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Abstract

Abstract

The potential of rare earth doped nanophosphors makes them appealing for
a myriad of important applications such as white light emitting diodes (LEDs),
displays, lasers, fluorescent labels, and solar cells. While the preparation of rare
earth doped nanophosphors is a challenging task, it is technologically beneficial to
produce nanoscale phosphors and to understand their size-dependent optical
properties in order to support more opportunities for new applications. Currently,
cerium-doped yttrium aluminum garnet (YAG: Ce") is the most complex oxide
and its unique optical property makes it an ideal material for this study. However,
there are problems in synthesizing the YAG: Ce’" nanophosphors, especially the
lacking in an approach to produce the nanophosphor with a size of less than 10 nm,
and furthermore, not much is known about its size-dependent optical properties

like the coupling strength of an electron-lattice relaxation.

This study aims to synthesize highly crystalline YAG: Ce*" nanophosphors
with particle sizes targeted at less than 10 nm, 100 nm, and 300 nm and study the

size effects on the optical properties of YAG: Ce’".

In order to resolve the synthesis problems, the solvothermal and chemical
gelation methods were sought. All samples were characterized with respect to
their physical, chemical, and optical properties with the objective to elucidate the

size-dependence of the optical properties of YAG: Ce®".



Abstract

YAG: Ce** nanophosphors with sizes of 30 nm and both 5 nm and 250 nm
were synthesized by chemical gelation and solvothermal method, respectively.
The size-dependence of the optical properties of YAG: Ce’" was manifested in the
blueshift of emission peaks due to the reduction in the Stokes shift and covalency.
The surface defects of the nanophosphors were determined by the high resolution
transmission electron microscopy (HRTEM) to be the incomplete garnet lattices
and nonbridging oxygen. These surface defects caused the poor luminescence
efficiency observed in the nanophosphors as compared to that in the bulk sample.
The results of the size-dependent electron-phonon coupling investigated through
fitting the measured photoluminescence spectra within the framework of the
Brownian oscillator (BO) model showed that the coupling strength decreased with

reducing in phosphor sizes.

In conclusion, YAG: Ce’" nanophosphors were successfully synthesized
and achieved the target sizes through the chemical gelation and solvothermal
methods. Their optical responses showed a size-dependence phenomenon and the
factors that influenced the energy shift were attributed to the Stokes shift,
covalency, surface states, and electron-phonon coupling. A good agreement
between theory and experiment was obtained indicating a successful application of

the BO model to explain the emission broad band of YAG: Ce’".
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Chapter 1: Introduction

Chapter 1. Introduction

1.1 Background

Nanophosphors are recently attracting much attention from academia and
industry owing to the unique properties of the nanoscale regime. These properties
do not simply arise from the scaling factor and may change with the phosphors size
or shape [7]. For example, in semiconductor nanocrystals, the change in their
optical properties is due to the confinement of electronic motion when the
material’s length scale is comparable or smaller than the electron Bohr radius of
the bulk semiconductor material. ~Another example is the surface plasmon
absorption phenomenon that causes the noble metal nanoparticles to appear with

an intense colour.

Nanophosphors that are doped with rare earth ions are technologically
important materials in display, lighting, lasers and a variety of other attractive
applications [2, 8-11]. Currently, one application that drives the development of
the nanophosphors is the production of white light emitting diodes (LEDs), which
are in high demand for solid-state lighting (SSL) and back-light units (BLU) in
displays [12]. Researchers and experts in academia and industry have been
making consistent efforts to develop nanophosphors that are more efficient than
the bulk materials in converting the source light (blue or UV-LEDs) into the
desired white emission. This is an important research field because the success in

it could further improve the performance and energy efficiency of white LEDs (or

11



Chapter 1: Introduction

better than the general lighting such as incandescent and fluorescent lamps) and
could potentially reduce global consumption of electricity [13]. (It is interesting to
note that global electricity use for lighting is estimated to be 20% of the total [13,

14])

Apart from the potential in achieving the enhanced efficiency by using the
nanoscale phosphors, a few optical and structural properties such as a broad
absorption spectrum, high concentration quenching limit, low coupling to phonons,
dopant on a single crystallographic site, and regular particle morphology are
expected to meet the requirements specified by the major white LEDs
manufacturers [15]. Therefore, more efforts should be devoted to the synthesis and

understanding of the optical phenomenon of the nanophosphors.

Fluorescent labelling by the rare earth doped nanophosphors for biological
studies and clinical applications is of interest to academia and industry [16]. They
are excellent up-conversion nanomaterials as they present large Stokes shifts, long
fluorescence lifetimes, and their emissions are photostable and are generally sharp
due to the intra 4f configuration of the rare earth dopants. In addition, their
surfaces can be easily modified while maintaining their optical properties, making
them suitable for use as biolables. As such, their rapid developments have led
them to the usage such as immunoassay [17], time-resolved fluorescence imaging

[18], specific targeting [19], and DNA detection [20].

Another important area is in solar cell applications. The increasing

awareness of limited energy resources on earth has initiated many investigations in

12



Chapter 1: Introduction

search of alternative means of renewable energy supply. While solar energy is an
important source of clean energy, the efficiency of the current solar cell technology
is still lower than fossil and nuclear sources technologies. Fortunately, many
materials-based solutions are available to overcome this deficiency. One example
is to couple the rare earth doped nanophosphors, an excellent up-conversion
materials, with solar cells [21-26]. The nanophosphors are transparent colloids
which can be coated easily on the cells to act as a luminescent layer that can absorb
infrared radiation from the solar spectrum and emit as visible lights. By exciting
electron-hole pairs across the cell, the emitted energy is able to provide an
additional excitation (in addition to that occurring in silicon solar cells) that could

enhance the solar cell’s energy conversion efficiency.

1.2 Motivations

Since the synthesis of nanoscale materials is an important research field in
nanoscience and nanotechnology, many research efforts have been devoted to
producing high quality nanomaterials with more reliable, economical, and
environmental friendly methods. However, the emphasis has been mainly on the
synthetic methods for semiconductor nanocrystals and relatively less on rare earth
doped nanophosphors with complex crystal structures. This is because the
preparation of rare earth doped nanophosphors is a highly challenging task. For
example, cerium-doped yttrium aluminium garnet (YAG: Ce’) requires high
energy to overcome crystallization barriers and thus, achieving a pure garnet phase
is generally very complex. Conventionally, YAG is synthesized by a solid-state

reaction method which requires the heat treatment temperature above 1400 °C, but

13



Chapter 1: Introduction

this high reaction temperature would promote crystal growth into larger particle
sizes, which is not favorable for the synthesis of nanomaterials. Furthermore,
synthesizing nanophosphors with well-defined properties, such as controlled
particle sizes and distributions as well as a controlled morphology, is an additional
challenge to the preparative chemistry. Therefore, a material with a complex

crystal structure is an ideal model for the study.

In this study, YAG was chosen because it belongs to the garnet family,
which is probably the most complex crystal among all known oxides. Moreover,
qualities such as low thermal expansion, high optical transparency, low acoustic
loss, high threshold for optical damage, high hardness, and chemical and
mechanical stability [27, 28] make the YAG an important solid-state laser host
material. When it is doped with rare earth ion such as neodymium, it presents
ideal spectroscopic properties as a laser material. YAG is also known for its creep
resistance and is used in high temperature ceramic composites [29]. Currently,
YAG: Ce’" is an important phosphors material for white LEDs because its
absorption lies in the emitting spectrum of the source light (or blue LEDs). And
because of its strong blue absorption, YAG:Ce’" is potentially useful for
fluorescent labelling in biological systems as it can avoid the UV excitation and

reduce the auto-fluorescence background [30].

In summary, it is technologically beneficial to produce cerium-doped YAG
materials in nanosizes and to understand the size-dependence of their optical
properties in order to support applications in diverse fields such as quantum

electronics, non-linear optics, and photonics. It is notable that although the

14



Chapter 1: Introduction

synthesis of YAG: Ce’* nanophosphors is difficult, it is equally rewarding because
its success would provide a much-needed methodology to synthesize

nanomaterials with complex crystal structures.

1.3 Aim of the study

The main aim of this study is to synthesize highly crystalline cerium doped
yttrium aluminium garnet (YAG: Ce’) nanophosphors with particle sizes targeted
at less than 10 nm, 100 nm, and 300 nm and study the size effects on the optical

properties of YAG: Ce®".

1.4 Objectives

The study undertakes to achieve the following objectives as outlined below:

1. A synthetic method based on the emulsion technique is developed to
produce the nanophosphors with a targeted size of less than 100 nm and at a much
lower temperature than that required in a solid-state reaction method. This study
involves a thorough understanding of the crystallisation process of the garnet
crystal that linked the nature of the gel particles to their various stages of thermal
behavior. The study is further extended to investigating the state of nuclei
flocculation, the behavior of crystal growth, and the conservation of particle

morphology at high temperatures.

15
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2. An alternative synthetic method based on a nonhydrolytic approach is
developed with the objective to obtain as synthesized YAG: Ce’" with target sizes
of less than 10 nm and 300 nm. This emphasis resolves the problem of crystal
growth due to the post heat treatment process at high temperatures. Then, we seek
to understand the formation of the nanophosphors with a controlled morphology
through the usage of various precursors and with the aid of various capping agents,
and we study the role of the cerium dopant plays in the formation of the

nanophosphors.

3. Characterization of the structural properties of both the bulk and
nanophosphors, such as crystallinity and atomic distributions (in particular to the

surfaces of the nanophosphors), is discussed.

4. The size effects on the optical properties of the nanophosphors are studied
and discussed. This fundamental study would involve an understanding of the size-
dependence of the photophysical process relating to the structures and surface
defects. Together with a theoretical model, this understanding is extended to
account for the electron-phonon coupling with the purpose of elucidating the

phonon relaxation and the coupling strength.

In summary, in order to achieve the research objectives in this study, two
different synthesis methods based on the emulsion and solvothermal technique,
respectively, are used to produce the nanophosphors with targeted sizes. All
samples are characterized with respect to their physical, chemical, and optical

properties with the objective to elucidate the size-dependence of the optical
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properties of YAG: Ce*". The physical insight of Ce** optical responses is further
be unveiled by a theoretical model in particular on the size-dependence of the

electron-phonon coupling strength.

In Chapter 2, the progress of related research is identified and discussed,
and the areas that require further research works are highlighted. In Chapter 3, the
synthesis and characterization procedures are presented. The results are presented
and analysed critically in Chapter 4. Lastly, the research findings are summarized

and recommendations for future studies are made in Chapter 5.

17
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Chapter 2. Literature Review

Ce’* doped yttrium aluminium garnet (YAG: Ce*") was first discovered by
Blasse and Bril [31] in the early seventies. This finding excited the phosphor
community because the emission of cerium ion in YAG host material is in the
visible region of the electromagnetic spectrum, and unlike other Ce’" activated
phosphors, their emission spectra usually appeared in the high energy range, such
as in the UV and blue [32, 33]. Currently, the YAG: Ce*" nanophosphors have
attracted much attention from the industry and academia due to their uses in a
myriad of important applications (as highlighted in Chapter 1). However, there are
problems in synthesizing the YAG: Ce®" nanophosphors and still not much is
known on the size-dependence of the optical properties, especially the electron-

lattice relaxation process in the nanophosphors.

In this chapter, a review of work in the nanophosphors syntheses, size
effects on the optical properties, and theoretical framework to model the observed
optical responses is conducted with the objective to identify and discuss the
progress made so far, and to highlight the areas that require further works. The
review reports first on the syntheses of the nanophosphors and then the size-

dependence of their optical properties.

18



Chapter 2: Literature Review

2.1  Synthesis of Cerium doped YAG

The synthesis of YAG: Ce’" is a challenging task and usually requires a
very high reaction temperature in the solid-state reaction method to achieve a pure
garnet phase. However, the solid-state reaction is a difficult and laborious method.
Thus, there is a strong motivation to synthesize the material at a much lower
temperature. Some of the significant synthesis methods are reviewed in this

section.

2.1.1 Synthesis of the bulk phosphors (micron-sized)

Ropp [34] has described a detailed process for the manufacturing of YAG:
Ce’": The raw materials for the material formulation are yttrium oxalate hydrate,
aluminium oxide, and cerium carbonate. They are blended and milled twice with
blending in between. These mixed powders are then calcined at 1450 °C for 6
hours in air. After the heat treatment, the powders are crushed, milled, and sieved
through a 325 mesh screen, so that free-flowing powders are obtained. The oxide
powders are heat treated again at 1150 °C for 4 hours in 95% N, — 5% H,
environment to ensure the cerium ion is stabilized in a trivalent state. This high
temperature solid-state reaction method was summarized by Narita [35] (cf. in

Figure 2-1).
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Figure 2-1: A general concept of phosphor synthesis process

Narita further highlighted the importance of fluxes (such as alkali or alkali-
earth halides) in accelerating the crystal growth in a solid-state reactions method.
For instance, in the synthesis of Zinc Sulfide, the presence of flux reduces the
activation energy of crystal growth from ~89 to ~30 kcal/mol, so that they can melt
at the calcination temperature and provide the liquid phase during the heat
treatment. This liquid allows the ease of sliding and rotation of particles, which
promotes the particle-to-particle contacts and leads to an enhancement in the
particle growth. The aforementioned process description shows that the synthesis
of YAG: Ce’" through a solid-state reactions method is difficult and laborious
because the materials require calcination at a very high temperature ~1500 °C and
washing with a dilute acid to remove the residual flux reagent [1]. Furthermore, to
achieve a phosphor size in nanoscales using a solid-state reactions method is not
viable because the high temperature would have promoted large crystal growth.
Therefore, it is imperative to employ a simple process to crystallize high quality
garnet phosphors at low temperatures. In this study, nanophosphors are to be

synthesized through a chemical route.
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2.1.2 Synthesis of the nanophosphors (<200 nm)

This section specifically reviews the synthesis of garnet nanophosphors via
the soft chemistry routes. The methods used so far are mainly based on the
conventional chemical precipitation, reverse microemulsion, sol-gel, and thermal
treatment method, targeting at reducing the nanophosphors sizes and crystallizing
phosphors with a pure garnet phase at temperatures lower than that in the

conventional solid-state reactions method.

Chemical precipitation

Chemical precipitation can be used to obtained pure yttrium aluminium
garnet phase but only with a calcination temperature at 900 °C and above [36, 37].
This is because the intermediate phases such as perovskite and monoclinic are
present when oxide powders are calcined below 1000 °C. This finding is clearly
shown by the in-situ Raman monitoring of the synthesis of YAG using nitrates and
hydroxides as the starting materials [38]. Alternatively, a phase evolution study
using X-ray diffraction (XRD) and DTA/TG simultaneous thermal analysis also
shows the same findings [39]. The chemical precipitated nanophosphors are
usually irregular in morphology, larger than 20 nm in size, and they are highly

agglomerated.

This chemical precipitation method can be better controlled when the
chemical reactions are confined inside the aqueous-in-oil droplets (or emulsions).

Emulsion is a mixture of oil and an aqueous phase and these mixed phases are

21
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stabilized with the aid of surfactants. Reverse microemulsion is the system when
aqueous droplets are in the nano-size range and are stabilized by the surfactants in
the oil matrix. Vaqueiro et al. [40] investigated yttrium iron garnet nanophosphors
using co-precipitation in a reverse microemulsion approach. The method produced
carbonate precipitates ~3 nm in sizes. However, after calcination at 800 °C, the
precipitates were no longer stabilized inside the droplets due to the lost of
surfactants. They formed very large aggregates (~ 1 um) composed of irregular

garnet particles.

Sol-gel processing

Sol-gel processing is known to produce materials at low temperatures. For
example, the alkoxide precursors are able to form yttrium iron garnet at
temperatures above 675 °C [41]. Another example is the work by Veith ef al. [42]
which demonstrated that the alkoxide route can yield pure garnet phase at a low
temperature of 700 °C. These examples show that sol-gel can provide a significant
advantage because of the low temperature garnet formation and there are no other
impurities phases such as perovskite and monoclinic co-existing with garnet. This
finding is further confirmed by Ilida ef al. [38] who used in-situ Raman
spectroscopy to investigate the transformation of YAG from the alkoxide

precursor.

Solvothermal/ glycothermal

22
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Another way to reduce the reaction temperature is to carry out the chemical
reactions at some high pressure. This method is called the solvothermal in which

the non-aqueous precursors are reacted inside an autoclave.

Li et al. [43] employed the solvothermal method to produce nano-sized
YAG particles. The preparation involved mixing the carbonate precipitates with
ethanol in the autoclave and heat treating the precursor at 290 °C with pressure
increased to 10 MPa to form a garnet phase. Their TEM analysis showed that the

YAG particles were spherical, monodispersed, and about 60 nm in size.

Another example of a solvothermal method is achieved by Kasuya et al.
[44]. They synthesized cerium doped YAG nanophosphors with an average size in
20 nm. The precursors were stirred with a mixture of polyethylene glycol (PEG)
and 1,4-butylene glycol, and the final mixtures were then heat treated at 300 °C for
2 hours with pressure increased to a maximum at 4.9 MPa in an autoclave. This
process is also known as a glycothermal method because the glycol is used as the
solvent for the reaction. The results of the FTIR analysis revealed that the oxygen
atoms in PEG were coordinated to the metal ions in the nanophosphors. This
coordination helps to passivate the oxygen vacancies at the surface of the
nanophosphors, lead to an increase in quantum efficiency. Another notable feature
of PEG is it has prevented the oxidation of cerium from trivalent to tetravalent
state during and after the synthesis. Several reports using the similar process have

been reported elsewhere [45-48].
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There is another method called the polyol-mediated synthesis in which the
glycol is used as a solvent but in a non-pressurized reaction. A detail review by
Feldmann [49] shows the versatility of polyol process in synthesizing the well-
dispersed nanophosphors. But this method can only produce phosphor with a size
~30 nm or greater due to the limited solubility of the precursors in diethylene

glycol (DEQG).

Combustion

Combustion is an effective method in synthesizing nanophosphors. Lu et
al. [50, 51] has described the sol-gel polymer combustion [50, 52] for the synthesis
of cerium doped yttrium aluminium garnet. The precursors were prepared by
mixing the urea and metal nitrates with polyvinyl alcohol (PVA) to form an
aqueous solution. The mixture was then calcined in a reduced atmosphere at 1000
°C for 4 hours and resulted in agglomerated particles with an average size of 35
nm. They found that the nanophosphors emitted low luminescence intensity for
which they attributed the poor efficiency to the surface defective states. The origin
of these surface states is due to the discontinuity in the lattice periodicity and is
considered to be different from the bulk states. They further explained that the trap
level is related to the oxygen vacancy whose energy level is between the ground
and excited states of Ce’” ion. Another type of sol-gel combustion is to use
organic glycine as a fuel to synthesize garnet nanophosphors [53] which resulted in

agglomerated phosphors with an average size of 40 nm.
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Recently, Haranath et al. [54] have successfully synthesized cerium doped
YAG using the combustion method with urea added as the fuel. The process was
initiated by combusting a mixture of metal nitrates and water-ethanol solution in a
quartz tube with the furnace pre-heated at ~600 °C. The dried mixture became
foam during the vigorous reaction. The resulting particle size was ~40 nm and the
quantum efficiency was about 54 %. The authors believed that further reduction in
particle size to less than 5 nm could potentially enhance the photoluminescence

efficiency.

2.1.3 A lack of YAG: Ce*" with sizes of less than 10 nm

While the aforementioned soft-chemistry routes are able to crystallize
garnet nanophosphors at a temperature lower than that in the solid-state reactions
method, not much is known for synthesizing garnet nanophosphors with a size of
less than 10 nm. The reported garnet phosphors sizes are still limited to the tenths
of nanometers and they are agglomerated. = Without being able to produce the
phosphors with a size of less than 10 nm, the studies of the size-dependent optical
properties are not possible. Therefore, in this study, the method of producing
garnet nanophosphors with a size of less than 10 nm is investigated based on the

nonhydrolytic approach which is discussed in the next section.

2.1.4 Synthesis of the nanophosphors with particle sizes < 10 nm

A detailed review of the nanophosphors or quantum dots was reported by

Chander and Adair ef al. [55, 56]. The reported phosphors with a size of less than
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10 nm are mostly semiconductor and metallic materials. The synthesis
requirements for metal and semiconductor quantum dots are different from the one
required for insulating materials because both classes of materials have different
crystallization energies. Nevertheless, these methods used for synthesizing the

semiconductor and metal quantum dots could serve as references.

In general, the synthesis of quantum dots is very challenging because
nanomaterials are thermodynamically unstable (when compared with bulk
materials) [57]. The kinetic conditions must be carefully controlled so that the
crystal growth can be inhibited. This means that the quantum dots have to be
synthesized at a temperature that is sufficiently low and without any post-process
heat treatment. The common chemical synthesis for producing quantum dots can

generally be classified under hydrolytic and non-hydrolytic approaches.

Hydrolytic process

A common method of hydrolytic process is the reverse microemulsion.
The droplet (aqueous core) in the oil matrix provides a confined environment
where the chemical reactions can occur. For example, the semiconductor quantum
dots CdSe, can form through ion-exchanges when Cd'-containing-microemulsion
is mixed with Se’-containing-microemulsion and it is shown in Equation 2.1. This
particular approach is called the two-microemulsion. The schematic diagram in
Figure 2-2 shows that each aqueous droplet in oil is surrounded by surfactants.

After the ion exchange, the CdSe quantum dot is formed inside every droplet.
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However, for an insulating material such as the garnet, as described in
Section 2.1.2, the formation of garnet phase requires calcination at 800 °C which
causes ~3 nm micelles to aggregate and form ~1 um particles [40]. Hence, the
control of particle sizes of less than 10 nm through the reverse microemulsion

technique is difficult.

CdX~ (aq.) + M+Se = CdSe(s) + M" (aq.) + X" (aq.) 2.1)

Figure 2-2: A two-microemulsion method in synthesizing CdSe nanocrystal

Non-hydrolytic process

One of the non-hydrolytic processes is solvothermal synthesis, a versatile
method for preparing all classes of materials, namely metals, semiconductors,
ceramics and polymers. The process involves utilizing a solvent to facilitate the

chemical reaction of the precursors under a synergistic effect from both the
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pressure and temperature. The conditions used in the process depend on the type
of reactors. Typically, the pressure and temperature can range from 1 atm to
10,000 atm and 100 °C to 1000 °C, respectively. If the solvent used is an aqueous
based (a case of hydrolytic process), the method is referred as hydrothermal and its
process temperature is usually below the supercritical temperature of water at 374
°C. The morphology and size of the crystalline materials depend on the solvent’s
supersaturation, chemical concentration and kinetic control. In particular of

quantum dots, it is essential that:

1. The cation source in the precursor is soluble in the chosen solvent, and
ii. A capping agent is available to stabilise the quantum dots by arresting the

particle growth.

Some reagents can serve both as the solvent and capping agent, and some
are only served as solvents that facilitate the chemical reactions. The review below
will highlight some important reagents that have successfully been used to

synthesize quantum dots.

Oleic acid and alkylamine (e.g. oleylamine) can serve as the capping agent
in the synthesis of quantum dots. Their utilizations have been demonstrated in
various high quality semiconductor and magnetic nanocrystals [4, 58-61]. (High

quality means the particles are monodispersed and are highly crystalline).

Typically, the molecular precursors are thermally decomposed inside the

templates formed by the oleic acid and/or alkylamine dispersed in the high boiling
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solvent. An example is shown by Sun ef al. [62] in the preparation of
monodispersed magnetic nanocrystals. They prepared monodispersed Fe;O,4 with a
particle size less than 10 nm. These nanoparticles were obtained by reacting iron
(IIT) acetylacetonate with alcohol in phenyl ether and were facilitated by the aid of
oleic acid and oleylamine stabilizers at 265 °C. Due to the ease of process, a
similar synthesis was scale-up by Park ef al. [63]. They produced 40 g of
magnetite nanocrystals (12 nm) in a single reaction without any further size-sorting
process. They used the metal-oleate complex as the precursor and synthesized
solvothermally using the mixture of oleic acid and 1-octadecene at 320 °C. The
process is also versatile in producing a core-shell structure for a hybrid of
semiconductor and metallic nanocrystals with the aid of oleic acid and oleylamine

[64].

Non-magnetic quantum dots have also been successfully synthesized using
oleic acid and/or alkylamine as the capping agents. For example, O’Brien ef al.
[65] synthesized 8 nm barium titanate nanocrystals by thermally decomposing the
alkoxide precursors in the mixture of diphenyl ether and oleic acid at 140 °C.
Upon cooling, 30 wt% of hydrogen peroxide was added to oxidize the
nanocrystals. The particle size was highly uniform and they formed superlattices
that extended over several microns due to the strong van der Waals forces. Rare-
earths oxide nanocrystals, such as Y,03:Eu’", were synthesized by Wang et al.
[66] using carbonate-oleate complex solutions as the precursor. The precursor
decomposed thermally in the oleylamine at 220-300 °C and formed nanocrystals.

Other rare-earth phosphors such as rare-earth doped NaYF4 nanocrystals or
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nanorods (an up-conversion phosphors) had successfully been synthesized with the

aid of oleic acid [22, 23, 67].

TOPO is another reagent that can provide nanocrystals with some degree of
stabilization, but the size distribution varies and particles are irregular [68].
Fortunately, a combination of oleic acid/ alkylamine and TOP/ TOPO can improve
the synthesis because they act as both a solvent and stabiliser. Synthesis of high
quality CdSe nanocrystals with core-shell structures is possible when the mixture
of hexadecylamine, TOPO, and TOP is used [69, 70]. Different morphologies
such as CdSe tetrapods (with core in ~4 nm) are synthesized by controlling the
acidity of the cadmium-oleic acid precursor and selenium-TOP precursor [71].

Monodispersity of the nanocrystals is still maintained at a size of 10 nm [72].

A coordinating organic solvent can have dual functions: It controls the
crystallization route and stabilizes the nanocrystals from growing. An example of
this type of solvent is benzyl alcohol [73, 74]. Niederberger and co-workers have
demonstrated using benzyl alcohol as a versatile solvent in synthesizing various
metal oxides nanoparticles at relatively low temperatures of 200-220 °C [75-78].
Another example is by Ba et al., who has successfully synthesized indium tin

oxide in benzyl alcohol [79].

Another form of stabilizer that can be used is the mercaptosuccinic acid.

Chen and Kimura [80] have reported the preparation of gold nanoparticles by a

solvothermal reduction route. In this method, the hydrogen tetrachloroaurate
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tetrahydrate was reduced by sodium borohydride in the presence of the

mercaptosuccinic acid.

In summary, in view of various synthesis methods, a hydrolytic approach is
limited for synthesizing YAG nanophosphors (<10 nm). For instance, the reverse
microemulsion can produce amorphous micelles but they require calcination which
engenders crystal growth into larger size [40]. The high reactivity of water in sol-
gel precursor leads to an uncontrollable crystallization [41]. Nevertheless, this
approach can be used to synthesize nanophosphors of much larger sizes (>20 nm)
so that it can be used for studying the size dependent optical properties. By
contrast, the nonhydrolytic approach can yield high quality quantum dots which
allows studies of their size-dependent optical phenomenon [70, 81-83]. Therefore,
a non-hydrolytic process such as solvothermal is adopted in synthesizing garnet
nanophosphors because it can reduce the reaction rates, which in turn leads to a
better control in surface properties, particle sizes, morphology, and crystallization.
In addition, in this study, oleic acid, alkylamine, and benzyl alcohol are chosen as
the coordinating ligands due to their successful use in the synthesis of various
semiconductor nanocrystals. The synthesized nanophosphors (<10 nm) are used

for the size-dependent optical properties study.

2.2  Optical Properties of the Cerium doped YAG phosphors

Optical properties of cerium doped YAG phosphors are determined by the
electronic structure of cerium ion in garnet, whose crystal structure is one of the

most complex of all crystalline oxides [27] (the crystallography of garnet crystal
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can be found in Appendix A). Thus, many spectroscopic studies of cerium-doped
YAG are mainly focused on determining its energy levels. The next section,
which serves as the fundamentals for the subsequent size-dependent optical
studies, highlights the previous research findings and summarizes the electronic

structure of YAG: Ce”" bulk phopshors.

2.2.1 Electronic structure of YAG: Ce*' in the bulk state

Ce’” ion has the simplest electronic configuration ([Xe]4f') among the rare
earth ions. Its electronic transition in YAG is a 4f-5d configuration type. The
position of 4f state in this material was investigated by Pedrini et al. [84] through a
photoconductivity experiment. They found that the photocurrent rise intensely at
around 3.8 eV, which corresponds to the photoionisation threshold energy of Ce**
from the ground state to lattice conduction band. Since the fundamental absorption
edge of YAG measured by Slack et al. [85] is ~50,000 cm™ (~6.2 eV) (Figure 2-3),
the 4f ground state is calculated as 2.4 eV above the valence band of YAG host
material. This 4f orbital at the ground state is further split by spin-orbit interaction

into a doublet (2F7/2 and *Fs, states) with a separation of ~2000 cm’! [31].
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Figure 2-3: Energy level of Ce**in YAG

The position of 4f was further confirmed by Hamilton et al. [86] who used
the excited state absorption (ESA) spectra to predict the photoionisation threshold
as 30440 cm™, which is in good agreement with the previous ground state
photoconductivity result of 30650 cm™(3.8 eV) [84]. Another notable feature
found by Hamilton et al. [86] was that the lattice conduction band edge overlaps
with the second 5d state, the optical pumping into this region could cause a direct
excitation of the cerium ion whose electrons can populate the trapping sites

through the conduction band.

33



Chapter 2: Literature Review

In contrast to the well-shielded 4f states by the 5s* and 5p° filled shells, the
5d level is extremely host sensitive. It interacts strongly with the lattice, resulting
in a strong electron-phonon coupling and large crystal field effects, which further
split the 5d state into five different levels: A doublet (e,) at lower cubic level
(which is (3/5)A below the center), and a triplet (¢,,) at higher cubic level. This e,
level is further split by non-cubic components that pushes the lowest 5d state to an
exceptionally low level at 22,000 cm™ [87]. Hence, the two lowest 5d level are

located at 5.1 eV and 6.0 eV (Figure 2-3).

Although the position of the 5d doublet is confirmed, the position of the
triplet is controversial, because some reported that the bands present at 270 nm and
220 nm are the absorption bands associated with Ce® [31, 87-89], while others
claimed that these absorption bands are found in undoped YAG and are presumed
to be defects related [85, 90]. Fortunately, Tomiki and co-workers [91] were able
to identify all the 5d-states (when previously only three lines were identified) and
settle the dispute. Their results show that the positions are 2.7, 3.6, 4.7, 5.5, and

6.0 eV above the ground state ’F 5.

In summary, the excited optical transition of Ce’" in YAG is a transition
from 4f to the lowest 5d level. During the optical relaxation, the emission occurs
from the lowest 5d component to the doublet of the ground state which gives the
characteristic yellow emission observed in YAG: Ce’". The emission spectrum is
broad and ranged from 470 nm to 700 nm. It was reported that the luminescence
band composed of two overlapping bands centered at 520 nm and 580 nm (Figure

2-4) and each corresponds to the transition from the lowest 5d to the ground state
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’Fs), and 2Fyp, respectively [91, 92]. The broad spectrum indicates a large Stokes
shift between the 4f ground state and the phonon-broadened 5d excited state. The
typical decay time is about 70 ns for YAG: Ce’" because of the dipolar allowed
transition [91]. Ce’" in YAG shows parity and spin-allowed 4f-5d transitions in
the visible part of the electromagnetic spectrum. Furthermore, its absorption and
emission spectra show a mirror symmetry which indicates that the potential energy

surfaces for ground (550 nm) and excited states (460 nm) are similar (Figure 2-4).

PL Excitation

Intensity (a.u.)

v T ' T Y T ’ T Y T v T Y T ; T Y
300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 2-4: Luminescence spectra of YAG:Ce**
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2.2.2 A lack of the size-dependent optical studies for YAG: Ce**

The electronic structure of cerium ion in YAG (as in the bulk state) has
been reviewed in the last section. However, still not much is known on the optical
properties of the same material in nanoscale. The main reason is the difficulty in

synthesizing garnet nanophosphors.

There are a few studies on the YAG: Ce*" nanophosphors (as described in
Section 2.1), but they emphasized on aspects such as the synthesis chemistry or
crystal phase transformation, and very few discussed the size effects on the optical
properties.  Furthermore, the investigations on productions for YAG: Ce’*
nanophosphors with sizes below 10 nm are sparse and thus the progress in size-
dependent optical studies is impeded. Another aspect that is inadequately
addressed for YAG: Ce’" is the size-dependence of the electron-lattice relaxation
process. In other words, not much is known on the influence of the YAG
nanoenvironment on the electron-phonon interactions, an issue of both

fundamental and technological importance.

2.2.3 Configurational Coordinate Diagram

Before discussing the factors such as the particle size that influences the
optical properties of phosphors, it is useful to describe the photophysical processes
through a configurational coordinate diagram [1]. This diagram is used to analyze

the optical properties of rare earth ion or optical center doped phosphors.
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The diagram in Figure 2-5 contains the potential energy curves that
represent the total energy of an optical center at its ground state and the lowest
excited electronic state in a host lattice. For simplicity, the diagram shown in
Figure 2-5 represents an isolated optical center and neglects the effect of the
distance ions. The ground state energies are separated into different energy levels
and each of this level is called a Stark state. While the lowest ground state energy
is the lowest occupying energy state, other ground state levels are occupied when

the lattice is heated up above 0 K.
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Figure 2-5: A configurational coordinate diagram [1]

Excitation process (absorption)

An optical centre absorbs a sufficient amount of energy from an irradiating

source and becomes excited. According to the Franck-Cordon principle [93], the
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electronic transition can occur instantaneously from the equilibrium interatomic
position A to B (Figure 2-5) while the nuclei being more massive than the electron
is stationary during the transition (this is also known as the adiabatic

approximation).

Emission process (photoluminescence)

After the optical center absorbs enough energy and transits from A to B
(Figure 2-5), it goes through all the levels of Starks states and reaches the lowest
excited energy state at position C, at which point the emission of photon starts to
occur. The emission of photon causes the electronic transition to relax from
position C to D, which is also known as the radiative decay. The transition is
further relaxed by going through all the level of Starks states in the potential
energy curves and finally, it reaches the thermodynamically equilibrium position A
to complete the cycle. It is noted that when two configurational coordinate curves
intersect each other at E), a nonradiative transition occurs by dissipating the
excitation energy through the vibrational processes in the lattice. When the
phonon vibration is dominating the overall electronic transition, the emission

intensity reduces to zero.

Spectra line shapes

For a two energy level quantum system, one should expect an absorption

(emission) spectrum to be a single line at a frequencyv, =E,—E;/h, E and

E, are the excited and ground state energies, respectively. However, the observed
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optical response is always consists of a band due to line-broadening mechanisms.
By relating the line-shape function to the transition cross section, a spectrum line

shape can be calculated as follows [94]:

o(v)=Sxg(v) (2.2)

where o(v)is the transition cross section, S = J.: o(v)dv represents the transition

strength for the radiation absorption (or emission), and g(v)is the line-shape

function with units of Hz"'. The line-shape function determines the shape of the
spectrum band and contains information about the optical center-system
interactions. The minimum linewidth of an optical band is due to the life-time of
the excited state, arising from the Heisenberg’s uncertainty principle AvAr <1/2rx,
where Avbeing the full frequency width at half maximum of the transition and
At is the life-time of the excited state. This type of broadening is so-called the
homogeneous broadening, assuming all optical centers are identical and contribute
similar line-shape functions to the spectrum. The other type of homogeneous
broadening is due to the dynamic distortions of the crystalline lattice coupled with
harmonic oscillator vibration. Homogeneous broadening mechanism gives rise to

a Lorentzian line shape with the line-shape function [95] as:

Av/2r
(v—v,)’ +(Av/2)

gv)= (2.3)

In cases when different optical centers are present, the spectrum band shape

is a convolution of the line shapes of various centers. Weighted by their respective
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concentrations, the band broadened inhomogeneously, leading to a Gaussian line

shape:

Av\ &

/2 (v—v,y 2><ln2
g(v)=i[ln—2j As) (2.4)

2.2.4 Factors to be considered in the size-dependent optical study

Based on the photophysical processes described through the
aforementioned configurational coordinate diagram, the factors such as the Stokes
shift, covalency, surface states, and electron-phonon interactions are important
factors to be considered in the size-dependent optical study for YAG: Ce’",
because they cause an energy shift in the optical spectrum while reducing the
particle size [96]. It is noted that other factors such as the site symmetry and
selection rules are equally important, but they are more influential for study in the
changes of optical responses of a given ion in different host materials, which is

beyond the scope of this study.
The Stokes shift

When an optical centre absorbs a sufficient amount of energy, it becomes
excited. According to the Franck-Cordon principle, the vertical electronic
transition can occur instantaneously from the equilibrium interatomic position A at
the ground state to position B in the excited state, while the nuclei being more

massive than electron is stationary during the transition (Figure 2-5). Like the
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ground state, Stark state can happen in the excited state but with different
interatomic distance. For the activator in the excited state, the spatial distribution
of its electron orbital spreads wider than that in the ground state, giving rise to a
difference in the electron wave-function overlaps with neighbouring ions [1]. The
expansion of the electron orbital further induces the readjustment of the
interatomic equilibrium position and the bonding force of the molecules; this is the

origin of the Stokes shift.

Cerium ion in cryptand ligand (Figure 2-6) is a good example to illustrate
the effect of sizes on the Stokes shift [97]. Cryptands are a family of synthetic bi-
and polycyclic multidentate ligands that can encapsulate a variety of cations [98].
The structures of these complex molecules are three dimensional analogues of
crown ethers. One of the most common cryptand is [2.2.2] cryptand; its
International Union of Pure and Applied Chemistry (IUPAC) name is 1,10-diaza-
4,7,13,16,21,24-hexaoxabicyclo [8.8.8] hexacosane. The numbers inside the
bracket [2.2.2] indicate the number of ether oxygen atoms that forms the binding

sites in each of the three bridges between the capping amines.
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Ce?*in [2.2.1] Ce3*in[2.2.2]
Stokes shift: 2100 cm-1 Stokes shift: 4000 cm-1

Figure 2-6: The structures and Stokes shifts of the [2.2.1] and [2.2.2]
cryptand ligands encapsulating a cerium ion (purple)[2]

Figure 2-6 shows cerium ion being encapsulated in the cryptand ligands of
two different cavity sizes. They emit differently due to different Stokes shifts.
The 2.2.1 cryptand is smaller than 2.2.2 cryptand, and in fact, the 2.2.1 cryptand’s
cavity size is just large enough to encapsulate a single cerium ion. Hence, upon
excitation, the 2.2.1 cryptand has less space for the cerium’s expansion than that of
the 2.2.2 cryptand, leading to the former emitting light with a smaller Stokes shift

than that in the later.

The 2.2.1 cryptand acts as a stiff environment, suppresses the electron
cloud expansion, and has constrained the amount of change in its equilibrium
position. So the displacement of its configurational coordinate diagram (Figure 2-
7) is little, resulting in small Stokes shifts. The emission band of the [Cec22.17
appears at higher energy, a blueshift in emission energy as compared to that

observed in the [Cec2.2.2]*". A similar phenomenon can also be observed in
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other materials: A blueshift in its photoluminescence emission when the size is

reduced [99].
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Figure 2-7: A comparison of the Stokes shifts of the [Ce =2.2.1]*" and
[Ce=2.2.2]** based on the displacement of the configurational coordinate
diagram

Covalency

The covalency between the optical center and ligand is affected by
electronic interactions between them and is closely related to changes in the
phosphor size, which is usually revealed in the electronic transition energy shift.

This phenomenon was reported by Igarashi and others whose works show that

43



Chapter 2: Literature Review

reduction in the degree of covalency with decreasing particle size can cause a

blueshift in the excitation peak [100].

It is also noted that covalency is related to the electron-phonon coupling
strength (an important factor to be discussed later) as suggested by Jose and others.
They showed that an increase in coupling strength with higher amounts of CdSe in
the glass is an indication of high covalency [101]. Vink and Meijerink also
suggested a similar result whereby a high degree of covalency in the chromium ion

doped garnet material leads to a strong electron-phonon coupling [102].

Surface defective center

Surface defective centers are known to have detrimental effects on the
optical responses of the nanophosphors because their presence are more significant
than that in the bulk state and they act as trapping sites for the exciton [103-105].
Several mechanisms have been proposed to explain the effect of surface

characteristics on the optical properties in nanomaterials [7, 106, 107].

While studies of surface effects have provided insight into the influence of
surface characteristics on optical properties and the method in determining the
residing location of the optical center, many research efforts have been devoted to
enhance the fluorescence of nanocrystals through the removal of surface defects
chemically [108, 109]. For example, surface can be passivated through a core-

shell structure approach [69, 70, 81, 110].
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Surface defects in the nanocrystal also may have a consequence on the
electron-phonon coupling, a factor that is reviewed in the next section. Chen and
others [111] suggested that the trapping of electrons or holes at the surface defects
may impede the recombination of the exciton, which in turn may affect the phonon

interaction strength.

Electron-phonon interactions

An interaction of a lattice of two-level molecules and a bath consisting of
nuclear (intramolecular, intermolecular, and solvent) degrees of freedom can be
described by a Frenkel-exciton model Hamiltonian, also known as the Holstein

molecular crystal model [112]:

H=YQ (BB, +>.J,(q)BB, +H" (2.5)

m,n

: . g o1 - . th
Here B! B, represents exciton annihilation (creation) operators for the n™ molecules,

q is the nuclear coordinates, and H™is the bath (phonon) Hamiltonian. The

excitonic operators fulfill the bosons relations(B!)* =B’ =0, [B!,B,]1=5,, , with

m?

each site label n associating with a two-level system.

Electron-phonon interactions stem from the dependence of molecular

frequenciesQQ (diagonal coupling) and the intermolecular couplingsJ, (off-

mn

diagonal coupling) on nuclear coordinates q. The bath Hamiltonian in Equation

2.5 adopts the Einstein phonon Hamiltonian H™ = zn haoyb'b

n~n?

where b/ creates a
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phonon of frequency @, on site n, and thereby creating one Einstein oscillator per

molecule, or a quantum harmonic oscillator per molecule.

Expanding Q (q) of Equation 2.5 to the first order in phonon coordinate q,
it reads Y Q,(q)B}B, =), Q,(q=0)B]B, + H ™ with the diagonal coupling term

as follows:

s — ghw,> BIB,(b] +b,), (2.6)

g is a dimensionless diagonal coupling constant. Expanding J (q) of Equation

mn

25 to the first order in phonon coordinates q, it reads

m n m n

ZmﬂJmn(q)BTB Z o (q=0)B'B +H* with the transfer integral

Jw(q=0)=-J5

n,m=l

and the off-diagonal term [113, 114] as follows:

]:]()d—_¢hwoz n n+1(bT+b)(5+11 5n1)+BTB 1(bf+b)( nl nll)] (2.7)

nl

Equation 2.7 is assumed with a nearest-neighbour coupling of the antisymmetric

type @, a dimensionless parameter controlling the off-diagonal coupling strength,

and the second term of Equation 2.7 is the Hermitian conjugate of the first.

H™and the zeroth-order intermolecular term, together with Equation 2.6
and Equation 2.7, form the modified Holstein Hamiltonian (The original Holstein

Hamiltonian contains only the diagonal coupling) [115]. There are two energy
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scales, namely the lattice relaxation energy g’w,and the bare exciton bandwidth

4J, in the Holstein Hamiltonian whose ratio denotes the electron-phonon coupling
strengthx = g’w, /4J . This coupling strength, also known as the Huang-Rhys

factor, determines the size of the polaron and the electron-phonon interactions.
For strong electron-phonon coupling (x> 1), small polarons are resulted due to
the exciton-induced lattice distortion, confining to essentially a single exciton site.
By contrast, for a weak electron-phonon coupling (x <« 1), large polarons are

resulted as the spatial extend of the lattice distortion is significantly increased.

In general, the host lattice is always experiencing vibrational waves due to
the thermal motion of the atoms. While these waves are scattered by atoms and
defects in the lattice, the energy and momentum of the waves can be carried by the
phonons and are distributed throughout the lattice. The excited electron of the
optical center dissipates its energy through the coupling with the vibrational waves
of the lattice. Thus, the lattice size plays an important role in the optical properties
of phosphors, especially when their host lattices are reduced to a nanoscale, which
leads to the importance of studying the size-dependent electron-phonon coupling

strength.

The size-dependent electron-phonon coupling strength in semiconductor
nanocrystals was clarified by Takagahara through two coupling mechanisms [116].
He explained that when the crystal lattices experience a lattice displacement due to
a thermal vibrational waves, their electronic energy structure changes in accord to
a strain tensor and a proportionality constant, also known as the deformation

potential coupling. In polar semiconductors, their lattice polarization is a result of
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the lattice strain, which in turn interacts with an electron, an effect of piezoelectric
coupling. The potential energy of the lattice polarization in the electric field
induced by an electron gives rise to the electron-lattice interaction Hamiltonian.
This deformation potential together with the piezoelectric coupling mechanism,
render the electron-phonon interaction with acoustic phonon modes in

semiconductor nanocrystals.

Effects of sizes on the electron-lattice coupling strength are shown by
several research studies [99, 117]. They showed that the coupling strength
decreases with reducing particle size. A similar result was obtained in quantum
wells: Sun ef al. [118] observed that the strength of exciton-phonon coupling was

effectively reduced while decreasing the well width.

The electron-phonon coupling can be determined in a number of ways. For
example, one method is to measure the line width increment and the spectral shift
as a function of temperature [118, 119]. Alternatively, one can deduce the
coupling strength from the ratio of the second to first order Raman scattering

intensity using the resonant Raman scattering measurement [99].

While the coupling strength can be probed experimentally at low
temperature, similar physical insight can be obtained through treating the observed
Ce’" optical response in YAG with the multimode Brownian oscillator model
(BO), a theoretical framework that is commonly used to model optical responses
during the excited-state relaxation in solutions and solids. In the BO model, a two-

level electronic system is attached to a few primary oscillators, which in turn are
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coupled linearly to a bath of secondary oscillators [120, 121]. Dissipation
mechanisms, responsible for spectra broadenings, are thus introduced into this

combined system of electronic and phononic degrees of freedom.

BO model has been successfully adopted in several studies. For example,
Hu et al. [122] found that the calculated the excitonic coupling between adjacent
transition dipole is in good agreement with the measured absorption spectrum of
20-base homogeneous adenine stacks. The same model has also been applied by
Shi et al. [123] to determine the electron-phonon coupling strength and the
coupling coefficient of the bath modes in ZnO. Similarly, Xu et al. [124] studied
Si-doped InGaN quantum dots and used the BO model to characterise the coupling

strength and the damping constant.

In this study, the influences of the YAG nanoenvironment on Ce’" optical
responses are studied through considering the factors such as the Stokes shift,
covalency, and surface states. The size-dependent electron-phonon coupling is
investigated through fitting the measured photoluminescence spectra within the

framework of the Brownian oscillator (BO) model.

2.2.5 The Brownian oscillator (BO) model

The BO model is based on the work of Lax [125] and Kubo [126, 127]
which have treated the spectrum line shape of linearly coupled electron-phonon
systems through a second-order cumulant expansion. In this model, the dissipation

mechanisms are introduced into the harmonic quantum oscillators by coupling the
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primary oscillators linearly with secondary oscillators that are distributed

continuously in a bath mode [120, 128-130].

The system is a two electronic-level system with primary nuclear
coordinates coupled linearly to the electronic systems and the Hamiltonian is

assumed as [120, 121]:

H:|g>Hg<g|+|e>He<e|+H’ (2.8)
where
p, 1
H, =Z|:2n; +Emja)qu} (2.9)
J J
Pl 2
Hezha)fg+2{2n; +5mjwj(qj+dj) } (2.10)
J J
and

2
P 1 ) ¢,.q.
H=)|"—+—mao -y = 2.11
Z[M : H(Qn 2 ]] (2.11)

Here, the parameters p; (P,), q; (On), m; (m,), and w; (w,) represent the
momentum, coordinate, mass, and the angular frequency of the jth (or nth) nuclear

mode of the primary (or bath) oscillators, respectively. d; is the phonon
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displacement for the jth nuclear mode in the excited electronic state. /o', is the
energy separation of the purely electronic levels. H’ describes the bath oscillators

and their coupling to the primary oscillators with a coupling strength c,,.

The linear absorption and the photoluminescence spectra line shapes can be

calculated from a spectral broadening function g(?):

Oy (@)= %Rej.:dt exp [i(a)—a)fg —xlj)t—g(t)} (2.12)

Iy (@)= %Rejow exp [i(a)—a)fg +/1)t—g* (t)} dt (2.13)

where moeg is the pure electronic transition frequency or is commonly known as the
zero-phonon line, A=SAw, o is the Stokes shift, and g*(7) is the complex conjugate
of the spectral broadening function g(#). The details of the model can be found in

Appendix B.
2.3 Summary

In conclusion, previous research works on the YAG: Ce’" is limited to the
tenths of nanometers, and little is known about synthesizing the garnet
nanophosphors with a size of less than 10 nm. This has hindered the progress in
understanding the influence of YAG nanoenvironment on Ce’" electronic
transition, especially in the absence of studies on the size-dependence of the

electron-phonon coupling for YAG: Ce’*. Therefore, in this study, highly
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crystalline YAG:Ce®" nanophosphors with particle sizes of less than 10 nm, 100
nm, and 300 nm are synthesized and size effects on the optical properties are
examined. A theoretical model is employed to treat the observed Ce®" optical
responses in order to reveal the coupling strength of the electron-phonon

interaction.
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Chapter 3: Experimental Procedures

3.1 Introduction

To achieve the objectives of this study, the YAG: Ce’" nanophosphors with
sizes of less than 10 nm, 100 nm, and 300 nm were synthesized before their optical
properties were characterized. The bulk phosphor was supplied by a phosphors
manufacturer.  The doping amount was 2 mole % of cerium in YAG
(Y2.04Ce0,06Als012) as stated in the product specification sheet. This doping
amount was clarified by the supplier [131] and further verified by the x-ray
fluorescence (XRF) analysis (PANalytica PW2400 XRF System, The
Netherlands). Since the nanophosphors were compared with the commercially-
available YAG: Ce’" bulk phosphors, their cerium doping levels were the same as

that in the bulk materials.

The nanophosphors with a size of less than 100 nm were attempted using
the chemical gelation method. The result showed that the nanophosphors with a 30
nm size were obtained after calcination at 900 °C. Another method based on the
solvothermal reaction was sought to resolve the synthesis problem. Aided by the
capping agents, the nanophosphors with a 5 nm size were produced. The
solvothermal method was used to further grow the nanophosphors to a 250 nm
size.  After synthesizing all the targeted nanophosphors sizes, they were

characterised according to their physical, chemical, and optical properties.
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Modeling of the broad emission peaks of the bulk and nanophosphors was done

using the multimode Brownian oscillator model.

3.2 Synthesis of the 30 nm nanophosphors via the chemical

gelation

Materials:  Yttrium oxide (Y203, 99.9 %) and cerium (III) carbonate
hydrate (Ce(CO3)3xH,O, 99.9 %) were supplied by Advanced Materials
Resources  (Europe) Ltd, UK, aluminum hydroxychloride solution
(Al,(OH)sCI1-:3H,0, 12 % metal basis) was purchased from Clariant Functional
Chemicals, USA. The surfactant used was sorbitane monooleate (Span® 80) and
was purchased from Sigma. Hydrichloric acid (HCI, 36 %) was purchased from
Univar. The organic solvents (toluene, acetone ,and ethanol) were all of analytical
grade. Ammonia gas (99 %) was purchased from National Oxygen Ptd Ltd,

Singapore. All reagents and chemicals were used as received.

Synthesis Procedures: Aqueous yttrium chloride solution (YCls;-xH,0)
was prepared by dissolving the yttrium oxide (Y,0O3) powders in an excess amount

of hydrochloric acid (Equation 3.1).

Y,0; + 6HCI — 2YCl; + 3H,0 (3.1)

Stoichiometric amounts of aluminum hydroxychloride (Al (OH)sCl) and
cerium carbonate (Ce,(CO3)3) were added to the aqueous yttrium chloride solution

to form a mixed chlorides solution. The as-prepared mixed chloride salt-solution
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and 0.3 wt% sorbitane monooleate (Span® 80) were added slowly into the toluene
to form water-in-oil (w/0) emulsion which was then stirred to homogeneity.
Ammonia gas was introduced slowly into the emulsion to cause gelation of the
particles. The precipitates were centrifuged and washed thoroughly with acetone,
ethanol, and deionized water. The washed precipitates were then dried in an oven
at 80 °C for 10 hours, and followed by heating the dried precipitates using a muffle
furnace (HT10/18, Nabertherm, Germany) in air at a heating rate of 10 °C/min
from ambient temperature to 800 °C, 900 °C, 1000 °C and 1300 °C for 2 hours and

1600 °C for 8 hours.

3.3 Synthesis of the 5 nm nanophosphors via the solvothermal

method

Materials: Ammonium carbonates ((NH4),COs3), oleylamine (70 %,
technical grade), and oleic acid (99%, reagent grade) were purchased from Aldrich.
The organic solvents (toluene and methanol) were all of analytical grade. All

reagents and chemicals were used without further purification.

Synthesis Procedures: Mixed yttrium, cerium, and aluminium carbonates
were prepared by precipitating the mixed chloride solutions (the preparation of the
mixed chloride solution was described in Section 3.2) using ammonium
carbonates. The mixed metal carbonates precipitates (0.7 mmol) were then
dissolved in oleic acid (10 g) in a sealed bottle with vigorous stirring to form a
yellow transparent metal-oleate complex solution. One gram of the complex

solution was extracted and mixed with oleylamine (4 g). This mixture was
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transferred into a Teflon cup (45 mL), slid into steel autoclave, and carefully
sealed. The autoclave was heated in an oven at 300 °C for 6 days. After cooling,
methanol was added to cause the precipitation. The resultant precipitate was
collected by centrifugation and redispersed in toluene to form a yellow transparent

colloid.

3.4 Synthesis of the 250 nm nanophosphors via the solvothermal

method

Materials: Yttrium(III) isopropoxide, Aluminum tri-sec-butoxide (99.99
%), cerium(IIl) nitrate hexahydrate (99.999 %), 2-propanol (anhydrous, 99.5 %),
2,4-pentanedione (99 %), benzyl alcohol (anhydrous, 99.8 %), trioctylphosphine
oxide (TOPO, 99 %), and oleic acid (99%, reagent grade) were purchased from
Aldrich. The chloroform (99.5 %) was purchased from Fluka. All reagents and

chemicals were used as received.

Synthesis Procedures: The whole procedure was carried out in a
glovebox to prevent any partial hydrolysis by atmospheric moisture. The precursor
solution was prepared by dissolution of ytttrium(IIl) isopropoxide (4.5 mmol),
aluminium tri-sec-butoxide (7.6 mmol), and cerium(III) nitrate hexahydrate (0.09
mmol) in anhydrous 2-propanol (70 mL) with magnetic stirring. Next, the
chelating agent 2,4-pentanedione (12 mmol) was added to cause the complexation
of the precursor with vigorous stirring. The prepared precursor solution (2 mmol)
was then mixed with anhydrous benzyl alcohol (14 mL) together with TOPO (13

mmol) and oleic acid (5 mmol) with stirring. The reaction mixture was stirred for
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a few minutes and transferred to a Teflon cup (45 mL), slid into steel autoclave,
and the flask was carefully sealed. The autoclave was taken out from the glovebox
and heated in an oven at 250 °C for 9 days. After cooling, the resulted bright
yellow precipitate was washed with chloroform and collected by centrifugation.
Subsequently, the precipitate was dried in air at 60 °C overnight. The undoped
YAG was prepared with the same method except the precursor solution contains

no cerium ion content.

3.5 Characterisation of the chemical, physical and optical

properties

Electron microscopy: Transmission electron microscopy (TEM) and high
resolution TEM (HRTEM) images were collected digitally using a multiscan CCD
camera connected to the JEOL miscoscope (JEOL-2010, Japan) operated at 200
kV and fitted with a low background Gatan double tilt holder. The point resolution
and spherical aberration coefficient (C;) of the TEM are 1.9 A and 0.5 mm,
respectively. Simulated images were calculated using the Multislice method [132].
Digital filtering and tests for local symmetry were processed using the fast Fourier

filtering methods in the program CRISP [133, 134].

The TEM samples were prepared by depositing one or more drops of
phosphors dispersions on 300-mesh copper-supported amorphous carbon films. It
is noted that the multiple washings of the nanophosphors to remove the organic

capping agents were an essential step for characterizing the garnet crystal structure
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using HRTEM in phase contrast. However, an adverse effect was that the

nanophosphors were aggregated as a result of the excessive washing.

Field emission scanning electron microscopy (FESEM) micrographs were
obtained using JEOL (JSM-6340F, Japan) with a resolution of 3 nm. The FESEM
samples were prepared by tapping the powders onto the carbon tape. The samples
were sputtered with platinum for 60 seconds to prevent charging during the

imaging.

In order to determine the mean phosphors particle sizes and the
corresponding particle size distribution, 300 or more particles were measured from
the micrographs for each sample and presented as a histogram. In case of non-
spherical particles, a procedure of averaging the long and short axes of the particles

was performed to determine the particle sizes.

X-ray diffraction (XRD): The crystal characteristics of the phosphor
samples were investigated using powder x-ray diffraction in reflection mode on a
Shimadzu diffractometer (LabX XRD-6000, Japan) fitted with Cu-tube (CuKa
radiation) operated at 50 kV and 50 mA. Soller slits are present in the divergence
and diffracted paths to limit the x-ray beam divergence and a monochromator in
the secondary optics is used to reduce background. The scans were collected from
samples rotating around the holder axis over the angles 10 ° to 145 ° with a 20 step
size of 0.02 ° at a scan rate of 0.15 °/min. Divergence, anti-scatter, and receiving

slits 0f 0.5 °, 0.5 °, and 0.3 mm, respectively were inserted.
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The crystal structure of the garnets was refined by Rietveld analysis using a
fundamental parameter approach in the program TOPAS [135, 136]. The starting
model for refinement was based on the crystallographic data published for YAG
[6]. The symmetry /a-3d was used for all samples refinement calculations. For
each set of data, a four-coefficient background polynomial, a zero error, and a
sample displacement were refined sequentially. Then, the refinement was
followed by unit-cell parameters, scale factor, and peak shape. Isotropic
temperature factors were refined the same for all atomic positions. Special atomic
positions were fixed, hence only the oxygen positions were refined. The quality of
Rietveld refinement was evaluated according to the discrepancy factor and the
goodness-of-fit indicator. The determination of the volume-weighted average

crystallite sizes was achieved by the line-broadening analysis.

X-ray Photoelectron Spectroscopy (XPS): XPS measurements were
performed on a PHI 5600 XPS system (Physical Electronics, USA) with a Mg Ko,
x-ray radiation source (1253 eV) at a scan range of 0-1000 eV binding energy.
The system is powered at 300 W/15 kV and is equipped with a multi-channel
detector to investigate the chemical composition of the nanophosphors (in
particular to the determination of the oxidation state of cerium). The
nanophosphors powders were dusted onto a polymeric based adhesive tape on a
sample holder. The vacuum level of the analysis chamber was at 8.0x10™ torr.
High resolution spectra for cerium were recorded in a selected range of 870 to 930

eV. Binding energies were calibrated by setting C 1s to 284.71 eV.
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Binding energy of C 1s is normally calibrated at 285.00 or 284.80 eV.
However, in order to accurately calibrate the binding energy, a measurement was
performed on an empty sample holder. The binding energy obtained was 284.7
eV, with a difference of about 0.1 eV when compared to 284.8 eV, revealing that

some hydrocarbon was adsorbed on the sample holder.

Peak deconvolution and fitting were performed with computer assisted
surface analysis XPS (CASAXPS) software [137]. The Ce 3d3, and 3dss, lines
were fitted using a Voigt function with 30% Lorentzian character and included a
Shirley background. The components of the Ce peaks were constrained by setting
the Ce 3d;,/Ce 3ds), ratio for the spin-orbit doublets to the theoretical ratio of 2:3
[138] and the full width half maximum (FWHM) ratio was assumed to be unity

[137].

X-Ray Fluorescence (XRF): XRF measurements were performed on a
PW2400 XRF System (PANalytica, The Netherlands) with an x-ray source at a
power 3 kW and a multichannel analyser to determine the compositions of the

commercial bulk phosphor.

Thermal behaviour: Simultaneous differential thermal analysis (DTA) /
thermogravimetric analysis (TGA) were performed on a Netzsch (STA449C,
Germany). The samples were investigated in air with a flowing rate of 10 °C/min
and the temperature range was between room temperature to 1200 °C. TGA/ DTA
were sought to determine the temperature of decomposition, phase transformation,

as well as the weight loss of the dried precipitates.
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Surface area: Surface area was measured using the Brunauer-Emmett-
Teller (BET) method (N, chemisorption) on an automatic surface area analyzer

(Quantachrome NOVA 2000, USA).

Photoluminescence (PL) and photoluminescence excitation (PLE): The
optical properties of the samples were measured using a Fluorescence
Photospectrometer (Varian Cary Eclipse, Australia) at room temperature. The
sample was excited with a Xe pulse lamp, a single source with exceptionally long
life, horizontal beam geometry. Following the lamp is a Czerny-Turner type of
monochromator with a 0.125 m focal length. The emitted light was collected by a
focusing lens and analysed through an emission monochromator before reaching
the red-sensitive R928 photomultiplier tube detector. In emission spectra (PL), the
excitation wavelength is fixed and the emitted light intensity is scanned in a certain
wavelength range in between 200-900 nm. In excitation spectra (PLE), the
emission monochromator is fixed at a desired emission wavelength while the
excitation wavelength is measured by means of scanning in a certain wavelength

range that is shorter than the fixed emission wavelength.

PLE, a useful technique to explore the optical properties of the
nanophosphors, depends on the photon density of radiation, that is, the transition
may not be observed in the PLE spectrum if the photon density is zero, even if the
absorption transition between the two states occur [7]. So only the radiative

transition could be observed in PLE.
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The quantum efficiency was measured using the method described by
Demas and Crosby [139]. The commercially-available bulk phosphors with
efficiency of ~70% [54, 87] was used as the standard when the efficiency was
acquired for the 30 nm and 250 nm nanophosphors. The organic dye (rhodamine
6G) with efficiency of ~95 % was used as the standard [140, 141] when the
efficiency was acquired for the 5 nm nanophosphors (a transparent colloid). The

dye was prepared with the same concentration as the nanophosphors.

Fourier Transform Infrared spectroscopy (FTIR): FTIR spectra were
acquired on a Perkin Elmer Spectrum GX FT-IR spectrometer (USA) to
characterise the bond stretching vibrational spectrum of the compositions in the
nanophosphors. The transmission IR spectra were collected over the range of 400

to 4000 cm™.

Raman spectroscopy: Raman spectrum was measured in micro-Raman
backscattering configuration (WITec alpha 300 Raman, Germany). The
measurement was used as a reference for the determination of the optical phonon
frequency of YAG: Ce’*. The laser (wavelength 633 nm) was used as the
excitation source so that the fluorescence spectrum did not interfere with the
Raman signal. The laser light was focused onto the sample using a 100x objective
lens and the backscattered Raman signal were recorded on a CCD camera. The

spectrometer was operated in a confocal mode setting.
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3.6 The multimode Brownian oscillator model

In this study, we adopted a simplified form of BO model to fit the
measured photoluminescence spectra. Only one single primary oscillator, the
optical LO phonon, was assumed with frequency w; = w;o. The dissipative bath
was assumed to be Markovian with a coupling strength y; (i.e. its coupling strength
y with the bath mode is constant). The three control parameters for this model
were the frequency of primary oscillator (w;), damping coefficient (y;) that
characterize the coupling strength between the primary and bath oscillators, and

Huang-Rhys factor (S)) labeling the electron-LO-phonon coupling strength [142].

The photoluminescence (PL) spectra line shape for this simple case could

be calculated from the spectral broadening function g(2):
1 ® . ®
I, (a)):;ReIO exp[z(w—a)fgntl)t—g (t)}dt (3.2)

where A=Shwro, and g*(¢) is the complex conjugate of the spectral broadening

function g(¢),
1 po C”(CI)) ﬂha) —iot | -
g(t):—g _do — {1+coth[7ﬂ[e +za)t—1] (3.3)

Here p=1/kT (ks is the Boltzman constant), and C”(a)) is the spectral density

function in frequency domain,
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(3.4)

The green-yellow emission band of bulk YAG:Ce®" and its nanophosphors
at room temperature was modeled using Equation 3.2. The phonon frequency oy,
damping coefficient y;, and the Huang Rhys factor S; were determined from fitting

the emission spectra within the framework of the BO model.

3.7 Summary

In this study, the nanophosphors with targeted sizes of less than 10 nm, 100
nm, and 300 nm were synthesized and characterised with respect to their physical,
chemical, and optical properties. All results were gathered and analysed and
compared to the bulk phosphor with the objective to elucidate the size-dependence

of YAG: Ce’" optical properties.
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Chapter 4. Results & Discussion

YAG: Ce’" nanophosphors with particle sizes targeted at less than 10 nm,
100 nm, and 300 nm were synthesized and their size-dependence of the optical
properties were studied. The Brownian oscillator model was used to treat Ce’”
optical responses in YAG, revealing the size-dependence of the electron-phonon

coupling.

This chapter reports and discusses the results first on the chemical gelation
synthesis, a method based on the emulsion technique to produce nanophosphors
with a size targeted at less than 100 nm. The crystallization process of this
chemically gelated nanophosphor is discussed and linked to the thermal
decomposition behavior, nature of the gel particles, and crystal growth with the
preservation of the particle morphology. The complex crystal structure of YAG:
Ce’” is revealed by analyzing its atomic projection observed in high resolution

transmission electron microscope (HRTEM).

The second part of this chapter reports on the solvothermal method to
produce the nanophosphors with targeted sizes at less than 10 nm and 300 nm
without the heat treatment process and then discusses the usage of various
precursors and capping agents in facilitating the formation of nanophosphors with
a controlled morphology. The significant role that Ce*” plays in the formation of

nanophosphor is discussed too.
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Following the synthesis work, the third part of this chapter reports and
discusses the size effects on the optical properties of the nanophosphors, relating to
the Stokes shift, covalency, and surface defective center. The last part focuses on
the size-dependence of the electron-phonon coupling to elucidate the coupling

strength and phonon relaxation.

4.1 Synthesis of YAG: Ce* nanophosphors via a chemical

gelation

Chemical syntheses such as homogeneous precipitation [143], co-
precipitation [39, 144] and combustion synthesis [145], and physical methods such
as spray pyrolysis [146] and solid-state reactions [147], are common methods used
in synthesizing YAG particles. However, they have difficulties in crystallizing a

pure garnet crystal phase at low temperatures (<1000 °C).

Several phases (perovskite YAIO; (YAP), hexagonal YAIO; (YAH) and
monoclinic Y4Al,O9 (YAM)) other than garnet are present after calcination, even
when reacting a stoichiometric (Y:Al=3:5 for garnet) mixture of precursors.
Therefore, it is necessary to control the precursors’ compositions during the
preparation. One of the methods is to use emulsions as reported by Hardy et al.
[148]. They synthesized the undoped yttrium aluminium oxide by gelling the
alkoxide sols in an organic solvent. However, the precursors (alkoxide sols) must

be prepared at an elevated temperature.
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The chemical gelation method described in this section is based on an
emulsion technique but uses mixed salt-solutions as the precursors and no heat is
required for the preparation. It was developed to synthesize the YAG: Ce’*

nanoparticles that crystallized with a pure garnet phase at a low temperature.

4.1.1 Crystallisation of YAG: Ce** nanophosphors

The crystallisation of chemical gelated YAG: Ce®" particles has progressed
via stages of dehydration characterised by thermoanalytical (TG) method. The TG
and its derivative trace show 3 distinct stages of dehydration in Figure 4-1. The
total amount of water loss was ~45 %. This observation shows that even though
the precipitates had a dried-powder-like feel after washing with alcohol and being
dried in air at 80 °C, the water was still present in the lattice in the form of OH ~

and H,O.
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Figure 4-1: TG/DTA of the gel particles

The chemistry of the garnet’s crystallisation closely resembles the

formation of the hydrous aluminium oxide because garnet contains high amount of
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aluminium oxide 62.5 wt%. Thus, the crystallisation of the garnet precipitates can

be described using the following chemical equations (M is referred to metal ions):

M (OH), xH,0—M (OH), 4.1)

M (OH), ,—~MO(OH) , +H,0,, " (4.2)

3 (s

2MO(OH) ,,»>M,0; ,+H,0 ,* (4.3)

(5) )

It was found that the theoretical weight losses for the chemical reactions in
Equation 4.1~4.3 compared well with the observed weight losses in TGA (Table 4-
1). The first and second stage of the dehydration was observed from room
temperature to ~170 °C and 170 °C to 340 °C, respectively. These two stages can

be distinguished from the derivative of the TG trace (DTG).

Table 4-1: Theoretical and observed weight loss

Equation Temperature (°C) ' Theoretical (%) = Observed (%)

(4.1) <170 - 17
(4.2) 170-340 19 18
(4.3) 340-930 11 10
Total wt loss % <1400 - 45

The first and second stages had a relatively sharp peak followed by a
shoulder peak. The weight loss of the first stage was 17 % and this dehydration

was rapid due to the evaporation of the adsorbed surface water and water of
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crystallisation in the precipitates (Equation 4.1). The rapid weight loss continued
to the second stage where the dehydration was occurred via OH™ condensation as

shown in Equation 4.4:

[oH" |+|OH™ |=H,0+0™ (4.4)

The metal cations (M°") in the precipitates of the garnets were coordinated
with OH" in the form of M (OH)." , which was connected linearly with a molecular
spiral chain form [149]. The molecular water was trapped inside this tubular
structure and hence, required higher temperature to promote proton migration H*
to the neighbouring OH™ site for the OH™ condensation and transform into

oxyhydroxide precipitates. Both the first and second stages of dehydration were

indicated by DTA as a strong and broad endothermic peak at 120 °C.

The weight loss gradually continued into the third stage where
OH™ condensation was more difficult to occur because they were separated by the
oxo-bridges in the oxyhydroxide structure. Hence, a higher temperature was
required for proton H' to gain more kinetic energy so as to break the bond and

migrate to the polar site of the OH™ and caused the condensation.

As the temperature increased to 800 °C, the atomic diffusion occurred more
rapidly, which in turn promoted the process of crystallization. As a result, some
crystallinity was evident in the x-ray diffraction pattern (Figure 4-2) with some

weak and broad intensity around Bragg diffraction (420). The rate of
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crystallisation of garnet occurred most rapidly at 910 °C (onset-end: 897-930 °C),

upon which the atomic diffusion and rearrangement were so fast that a significant

amount of heat was released and that was accompanied by a weight loss of 1.7 %.

This is most evident in the DTA curve as a single, strong and sharp exothermic

peak (Figure 4-1). The weight loss after 930 °C was negligible.
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Figure 4-2: XRD pattern of Ce** doped YAG

While the crystallization temperature indicated in DTA iss 910 °C, XRD

pattern shows that the transformation temperature was 900 °C. This is because the

sample was heat treated for prolonged hours before the XRD measurement, and

this is in contrast to the measurement in the thermoanalytical method, which the

heat exchange at every temperature increment was instantaneous and no dwelling

time was allowed for further atomic diffusion and crystallisation. In Figure 4-2, all
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Bragg diffraction peaks are indexed with the assumed garnet structure (/a-3d) and

no other phases are identified.

The single exothermic peak at 900 °C is novel for the garnet crystal
produced via the chemical gelation method. The containment of the precursor
solutions inside the emulsion droplets has enabled homogeneous mixing of the
precursor with a stoichiometric amount. In addition, the controlled dissolution of
ammonia gas into the water-in-oil emulsion has caused the emulsion droplets to gel
homogeneously with no segregation. Thus, the chemical gelation process has
prevented a sequential precipitation, an effect of different solubilities of Y>* (pH 6

to 7) and A’ (pH 4 to 5).

If the sequential precipitation is allowed, aluminium ions would be
segregated from the bulk, a deviation in the stoichiometric compositions is
resulted. Therefore, the uniqueness of the chemical gelation method is that it
produces only the pure garnet crystal phase and none to other phases, such as
hexagonal YAIO; (Y:Al=1:1), orthorhombic YAIO; (perovskite, Y:Al=1:1) and

monoclinic Y4Al,O9 (Y:Al=4:2).

The chemical gelation method compares well against other chemical
preparation methods, such as coprecipitation and alkoxide routes demonstrated by
Sim et al. [150] which did not yield the desired garnet powders at 900 °C. They
observed two exothermic peaks from samples derived by both the co-precipitation
and alkoxide methods. The first peak was strong and sharp and the second peak

was weak and broad. This observation has also been reported by other research

72



Chapter 4: Results & Discussion

groups [151-153] who have failed to produce a pure garnet phase. Even if the heat
treatment temperature was increased above 1000 °C, the amount of YAG phase
could only increase to a limited extent. This is due to the same reason as
mentioned earlier: The different solubilities of yttrium and aluminium ions in the

precipitates cause the deviation in the bulk compositions.

In general, the co-precipitation exhibited mixed phases of YAG and YAH
[39, 144], the combustion synthesis yielded YAH and YAG at 920 °C [145], the
high energy ball milling process did not show any significant crystallization at 900
°C [147]. The sol gel-derived particles achieved crystallization of YAG at 900 °C
[154], but its particle morphology was not as spherical as the chemical gelation-

derived particles. In addition, the sol-gel particles were highly agglomerated.

4.1.2 Characterization of the YAG: Ce* spherical particles

Upon the addition of ammonia gas into the emulsion system, ammonia gas
molecules dissolved and reacted with the water inside the droplets, and formed the

aqueous ammonia solution as described in the following equation [155].

NH

3(9)

+ H,0,, — NH;

O 4 (aq)

+OH" (4.5)

(aq)

As the ammonia molecules dissolved readily in the water and the
subsequent chemical reactions were confined by the emulsion droplets, thus the
concentration of aqueous ammonia solution inside the droplets was high. This

produced a high pH environment, and the precipitation and gelation were allowed
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to occur homogeneously inside the droplets, flocculated the precipitate nuclei into

three-dimensional networks.

Precipitate nuclei in the chemical gelated particles were gelatinous, porous
and amorphous due to their three-dimensional flocculation networks. As the
calcination temperature increased, the precipitate nuclei grew with improved
crystallinity, as evident in the XRD Bragg diffraction intensity and the line

broadening of the peaks (Figure 4-2).

The average nanoparticle sizes of the samples calcined at 900 °C, 1000 °C
and 1300 °C were calculated by Rietveld refinement method [136] to be 27nm,
45nm and 114nm, respectively (Figure 4-3). These were consistent with the
observations in the micrographs (Figure 4-4 to 4-6) that showed the flocks of
nanoparticles aggregated to form large spherical particles with a wide particle size
distribution. Those nanoparticles were more visible when the spherical particles
were magnified under the microscope as shown in Figure 4-4(b), 4-5(b), and 4-

6(b). The crystal growth of nanoparticles would be discussed in the next section.
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Figure 4-3: Crystallite sizes and surface areas as a function of temperatures
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Figure 4-4: FESEM micrographs of YAG: Ce* calcined at 900°C
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Figure 4-5: FESEM micrographs of YAG: Ce* calcined at 1000°C
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Figure 4-6: FESEM micrographs of YAG: Ce* calcined at 1300°C

Sample that calcined at 900 °C was chosen as one of the nanophosphors
samples in the size-dependent optical properties studies. Its size distributions were

measured from the TEM micrographs and were in agreement with the calculated
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particle sizes (Figure 4-7). The reason that causes the flocculation of
nanophosphors into large spherical particles is the nature of the surfactant used in
the process. The chemical gelation method formed water-in-oil (w/0) emulsion
droplets and encapsulated the -electrolytes inside the droplets.  Sorbitan
Monooleate (a sorbitan ester derivative surfactant) used in this study is excellent
for emulsification but poor for stabilisation [156]. As the emulsion droplets were
thermodynamically unstable and the surfactant could not inhibit the coagulation,
large particles were ripen during the emulsification process and resulted with wide

particle size distributions [157] (Figure 4-8).
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Figure 4-7: (a) TEM image of the nanophosphors and TEM image at higher
magnification (insert) (b) Particle size distributions of the nanophosphors
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Figure 4-8: Particle size distributions of the chemical gelated YAG: Ce®*

4.1.3 Polycrystalline to single crystal

The chemical gelation method allows the formation of both polycrystalline

and single crystal phosphors in spherical morphology, depending on the

calcination temperature.

The gel particles are constructed by flocks of nanophosphors in three-
dimensional networks. In unconnected regions, air voids or pores fill in the
structure. As temperature increased to 900 °C, the precipitates were coalescenced

into coarse crystallites while the pores were enlarged and fill in between the inter-
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crystallite boundary [3]. These porosities are not apparent in the FESEM

micrographs but in TEM micrographs due to the amplitude difference.

The nanoparticles, after heat treated at 1000 °C, continued to grow and
coalescence into coarser crystallites due to the reduction of their total surface
energies. During the growth, the pores at the boundary were either left behind by
the moving boundary or migrated with the boundary [3]. Gradually, they

agglomerated into bigger pores and were apparent in Figure 4-5b.

At 1300 °C, the particles were in the beginning stage of sintering. Each
small crystallite was not distinguishable, big grains were formed instead due to the
high boundary curvatures and high driving forces for the boundary migrations.
Coarse crystallites had coalesced and grew into big grains. The clusters of small
spherical pores with a size of less than 70 nm were left behind in the centre of the

big grains (Figure 4-6b) as illustrated in Figure 4-9.

air void pore

After heat treatment

—)

™ crystallite grain

Figure 4-9: Formation of a pore within a grain [3]
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For particles that are greater than 200 nm in sizes, those pores that left
behind in the centre of the grains are apparent on the surfaces of the particles, as
shown by the FESEM micrographs. However, for particles smaller than 200 nm,
the pores could not be observed on the surfaces. TEM micrograph shows the pores
had agglomerated and grew into larger pores inside the particles (Figure 4-10a).
This phenomenon is due to the large ratio of pore to grain size, which in turn

increased the stability of the pores for being inside the particles [3].

g
"-_-._,_--

Figure 4-10: (a) TEM of a single crystal nanoparticle; insert is the SAED of
the selected particle <100> (indicated by the red circle) (b) HRTEM
micrograph of the particle

It is interesting to note that the particles had not collapsed from their
spherical morphology, even at a temperature as high as 1300 °C. This
characteristic is due to the presence of pores, acted as the fill-in structures so that

the spherical morphology could be rigidly maintained.

If the pores were eliminated, the particles would condense into some

faceted particles, as demonstrated for sample heat treated at 1600 °C for 8 hours

82



Chapter 4: Results & Discussion

(Figure 4-11). These faceted particles are similar to the commercially-available
YAG: Ce*" phosphors (Figure 4-12) which are dense and hard. These crystal
growth behaviors are manifested in the Brunauer-Emmett-Teller (BET) surface

area results (Figure 4-3) which show that the crystallites had grown to larger sizes

with reducing surface areas at high temperatures.

SEL 15.8kY 11,028 1pm WO Bmm

Figure 4-11: FESEM micrographs of YAG: Ce*" calcined at 1600°C

Vo x11,PE0 1pm WD Tmm SEI 5.8kV 38,000 108nm E:I “Trom

Figure 4-12: FESEM micrographs of the commercially-available YAG: Ce**
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It is interesting that the particles with their sizes at ~100 nm after
calcination above 1300 °C were single crystals, as evident in the Rietveld
refinement calculation and HRTEM (Figure 4-10). This shows that the
nanoparticles were fine and uniformed in the size distributions. Because the
driving force and growth rate are inversely proportional to the crystallite sizes [3],
particles with large surface contacts were able to grow into single crystals without
excessive deformation. This ability to form spherical morphology and single
crystal YAG: Ce®" at a size around 100 nm at high temperatures is a novelty of the
chemical gelation process. By contrast, other chemical processes such as the
homogeneous precipitation, a common method to produce spherical particles, has

not been able to preserve the particle morphology at high temperatures [158].

4.1.4 HRTEM analysis of the single-crystal particle

The complex crystal structure of YAG: Ce’* phosphors could be revealed
by analyzing its atomic projection observed in the high resolution transmission
electron microscopy (HRTEM). Figure 4-10b shows the HRTEM image of the
single-crystal particle in [100] zone axis orientation.  The as-collected
experimental HRTEM images were not interpretable because the images were
affected by the inhomogeneous thickness of the crystal and were taken under non-
optimum defocus conditions. Therefore, it is imperative that the experimental
images be reconstructed with the aid of crystallographic image processing

technique [134].
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Figure 4-13: (a) HRTEM image and (b to e) simulated images (Key: Y** (red)
- Al(1)** octahedrals (blue) ; Al(2)*" tetrahedrals (green) ; )

All of the possible 2D symmetries were tested through Fourier processing
and lattice refinements. It was found that the symmetry p4m had the highest
calculated figure of merit for amplitude (RA%) and phases (¢Res) [134]. This
finding agrees with the one reported in International Tables for Crystallography for
symmetry projected along [100] [159]. Thus, the experimental HRTEM images
were Fourier processed and imposed with the p4m symmetry to yield a highly
symmetrical image shown in Figure 4-13d (the unit cell is indicated by the squares

in the figure).

The atomic structure of the garnet was simulated using a crystallographic
drawing program (ATOMS) to illustrate the observed structural projection. They
were superimposed on the HRTEM image so that the contrast in the HRTEM
image could be represented by the overlaid atoms and polyhedrals (Figure 4-13b,
c, €). The white rings in the image are due to the absence of atoms. Inside each
ring is a column of Y*" and AlOy tetrahedra, being stacked alternatively along a
fourfold (4; or 43) screw axis in [100] direction. These screw axes are alternating

throughout the cube faces of the unit cell [160].
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Outside the rings are the AlO4 tetrahedra arranged with counter-clockwise
rotations around the screw axes, each 90 ° rotation is followed by a quarter of the
lattice size (i.e. a/4) translation in the direction of the screw axes. The Y*" ions are
above and below the AlO, tetrahedra along these screw axes. Together, these
atomic structures (both inside and outside the rings) appear as black dots in the
image projection because the crystal is too thin. The observed crystal, calculated
by the Multislice method, was about two unit cells (< 2.4 nm) thick. When the
thickness is increased to three unit cells or above (> 3.6 nm), the columns of atoms
appear as white dots in the calculated HRTEM image (Figure 4-14). One of the

white dots is indicated by a green circle in Figure 4-14.
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Figure 4-14: Calculated HRTEM image via the Multislice method

4.1.5 Summary

The chemical gelation method has been successfully used to synthesize
YAG: Ce*" nanophosphors with a size of about 30 nm. The crystallisation of the
phosphors had progressed through three stages of dehydration and formed a pure

cubic garnet structure at 900 °C, a much lower temperature than that required in a
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solid state reaction method. Due to the nature of the gelling process, the
nanophosphors were aggregated to form large spherical particles.  This
morphology was preserved even at high temperatures, a novelty of the chemical
gelation method. The complexity of the garnet crystal structure was further

unveiled through the study in the HRTEM images and simulations.

4.2 Synthesis of YAG: Ce** nanophosphors via a solvothermal

method

As mentioned in Chapter 2, the synthesis of nanophosphors with a particle
size less than 10 nm is a challenging task, because nanomaterials are
thermodynamically unstable and it is much favorable for them to grow into bulk
sizes [57]. Thus, the crystal growth must be inhibited by controlling their kinetic
conditions, such as synthesizing at low temperatures. Another important
consideration is the nanophosphors must be crystallized as formed so that it can
exclude the post-process heat treatment, a step that is detrimental in controlling the

nanoparticle sizes, especially for a size of less than 10 nm.

The successful synthesis method for the garnet nanophosphors is discussed
in this section. The method used has switched from an aqueous route to a non-
hydrolytic process or solvothermal, so that the reaction rate can be decreased and a
controlled crystallization process can be achieved. The desired size and the
spherical morphology of the nanophosphors can be obtained in this way. Hence

the solvothermal process is an ideal process to be adopted in this synthesis.
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4.2.1 Characterisation of the nanophosphor with a size of 5nm

The solvothermal process described in Chapter 2 requires the precursors to
be soluble in the chosen solvent. In addition, a capping agent is required to
constrain the particle growth and stabilize the nanophosphors. Based on this
fundamental requirement, the Snm nanophosphors had successfully been produced
at a temperature 300 °C and solvothermally held for 6 days. This process involved
a long chain alkylamine to act as an effective capping agent as well as a solvent in
the solvothermal process, and had used mixed metal carbonates as the molecular

precursors.

All the hydrated basic carbonates of the garnet components were dissolved
in the oleic acid and oleylamine to form the transparent solution. This shows that
the nanoparticles were very small in sizes (<10 nm) and did not cause light
scattering. The structure of the nanoparticles comprises of two parts: The core
and the organic capping shells (Figure 4-15 [4]). The core contains all the metal
carbonate ions while their surfaces are coordinated with the amine groups in
oleylamine and carbonyl groups in oleic acid. The long alkyl-chains of the organic

shells are oriented away from the core.
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Capping agents:

Oleic amine: R-NH,,
Oleic acid: R-CCOH
R: organic chain

Figure 4-15: A core-shell structure [4]

In general, nanomaterials are known to have significant lower melting
temperatures than their bulk counterparts [161]. Similarly, the decomposition
temperature of the materials inside the nanoparticles is expected to be low too due
to the increased ratio of surface-energy to volume-energy. During the
solvothermal process, the decomposition of the metal carbonates-oleate complex

inside the core was proposed to proceed as (M represents metal ions) [162-164]:

M;(CO3)3 (s) = M203 (s) +3CO; (g) (4.6)

Equation 4.6 describes a simplified reaction. In general, the decomposition

reaction produces an oxide and a volatile product (CO,). The mechanistic process

of the decomposition of the metal-(oleate); complex is evident in the DTA/TG and

90



Chapter 4: Results & Discussion

compared well with the mechanism proposed by Park et al. [63]. The nucleation
that occurred at 220-240 °C was triggered by the dissociation of one oleate ligand
from the complex precursor and was followed by CO, elimination. The
subsequent growth mainly occurred at approximately 300 °C and was initiated by

the dissociation of the remaining two oleate ligands from the complex precursor.

As soon as the decomposed materials formed a large number of crystalline
nuclei from the supersaturated solution, the oleylamine (capping agent) with long-
chain alkyl groups arrested the crystal growth by separating the particles from the
slightly supersaturated solution so that further nucleation could be prevented. The
oleic acid in this case, was used as a coordinating agent to mediate the nucleation
process. Through this method, particles growth and shapes are controlled so that
only spherical shapes and uniform sizes of 5nm are obtained. The components
after the decomposition went through three stages of crystallization to form the

garnet crystal phase.

First is the pre-crystallization stage. The strongly bonded AlO4 groups form
the short range order networks and are the first to appear in the solution. The
weaker bonds (AlOg) are still labile and they are free to move around in the
solution. At the second stage, the AlOg groups are formed by corner-linking with
the AlO4 groups into a long range three-dimensional network. The structure now
contains distorted cubic cavities that are fixed by AlOs and AlO4 connections.
This is the stage where the crystalline aluminate garnet of high-symmetry cubic

structures is formed, determining the crystal’s space group and lattice parameters.
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The third stage is the post crystallization stage, whereupon the larger
cations Y and Ce*" enter into the cavities of the crystallized structure. And this is
the stage where the garnet requires long hours at low temperatures for the atomic
diffusions (via solvothermal method). Another possible reason for the long
synthesis time is that the cubic garnet structure is partially formed during the
second stage and more time is required for AI’" to diffuse into the networks,

converting that into a garnet structure [165].

Eventually, the nanophosphors were crystallized with the garnet crystal
phase after solvothermal at 300 °C for 6 days. Figure 4-16a is a transmission
electron microscopy micrograph (TEM) showing the organic-capped spherical
particles dispersed homogenously in toluene, and Figure 4-16b shows its particle

size distributions with the average size at 5 nm.
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Figure 4-16: (a) TEM image of the nanophosphors and (b) its particle size
distributions
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The garnet crystal phase is evident in the HRTEM image and electron
diffraction pattern (Figure 4-17a and b) with a good agreement between the
observed and simulated one [132]. It is noted that the aggregation of the
nanophosphors (Figure 4-17a) was due to the excessive washing of the
nanophosphors which resulted in the removal of the capping agents. This washing
is an essential step because the characterization of the garnet crystal structure
under HRTEM mode requires no interference from the organic shell. The electron
diffraction pattern was indexed with the crystal planes, and the intensity of the
diffraction pattern intensity was simulated by broadening the line in accordance to
the observed intensity (the yellow pattern in Figure 4-17b). The simulation results
show an agreement in the calculated particle size with that observed in Figure 4-

16a.

Figure 4-17: (a) HRTEM of the nanophosphors (b) Observed and simulated
electron diffraction patterns of the nanophosphors
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The structures of the molecular shells encapsulate on the surface of the
nanophosphors were characterised using Fourier Transform Infrared (FTIR).
Figure 4-18 shows a representative set of FTIR spectrum of the nanophosphors and
Table 4-2 compares the organic capped nanophosphors with the oleylamine and

oleic acid for their spectral characteristics.
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Figure 4-18: FTIR spectrum for the organic capped nanophosphors
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Table 4-2: Comparison of the FTIR bands (cm™) for organic capped
nanophosphor, oleylamine [4], and oleic acid [4]

Mode Organic capped = Oleylamine = Oleic acid
assignment nanophosphors [4] [4]
va(CH3) ~2951 ~2953 ~2953
vs(CH3) ~2870 ~2872 ~2872
vo(CH,) 2925 2924 2925
v(CH,) 2856 2853 2854
WCOOH) 1712 - 1712
v(NH; and NH3") 1640 1580-1650 -
v,(COO") 1558 - _
v,(COO") 1466 1465 1465

The spectrum was analysed in the low (<2000 cm™) and high (>2000 cm™)
wavenumbers regions. Comparing the observed band assignments of the organic
capped nanophosphors with the literature reported band assignment for oleylamine
and oleic acid in the low frequency region, similarities were found in the carbonyl
stretching mode of -COOH in oleic acid, bending mode of -NH, and -NH3" in
oleylamine, and symmetry mode of -COO™ [4]. These similarities infer that the
surfaces of the nanophosphors are coordinated with both oleylamine and oleic acid.
In addition, the similarities in the assignments for the bands in the high frequency
region indicate that the hydrocarbon chain structures found in the organic shells of

the nanophosphors were similar to oleylamine and oleic acid.

The stretching mode of the hydrocarbon (C-H) could provide the ordering

properties of the chains [4]. The one in capped nanophosphors was about 8 cm’'
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higher than the reported bands for highly ordered and crystalline-like alkyl chains
(2917 and 2848 cm™) on the nanoparticles, implying the presence of all-trans
conformational sequences in the CH, chains [166]. This observation suggests a
possibility of monolayer packing on the nanophosphors [166-170]. The small peak
at 3004 cm™ is an indication of stretching mode of the methylene group positioned
next to C=C, a common unit which presence in both oleylamine and oleic acid.
The ~3300 cm™ band is an indicative of the water from the hydrates of the

carbonate precursors.

4.2.2 Characterisation of the near cubic shaped nanophosphors

with a size of 250 nm

The precursor plays a vital role in the success of the solvothermal
synthesis. In this synthesis, metal alkoxide which is a common molecular
precursor in sol-gel was employed. This process involved benzyl alcohol as the
solvent aid in the process, and TOPO and oleic acid to provide some degree of
stabilisation. As introduced in Chapter 2, benzyl alcohol is a solvent aid which can

control the crystallisation and stabilise the nanophosphors.

The formation of garnet nanophosphors via this method could react at a
temperature (250 °C) lower than the one (300 °C) discussed in the last section.
Both the reported particle sizes and crystallization temperature were significantly
smaller and lower than other soft chemistry methods which also use metal
alkoxides as their precursors [171-174]. This synthesis method is inevitably more

superior than the solid-state reaction method in which the reaction temperature
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required is ~1600 °C [175]. Therefore, it is important to describe its formation

mechanism in this section.

It is noted that the alkoxide precursors used in this synthesis were
chemically modified by acetylacetone (acac), a common chelating ligand used in
the sol-gel process to form acetylacetonate alkoxides M(OR),x(acac)y [176-182].
This modification increases the coordination number of the metal ion and reduces
the nuclearity of the alkoxide precursor. As a result, the functionality of the
precursor is decreased and in turn, it slowed down the hydrolysis rate [183]. This
is particularly important when the rare-earth alkoxide precursors are used in the
synthesis because of their high susceptible to hydrolysis. This modification is a

key step towards a size-controllable process.

The free acid from the cerium acetate is an important component in the
precursor because it acted as the acidic catalyst to accelerate the hydrolysis at a
reasonable rate. The complexation ratio of acac to metal ions is another key
parameter for obtaining small particle sizes because if the ratio is too low, a
condensed and closed structure is unattainable and the chelating ligands orient the
condensed species into weakly branched polymeric structures [182]. But, if the
mole ratio is equal to one, the condensation growth is rapidly terminated outside
the particles and hence, the spatial extension of the particle is prevented and the

molecular clusters are formed.

The possible formation of the crystal nuclei is through a condensation

mechanism that involves the modified metal alkoxides with benzyl alcohol. This
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mechanism has been elucidated by Niederberger et al. [78]. They have done a
thorough study by analyzing the supernatant (a reacted solution after removal of
precipitate by centrifugation) using 'H-, >*C-NMR spectroscopy and coupled with
gas chromatography-mass spectrometry (GC-MS) [5]. Hence, their proposed

mechanism can be used to describe our material synthesis mechanisms.

The formation mechanism is likely to proceed mainly in a C-C bond
formation route (Figure 4-19) [5]. It was first started by coordinating the benzyl
alcohol with the metal atoms in the alkoxides. The resulted complexes weakened
the C-O bond of the benzyl alcohol and activated the benzylic carbon atom for
nucleophilic attack. One of the B-carbon atoms of the isopropoxy groups was
deprotonated and led to a coordinatively saturated metal ion center. The benzyl
group was sterically near the carbanion at the adjacent site of the intermediate
metal center. Hence the complex was then formed through the rapid nucleophilic
attack, coordinating with 4-phenyl-2-butoxide and an OH" group. Further
condensation of the metal monomer formed a network of M-O-M species via
alcohol elimination. This complex network was eventually extended to oxide
nanoparticles via the three stages of garnet crystallization described in Section

42.1[165, 184].
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Figure 4-19: a C-C bond formation route [5]

In general, the synthesis of nanoparticles from solution requires that the

nucleation and growth be separated [185].

The formation begins with a large

number of crystal nuclei produced within a short timeframe from a supersaturated

solution. Subsequently, the crystal growth is conditioned at a lower temperature

and the capping agent arrests the crystal growth by separating the particles from

the slightly supersaturated solution and so prevents further nucleation. Through

this method, the shapes of the particles are controlled, the growth is uniform, and

particle sizes of less than 10 nm can be obtained.
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However, in the case of garnet crystal synthesis, it was difficult to reduce
the growing temperature and at the same time, to achieve a complete
crystallization. This challenge is presented by the results at different stages of the
process: After solvothermal at 250 °C for 2 days, the molecular alkoxide
precursors formed oligomeric clusters and there were connected with each other

through their branches (Figure 4-20).

Figure 4-20: The branched oligomeric clusters and the electron diffraction
pattern (insert)

Then after subsequent particle growth by continuing the solvothermal at a
reduced temperature 220 °C for 7 days, the clusters had crystallised into particles
and grown to approximately 10 nm in size. However, the prolonged growth

durations had caused the nanophosphors to agglomerate into larger particles so as
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to reduce surface energies (Figure 4-21). X-ray diffraction pattern shows that there
was some amorphous phase (an amorphous hump at low diffraction angle) which
further suggested that a much longer growth period was still required to complete

the crystallisation (Figure 4-22a).

Figure 4-21: The aggregation of nanoparticles and the electron diffraction
pattern (insert)
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Figure 4-22: XRD patterns of (a) YAG: Ce** nanophosphor with incomplete

crystallization (b) YAG: Ce** nanophosphor with a size 250 nm (c) undoped
YAG nanoparticle (d) ICSD#93634 [6]

In order to complete the crystallisation of the nanophosphors, the
solvothermal temperature was held constant at 250 °C for 9 days. By doing so, this
process yielded highly crystalline and well-dispersed nanophosphors with the
average particle size grown to approximately 250 nm (Figure 4-22b). The resulted
particle morphology was a truncated cube shaped or multi-faceted polyhedron (e.g.

tetradecahedrons) (Figure 4-23a,b).
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Figure 4-23: (a) Nanophosphors with near cubic shaped (b) The particle size
distributions

Figure 4-24 shows the as-synthesised nanophosphors are a mixture of large
and small sized nanophosphors, a consequence of the Ostwald ripening after the
long growth times [186]. X-ray diffraction result shows an intense and sharp

pattern which indicates the high crystalline nanophosphors had been produced

(Figure 4-22b).

Figure 4-24: TEM images of the 250 nm nanophosphors
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After the initial nucleation stage, the subsequent growth determined the
final morphology of the nanophosphors via the balance between kinetic and
thermodynamic growth regimes [187]. In general, the long growth durations
produce the nanophosphors with thermodynamically stable shapes. Thermal
energy in solvothermal process is sufficient (supplied by constant temperature for
long solvothermal durations) to drive the crystal growth to the thermodynamically
equilibrium phase, since the solvothermal temperature has kept constant at 250 °C
and in this case, there is no reduction in temperature throughout the growth stage.
It is noted that the cube is a thermodynamically stable shape as it has a lower

energy than the sphere [187].

The structure of the garnet crystal is a body-centered cubic (BCC) whose
surface {111} has a higher energy than that of the {100} surface [188]. Since the
crystal growth was in the thermodynamic regime and the growth rates on different
facets are in fact dominated by the surface energies, the growth rate on the {111}
surfaces was rapid. = However, because the crystal growth was in the
thermodynamic growth regime, only the low surface energy system is favored.
Hence, the crystallisation front in {100} grew favorably throughout the long
solvothermal holding times, so as to increase the portion of low energetic surfaces.
This explained why the nanophosphors have grown into large stable cube that
bound by {100} faces with marginal truncation on the corners (Figure 4-25a).
This truncated crystal corner is magnified in the high resolution TEM micrograph,
showing the surface with lattice projection in {100} (Figure 4-25b). Lu ef al. has

studied similar formation mechanism for the semiconductor nanoparticles, and
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they also concluded that surface energy is the driving force that drives the

formation of nanocubes [185, 189].

(a)

(b

Figure 4-25: (a) A cubic single-phase nanophosphor and the electron
diffraction pattern (insert) (b) HRTEM images of the particle’s truncated
corner

It is noted that surface energy can be modified by the surface adsorbed
species. For instance, Jun and others have reported that for the rock-salt structure,
the energy of the more energetic {111} surface can be lowered than that of the
{100} surface through the capping agents due to the bridging of the thiol ligands
on the {111} surfaces [190]. A similar surface energy modification was found in
our works: The carboxyl group of the oleic acid and the phosphine group of the
TOPO may bind to the {100} surfaces, and as a result, the {111} surfaces became
less energetic than {100} surfaces. The growth could proceed on the {111}
surfaces to form the cube-like nanophosphors as they are much favorable for

crystal growth on that surfaces in this case (Figure 4-26).
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100 nm

Figure 4-26: Nanophosphors with single crystal phase and the electron
diffraction pattern (insert)

4.2.3 Structural comparison between the undoped & Ce**-doped

YAG nanophosphors

As mentioned in the beginning of this section, the precursor materials play
a part in the solvothermal process, and it would be of particular interest to
synthesis undoped YAG nanomaterials and compare the structure with the Ce®”
doped YAG nanophosphors. The process conditions (such as the capping agents
and solvothermal temperature and time) were similar to the one used for the 250
nm nanophosphors. The result shows that the undoped YAG is different from the
doped materials. The undoped YAG nanoparticles are found to be approximately
15 nm in size (Figure 4-27) and they are self-assembled into larger particles with

an average size of 190 nm (Figure 4-28).
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Figure 4-27: HRTEM images of the nanoparticle
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Figure 4-28: (a) TEM images of the undoped YAG nanoparticles (b) The
particle size distributions

It is interesting to note that the undoped YAG nanoparticles were self-
assembled into a cubic array, as evident in the small-angle electron diffraction

pattern (Figure 4-29a). Generally, the surface of a nanoparticle contains high-
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index crystallography planes which are most likely giving a high surface energy

[189, 191]. Hence, it would be of much favorable for the nanoparticles to

aggregate so that their surface energies can be minimized.

Figure 4-29: (a) The small-angle electron diffraction pattern of the cubic
array (b) A self-assembly cubic array

While the doped nanophosphors, discussed in the previous section, are
effectively cubic in shape, the undoped YAG is an assembly of nanoparticles in a
large cubic array. Figure 4-29b has clearly shown the arrangement of each
nanoparticle in a partially broken array. This structural difference could actually
be explained through the crystallisation paths, since both structures are evolved

from the amorphous alkoxide precursors.
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In the undoped material system, the surrounding ions driven by the thermal
energy continue to condense onto the nuclei surfaces. As the surface energy is the
dominating factor in the growth rates of different crystal facets [187], the high
energetic surfaces such as {111} and {100} would grow rapidly and propagate the
crystallisation fronts to form the faceted nanoparticles. These high surface
energies accelerate the aggregation of the nanoparticles into large particles,
minimize the system’s surface energy for a stable cubic formation. Since the seeds
are cubes, the nanoparticles are grown into cubic in structure, and so their
assembly is a cubic array. Feng and his coworkers have studied a similar
crystallisation process through a molecular dynamics simulation to explain the

formation of undoped faceted nanoparticles [192].

The cerium doped material system is also started as the crystalline cubic
nuclei (seeds) and the surrounding ions continue to condense onto the seeds
surfaces. The particles grow at a rate fixed by the solvothermal temperature and
the degree of supersaturation. Subsequent crystallisation has evolved the
energetically stable {100} surfaces and these crystallisation fronts have propagated
to form the cubic nanophosphors. This process is in fact facilitated by the presence

of cerium ions.

Section 4.2.1 highlighted that the crystalline aluminate garnet can form
before they accommodate large Ce’" ions in their distorted cubic cavities. Due to
the large ionic sizes of cerium, the rate of diffusion into the cubic cavities is slow.
This indicates that the seas of amorphous cerium ions, during the growth period,

are concentrated on the surface (like a shell), encapsulating the growing particles
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[3]. Such distribution of cerium ions allowed the system to minimise its surface
energy so that the formation of more stable nanoparticles are facilitated, and hence
the cerium ions enable the nanoparticles to retain the cubic structure throughout the
growth periods. A similar crystallisation process was supported by the molecular

dynamic simulation [192].

Figure 4-22 (b and c) shows the x-ray diffraction (XRD) patterns of the
doped and undoped YAG nanoparticles, respectively. The line broadening of the
cerium doped material is narrower than the undoped material which indeed shows
that the particle size of the former is larger than the latter. And due to the dopant
in the material, the reflections of the doped materials are shifted slightly to a lower

angle.

4.2.4 Summary

The YAG: Ce’" nanophosphors with a size of 5 nm were synthesized
through the solvothermal method based on a nonhydrolytic approach. The success
of this preparation has resolved the synthesis problem of obtaining a size of less
than 10 nm without the need of heat treatment and it is the first to be reported
here. An alternative precursor and capping agent was used to synthesize the
nanophosphors with an average size of 250 nm. It is interesting that these
nanophosphors are crystallized with a near cubic shaped and is a novelty of the
solvothermal process. Another interesting study into the role of Ce®" dopant in the
formation of the nanophosphors has revealed that Ce’ jons facilitate the

crystallization process.
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4.3  Structural characterisation of YAG: Ce* bulk phosphors

The bulk phosphors are generally synthesised by a solid-state reactions
method (Section 2.1.1 has described the typical process). Due to the nature of the
reaction where repeated grinding is required, the bulk phosphors are irregular in
shape. The high processing temperature has caused the particles to grow beyond

micron-sizes and they are heavily agglomerated.
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Figure 4-30: The Rietveld refined XRD pattern of the bulk phosphors

Figure 4-22 shows that XRD pattern of the bulk phosphors fitted with the
calculated pattern by Rietveld refinement method. The measured and calculated
XRD patterns were black line and red open circles, respectively. The solid lines at

the bottom of the patterns represent the difference between the measured and
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calculated patterns, showing a good agreement between the measured and

calculated one. The vertical bars (blue) indicate the allowed Bragg peaks.

The XRD pattern of the bulk phosphors is typical of the highly crystalline
and large crystal size where the line broadening is narrow (Figure 4-22). The
Rietveld refinement analysis shows that the average crystallite size of the bulk
phosphors used in this study was approximately 2.1 um. It is in good agreement
with the average sizes observed in the FESEM images (~1.9 um) (Figure 4-31a
and b). Since the crystal sizes are large, fragments of the particles observed using
the TEM are appeared as single crystals, as evident in the electron diffraction
pattern (Figure 4-23d). The observed atomic projection of the phosphors (Figure
4-23c and g) was a p2 crystal symmetry as simulated (Figure 4-23e and f). The

bulk phosphors were used to compare with the nanophosphors in this study.
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Figure 4-31: (a) FESEM image of the bulk phosphor (b) Its particle size
distributions (c) TEM image of the phosphors (d) Electron diffraction
pattern of (c) image (e) Simulated HRTEM image (f) Simulated electron
diffraction pattern of (e) image (g) HRTEM image of (c)

4.4  Optical Properties of YAG: Ce**

The syntheses and the structure analysis of the bulk phosphors and various
nanophosphors with average sizes of 5 nm, 30 nm, and 250 nm were discussed in
the previous sections. The influence of the YAG nano-environment on their

optical properties is discussed in this section.
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4.4.1 A comparison between the bulk and nanophosphors

One of the important applications that drives the development of the
nanophosphors is the utilization of the nanophosphors as the emitting layer in the
light emitting diode (LED) device [193-195]. Nanoparticles facilitate the coating
process due to their well-dispersed nature. Furthermore, they can form a
homogeneous thin layer on the substrates. However, the drawback for the usage of
the nanophosphors is their quantum efficiencies. For example, the
photoluminescence (PL) of Ce*" in YAG (in the bulk state) is known to have high
efficiency ~70 % [54, 87]. However, when the particle size is reduced to nano-
regime, its luminescence efficiency becomes poor. The highest reported efficiency
of YAG: Ce®" nanophosphors is about 54 % [51, 54]. The reason for this poor
emission efficiency in nanophosphors is still unclear. There are a few explanations
given in literature [50, 51, 54, 87], and most of them attribute the poor efficiency

to the presence of defective centres and the redox reaction of cerium ions.

Hence, the photoluminescence property of YAG: Ce®" nanophosphors
synthesized by the chemical gelation and solvothermal methods were investigated
and compared with the commercially-available bulk phosphors. Since the
nanomaterials have large ratio of surface-area-to-volume, the luminescence
quenching sites were investigated by directly observing the surfaces of the
nanophosphors using HRTEM. Through the analysis of the atomic projection of
the HRTEM micrographs, the surface defective sites such as the non-bridging

oxygen and incomplete garnet were identified [196]. This is an important evidence
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that could lead us to the understanding of the luminescence quenching phenomena

in the nanophosphors.

The photoluminescence of YAG: Ce®” requires the cerium ions to be in the
trivalent states. Therefore, the oxidation states of Ce’” in YAG nanophosphors
synthesized by the chemical gelation method were measured using X-ray
Photoelectron Spectroscopy (XPS). Figure 4-32 shows the photoelectron peaks at
904 eV and 885 eV that corresponded to Ce** binding energies at 3ds;, and 3dsp,,
respectively [197]. The satellite peak at 916 eV, a characteristic binding energy

for Ce*', was not detected in the XPS.
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Figure 4-32: High resolution curve fitted (solid lines) XPS spectrum of Ce 3d
showing spin-orbit splitting (3dsy,, 3ds/,)
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Another method which was used to determine the oxidation states of Ce**
in the nanophosphors was XRD. The cerium (IV) oxide has diffraction (26) peaks
at 28.5 © and 47.5 © and they were not detected in the XRD analysis (Figure 4-2, 4-
22, and 4-30). Both XPS and XRD results show that Ce*" was not present in the
nanophosphors. This is a novelty of the chemical gelation method because other
reported nanophosphors required post-annealing in a reduced atmosphere to reduce
Ce*™ to Ce’" [50]. The reduction process is detrimental to the phosphor’s
luminescence as it can increase the concentration of the oxygen vacancies that
acted as the luminescence quenching centers [198]. The above-mentioned novelty
has eliminated the hazardous annealing due to the usage of hydrogen gas at high

temperatures, and has potentials in the process scalability.

The nanophosphors synthesised by the solvothermal method were unlikely
to be oxidized from the trivalent to tetravalent states because the preparation of the
precursors and the sealing of the reactor were done in an inert environment. In
addition, the process reaction was at a low temperature and did not involve heat
treatments in air. Hence, the oxidation state of the cerium ions in YAG was

suggested to be in the trivalent state.

After the cerium’s oxidation state in the nanophosphors was determined to
be trivalent, the optical properties of the nanophosphors were characterised and
compared with the commercial bulk phosphors. Both the photoluminescence (PL)
and photoluminescence excitation (PLE) spectra were measured using fluorescence
spectroscopy, a useful tool in monitoring the optical properties of the

nanophosphors and in observing how they change with particle sizes. PLE was
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used for the measurement because PLE spectroscopy is a useful technique that
measures only the radiative transitions, facilitates the removal of the broadening
effect due to size distributions on the absorption spectra of the nanophosphors, and
helps in assigning the discrete optical transitions [7]. By using this technique, the

optical transitions for the cerium ions in garnet crystals were obtained.

Figure 4-33 and Table 4-3 show the results of the photoluminescence
excitation (PLE) and photoluminescence (PL) spectra for the bulk and
nanophosphors. The kink occurring in the PLE spectrum at wavelength 457 nm of
250 nm nanophosphors is an artifact. In the PLE spectra of the nanophosphors of

sizes 250 nm and 30 nm, the small peaks at wavelength 387 nm are likely due to

the defects.
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Figure 4-33: PL and PLE spectra of the bulk and nanophosphors
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Table 4-3: Spectra comparison between the bulk and nanophosphors

Samples | PLE (nm) ' PL (nm) @ Stokes shift (nm)
Bulk 460 545 85

250 nm 459 533 74
30 nm 458 529 71
5 nm 420 480 60

The optical spectra of the nanophosphors were observed to have shifted to a
lower wavelength (commonly known as a blue-shift in energy) as compared to the
bulk phosphors whose emission peak is at 545 nm.  The PLE spectra show the
two prominent peaks at 460 nm and 340 nm which correspond to the lowest and
second lowest 5d energy level of Ce’” in YAG, respectively (as described in
Section 2.2.1). It is interesting to note that the PLE spectrum of the smallest
nanophosphors (5 nm) was comprised of a single peak at 420 nm only. The peak
for the second lowest 5d level was not resolved in the measurement, and it might
be lost in the tail of the spectrum. The peaks at wavelength lower than 210 nm
correspond to the higher 5d levels of the cerium ion in YAG (which may overlap
with the wavefunctions of the host conduction band). Since the optical properties
of the garnet phosphors are mainly dependent on the lowest and second lowest 5d
levels, the discussion on the comparison between the bulk and nanophosphors is

focus on these two electronic energy levels.

The optical properties of the phosphors are determined by the electronic

structure of the cerium ions in the materials, and in turn, they are affected by the
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changes in the local crystal environment in the excited state. Hence, the

nanostructures of the phosphors have strong influences on their optical properties.

Table 4-3 shows a decrease in the Stokes shift with a reduction in size.
This size-dependent phenomenon could be understood using Ce’" in cryptand
ligands as an example. [Cec2.2.1]°" cryptate has a smaller Stokes shift than
[Cec2.2.2]*" because the 2.2.1 cryptate has a small organic cage which does not
allow the expansion of Ce*" upon excitation [97]. So, this example infers that the
degree of restriction for Ce®" expansion in the YAG nanoenvironment becomes
larger with the reduction in size. Thus, a reduced Stokes shift has been observed

as the nanophosphor size is reduced.

The electronic structure of cerium in YAG is known to be affected by the
local crystal environment. In order to find out the extent of changes, the
internuclear distance between the cerium ion and ligands should be determined for
both the ground and excited states. However, while the internuclear distance
(Ce**-0%) for the bulk and nanophosphors in the ground state (approximately 2.37
A) can be determined through the Rietveld refinement method [136], the changes
in the internuclear distance upon excitation could not be possibly determined by a

similar approach.

Fortunately, based on the results on the electron-phonon coupling showing
that the nanophosphors have a weak coupling strength (a result of which is
discussed in the later sections), and those suggesting a correlation between a strong

electron-phonon coupling strength and high degree of covalency [101, 102], YAG:
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Ce’" nanophosphors are concluded to have a small degree of covalency upon

excitation.

Since the smaller the size of nanophosphors, the less its degree of
covalency, the electronic transitions shift to higher energy with a reduction in size.
This is because the overlap between the electronic wavefunctions of Ce’” and
ligands is weak, resulting in a blueshift in energy. This is in agreement with the
work of Igarashi et al. [100], which suggested an increase in ionicity (or a decrease
in the degree of covalency) of the Eu*-O* bond with a decreasing particle size and

a blueshift in the electronic transition.

Another reason which causes the blueshift in spectroscopic spectra and the
changes in the Stokes shift is the surface-tension effect: This effect increases with
a reduced in the particle size [199]. Again, this effect can be understood from the
confined nature of the nanoenvironment where the expansion of the cerium ions

were being restricted [196].

Luminescence efficiency is an important feature to be characterized. The
commercially-available YAG: Ce’ bulk phosphors have ~ 70 % luminescence
efficiency [54, 87], while the relative efficiencies calculated for the 250 nm and 30
nm nanophosphors were found to be less than 20 %. This reduced efficiency
found in the nanophosphors is due to the enlarged surface-area-to-volume ratio that
increases the surface defects concentration and in turn, gives rise to a luminescence

quenching. By contrast, the optical efficiency of the 5 nm nanophosphor,

120



Chapter 4: Results & Discussion

measured to be closed to 60 %, becomes comparable to that reported by Haranath

et al. [54], although still lower than that of the bulk phosphors.

An effective way to enhance the luminescence is through a core-shell
approach as previously reported for semiconductor nanocrystals [69, 70]. The
selection criteria of the shell material are such that it has an electronic band gap
wider than the core, and is able to grow epitaxially onto the core to avoid the strain
induced by lattice mismatches. Unfortunately, this method is not applicable to the
garnet nanophosphors because of few choices of materials with a matching lattice

size and a band gap wider than the YAG.

Nevertheless, the luminescence improvement observed in the 5 nm
nanophosphors suggests that the organic shell that was passivated on the
nanophosphors had partially eliminated the surface defects. It is interesting to note
that all the nanophosphors in this study are more efficient than the commercially
available sulfide-based yellow emitting phosphors (P-20) whose efficiency is only

12 % [54].

4.4.2 Investigation of the surface defective sites

Nanophosphors are known to have a higher ratio of surface-area-to-volume
than the bulk phosphors. This implies that the concentration of the defects on the
surfaces of the nanophosphor is higher than that in the bulk phosphors and the
emission quenching due to these defects are significant [51, 193]. Hence the

surface-defective sites such as incomplete garnet lattice and nonbridging oxygen
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were investigated using the high resolution transmission electron microscopy
(HRTEM). The HRTEM image for the 30 nm nanophosphors is used to elucidate
the surface defective sites (Figure 4-34) (the unit cell is indicated by the squares in

the figure).

Figure 4-34: (a) HRTEM image of the nanophosphor surfaces (b) A
simulated HRTEM image (c) Atomic projection by the Multislice method
(d) Atomic projection by ATOMS

The garnet lattices observed in Figure 4-34a are in symmetry projection
p4mm [159]. This HRTEM image could be reconstructed using a crystallographic
image processing technique [134]. The experimental HRTEM images were fast
Fourier processed and imposed with the p4m symmetry to produce a symmetrical
image and a portion of which is shown in Figure 4-34b. The atomic structure of
the garnet was simulated using the Multislice method [132] (Figure 4-34c) and a
crystallographic drawing program (ATOMS) (Figure 4-34d) to illustrate the
observed structural projection. All simulated images have been superimposed on
the HRTEM image so that the detail contrast in the image could be illustrated by

the overlaid atoms.
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The white rings in the HRTEM image represent the absence of atoms.
Inside each ring, YOy distorted cubes and A/O, tetrahedra are stacking alternatively
in a column along a fourfold (4, or 4;) screw axis. This column appeared as a
black dot because the crystal is too thin. The A4/Oy tetrahedra (outside the rings)
are arranged with counter-clockwise rotation and a translation with %4 of the lattice

size in the direction of the screw axes.

It is observed that the garnet lattices are incomplete on the surfaces of the
nanophosphors (as indicated by the arrows in Figure 4-34a) because most of them
appeared only as half-rings. This indicates that the 4/0, tetrahedra outside the
rings are not present and the columns inside the rings which consist of YO and
AlO4 are missing too. Those incomplete garnet lattices behave as different crystal
hosts and resulted in nonradiative electronic transitions. For example, the surface
lattices became a nonstoichiometric compound or sesquioxide where Ce’ in
sesquioxide is characterised by its quenched cerium emission [200]. This
observation was supported by Lehmann ef al. [109] who used the site-selective
spectroscopy to study the optical properties of the dopants and had differentiate
their different emissions for the one on the surface and in the interior of the

nanophosphors.

It is worth noting that the bulk phosphors have the same defective sites.
Because they had a large volume of complete garnet lattices in the bulk body,
those defective sites on the surface are not significant. On the contrary,
nanophosphors have high surface-to-volume ratio and those defective sites have a

profound effect on the nanophosphors’ optical properties.
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The moisture in the air can have an effect on the chemical properties of the
nanophosphors. Water and carbon dioxide from the atmosphere react with large
quantities of nonbridging oxygens in the incomplete garnet lattices. This surface
reactions with the surrounding produce hydroxyl-carbonate ligands on the
nanophosphors [55, 201-203] . This is evident in FT-IR measurements (Figure 4-
35). The IR absorption spectrum of the strong carbonate band is near 1400 cm™',
and it is clearly featured in the one measured for as-synthesized powders before the
heat treatment. After calcination, this carbonate stretching vibration band is no
longer present in the spectrum. This implies that the adsorbed carbonate ligands
are eliminated and the calcined nanophosphors are inert to the carbon dioxide in
the atmosphere. However, the hydroxyl ligands are still present on the surfaces of

nanophosphors, as shown by the stretching vibration band ~3600 cm'.
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Figure 4-35: FTIR spectrum of the nanophosphors

The surface hydroxyl groups and the nonbridging oxygens can act as the
electron-trapped centers [204]. After the Ce’* electrons are excited from 4f to the
second lowest 5d level, the electrons are then lost to the conduction band and are
trapped at these defective sites. As a result, the nonradiative decay occurred as the
recombination of the electrons and holes are impeded. The high concentration of
these defects on the surfaces of nanophosphors explains the strong quenching of
the luminescence measured in the nanophosphors. Therefore, it is important to
eliminate those defective surface states. The capping (passivation) agent could
play a role in enhancing the luminescence efficiency as reported by literature [70,

205, 206]. This has been shown by using the capping agent with long alkyl-chains
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to encapsulate the 5 nm nanophosphor, resulting in improved luminescence

efficiency.

4.4.3 Investigation of the size-dependent electron-phonon coupling

Despite the myriad of important applications of Ce’" doped YAG
nanophosphors, not much is known about the size-dependence of the electron-
lattice relaxation process. Ce’" has the simplest electron configuration (4f') among
the rare earth ions, and its luminescence transition (4f-5d) in YAG is parity-
allowed and appears as distinct bands in excitation spectra [2]. Thus, changes of
the band positions and intensities can be readily observed. Furthermore, the 5d
wave function has a large radial extension, which amplifies the influence of the
lattice environment over the electronic states. To sum up, Ce’" doped in an
insulating YAG host lattice provides an ideal system for studying fundamental
interactions between phonons and electronic transitions, an issue of both
fundamental and technological importance. The objective of this section is to
understand the influence of YAG nanoenvironment on the electron-phonon
interactions and quantum dissipation through the combination of experimental and

theoretical efforts.

The observed Ce’" optical response in YAG was treated with the
multimode Brownian oscillator model (BO), a theoretical framework to model
optical responses during excited-state relaxation in solutions and solids. The
parameters used in the calculations for all samples are shown in Table 4-4. The

value of the dissipation coefficient y; is chosen to be the same for all samples,
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except the 5 nm size nanophosphors. The larger dissipation coefficient y; in the 5

nm nanophosphors suggests that its electronic transition is accompanied by a large

lattice relaxation due to the enlarged ratio of surface-area-to-volume ratio. The

calculated spectra were compared with the measured spectra in Figure 4-36. A

good agreement between theory and experiment was obtained indicating a

successful application of the BO model to explain the observed emission broad

band of YAG: Ce*".

Table 4-4: Parameters used in the BO model

Samples Bulk ; 250nm  30nm ; 5nm
Si 190 1.88 1.72  1.57
oj(em™) 1277 1277 1277 1277
I = Yj/o; 1 1 1 2
o (eV) 247 254 251 272
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Figure 4-36: Measured and calculated spectra

The pure electronic transition energy hwoeg of Ce’" in YAG is of 4f-5d
configuration type and is about 2.7 eV [91]. The results show that hcooeg in both
the bulk and nanophosphors is less than the theoretical value by ~0.2 eV (cf. Table
4-4), implying that the excited electrons in 5d could have been transferred to a
defective center lying at a lower energy level. As such, the observed Ce®" emission
could be due to the radiative decaying of the electron from the defective center to
4f accompanied by a lattice relaxation. This interpretation is consistent with the
study by Shi et al., which showed that electrons responsible for the ZnO green
emission were localized around deep centers resulting in transition energies below

the fundamental band gap [123].
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In bulk samples, a defective center is likely to be one of the high-
concentration surface defective states and oxygen vacancies. These defects are
generated due to repeated grinding, milling, and heat treatment in reduced
atmosphere, which are the typical solid-state reaction steps in the synthesis of bulk
phosphors. In nanophosphors, the defective centers are attributed to the surface
defects such as the incomplete garnet lattices and nonbridging oxygens as
described in an earlier section. It is important to note that the increased surface-
area-to-volume ratio in the nanophosphors amplifies the influence of the surface
defective centers on the optical properties [104, 105, 207]. To further elaborate
this influence, Chen et al. concluded that the coupling strength in nanoparticles is
determined by the surface states [111]. They explained the recombination of the
exciton was impeded due to the trapping of electrons or holes at the surface states,
which in turn led to an enhancement in the coupling strength [103]. They further
discussed that reducing the particle size decreased the density of states for the

electrons and phonons, which however, led to a weaker coupling strength [106].

In our study, the results for our calculations in Huang-Rhys factor, a
dimensionless constant that characterized the strength of electron-lattice coupling
[142, 208], are consistent with the findings of the aforementioned studies
(described in Section 2.2.4) for the rare earth doped materials, showing a decrease
in the coupling strength with reducing particle sizes [106, 111]. A similar trend is
also observed in other nanoparticles of different material systems. For example,
studies in the Raman scattering spectra of various particle sizes had shown a
decrease in the coupling strength with the reducing size [99, 117]. Even a 2D

quantum structure exhibited similar results. In quantum wells, for example, Sun et

129



Chapter 4: Results & Discussion

al. found that reducing the well width could decrease the coupling strength due to

the increased exciton binding energy in the quantum structure [118, 209].

4.4.4 Summary

In conclusion, the success in synthesizing nanophosphors with the targeted
sizes has made possible the study of the optical properties of nanoscale YAG:
Ce’. The findings in this study show that the optical responses of the phosphors
are size-dependent and are related to the Stokes shift, covalency, surface defective
centers, and electron-phonon interactions. Calculations of the Huang-Rhys factor
using the BO model show that the electron-phonon coupling strength decreases

with the reducing phosphor size.
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Chapter 5. Conclusions & Recommendations

5.1  Synthesis of the YAG: Ce* nanophosphors via the chemical

gelation

A novel approach to produce spherical and nonagglomerated YAG: Ce’*
particles was successfully demonstrated via the chemical gelation method at a low

temperature (900 °C).

XPS and XRD studies revealed the oxidation state of cerium ions in the
nanophosphors to be Ce’”. Hence, the result shows that no postannealing in
reducing atmosphere is required. The water-in-oil emulsion (during the gelation)
had enabled the formation of the spherical gel particles when the ammonia gas was
introduced. A pure YAG cubic structure was crystallized from the amorphous
phase after heat treatment at 900 °C for 2 h in air, showing improved homogeneous
mixing and increased reactivity of the precursors. This crystallisation had
progressed via three stages of dehydration in the duration of the thermal process.
A flock of nanophosphors (average 30 nm in size) was aggregated to form large
spherical particles with a wide particle size distribution (~ 70 nm to ~ 30 um). The
nanophosphors, calculated by the Rietveld refinement method, grew linearly from
27 nm at 900 °C to 114 nm at 1300 °C. These calculated sizes are in good
agreement with that measured in the electron micrograph images. The surface area
of the particles decreased from 40 m*/g at 900 °C to 5 m*/g at 1300 °C due to the

coagulation and growth of the nanophosphors. This process is a promising method
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for forming large nanophosphors (~ 100 nm in size) in single crystal with a
controlled spherical shape even after calcination at a very high temperature (1300

°C).

5.2  Synthesis of YAG: Ce* nanophosphors via solvothermal

method

A novel nonhydrolytic solvothermal synthesis method has successfully
resolved the problem associated with the crystallization of the nanophosphors with

a pure garnet phase as synthesized.

Nanophosphors with a 5 nm size were synthesized via the thermal
decomposition of the metal carbonates-oleate complex solution in the autoclave at
a relatively low temperature of 300 °C for 6 days. The nucleation of the
nanophosphors was mediated by oleic acid and their formation was facilitated by
oleylamine (capping agent) which inhibited the crystal growth. The
nanophosphors were capped by organic shells containing a mixture of oleylamine
and oleic acid as revealed by the FT-IR analysis. As a result, the nanophosphors
were uniformed and well-dispersed in organic solvent media to form a transparent
colloid. They showed little tendency toward aggregation, and were therefore,

suitable for the study of size-dependent optical phenomena.

Nanophosphors with a 250 nm in size were synthesized via the
solvothermal method and were crystallized with a pure garnet phase at a low

temperature 250 °C for 9 days. The success of the process was due to the
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utilization of the molecular alkoxides precursors. The formation of the
nanophosphors was aided by the benzyl alcohol and further stabilized by TOPO
and oleic acid. The results showed that the morphology of the nanophosphors was
near cubic shape. This could be attributed to sufficient thermal energy and long
solvothermal durations that drive the crystal growth to its thermodynamic
equilibrium phase and stable shape. A study into the role of dopants play in the
formation of the nanophosphors revealed that cerium ions facilitated the
crystallization process by minimizing the surface energy so that the nanophosphors

with cubic shape were formed.

5.3  The size-dependent optical properties of YAG: Ce**

The findings on the size-dependence of the optical property showed that the
the Stokes shift was decreased and the optical spectra energy was blueshifted with
decreasing particle sizes. This phenomenon could be explained through the nature
of the nanostructure that restricts the expansion of Ce*" upon excitation. A small
degree of covalency upon excitation and a weak electron-phonon interaction cause
the optical response shifts to higher energy, since the overlap between the

. . 3+ . .
electronic wavefunctions of Ce” and ligands is weak.

The poor luminescence efficiency observed in the nanophosphors (with 250
nm and 30 nm in sizes) was ascribed to the surface defects. These defective
centers were determined by HRTEM to be incomplete garnet lattices and
nonbridging oxygens, which acted as different host materials and in turn, trapped

the electrons and quenched the cerium emission. The 5 nm nanophosphors, on the
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other hand, showed an increased in the luminescence efficiency relative to other
larger nanophosphors, implying that the organic shell has eliminated the surface

defects and enhanced the efficiency.

A good agreement between the multimode Brownian oscillator model and
measurements indicates a successful application of the theory based upon linear
coupling of electron-phonon interactions and the Markovian dissipation of the
thermal bath to explain the observed emission broad band of YAG: Ce’". The
coupling strength characterized by the Huang-Rhys factor (S) decreases with the

reduction in the particle sizes.

5.4 Recommendations for future work

Future work could be to study the temperature-dependence of the optical
properties of YAG: Ce®" nanophosphors through the time-resolved spectroscopy
(using femtosecond lasers). The study would include investigations of the
luminescence decay dynamics at low temperatures. The femtosecond pulse
durations and down-to-one-hertz bandwidth resolutions would be applied to probe
on the vibrational dynamics and excitation relaxation. For example, it would be
possible to observe a coherent phonon wave packet oscillating along an adiabatic
potential surface associated with a self-trapped exciton in a crystal with strong
exciton-phonon interactions. In parallel, theoretical modeling could be developed
to better understand the underlying photophysics that governs those processes. For
instance, polaronic wave functions could be used to model ultrafast electron-

phonon dynamics.
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Another future work could be to study the size effects on the energy
transfer between the sensitizer and activator in the nanophosphors. This would
address the problem of insufficient understanding of the characteristics of the
sensitizer in a nanoscale phosphor. One possible direction is through studying the
cerium and europium ion codoped in terbium aluminium garnet. Here, the cerium
ion is a sensitizer that responsibles for transferring the energy via the terbium
sublattice to the europium ion [210]. The study would include the investigation of
the energy transfer efficiency through the time-resolved spectroscopy. In addition,
the luminescence efficiency of this nanophosphor (that depends on the
sensitization of the cerium ion) would be compared with the one by direct

activation of the cerium ion.

The study of the nanoscale’s optical phenomenon could be further extended
to couple the nanophosphors with the inverse photonic crystals. This is important
because it would provide a basis for all solid-state dynamic control of optical
quantum systems, and it would demonstrate the quantum coherency of the coupled
material that has a potential for applications as efficient light sources and photon
harvesting in condensed matter. For example, this coupled material system is
significant for use in white LEDs lamps as the nanophosphors would experience a
change in the emission decay rates and the photonic crystal would inhibit the
undesirable scattered radiation, confine and guide the radiation from both the
nanophosphors and LED, so that the photons are extracted and radiated omni-

directionally.
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Appendix A: Crystallography of YAG: Ce*

The electronic structure of the rare-earth ions determines the absorption and
emission wavelengths of the phosphors. This electronic structure is, in turn
depends on the local crystal environment. Any changes of the bonding with the
surrounding ions will affect the electronic structure.  For example, the
luminescence of Ce®" varies from one host lattice to another due to the strong
influences from the local crystal environment [1, 2]. Hence, in this appendix, the

crystallography of the bulk YAG: Ce®” will be reviewed.

The crystal chemistry of yttrium aluminium garnet (YAG)

A YAG crystal has a general formula [RE, ][4L,°1[4L°][0,,], where RE

is the rare earth ions and the superscripts ¢, a, and d denote the Wyckoff symbols
for the ions occupancy sites in the lattice [3-6]. The garnet crystallizes in the most
symmetric space group of the cubic crystal system (space group number 230;
ITa3d). The highly symmetrical structure of the garnet can be envisioned

through different projections of plane groups (Figure 1).

YAG is one of the large-form of crystals with complex unit cell. It is a
body-centered cubic (BCC) crystal with a lattice constant of a;=12.00A (Table 1)
[6, 7]. It has 160 atoms and 8 formula units per unit cell. Each formula unit
consists of trivalent cations arranged on a BCC lattice with ¢ and d ions lying on

the faces. Each a and d ion occupies an octahedral site (4/0) and tetrahedral sites
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(410,), respectively. Each c ion, being the larger ion, is coordinated by 8 oxygen
ions forming a severe distorted cube (Figure 2). This distortion has caused the
cube to form twelve triangular faces; hence it is also known as triangular

dodecahedron.

Polyhedral topology in YAG lattice structure

The highly symmetrical structure of YAG can be envisioned from the
topology of the lattice. The tetrahedra and octahedra are linked by sharing all
corners (Figure 3). The linkage is such that each octahedron is connected to
another six octahedra through the corner-sharing tetrahedra and each tetrahedron
shares corners with four octahedra. In YAG, the polyhedrals are also connected
via edges. Each tetrahedron and octahedron shares edges with two and six
triangular dodecahedra, respectively. Each triangular dodecahedron which in turn,
shared edges with four octahedra, two tetrahedra, and four other triangular

dodecahedra (Figure 4 and 5).

Ce’ occupies the triangular dodecahedral site in YAG lattice, that is, it
substitutes the yttrium ion. As mentioned previously, the triangular dodecahedron
is a distorted cube (with CsCl type of coordination) with four short (ds.) and four
long (ds.)) bond distances (RE*"-O%) (Figure 5). On average, the ¥°*"-O” distance

is 2.37A [6].
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Figure 1: YAG host lattice at different projections view
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Table 1: Structural parameters of the YAG [6]

Y;AlLO,, (Garnet),
la-3d (230), a=12.0031A
Atom Site x y z
Y 24c 1/8 O 1/4
Al(1) 16a O 0 0
0
0.

Al(2) 24d 3/8 0.25
O  96h 097 005 0.15

Figure 2: A simplified garnet structure presented as coordination polyhedral
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Figure 3: Corner sharing of the octahedra and tetrahedra

Figure 4: Edge sharing of the triangular dodecahedra
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© Rare-earth (RE)
. Al(Vl)

O A

Oo

Figure 5: Interatomic distances in the YAG structure (Note: One of the
octahedra is omitted in the figure (below) so that the bonds in REOg can be
shown clearly)
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The linear absorption and the photoluminescence spectra line shapes can be

calculated from a spectral broadening function g(?):

O'Bo(a)):%Rej':dtexp[i(a)—a)fg—ﬂ_/)t—g(t)} (B1)

IBO(a)):%Re'[:exp[i(a)—a)fg+/1>t—g*(t)}dt (B2)

where ©’., is the pure electronic transition frequency or the zero-phonon line,
A=Shw; is the Stokes shift, g*(r) is the complex conjugate of the spectral
broadening function g(#), g(¢) is related to the polarisation of the material system

and is shown in the following:

A Taylor expansion of the polarisation in powers of the radiation field

E(r) is:
P(r,t) =PV (r,t)+ PP (r,t)+ PP (r,t)+... (B3)

The term P”(r,¢) is for linear optics. Hence, the linear response function

S@(r,1) is defined as the first-order susceptibility via the polarisation P%(r,1):

PO(r,t)= [ dS" (.t E(r 1)) (B4)
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and the susceptibility takes the form:

sm(zl)=%e(t)[R(t)—R*(z)] (BS)
where

R(t) = exp(~ia, 1) exp[-g (1)) (B6)
and

0, =, +(Up,) (B7)

Here U is the collective bath coordinate that is responsible for the spectral

shift and broadening, and the p, is the ground-state vibrational density matrix:

_|g){eg]exp(-pH,)
¢ Trlexp(-BH,)]

(BY)

where f=1/kpT (ks is the Boltzman constant) which reflects the thermal population

of the bath modes.

The spectral broadening function g(¢) can be expressed as the frequency-

domain correlation function C”(®w) using the truncation of the second-order

cumulant expansion:
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1 0 C" (a)) ﬁha) it .
g(t)=—| do—y;=|1+coth - [e +za)t—1] (B9)

27 = )

with the correlation function:
C'(@) =i dte™C(r) (B10)

and the parameters of the Hamiltonian are transferred to a correlation function:

C(z)=—2—hz[<U(z)U(o)pg>—<U(0)U(t)pg>] (B11)

where U(¥) is the operator U in the interaction representation and p, is the ground-
state vibrational density matrix. C’(®) is in fact the imaginary part of the
frequency-domain correlation function C(w) whose real part C’(®) related to C”(w)

by

C'(w)= coth@c'(m) (B12)

The correlation function C’(w) is a collective contribution from each

primary oscillator:

C*(@)= 3¢} (@) ®13)

J

162



Appendix B: The Brownian oscillator model

where the Fourier transform of the correlation function has an imaginary part

which is the spectral density [1]:

C"(o)= L 5 (B14)
'y}’ (a))+(a)12 +a)zj(a))—a)2)
Here 2A, is the jth mode collective contribution to the Stokes shift.
m.w;d’
24, = % (B15)

Another expression is A;=S;iw;, where Huang-Rhys factor (S) indicating the
electron-LO-phonon coupling strength[2]. S; can vary from less than unity for
weak coupling case to equal and to greater than unity for medium and strong
coupling cases, respectively. For example, the InGaN/GaN quantum dots, the
photoluminescence spectrum of the optical center is weakly coupled to the lattice

vibrational mode 740 cm™ with §=0.20 [3].

The spectral distribution of the coupling is:

2
an

7/‘(”):12

25 [5(0)—a)n)+5(a)—a)n)] (B16)

jon n-n

and the real part Z;(®) of the self-energy is related to yj(w) by the Kramers-Kronig

relation [4, 5]:
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1 >y (@)
Z_,(a’)*;PPf_wdw (B17)

7))

where PP represents the Cauchy principal part. Therefore, this gives:

S (@)=—PPY C"f[ 1 1 (B18)
J mj

2 . .
T 2mo, | o-0,+in o+o,+in

where the 7 is infinitesimal.

In order to facilitate the numerical calculations, the real and imaginary parts

of the spectral broadening function g(t)=g’(t)+g”’(t) can be expressed in terms of

C’(®):
1 ¢»  1-cos(ar)
"(t)=— — " ¢oth 2)C” Bl
g'(1) 7[.[0 do———coth(fh/2)C" (o) (B19)
"()=L] @ Pl GG C"(o) (B20)
EW=71 ®*
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