxide phases (Ag.O, AgO) were observed, indicating only the formation of
metallic Ag NPs in the ZnO.

Un-doped 7n0 b Zn0:Ag (1 mol%)

2345678910

Diameter(nm)

Figure 9.2: TEM image of (a) undoped ZnO. (b) ZnO doped with 1 mol% Ag. (c) ZnO
doped with 3 mol% Ag.

Since the XRD peaks of the metallic Ag NPs are very small, rather than estimating their
size using the Scherrer equation it was measured directly using TEM. Although the
Scherrer equation has been applied extensively to calculate particle sizes from XRD data,

it must still be considered as an approximate method since the effects of some parameters
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such as shape of particles, distribution of particle sizes and the strain are not considered.
Therefore, the calculation of the particle size from TEM images is more preferable.
Figure 9.2(a) is an image of the undoped ZnO showing the nanocrystals were irregularly
spherical with an average diameter of 30 nm, which is in agreement of the value of 29 nm
calculated using the XRD data. Figure 9.2(b) and (c) correspond to ZnO doped with 1
mol% and 3 mol% Ag, respectively. Both images show small, near-spherical Ag NPs
embedded in an irregular matrix of ZnO rather than the individual ZnO nanocrystals
found in the undoped case. The average size of Ag NPs in the sample doped with 1 mol%
is about 6 nm while for the sample doped with 3 mol% it is about 5 nm, which is almost
the same if taking into account uncertainty of the measurement. As a result the absorption
band of the LSPR is not expected to shift when the concentration of Ag increases from 1
to 3 mol%. Although some Ag NPs appear on the edges of the ZnO particles, most of

them are located inside the ZnO.
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Figure 9.3: (a) Diffuse reflectance spectra of pure ZnO and ZnO with different
concentrations of Ag added. (b) Calculated scattering and absorption cross-sections for a

5 nm Ag NP embedded in a ZnO matrix.

Figure 9.3(a) shows the diffuse reflectance spectra of pure ZnO and ZnO with different
concentrations of Ag added. The colour of the samples changed from white to light-grey

when Ag was added, corresponding to the measured decrease in reflectance over the
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visible wavelength range from 400-600 nm. There is a dip in the reflectance spectra of
the Ag doped samples near 478 nm. Figure 9.3(b) shows a calculation using MiePlot
v4.2.11 of Philip Laven [12] for the extinction cross-section components (scattering and
absorption) of a 5 nm diameter Ag NP in a ZnO matrix of refractive index 2.029 [13]. It
is dominated by absorption, as expected for NPs having a size much smaller than the
electron mean free path [7] i.e. 52 nm in Ag [14]. The wavelength of the maximum
absorption, corresponding to LSPR, occurs at 472 nm, which is confirmation that the dip
in the diffuse reflectance spectra of the Ag doped ZnO samples results from plasmonic
effects of the very small metallic Ag NPs in these samples shown to be present by the
XRD and TEM data. Of interest is that the matching between the experimentally
observed and the theoretically calculated absorption band of the LSPR indicates that most
of the Ag NPs are inside the ZnO in agreement with the TEM measurements. Moreover,
due to a large variation between the refractive index of ZnO and air, a large shift in the
LSPR absorption band is expected if most Ag NPs precipitated on the surface of the ZnO,

which is not observed.
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Figure 9.4: Emission spectra of undoped ZnO and Tb single doped as well as Th,Ag co-
doped ZnO excited at 325 nm by He-Cd laser.
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Figure 9.4 shows the luminescence of pure ZnO and Th doped ZnO as well as Th doped
ZnO with Ag added. The undoped ZnO shows a broad emission band centred near 610
nm, which is attributed to defect states related to oxygen in ZnO [15]. The addition of Ag
to the ZnO sample did not change its emission spectrum significantly (not shown). The
addition of Tb partially suppresses the broad deep-level emission while resulting in the
characteristic luminescence of Tb®* ions dominated by a green peak near 545 nm
corresponding to the °D4-'Fs transition. In addition, several sharp emission peaks at 485,
590 and 621 nm were observed in the range of 450-650 nm, which are originated from
the 4f-4f transitions assigned to °Dy4-'Fg, >Ds-'F4 and *D.-'F3, respectively. This indicates
ET from these ZnO defects to the Tb ions [16, 17]. Adding 1 mol% Ag to the Tb (5
mol%) doped ZnO effectively quenches the ZnO deep level defect emission and reduces
the Tb luminescence as well. It is well known that the presence of Ag NPs in the vicinity
of emitters (e.g. Tb) can enhance or quench the emission intensity of these emitters
depending on their distance from the Ag NPs. If the emitter is within about 5 nm of the
surface of a Ag NPs then non-radiative ET occurs from the emitter to the Ag NP and this
is accompanied by a decrease in emission intensity and lifetime of the emitters [18]. If the
emitter is located within 10 to 50 nm, which is the spatial range of electric field
associated with Ag NPs [2], then enhancement of emitter may be observed. At greater
separations quenching of the emitters can again be observed due to re-absorption of light
by Ag NPs (radiative ET), but in this case the emission lifetime remains unchanged [19].
A requirement for this ET is the overlap between the emission spectrum of the donor
(Tb*") and the excitation of the acceptor (Ag NPs). From the UV-Vis absorption spectra
(figure 9.3) and PL spectra (figure 9.4) it is clear that the plasmonic absorption band of
Ag NPs at 478 nm shows considerable spectral overlap with the emission peak of Th**
485 nm and is broad enough to possibly also overlap the main Th** emission band at 545
nm. We believe that the LSPR in these samples can be excited by a broad wavelength
range of light because the sizes and shapes of Ag NPs in the samples are dispersed (see
figure 9.2(b) and (c)). Therefore, ET from the Th*" ions to Ag NPs may occur. Due to the

very short lifetime of the plasmons, energy transfer from Ag NPs to Tb* ions is not
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expected [20]. Moreover, if there is energy transfer from Ag NPs to Tbh** ions then the

intensity of Th** emission should be increased, which is not observed.

e ZnO:Th 7 =0.99 ms
e ZnO:Th,Ag 1=0.95ms

Aex=325 nm
Aem=945 nm

Log normalized Intensity (a. u.)

00 05 10 15 20 25 3.0
Time (ms)

Figure 9.5: Luminescence decay curves for the °*D.-'Fg transition of Th** ions in ZnO in

the presence and absence of Ag NPs.

To identify which type of the ET occurs, the luminescence decay curves for the *D,-"Fg
transition of Th®* ions in ZnO in the presence and absence of Ag were measured (figure
9.5). Both decay curves are fitted well with a single exponential function of I(t) = A exp(-
t/r) where 7 is the lifetime of the Tb®" transition. As can be seen from figure 9.5, the
lifetime of the °D4-'Fg transition of Th®" changes very little in the presence of Ag,
indicating that radiative ET from the donor (Tb®" ions) to the acceptor (Ag NPs) occurs
and corresponding to the situation where most Th®" ions are relatively far from the Ag
NPs.
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Figure 9.6: Energy level diagram showing non-radiative energy transfer from ZnO

defects to Th*" ions and radiative energy transfer from Tb ion to Ag NPs.

Figure 9.6 illustrates the ET processes for excitation of Tb, Ag co-doped ZnO samples
excited by a laser at 325 nm, showing non-radiative ET from ZnO defects to the °D, level
of Tb* and the subsequent radiative transfer of this energy to Ag NPs. The Ag NPs act
as energy acceptors and convert the light energy into heat (scattering not being expected
as discussed earlier), which may be useful in biological and polymer or other
photothermal applications [3, 8]. The Tb®" ions together with the ZnO host and its defects
successfully act to indirectly couple the ultraviolet He-Cd laser wavelength of 325 nm to
the Ag NP LSPR wavelength near 478 nm by down-conversion. This technique can be
used to indirectly couple non-tuneable laser emissions to the LSPR wavelength of

metallic NPs without changing their size or shape.
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9.4 Conclusion

In this work, undoped ZnO and ZnO doped with only Tb, or co-doped with Tb and Ag,
were synthesized by the combustion method. The formation of Ag NPs in the ZnO matrix
was confirmed by X-ray diffraction, transmission electron microscopy and UV-vis
diffuse reflectance measurements. The PL properties of ZnO:Tb system were studied
before and after adding Ag by using a He-Cd laser. Radiative ET from Tb** ions to Ag
NPs was observed and confirmed by mean of spectral overlap and lifetime
measurements. Plasmons from 5 nm Ag NPs were excited indirectly through the down-
conversion properties of Th®* ions. Consequently, it can be concluded that the use of a
down-converting phosphor (containing, for example, RE ions) is an effective method to
indirectly couple a laser to the plasmon resonance wavelength of metal NPs without need
to change the particle size or shape of NPs. The obtained results suggest that the

ZnO:RE,Ag system may be useful in applications that require local heating.
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Chapter 10

Enhanced terbium emission due to plasmonic silver

nanoparticles in bismuth silicate

10.1 Introduction

The localized surface plasmon resonance (LSPR) associated with noble metal
nanoparticles (NPs) has attracted much attention both theoretically and experimentally
due to its applications in different fields [1]. Crystals doped with RE ions are well known
as important phosphor materials, since quantum efficiencies are generally higher in
crystals than in amorphous hosts [2]. Some further advantages of crystalline hosts is that
they generally have greater hardness and higher thermal conductivity than amorphous
materials, that they may inhibit the clustering of dopants (e.g. RE ions) because the
doping is achieved by substitution of cations with similar size and valence in the crystal
lattice and that the excitation and emission from activators is narrower and the
distribution in lifetimes is smaller than for amorphous hosts due to the lack of substantial
variation in the local environment of the activator sites. In addition to its crystalline
nature, bismuth silicate has excellent physical, chemical and mechanical properties such
as a high refractive index, high nonlinearity index, high mechanical strength, chemical
inertness and a fast response to optical signals [3].

Incorporation of noble metal NPs in the vicinity of RE ions has been proposed as a
strategy to enhance the f-f absorption cross-section of the RE ions by mean of plasmonic
effects [4] since f-f electric dipole transitions are in theory forbidden by the parity rule,
which in turn leads to a weak absorption cross-section. There continues to be significant
interest in the luminescence enhancement of RE ions associated with Ag NPs [5-7]. Two
possibilities have been given for the origin of the enhancement: plasmonic effects of
metallic Ag NPs (electric field amplification) which are responsible for increasing the
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effective excitation rate or increasing the radiative decay rate of RE ions, [8] or
alternatively energy transfer (ET) from Ag ions to RE ions [9] or from host defects,
influenced by the added Ag, to Th®" ions [10]. The differentiation between plasmonic and
ET effects remains a challenge [11].

It is predicted that the emission of RE ions could be enhanced when the plasmon
absorption band overlaps their f-f absorption lines [12]. The LSPR absorption band can be
tuned over a wide spectral range covering the near ultraviolet (UV), visible and near-
infrared (NIR) regions by varying the choice of the dielectric matrix or by manipulation
of the size and shape of the metal NPs [13, 14]. Controlling the LSPR absorption position
by varying the size and shape of the NPs requires special synthesis and equipment [14]
and therefore the appropriate choice of dielectric matrix is the easiest way to produce an
overlap between the LSPR absorption band and the absorption lines of the selected RE
ion.

In our case we have chosen the trivalent terbium ion (Tb®*) as activator because it is
known as an important RE ion for green phosphors, which has good photoluminescence
(PL) characteristics from °D,-'F; transitions in the visible range [7]. We have chosen
bismuth silicate as the crystalline host because of its high refractive index of ~2 [15] that
shifts the LSPR absorption band of small Ag NPs close to the Th®" f-f excitation band
corresponding to the 'Fg-°D, transition near 485 nm. The objective of the present work is
the study of the luminescence properties bismuth silicate co-doped with Th** and Ag NPs
in order to explore the role of the Ag NP plasmonic effect on the luminescence of the
Tb* ions. Bismuth silicate doped with Th*" ions and Ag NPs has not yet been explored
and a particular novelty of the present work is the use of a crystalline host instead of an

amorphous host to study plasmonic enhancement as in previous studies.

10.2 Experimental

Powders of pure bismuth silicate, as well as bismuth silicate doped with either Th or Ag
(or co-doped with both) were prepared by the sol-gel method [16, 17]. Tetraethyl
orthosilicate (TEOS, 99.7%) and bismuth nitrate hydrate (Bi(NOs)3.5H,0, 99.999%)
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were used as sources of Si and Bi respectively, while silver nitrate (AgNO3, 99.9%) and
terbium nitrate (Tb(NO3)s, 99.999%) were used as the source of dopants, to produce
undoped Bi4SizO1, (sample BS), Bis.95Thg 05513012 (Sample BST), BiySizO12:Agx (samples
BS:Agx) and Bisg5Thg05Si13012:Agx (samples BST:Agx). The TEOS was first dissolved in
ethanol (99.0%) and stirred for 30 min at room temperature. Separately, the
Bi(NO3)3.5H,0 was dissolved in dilute nitric acid (HNO3, 2 M) at 70 °C under vigorous
stirring until completely dissolved. For doped samples the nitrate(s) of the dopant(s) were
firstly dissolved in a small amount of the dilute HNO; taken from the total amount and
then added to the TEOS mixture with magnetic stirring for a further 30 min. Finally the
Bi and Si precursor solutions were combined under vigorous stirring at a constant
temperature of 70 °C until a gel formed. This gel was kept at room temperature in air for
one day, then dried in an oven at 70 °C, then ground to fine powder and finally annealed
at 800 °C in air for 2 h,

Samples were analyzed at room temperature. X-ray diffraction (XRD) patterns were
recorded for a 20 scan range of 15° to 90° with a step of 0.02° using a diffractometer
(model D8, from Bruker) with Cu Ka X-rays of wavelength 0.1548 nm generated with an
accelerating voltage of 40 kV and a current of 40 mA. Morphology and size of the Ag
NPs were obtained from transmission electron microscope (TEM) images (model CM
100, from Philips) operating at 60 kV for which samples were prepared by dipping
amorphous carbon support grids into a dilute ethanol suspension of the powders and
allowing them to dry. Further investigation of the Ag NPs was performed with Auger
electron spectroscopy (AES) scans (model PHI 700 scanning Auger nanoprobe from
Physical Electronics). This instrument is also capable of scanning electron microscopy
(SEM) measurements for imaging and accurate location of the electron beam position.
Although charging of the sample made these measurements challenging, this was
overcome by crushing the powder sample onto a rough copper sample holder and
examining particles making good contact with this holder. Measurements were made
using an accelerating voltage of 25 kV and a beam current of 5 nA, giving a spatial

resolution of about 5 nm. Diffuse reflectance spectra were measured with an integrating
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sphere in the range 200 nm to 700 nm (model Lambda 950 spectrophotometer, from
Perkin Elmer) using spectralon as a standard, while photoluminescence (PL) properties
were measured using a fluorescence spectrophotometer (model Cary Eclipse, from

Varian) having a xenon lamp as its excitation source.

10.3 Results and discussion

Maximum luminescence enhancement is expected when the absorption band of the
emitting RE ion overlaps well with the LSPR absorption band of the NPs [12]. Table 10.1
lists the positions of the LSPR absorption band of 30 nm diameter spherical Ag NPs as a
function of the refractive index of some phosphor host materials, as calculated using the
program MiePlot (v4.2.11) [18], and the information is represented graphically in figure
10.1. The value of 30 nm for the diameter used in the simulations was chosen based on
our earlier experimental work on Ag NPs produced in amorphous SiO, [10, 19].

Table 10.1: Calculated position of the LSPR absorption band for 30 nm diameter Ag NPs

in different materials.

Material Refractive index LSPR wavelength (nm)  Reference
Amorphous SiO, 1.46 396 24
LuSiOs 181 444 25
YAG 191 453 25
ZnO 2.02 466 26
SrGaS, 2.17 495 25
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Figure 10.1: Position of the LSPR absorption band of 30 nm diameter Ag NPs as the

function of the refractive index of the host. The line is a fit to show the trend of the data.

The Th** ion has two absorption bands lying in the wavelength range shown in figure
10.1, one in the near ultraviolet region at 377 nm ('Fe->Ds) and the other in the visible
region at 485 nm ("Fe-D.) [10]. Therefore as illustrated in figure 10.1 one can select a
host with an appropriate refractive index to shift the LSPR absorption band to overlap
with one of these Tb®" absorption bands as having a refractive index of about 1.34 or
2.13. In this paper, bismuth silicate was selected as an interesting and appropriate
crystalline host materials because it has a refractive index of ~2 [15] that should shift the
LSPR band to overlap with the Th** absorption band at 485 nm. In general this approach
can be used to select appropriate hosts for different RE ions to adjust the LSPR of Ag

NPs to overlap with the RE ion absorption bands.
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Figure 10.2: XRD patterns of BST:Agy samples doped with different concentrations of
Ag compared to standard patterns of bismuth silicate phases from the Powder Diffraction
File.

A set of samples doped with 5 mol% Tb** and different concentrations of Ag were
prepared. Two of these samples were selected to investigate their structure by XRD, one
with a low concentration of Ag (BST:Ago1) and the other with higher concentration of
Ag (BST:Ago.03), as shown in figure 10.2. The diffraction pattern for BST:Agdo.01 Shows it
is single phase crystalline BisSi3O;2 by comparison with the Powder Diffraction File
(PDF 00-074-1078). This XRD pattern indicates that the Tb*" was successfully
incorporated in the lattice, substituting Bi** ions in the structure, but does not show any
peaks corresponding to metallic Ag NPs. Note that deviating from the annealing

temperature (800 °C) or time (2 h) used was found to affect the phase purity of the
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resultant material. The sample with a higher Ag concentration (BST:Ago03) prepared
using the same procedure and conditions showed an additional small peak near 20 ~ 29°
which is related to the Bi,SiOs phase, as confirmed by comparison with the Powder
Diffraction File (PDF 00-36-0287). These two bismuth silicate phases have different
structures and space groups, namely orthorhombic (Cmc2,) for Bi,SiOs and cubic (143d)
for Bi4Si3O1,. Investigation of bismuth silicate phases can be quite complicated since it is
reported that Bi,SiOs, Bi12Si05, BisSizO1, and BiyOs crystalline phases can be
precipitated as a function of annealing temperature [3]. Our results show additional
complexity where the phase transition is also influenced by the addition of dopants. Even
in the BST:Ago.03 sample with the higher Ag concentration the XRD pattern did not show
any peaks related to metallic Ag NPs, which may be due to the small amount of Ag
(~0.16 at%) which is probably below the detection limit.

2345678910111
Diameter (nm)

Figure 10.3: TEM images of (a) BS and (b) BS:Ago.03 Samples.

Therefore to confirm the formation of Ag NPs in the bismuth silicate matrix for a small
concentration of Ag, samples were examined using TEM. Figure 10.3(a) shows a TEM
image of the undoped bismuth silicate sample (BS) annealed at 800 °C for 2 h, while
figure 10.3(b) shows bismuth silicate doped with 3 mol% Ag (BS:Ago.0s) produced with

the same annealing conditions. A comparison of the images shows that for the sample

Page 163



doped with Ag there are additional small particles of dark contrast around 5 nm in size
(see the inset of figure 10.3(b)) which were not found for the undoped sample. The
difference is attributed to the doping with Ag and suggests that these small particles
having dark contrast may show the formation of Ag NPs. Since it proved difficult to
obtain clear electron diffraction patterns from such small particles, especially in the close
vicinity to the crystalline bismuth silicate host material, the sample doped with 3 mol%
Ag (BS:Adoos) was further examined with nanoprobe AES to confirm the formation of
Ag NPs.
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Figure 10.4: (a) SEM image and (b) AES spectra of BS:Ago.03 sample.

Figure 10.4(a) shows a SEM image of some powder particles and figure 10.4(b) shows
the AES spectrum averaged over a particle surface (area 1) as well as spectra at various
positions (points 1-5) on a particle as marked in the SEM image. The small but
significant Auger peak near 359 eV for the spectrum of area 1 corresponds to the MNN
Auger transition of Ag. To determine whether the Ag is distributed homogeneously in the
bismuth silicate or agglomerated into isolated NPs, Auger spectra were measured at
various points on a particle. The Auger spectra at points 1, 3 and 5 showed small but
clear bands related to Ag, while points 2 and 4 showed no obvious peak related to Ag.
This demonstrates that the Ag is not homogenously distributed, which is consistent with
the formation of Ag NPs. Since Auger spectroscopy is a surface technique that only
probes the first few nanometres of a sample, the data from figure 10.4 shows that Ag NPs
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occur on the surface of the particles. While AES cannot give any information about the
inside of the particles, TEM gives information through the entire sample. Although some
of the small particles with dark contrast in figure 10.3(b) may appear to be inside the
sample, they could also be at the top or bottom surfaces and therefore there is no clear
evidence that Ag NPs definitely occur within the bismuth silicate particles, but only on
their surface. As no reducing agent was used during the synthesis, the formation of Ag
NPs is believed to take place according to the following steps:

(1) AgNO; + H,0 — Ag™ + NO;~ (in solution) (10.1)
(2) 2Ag* + 20H giquai — Ag20 + H,O0 (in powder before annealing) (10.2)

(3) 2Ag,0 — 4Ag° + 20, (after annealing) (10.3)

The formation of Ag NPs in Ag ion-exchanged glass [20] has been reported to proceed
above a critical temperature of 410 °C, and although the host material may play an

important role this temperature is substantially lower than the annealing temperature of
800 °C used in this study.

undoped BS
468 nm
-59. |
I.'Z *Ao. y Jundoped BS annealed
800°C,2h
2 3 4.5

440 450 460 470 480 490 500 200 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 10.5: (a) Theoretical absorption cross-section for Ag NPs with diameter of 5 nm

C,.. (arb. units)

distributed in bismuth silicate with refractive index of 2. (b) Diffuse reflectance spectra
of BS, BS:Ago.03 and BS:Ago.10 samples.
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The fact that the Ag NPs found experimentally are much smaller than those used for the
theoretical prediction in figure 10.1 needs to be considered, but since the position of the
LSPR band does not change quickly with decreasing size for small Ag NPs less than ~30
nm, it does not necessarily affect the choice of refractive index (and therefore host). This
is confirmed by figure 10.5(a) showing the theoretical absorption cross-section calculated
using MiePlot (v4.2.11) for Ag NPs with a diameter of 5 nm (the average size determined
from the TEM data) distributed in a bismuth silicate matrix with a refractive index of 2.
The LSPR absorption band for these small Ag NPs is predicted at 468 nm, which is 17
nm less than the 485 nm predicted for 30 nm diameter Ag NPs in order to perfectly
overlap the Th** excitation band. Figure 10.5(b) shows diffuse reflectance spectra of the
undoped BS sample and two BS:Agy samples annealed at 800 °C for 2 h. Although there
IS no obvious LSPR absorption band of Ag NPs for the sample BS:Agoo3, probably
because the doping level is low, there is a perceptible colour change compared to the
undoped sample, and when the doping of Ag is increased (sample BS:Ago.10) there is a
distinct colour change and the clear LSPR absorption band for Ag NPs in the bismuth
silicate host is centred at 470 nm. The good correspondence between the measured and
calculated absorption band positions suggests that most of the Ag NPs are in an
environment where the refractive index matches that of bismuth silicate, i.e. as nano-
precipitates inside the host particles, although the width of the measured absorption
indicates that the Ag NPs exist in a distribution of environments. Of interest is that there
is no additional LSPR absorption band related to Bi NPs in any samples observed.
According to standard reduction potential values [5] Ag" ions would reduce first rather
than Bi®*. The indirect band gap energy of undoped bismuth silicate (sample BS) was
determined to be 3.3 eV using the well-known Kubelka-Munk relation [21] (inset of
figure 10.5(b)). It can be clearly seen there is a good match between the theoretical cross-
section absorption wavelength of figure 10.5(a) and the experimental LSPR absorption
band in figure 10.5(b).
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Figure 10.6: Excitation and emission luminescence spectra of BST and BST:Agx

samples.

Several peaks were observed in the excitation spectrum of the bismuth silicate sample
doped with Th*" ions (BST) when monitoring the well known green emission of Th**
corresponding to the *D.-'Fs transition at 545 nm. The peak at 485 nm (figure 10.6) as
well as others at 377 nm, 358 nm and 318 nm (not shown) were assigned to f-f transitions
from the "Fg level to the °D; (J = 4, 3, 2, 1) levels respectively. To investigate the effect
of co-doping with Ag on the Th*" luminescence, BST:Agy samples were prepared with
various concentrations of Ag. The emission spectra of these samples excited at 485 nm
are also shown in figure 10.6 and reveal three characteristic peaks of Tb** which are
assigned to the °D,-'F, (J = 3, 4, 5) transitions. It can be seen that the emission intensity
depends on the Ag concentration, firstly increasing and then decreasing with increasing

Ag concentration as shown in the inset of figure 10.6. The maximum enhancement factor
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of about 2.5 times was obtained for the sample BST:Agoc.. The quenching of the Tb**
emission for a high concentration of Ag has been previously reported as due to ET from
Tb* ions to Ag NPs, since the distance between the RE ions and metallic NPs will
become very small and then the dipole-dipole interaction will take place, leading to ET
[4, 22, 23]. It is clear from figure 10.6 that the Th** emissions at 585 nm and 621 nm
have been enhanced similarly to that at 545 nm. This indicates that the emission
enhancement is due to an increased excitation rate of electrons to the °Dy level of Tb*,
followed by their subsequent decay.

The cause of Th** luminescence enhancement with co-doping of Ag has previously been
attributed to two possible reasons: ET or plasmonic effects. ET could occur from Ag NPs,
Ag clusters or Ag ions to the RE ions, but ET from NPs to RE ions is not expected in
general due to the very short lifetime of the plasmons [4]. Also in the case of this study
ET from Ag ions is not expected since the Ag has formed into metallic NPs and in
addition, the excitation wavelength of both Ag ions and Ag clusters are below 300 nm
[9]. Moreover, the increase of RE emission due to ET has normally been observed under
non-resonant excitation of the NPs accompanied by changes in excitation shape [5, 9].
Therefore the luminescence enhancement in this system is attributed to plasmonic local
field enhancement confined around the Ag NPs, which increases the excitation rate of the
Tb* ions to the °D, level due to the overlap between LSPR absorption band and the "Fe-
°D, excitation band of Tb*. Some enhancement in the excitation band around 377 nm
was also observed (not shown), although it does not overlap nearly as well with the LSPR
absorption band of the NPs compared to the excitation band at 485 nm which have higher
enhancement. The enhancement of about 2.5 times observed for the 485 nm excitation
might be further improved by better overlap between the LSPR band and the Tb**
excitation energy, which differed slightly in this study due to the small size of the Ag
NPs produced, possibly due to more difficult growth of Ag NPs in a crystalline host than
in amorphous hosts used before in such plasmonic enhancement studies or that the Ag

NPs may occur predominantly on the surface of the phosphor particles.
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10.4 Conclusion

In this work, we have presented a simple way to cause overlap between the LSPR
absorption band of metallic NPs and the excitation band of a phosphor activator (e.g.
Tb*") in a suitable host by using Mie theory calculations. In addition, we have succeeded
in using a crystalline host instead of amorphous host to study plasmonic enhancement of
phosphors for the first time. Tb*" doped bismuth silicate with Ag NPs was successfully
prepared using the sol-gel method and subsequent annealing. Formation of Ag NPs was
confirmed by diffuse reflectance, TEM and AES measurements. The addition of Ag NPs
led to an enhancement of the green Th*" emission at 545 nm of about 2.5 times when
excited at 485 nm. This enhancement is attributed to the amplified local electric field
associated with the Ag NPs. Our methodology for selecting the host and dopant was

successfully applied and may be extended to other RE ions.
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Chapter 11

Summary and future work

11.1 Summary

The enhancement and quenching of phosphors when doped with Ag have been
intensively studied in previous work. The enhancement is attributed to two possible
mechanisms: plasmonic effect (enhancement of local electric field) associated with the
Ag NPs or due to energy transfer (ET) from Ag ions to the emitters while the quenching
is assigned to ET from Ag ions or Ag NPs to the emitters. Indeed, it is very difficult to
differentiate the role of plasmonic and ET in the observed enhancement and also there is
still lack of information about the interaction between the phosphor and different species
of Ag (e.g., Ag", Ag™-Ag", Ag®), prompting a need for more study. Therefore, for further
study, different phosphor hosts with and without dopants (Ag and/or Th) were
synthesised using different methods. SiO; and BisSizO;, were synthesized by sol-gel
method while ZnO were synthesised by combustion method. XRD was successfully
applied to investigate the structure and particle size of these hosts as well as the Ag NPs.
The formation of Ag NPs into these hosts was confirmed by the XRD, UV-Vis, XPS,
AES and TEM measurements while optical properties were investigated using a Cary
Eclipse fluorescence spectrophotometer or by exciting samples with a 325 nm He-Cd
laser.

SiO; doped only with Ag (1 mol%), shows enhancement of the emission from SiO,
related to oxygen deficiency centres (ODCs) when the sample is annealed at low
temperature (500 °C). XPS revealed that the addition of Ag creates more ODCs defects in
the silica network due to formation of Ag,O and therefore enhanced the emission.
Increasing of annealing temperature to 1000 °C, produced significant broadening of the
luminescence from SiO,. This is attributed to formation of new optical active centres

associated with the decomposition of Ag,O as investigated by XPS, UV-Vis, XRD and
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TEM. Of interest is that two different defects have been revealed after addition of Ag
which are attributed to oxygen interstitials and surface related defects. The additional
new emission bands change the luminescence from blue for undoped SiO; to white light
emission for the Ag doped sample. These results may be useful for solid state lighting
applications. In addition, these results also show a new approach to understanding the
interaction mechanism between Ag and phosphors.

The Th, Ag co-doped SiO; show significant enhancement of Tb intensity at low
temperature (500 °C) while increasing temperature to 1000 °C completely quenched the
emission intensity of the Th. Ag was incorporated as ions for annealing temperatures
below 700 °C, while XRD, TEM, UV-vis and XPS results confirmed the formation of
metallic Ag NPs at higher temperatures following decomposition of the Ag,O. With the
help of the discussion above for the sample doped only with Ag, this work has proved
that the addition of Ag in silica affected the host defect concentrations which in turn led
to ET from these host defects to Tb ions. This results added new complexity in the
interpretation of the enhancement effects when noble metals are added to phosphor
materials.

ZnO has been used as phosphor material and as a host for Tb and Ag as well. Firstly, the
effect of Ag on the luminescence of ZnO has been discussed in detail. The obtained
results showed more than two times increase in the intensity of near band edge emission
of ZnO in the presence of Ag NPs. Our results strongly suggest that this enhancement is
not due to LSPR effect as we expected, but instead due to transfer of electrons from the
Ag NPs into the conduction band of ZnO. Our results suggest also that e-h pairs in Ag
NPs can be excited directly by high energy photon instead of plasmon decay as
previously reported. Our methodology reported here could be considered as additional
possibility of interaction between metal NPs and phosphors.

Secondly, the effect of Ag on the luminescence of Tb both incorporated into ZnO was
studied. The PL properties of ZnO:Th system were studied before and after adding Ag by
using a He-Cd laser. Radiative ET from Tb*" ions to Ag NPs was observed and

confirmed by means of spectral overlap and lifetime measurements. Plasmons from 5 nm
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Ag NPs were excited indirectly through the down-conversion properties of Th*" ions.
Consequently, it is concluded that the use of a down-converting phosphor (containing,
for example, RE ions) is an effective method to indirectly couple a laser to the plasmon
resonance wavelength of metal NPs without a need to change the particle size or shape of
NPs. The obtained results suggest that the ZnO:RE, Ag system may be useful in
applications that require local heating.

Crystalline BisSizO12 (BS) has been selected as appropriate host to study possible
plasmonic enhancement using Mie theory calculations. Moreover, using these
calculations, a simple way to cause overlap between the LSPR absorption band of
metallic NPs and the excitation band of a phosphor activator (e.g. Th*") is presented. In
addition, we have succeeded in using a crystalline host instead of amorphous host to
study plasmonic enhancement of phosphors for the first time. The effect of doping Ag on
the luminescence of Tb** ions in this host was investigated. The obtained results showed
an enhancement of the green Th* emission at 545 nm of about 2.5 times when excited at
485 nm. This enhancement is attributed to the amplified local electric field associated
with the Ag NPs. Our methodology for selecting the host and dopant was successfully

applied and may be extended to other RE ions.

11.2 Future work

There is no limit that can be set to define a complete work since there is always
interesting aspects that require further investigation to complement what has already been
done. Therefore, for future work the following are suggested.

1. Only Tb is used to study possible plasmonic enhancement in this thesis. Research on
the other RE ions should be done, especially for those with absorption energy in the
visible range.

2. In this thesis, the reduction of Ag ions to Ag NPs has been done using heat treatment
only, which also has an effect on the host structure. Moreover, it is very difficult to
convert all Ag ions to Ag NPs using thermal method, and the shape, size and particle
distribution cannot be well controlled as well. Therefore, commercial Ag NPs with
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specific particle size should be used to avoid the effect of residual Ag ions and to use the
correct size and shape of Ag NPs.

3. The methods used in this work (sol-gel and combustion method) are associated with a
lot of defects which add another complexity to study plasmonic effect. Therefore, a
method like ion exchange should be applied using commercial slide glass.

4. To apply our methodology used in chapter 10 to select other appropriate hosts,
especially polymers to further study plasmonic enhancement.

5. The effect of doping Ag on the luminescence of Th has been studied only for powder
samples. Further studies can be done on samples that are still in solution before and after
doping with Ag NPs.

6. To control the distance between the Ag NPs and the emitters, core-shell of silica doped
with Ag NPs (Ag@SiO,) should be prepared to increase the enhancement of the emitters.
7. To enhance the spectral overlap between plasmonic NPs and the emitters, metal alloy
nanoparticles should be used, especially the alloy of Ag and Au. The Ag NPs has LSPR
absorption hand about 420 nm while for Au NPs is about 500 nm. Therefore, the LSPR
absorption band for Ag-Au alloy is expected to be very broad and it can overlap nicely

with Th excitation.
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