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Abstract

The optimization of properties for new and potentially useful materials becomes a
continuous and sometimes a lifelong process if future applications are anticipated. Research on
luminescent materials is a good example of this statement and rare earth-doped alkaline earth
aluminates is at the epicentre of this focus due to the anticipated superior qualities, vis a vis those
of classical sulphide phosphorescent materials. The focus in these developments has been to
produce a phosphor with high emission intensity, high colour purity, longer afterglow and that is
safe and chemically stable. To address some of the issues in these efforts, this study had three
major aims: (1) The investigation of the surface morphology, crystallinity, particle size,
luminescence, and thermal properties of commercial phosphors by various techniques. (2) The
preparation and characterization of two types of phosphors by standard techniques. (3) The

preparation and characterization of phosphor/polymer composites.

The first commercial phosphor was a green-emitting aluminate phosphor. The properties
of this phosphor as well as those of LDPE/phosphor and PMMA/phosphor composites were
studied. Polymer/phosphor composite samples were prepared with phosphor concentrations
ranging from 1 to 5 volume% and subsequently hot-melt-pressed. Sharp and broad XRD peaks
were observed for the LDPE and PMMA composites respectively, reflecting configuration
characteristics similar to those of the respective pure polymers. TEM micrographs show a
transition from nanosized particles to cluster formation with increase in phosphor concentration.
PL was observed in the composites of both polymers for phosphor volume concentrations above
1.0% for PMMA and above 0.5% for LDPE. For each of these samples, a broad PL peak at about
505 nm wavelength was observed after excitation at 350 nm with a xenon lamp. For the LDPE
composites, the DSC results show that the presence of the phosphor in the polymer had no major
influence on either the melting temperature or enthalpy values of the polymer. LDPE/phosphor
composite samples, based on blue-emitting commercial aluminate phosphor, were similarly
prepared and characterized for structural, luminescent and thermal properties. XRD analysis
revealed the presence of the SrsAl14025 phase in the composites. PL spectra have two sets of
peaks, major broad bands peaking at about 486 nm and minor ones between 412 nm and 418 nm,
attributed to the 4f-5d transition of Eu**. DSC and TGA results show that the introduction of the



phosphor in LDPE matrix caused a slight reduction in the crystallinity of LDPE but a strong

increase in the stability of the composites.

SrAlO,:Eu®*,Dy*" phosphor was synthesized by a combustion method and characterized
for luminescent and thermal properties. Phosphor nanocrystallites with high brightness were
obtained. The average crystallite sizes, calculated from the Scherrer equation ranged between 34
and 43 nm. Emissions arising from transitions between the 5d and 4f orbital gaps of Eu* are
manifested in the broad-band excitation and emission spectra with major peaks at 360 and 515
nm, respectively. The decay curves and half-life times show a clear trend in the influence of the
phosphor in the improvement of the initial brightness and the afterglow times, which are ascribed
to the presence of shallow and deep traps. Thermal results indicate that the phosphor
nanoparticles acted as nucleating agents and improved the overall crystallinity in the LDPE/
SrAlO,:Eu®*,Dy*" phosphor system.

The temperature-dependence of the structural and luminescent properties of sol-gel
derived SrAIXOy:Eu2+,Dy3+ phosphor was investigated. Calculations based on XRD results, by
means of the Scherrer equation showed the average crystallite sizes increasing from about 42 to
47 nm. Reflections corresponding to both SrAl,O, and Sr,Al;O¢ phases were observed at the
various annealing temperatures but with a diminishing contribution from the Sr,Al;0¢ phase. PL
characterization also shows temperature-dependence through variation of both the peak position
and intensity, which indicate emission at low and high annealing temperatures originating from

Eu®* and Eu*®* ions respectively.

BaAIXOy:Eu2+,Dy3+ was the second phosphor synthesized by a combustion method. PL
results indicate that the LDPE/BaAlOy:Eu**,Dy*" interface, which is considered to have an
influence on the composite behaviour, did not significantly change the spectral positions of the
phosphor materials, whose major emission peaks occurred at about 505 nm. The improved
afterglow results for the composites are probably due to morphological changes due to the
increased surface area and defects. Thermal results indicate that the BaAlxOy:Eu®" ,Dy** particles
acted as nucleating centres and enhanced the overall crystallinity in the LDPE nanocomposite

while preventing lamellar growth, hence reducing the crystallite sizes in LDPE.

Vi
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Chapter 1
Aims and Outline of Thesis

1.1 General background

According to the US Department of Energy [1], illumination accounts for 14% of the
total energy used in the United States and 21% of the electricity consumed in the building
sector. With the emphasis on reducing lighting energy use and concurrently reducing
pollution from fossil fuel power plants, there is an interest in improved general purpose

illumination technologies.

The goal to produce efficient phosphors for lighting applications has been a long
standing one for researchers working on luminescent materials. The quantum efficiencies
of the phosphor coatings in current “‘state-of-the-art’” fluorescent lamps generally exceed
90%. Further major improvements in fluorescent lighting efficiency may be sought in the
development of more efficient means of generating visible photons from phosphors. The
development of practical multiphoton-emitting phosphors, which produce more than one
visible photon per incident ultraviolet photon using a controlled photon cascade process,

can significantly improve the overall energy conversion of fluorescent lamps.

Potential applications of phosphors are numerous, especially in the areas of safety
improvement and energy saving. These applications may be broadly classified as: (1)



light sources represented by fluorescent lamps, (2) display devices represented by
cathode-ray tubes, (3) detector systems represented by x-ray screens and scintillators, and
(4) other applications, such as luminous paint with long persistent phosphorescence;
nanophosphors of ZnO and TiO, in cosmetics, which have increased absorption of
ultraviolet rays from the sun; bacteria-mediated delivery of nanophosphors and cargo into
cells of live animals; use of nanophosphors as new contrast agents for tumour imaging,
etc [2,3]. Research and development on these materials requires the use of a number of
fields in science and technology such as physical and inorganic chemistry, solid-state
physics, electronics, illuminating, and image engineering. Therefore, research and
technology in phosphors require a unique combination of interdisciplinary methods and
techniques, which forms a fusion of the above mentioned fields. The focus in these
research efforts has been to seek to understand the mechanisms underlying the
luminescent processes such as trapping and de-trapping, in order to develop more
efficient phosphorescent materials for various applications. Of special attraction are
phosphors prepared on the nanometre scale, in which case the method of synthesis
becomes an important aspect, since variations in the synthesis process conditions can
create a significant change in the morphological, structural, optical, and other properties
of nanomaterials. The special functionality of materials on the nano scale has been known

for some time.

1.2 An overview of past Phosphor research

The scientific research on phosphors has a long history going back more than 100
years. A prototype of the ZnS-type phosphors, an important class of phosphors for
television tubes, was first prepared by Théodore Sidot, a young French chemist, in 1866
rather accidentally. It seems that this marked the beginning of scientific research and

synthesis of phosphors [1].

From the late 19" century to the early 20™ century, Philip E.A. Lenard and co-
workers in Germany performed active and extensive research on phosphors, and achieved

impressive results. They prepared various kinds of phosphors based on alkaline earth



chalcogenides (sulfides and selenides) and zinc sulfide, and investigated their
luminescence properties. They established the principle that phosphors of these
compounds are synthesized by introducing metallic impurities into the materials by
firing. Lenard and co-workers tested not only heavy metal ions but various rare-earth ions

as potential activators.

P. W. Pohl and co-workers in Germany investigated TI"-activated alkali halide
phosphors in detail in the late 1920s and 1930s. They grew single-crystal phosphors and
performed extensive spectroscopic studies. In co-operation with F. Seitz in the U.S. they
introduced the configurational co-ordinate model of luminescence centres and established

the basis of present-day luminescence physics.

Humbolt Leverenz and co-workers at Radio Corporation of America (U.S.) also
investigated many practical phosphors with the purpose of obtaining materials with
desirable characteristics to be used in television tubes. Detailed studies were performed

on ZnS type phosphors.

Since the end of World War Il, research on phosphors and solid-state
luminescence has evolved dramatically. This has been supported by progress in solid-
state physics, especially semiconductor and lattice defect physics. Advances in the
understanding of the optical spectroscopy of solids, especially that of transition metal

ions in general and rare-earth ions in particular, have also helped in these developments.

The concept of the configurational coordinate model of luminescence centres was
established theoretically. Spectral shapes of luminescence bands were explained on the
basis of this model. The theory of excitation energy transfer successfully interpreted the
phenomenon of sensitized luminescence. Optical spectroscopy of transition metal ions in
crystals clarified their energy levels and luminescence transition on the basis of crystal
field theory. In the case of trivalent rare-earth ions in crystals, precise optical
spectroscopy measurements made possible the assignment of complicated energy levels

and various luminescence transitions.



Advances in studies of band structures and excitons in semiconductors and ionic
crystals contributed much to the understanding of luminescence properties of various
phosphors using these materials as hosts. The concept of direct and indirect transition
types of semiconductors helped not only to find efficient luminescence routes in indirect
type semiconductors, but also to design “efficient” materials for light-emitting diodes and
semiconductor lasers. The concept of donor-acceptor pair luminescence in
semiconductors was proposed and used to produce luminescence semiconductor

phosphors of better efficiency.

1.3 The novelty and issues in nanostructured luminescent systems

In a narrow sense, the word phosphor is used to mean inorganic luminescent
materials, usually those in powder form and synthesized for the purpose of practical
applications. Phosphors with one dimension less than 100 nm are called nanophosphors
and may be described as nanostructured, inorganic, insulating solid materials that

efficiently emit light under energetic particle and electromagnetic radiation.

Though the investigation of nanophosphors is a nascent field [2-6] there is
observably a growing interest in the investigation, design and manufacturing of
nanostructured materials. The first report on the effects of nanostructuring on the optical
properties of materials dates from 1990, when strong visible luminescence emission from
porous Si was announced [7]. Since then, an intense research effort to investigate and
explore these effects has been in progress, mostly focused on semiconductor
nanostructures (quantum dots). These materials possess properties, such as optical,
magnetic, and structural properties, among other characteristics, that are often uniquely
different from those exhibited by their macroscopic counterparts. This change in
behaviour is partly attributed to perturbations of the electronic distribution induced by
reduced dimensionality, i.e. the large increase in the surface-to-volume ratio, i.e. the
relative dominance of surface atoms and thus the enhanced role of the surface energy [8].
Apart from surface influences, the change in the electronic structure of a material, due to

quantum confinement effects play another significant role in changing properties. As the



particle size decreases, the quantum confinement effects begin to occur [9,10]. These
alterations can be explored to create materials with new properties tailored for specific
applications that offer superior performance to existing ones.

A recent development, which has further stimulated research on luminescent
materials is the use of phosphors as the light-emitting components in flat panel displays
(FPDs) such as field emission displays (FEDs). Unlike conventional phosphor particles,
luminescent nanostructured materials are attractive for field-emission display (FED)
applications because their small size allows complete penetration by the low-voltage
electrons for efficient material utilization [11]. However, unlike cathode ray tube (CRT)
displays, which use highly energetic electrons and substantial beam currents to excite
phosphor emission, design constraints in flat panel displays severely limit the amount of
excitation power available to excite phosphors. Consequently, the emission efficiency of
phosphor materials becomes an issue of major concern in the design of flat panel
displays. Unfortunately, the emission efficiency of rare-earth-activated phosphors appears
to be limited by concentration quenching of activators [12] and other effects [13]. The

quenching effects are aggravated when low-voltage electrons are used for excitation [14].

Compared to microscale particles, the main drawback of nanoscale phosphors is
their lower quantum efficiency. This is attributed to the large surface area, which
amplifies quenching processes. Therefore, research activities aiming at the application of
these materials concentrate on the deactivation of surface quenching, which might be
achieved by coordinating the surface to ligands having low-phonon frequencies or by the
application of a passivating shell. It is, therefore, important to understand the mechanisms
of quenching in phosphors in order to design effective methods to overcome quenching
limitations of phosphor efficiency.

From a more fundamental standpoint, the lanthanide dopant can serve as a
sensitive probe of the chemistry and structure of its host. Nanostructured materials can
provide model systems to study surfaces using tools such as photoluminescence (PL)

spectrometry whose utility is derived from its unique sensitivity to discrete electronic



states, many of which lie near surfaces and interfaces. The high surface-to-volume ratio
of nanocrystalline particles results in a significant fraction of all atoms in the particle
being at or near a surface. Consequently, doping lanthanide ions in nanocrystals of these
dimensions places a sensitive probe at the particle surface. In contrast to nanostructured
materials, it is difficult to study the luminescence of dopant ions located at the surface of
micron-sized particles because the large signal from ions in the interior of the particles

obscures any signal from ions at the surface.

Investigating and understanding nanoscale host materials will be important for
optimizing their emissive properties for technological applications in future lighting,
communication and display devices. Preparing optically active nanostructures has the
potential for discovering and investigating materials that exhibit unexpected and unique
optical phenomena, such as possible enhanced coupling of the localized centres to
electromagnetic radiation [15] or other confinement effects [16]. Preparing lanthanide-
doped nanostructures also provides a new method to develop and study transparent
composite materials. The reduced optical scattering of nanometre-sized particles allows
the preparation and use of nanocrystals embedded in an amorphous matrix in applications
such as lasers and amplifiers, which usually require high-quality crystals or glasses [17].
Using nanostructured composites (nanocomposites) in optical applications could simplify
material preparation or allow the use of new host materials for which good crystals

cannot be grown.

1.4 The novelty and issues in nanocomposite structures

Recent technological breakthroughs and the desire for new functions generate an
enormous demand for novel materials. On their own, many of the well-established
materials cannot fulfill all technological desires for the various new applications.
Scientists and engineers realized early on that mixtures of materials can show superior
properties compared with their pure counterparts. One of the most successful examples is

the group of composites which are formed by the incorporation of a basic structural



material into a second substance. Most of the resulting materials show improved

properties and a well-known example is inorganic/polymer composites.

Composite materials consisting of inorganic/organic components, of which one
of the phases is present in dimensions that are nanoscale or smaller [18] are of
considerable interest. Significant variations in the properties of these materials, which
can differ greatly from the components in their pure form or from composites in which
both of the phases have macroscopic dimensions, are expected. For example, in the case
where silica constitutes the inorganic phase, many of these studies have focused on the
dramatic enhancement in mechanical properties that is realized for organic polymers in
which silicate nanoparticles have been dispersed [19]. Another example is the enhanced
stability imparted in magnetic recording media from the distribution of magnetic
nanoparticles in a diamagnetic matrix [19,20].

A key aspect of applying nanomaterials in technological applications is protecting
them from degradation. The high surface area of nanocrystals compared with
micrometre-size particles results in high reactivity and accelerated rates of reaction with
water, oxygen, and CO,. For instance, approximately 50% reduction in the luminescence
intensity of Y,0s:Eu" nanocrystals has been observed over a period of several months
when stored in a laboratory desiccator. Similarly, the luminescence of many sulfide and
selenide quantum dots have been observed to decrease rapidly if they are not capped or
protected to prevent oxidation [17]. Passivating the surfaces of nanoparticles can be
accomplished by using chemical reactions to coat or disperse the particles in a polymer or

glass matrix.

1.5 The persistent luminescence phenomenon: Issues and perspectives

Persistent luminescence is a phenomenon where the material is emitting, usually
in the visible range, for hours after the excitation source has been switched off [21]. The
excitation used may be visible light or UV, x-ray, or gamma radiation. Persistent

luminescence has been and still is, unfortunately in a misleading manner, called



phosphorescence because of the long emission time. Phosphorescence may be an
appropriate term to be used in the context of luminescence from organic compounds
involving triplet-to-singlet transitions. These are forbidden with a long decay time but are
otherwise perfectly natural. The long decay time of persistent luminescence, however, is
due to the storage of the excitation energy by traps and is released from them with
thermal energy. Thus the term thermally stimulated luminescence (TSL) is appropriate.

Although the quest for new persistent luminescent materials has now resulted in
several blue and green emitting persistent phosphors that remain visible for many hours,
practically nothing, neither in understanding the phenomenon nor in developing new
materials, took place before the mid 1990s. The expectation for the discovery of new and
even better persistent luminescent materials was heightened following the discovery of
SrAlLO4Eu?*, Dy*" and Sr,MgSi,O7:Eu?*,Dy**. The brightness and lifetime of these two
phosphors completely overshadows that of their most important predecessor, ZnS:Cu,Co.
However, a survey of the output in the past 16 years, of the research done on luminescent

materials, shows that only a handful of phosphors are bright enough to consider their use
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Figure 1.1: The luminescence spectra of the blue-emitting Sr,MgSi,O;:Eu®*,Dy**,
green emitting SrAl,O4:Eu®*,Dy*" and red emitting Y,0,S:Eu®,Mg**  Ti'" phosphors

after UV excitation [22].



in practical applications. And yet the ultimate goal in the search for lighting phosphors
would be the production of white light. The idea of making a white-emitting persistent
light source by combining the three individual blue-, green-, and red-emitting phosphors,
in a way similar to the tri-colour fluorescent tubes, seems possible when the emission
spectra of these phosphors are considered separately (Fig. 1.1). The feasibility of this
novel idea lies in the ability to synchronize the duration of the three colours. The
luminescent characteristics of rare earth ions can go a long way in the achievement of this
goal since many radiative electronic transitions in these ions occur in the visible region.
This phenomenon, once understood, opens up the possibility to tailor the emissions to

specific requirements.

Besides lighting applications, there are other attractive current and potential
phosphor applications. These include the use of phosphors as sensors, examples of which
include temperature sensing and also the sensing of changes in pressure (on airplane
wings, for example). The use of nanoparticulate persistent luminescence materials for
biomedical applications with direct in situ imaging sounds both interesting and feasible.
Though not as exciting, the use of persistent luminous paints adds a great deal to the

inspiration in this research area that is increasingly being commercialized.

1.6 Motivation

Commercially available phosphors are proprietary materials and hence the exact
composition and phase responsible for their luminescent characteristics such as intensity
and persistence time are not known. These conventional phosphors are usually obtained
by the solid state sintering method, whose products are normally in micrometre scale and
are characterized by strong light scattering at grain boundaries leading to a reduction in
light output as well as a lower concentration quenching threshold due to non-uniform
doping. Alternative synthesis techniques such as the conventional sol-gel methods are
expensive due to the low solubility of metal alkoxides and the large amounts of vapour
produced by the organic solvents may also be a source of environmental problems.



Consequently, it is necessary to identify a more appropriate synthesis procedure, which
avoids these negative aspects while optimizing phosphor production.

Ideally the requirement for obtaining high photoluminescence nanophosphor
particles should involve the absorption of large amounts of excitation energy by the
activator ions followed by the simultaneous return of excitons to the ground state by the
radiative process. To achieve these processes, experimental investigations should address
the key material parameters required to understand, control, and correlate material
properties with optical performance. These parameters include the average particle
diameter, and particle-size distribution, surface morphology, concentration quenching,
crystallinity, as well as the underlying phosphorescence mechanisms. Although the
elaboration of persistent luminescence mechanisms has been advancing at a rapid pace,
the refinement of the details is still needed.

On the other hand, phosphor nano-composites can potentially be used to produce
low-energy consumption and high efficiency illumination for long hours. Progress in
these areas depends on the ability to selectively and controllably deposit nano-particles,
and to uniformly disperse the phosphors in a host matrix, to create a strong and stable

three dimensional network.

Finally, although research in nanostructured materials is beginning to produce a
clear picture of these materials, the current theories and experimental databases are
inadequate for a full understanding of the optical properties of luminescent
nanostructures. It is therefore imperative to build an elaborate theoretical and
experimental data base to facilitate the synthesis of tailor-made luminescent materials
(phosphors). The alternative approach, which seems to largely inform the current
investigations, is to adopt a laborious, inefficient, ‘trial and error’ approach that is not

cost-effective and that is reliant on luck for advancement.
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1.7 Description of the research problem

The alkaline earth aluminates, doped by divalent europium (Eu®), have the
potential to be a class of materials with persistent luminescence and high quantum
efficiency in the visible region [23], which can provide durable properties with ultraviolet
irradiation [24]. However, their very low persistence luminescence inhibits further

progress in their applications [25]. Similarly, although the Eu®*,R®*

(R: rarae-earth ion)
co-doped barium aluminates as BaAlOy:Eu**,Dy*" have been studied only infrequently,
they have the potential for persistence luminescence. The reasons may be due to its rather
complicated structural chemistry as well as the considerable size mismatch between the

Ba" ion and the activator (Eu®*) cations.

Generally, aluminate phosphors have widely been investigated due to their several
advantages over other phosphors. In particular, rare earth ions co-doped strontium
aluminate (SrAl;04:Eu®,Dy**) phosphors have been extensively researched and
developed following their invention in 1993 [26]. Due to their properties, this class of
phosphors are commercially used in a broad range of applications for which ZnS:Cu,Co
phosphors cannot. In spite of the extensive investigations there is a paucity of work done
on phosphor hosts, particularly for outdoor applications, an area that is finding increasing
applications for these materials. For example, though a lot of effort has been devoted to
the development of the syntheses [27-31] and mechanisms [32-35] of phosphorescence of
these phosphors, little attention has been paid to the well-known drawback of weak
resistance to water. Hence, the degradation of these phosphors due to weak resistance to
water or even moisture remains an unresolved issue. Approaches that have been
employed so far, [36-42] involve complex processes that require elaborate equipment, but
still tend to compromise the luminescence intensity of the phosphors. Therefore, cheaper

and more effective intervention techniques are needed.
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1.8 Aims of the research

@ Generation of a broad impact on nano-particle fabrication, with a wide application
potential by making high energy-efficient rare earth doped strontium and barium
aluminate nano-phosphors, which will significantly improve the energy efficiency
of various applications including lighting sources as well as detector and display
systems.

# Identification of a polymer matrix that will enable the creation of a strong and
stable three dimensional network when it acts as a host for the phosphor particles.
This is intended to extenuate the moisture-induced degradation, which has
continued to characterize phosphors. The lower density of polymers, compared to
metals and ceramics, as well as resistance to atmospheric and other forms of
corrosion, informed their choice.

# Investigation of the morphology, structure, photoluminescence intensity, and
afterglow characteristics of the as-prepared phosphors, as well as the composites
of the phosphors with the PMMA and LDPE polymers, based on SEM imaging,
EDS spectra, TEM imaging and diffractometry, x-ray diffraction, luminescence

spectroscopy as well as DSC and TGA analyses on the composites.

1.9 Research objectives
To:

4 Investigate the morphological, compositional, structural and photoluminescent
properties of commercially prepared, green-emitting, SrAl,O4:Eu®",Dy**
phosphor powder.

# Uniformly disperse the commercially prepared, green-emitting, SrAl,Oy:
Eu®*,Dy*" phosphor into matrices of LDPE and PMMA polymers, in order to
create a strong and stable three dimensional network and to subsequently
investigate the mixing conditions, luminescence as well as thermal properties of

the resultant composites. The characterization of the properties was intended to
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elucidate information to identify suitable materials to hybridize with luminescent
materials in order to minimize their moisture-induced degradation rates.
Investigate the morphological, compositional, structural and photoluminescent
properties of commercially prepared, blue-emitting, SrsAl,Oos:Eu**,Dy**
phosphor powder.

Introduce the commercially produced, blue-emitting, SrsAl14O25:Eu®" Dy>*
phosphor into the LDPE polymer matrix and to characterize the structural,
luminescence and thermal properties of the resultant polymer/phosphor
composites.

Prepare nanophase SrAlO,:Eu®*,Dy*" phosphor powders by means of a
combustion technique at a relatively low temperature and to study the
morphological, structural and photoluminescent properties of the powder
products.

Introduce the combustion-synthesized SrAlO,:Eu®*,Dy** phosphor powders in
the LDPE polymer and to investigate the morphological, structural,
photoluminescent and thermal properties of the polymer/phosphor composite
system as a precursor to the determination of a strong and stable composite
network, with a view to addressing negative environmental effects, such as
moisture that compromise phosphor potency.

Use the sol-gel method to synthesize nanophase SrAl,Oy:Eu*,Dy** phosphor
powders and to study the influence of annealing temperature on the crystallinity,
phase composition and luminescence properties of the phosphor material.

Prepare powders of BaAl,O,:Eu**,Dy** materials with different Eu®* and Dy**
concentrations, by the combustion method and to study the influence of
concentration on the structure, homogeneity, persistent luminescence as well as
phase stability.

Prepare BaAl,Oy:Eu**,Dy*"/LDPE composites of well-defined composition and

to study their photoluminescent and thermal properties.
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1.10 Thesis outline

A summary of the contents in each chapter of this thesis is provided below.

Chapter 1

In this chapter the background information, overview of research contributions on
classical phosphors, rationale and aims of the research project are given. The issues,
perspectives and general advantages of nanostructured as well as inorganic/organic
nanocomposite systems are briefly discussed. Finally, a summary of the subjects treated
in the succeeding chapters of this thesis, is presented.

Chapter 2

In this chapter, the theoretical basis of the luminescent phenomenon is provided.
A concise description of the key terminology employed in discussing luminescence is
given, with emphasis on the sensitization, concentration quenching as well as transient
characteristics of luminescence. This is followed by a summary of the physical principles
involved in the luminescence process. Finally, descriptions of the mechanisms underlying
the phenomenon are given, ending with a discussion of the factors, which determine the

emission colour in luminescent materials.

Chapter 3

This chapter is dedicated to a detailed assessment of the relevant literature, which
is divided into two parts: (i) The review of the literature on the synthesis and
characterization. (ii) An analysis of some of the prominent mechanisms, which have been
proposed for the photoluminescence phenomenon, particularly long afterglow

luminescence.

Chapter 4

This is also a two-part chapter devoted to the discussion of the experimental
techniques: (i) The presentation of the relevant characterization techniques, with

emphasis on those that were employed in this study. (ii) The description of the two
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synthesis procedures, i.e. the sol-gel process and the combustion reaction method, that

were used in this work.

Chapter 5

In this chapter investigations of the morphological, compositional, structural and
photoluminescent properties of the commercially prepared, green-emitting,
SrAl;04:Eu®*,Dy*" phosphor are described both for the as-prepared powder and for the
composites of the phosphor in PMMA and LDPE polymers. A discussion of the thermal
properties of the composites, based on DSC and TGA results, is also given.

Chapter 6

The investigations on the effects of adding the commercial blue-emitting

Sr,Al4025:Eu®* Dy** phosphor in low-density polyethylene are described in this chapter.

Chapter 7

This chapter considers the characteristics of the europium and dysprosium co-
doped strontium aluminate green phosphor, which was synthesized by a combustion
method using urea as reducer and fuel. The results of the characterization of the
morphology, particle size and structure, by the usual techniques, are presented. Further,
the same properties, including thermal stability, are also discussed for the composites of
the phosphor when it acts as a filler in the LDPE polymer.

Chapter 8

The strontium aluminate system exists in various crystalline phases. In particular,
the SrAl,O,4 phase is known to have two crystallographic polymorphs: monoclinic and
hexagonal, which exist at low and high temperatures, respectively. The polymorphic
behaviour in phosphors have an implication on their properties. These characteristics and
the issues revolving around them, are discussed in this chapter, on the basis of the sol-gel
synthesized SrAlOy:Eu®*,Dy** phosphor.
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Chapter 9

In this chapter, the characterization of the luminescent and thermal properties of
the blue-green BaAIXOy:Eu2+,Dy3+ phosphor, synthesized by a combustion reaction
method, as well as those of composites of the phosphor with the LDPE polymer, are
discussed. An analysis is provided of the morphology, particle size, phase structure and
thermal stability of the products, which were characterized by the usual standard

techniques.

Chapter 10

The conclusions of the work described in the previous chapters of this thesis are
summarized and compared with the project aims, in this chapter. In addition, several
issues and perspectives, which can be useful in the design, synthesis, and application of

phosphors, are mentioned.
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Chapter 2

An Overview of the Theoretical Background on
Luminescent Materials

2.1 Introduction

In a broad sense, the word phosphor is synonymous with a solid luminescent
material, i.e.,, a material that converts absorbed energy into visible light, without
undergoing incandescence. In a narrow sense the word simply refers to inorganic
luminescent materials. As already mentioned, phosphors with one dimension less than
100 nm are called nanophosphors and may be described as nanostructured, inorganic,
insulating solid materials that efficiently emit light under energetic particle and
electromagnetic radiation [1]. Light emission from a phosphor is referred to as either
fluorescence or phosphorescence. Light emission during the time when a substance is
exposed to the exciting radiation is called fluorescence, while the after-glow if detectable
by the human eye after the cessation of excitation is referred to as phosphorescence.
However, in organic molecules, the two terms are distinguished by whether the transition

20



to emit light is allowed or forbidden by spin selection rules. Light emission due to an
allowed transition is called fluorescence, while that due to a forbidden transition is called
phosphorescence [2]. The term luminescence, which includes both fluorescence and
phosphorescence, is used to describe the non-equilibrium emission of radiation. Three
processes are involved in the luminescence process: excitation, energy transfer and
radiative transition of the electrons. When light is absorbed as the excitation, the

luminescence process is called photoluminescence (PL).

An overview of the terminology employed in characterizing luminescent

properties is given below.
2.2  Characteristics of luminescence

The most important characteristics of luminescence are; power, emission and
excitation spectra, polarization, rise and decay time, light sum, energy/quantum
efficiency. A brief description of these and other terms follows.

2.2.1 Luminescence power

Luminescence power refers to the amount of radiant energy of luminescence
released by matter per unit time. If the unit volume of the substance is taken into account,
one speaks of the specific power of luminescence. The spectral density W,(v) and the

luminescence power W, are related by the equation [3],
W, =W, (v)dv 2.1)
0

where the integration is carried out over the entire spectrum of luminescence. If the
radiation spectrum consists of one band or line, then instead of Eq. (2.1) one can write W,
= Wi(v)Av, where Av is the effective bandwidth. By definition, only the part of
spontaneous radiation specific power W, that exceeds the thermal emission background

pertains to luminescence.
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2.2.2 Luminescence spectrum

Graphs showing the dependence of luminescence power on the wavelength,
frequency, or energy of radiation quanta are called luminescence spectra. The
dependence of photoluminescence power on the frequency or wavelength of exciting
light Wi(v) with its constant intensity at all frequencies is referred to as the excitation

spectrum.

2.2.3 Luminescence polarization

As with other kinds of radiation, the polarization of luminescence consists of
anisotropy of the electromagnetic oscillation distribution in the plane perpendicular to the
beam [3].

2.2.4 Optical indicatrix

The graph of the dependence of the electromagnetic radiation energy flux on the
direction of its propagation is called the radiation indicatrix [3], and it is used mainly for

describing elementary radiators.

2.2.5 Stokes’ and anti-Stokes’ shift

Stokes’ law states the fact that the energy of absorption in luminescent materials,
is higher than that of emission in most cases. The energy difference between the two is
called the Stokes’ shift [2]. Phosphors that show an emission with a large Stokes’ shift
usually exhibit a low quenching-temperature, which is disadvantageous for many
applications [4]. Luminescent materials based on lanthanide ions circumvent this problem

because the actual luminescent process is largely independent of its environment.
Anti-Stokes’ luminescence refers to luminescent radiation whose wavelength is
shorter than that of the exciting light [3]. This phenomenon is used in infrared ray

counters and light-emitting diodes for obtaining radiation in the visible region [5,6].
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Several reasons may be advanced to explain the occurrence of the anti-Stokes’

phenomenon [3]:

= Due to energy exchange with other particles or with the crystal lattice, the
electron that has been promoted to an excited state under the action of the light
quantum hve can receive additional energy and move to a higher level (Fig. 2.1).
The transition of the electron from this level back to its original state leads to the

light quantum hve>hvey.

- hvex
A
hvey hve S LRIt SRR
hve
\ 4
Y
hvex

Ev

(@) (b)

Figure 2.1: Two mechanisms responsible for anti-Stokes’ luminescence: (a) After
being excited from the valence band E, to the conduction band E., an electron
receives additional energy as a result of its interaction with the crystal lattice. (b) An
electron is excited to the high-energy level 2 by two-photon absorption [3].

= When the transition of electrons to higher states originates from an excited, rather
than the usual ground state, this may lead to a cascade of transitions to levels
whose energies are considerably greater than hvex [7].

= At large excitation densities a nonlinear optical process of two-photon absorption
is possible. The substance is excited to levels whose energy is equal to 2hvey.

= An accumulation of absorbed energy in one centre may take place as a result of

the interaction between the excited centres.
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2.2.6 Luminescence rise and decay

Usually, for non-persistent phosphors, a two level model can be used to explain
the luminescence process (Fig. 2.2(a)) [8]. Fig. 2.2(b) is the three-level model illustrating
long persistent phosphorescence, which includes a ground state, an excited state and a
metastable trapping state for the active electron. The ground state electrons are pumped
up to the excited state at a rate Re, and then decay back to the ground state with a

transition rate Rem. Ctand Cgqare trapping and detrapping rates respectively.

(@) (b)

Figure 2.2: (a) Two-level model for non-persistent materials. (b) Three-level model
for long persistent materials [8].

Increases in the luminescence intensity with time I(t) occur in accordance with

certain laws. In the simplest case of a two-level system, I(t) is given by the equations [9],

I(t) =1 {1 —~ exp(— lﬂ o<t<ty (2.2)

T

I(t) = Il(tl)exp{—M} N exp{—L), t>t (2.3)

To To
where I is the luminescence intensity in a stationary regime, t = 0 and t = t; are the

moments of switching on and off of the time-invariant intensity of excitation. The
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parameters t and to determine the mean time of luminescence rise and decay; t decreases

with increasing excitation energy density.
2.2.7 Lightsum

Light sum () is defined as the number of light quanta N(t) emitted by a crystal

phosphor after the illumination has ceased and is given by the equation [3],

> =[N (. (2.4)

The afterglow of crystal phosphors partially compensates for the deficiency of
luminescence quanta X4 in the luminescence rise portion as compared with the steady-
state regime. The ratio /X4 depends on the excitation intensity and can be greater or less
than unity because of the change in the quantum yield of luminescence that takes place
during the excitation process.

2.2.8 Thermoluminescence

When the stimulation of an electron from a metastable level to the conduction
band, to facilitate recombination with a hole, is achieved by warming, then the process is
referred to as thermoluminescence. Thermoluminescence is important since the study of
the temperature dependence of the afterglow intensity and spectrum permits one to draw

conclusions about the depths at which impurity levels lie in solids [10,11].

2.2.9 Phosphor efficiency

Phosphor efficiency may be expressed either in terms of energy or quantum yield.
Energy efficiency (yield) of luminescence is the ratio of the luminescence energy to the
absorbed excitation energy [3] while quantum efficiency is the ratio of the number of
luminescence quanta to the number of absorbed quanta [12]. The concept of the
luminescence yield was introduced into the literature by Vavilov [13]. The theory of
injection luminescence distinguishes between internal and external quantum of

luminescence. The internal yield is equal to the ratio of the number of emitted radiation
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quanta to the number of recombinations of electrons and holes [3]. The external yield
takes into account only those radiation quanta that are emitted by, say, the light-emitting
diode and can be recorded by a detector. As a rule, due to the small angle of total internal
reflection at the crystal-air boundary and the higher absorption coefficient of edge
luminescence, the external quantum yield of injection luminescence is much smaller than
the internal quantum yield. Since recombination radiation propagates in all directions, a

major portion of it is reflected back from the crystal surface and is absorbed in the device

13].

2.2.10 Transient characteristics of luminescence

Light emission from solids has been studied mainly for two reasons: (1) As a
technique for investigating the energy levels giving rise to radiative transitions and the
corresponding transition probabilities. (2) As a way of developing light emitters for many

practical applications. The main focus of investigations has been in two directions:

(i) The spectral response under various temperatures and intensities of excitation.

(i) The time dependence of the decay of luminescence.

Of these two, the time dependence of luminescent relaxation has received the least
rigorous treatment [14], both as regards the range of times investigated and as regards the
theoretical interpretation of the observed behaviour.

Phosphorescence is a transient luminescent phenomenon, i.e. a time-dependent
emission process that is related to a quasistable state in a luminescent centre or an
electron or hole trap. The classical law governing the decay in a monomolecular
recombination process, for example that involving an excited free carrier and a bound

centre, is an exponential time dependence of the form [14],

L(T) o exp(— %) 2.5)
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where 1 is a suitable time constant. Consequently, there is a tendency to anticipate
exponential processes. For a bimolecular process, the expected classical law is of the
form [14],

L(T) oc (t + to)™ (2.6)
where t, is a characteristic time constant. However, it is accepted by several workers
[14,15] that the prevailing form of time dependence in response to excitation of duration
short in comparison with the time of measurement is a power law of the form,

L(T) c t° (2.7)

and those workers plot their results in the log L-log t representation which brings out
these relations. The prevalence of power laws in the context of luminescence becomes
especially interesting in the light of the fact that very similar power laws are known to be
very generally applicable to dielectric relaxation [16] and are also known in
recombination in semiconductors and semi-insulators 17]. The fact that many different
materials show luminescence decays which are well described by power laws strongly
suggests the applicability of some very general common principles. However, the validity
of power laws in the interpretation of luminescence decay still requires to pass the
universality test.

2.3 Non-radiative transitions

In addition to the radiative emissions from an excited luminescent centre, there is
the possibility of non-radiative de-excitation processes taking place. A discussion of
some of these processes follows.
2.3.1 The decay of luminescence

The general representation of the emission decay process of the luminescence

intensity I(t) after the termination of excitation is an exponential function of the form
[18],

It) = I, exp(— 1), 2.8)
T
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where 1 is the decay time constant of the emission, although the emission decay curve of
non-localized centres, is not always represented in the exponential form of this equation.
Since the emission intensity is proportional to the number of excited luminescence
centres in a unit volume, the decay time of the after-glow in Eqg. 2.8 is equal to the
lifetime of the centre and may be expressed as,
r=W, +W,)" (2.9)

where Wr and Wy are the radiative and nonradiative transition probabilities,
respectively. Consequently, it can be shown that the luminescence efficiency of the centre
is given by,

WR

— 'R (2.10)
W, + Wy,

n

The non-radiative transition probability Wyr is generally ruled by thermal
relaxation processes. However, it can also be increased by the effect of resonant energy

transfer between optical centres.
2.3.2 Relaxation processes
2.3.2.1 Thermal activation

The thermal relaxation in a luminescence centre can be divided into two types of
mechanisms as shown by the two configurational coordinate diagrams (a) and (b) in Fig.
2.3 [18]. In the first type (a), the centre is thermally activated from point A, the point of
the lowest energy on the excited state Il, to the crossing point C where the electronic
states of the excited and ground states are intermixed, and then thermally released from C
to B on the ground state 1. The energy € necessary to excite the centre from A to C is
called the thermal activation energy. The probability that the centre will make the
transition from state Il to state | by thermal activation via point C is generally given by:

a= sexp(— %j . (2.11)

Therefore, the nonradiative transition probability by thermal activation is given by,
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(2.12)

(@) (b)

Figure 2.3: Configurational coordinate models of nonradiative relaxation processes:
(a) Thermal activation type. (b) Multiphonon type. [19]

where s is the frequency factor and k is the Boltzmann constant. This type of non-
radiative transition is strongly dependent on temperature, resulting in thermal quenching,
that is, the decrease of emission efficiency and shortening of the emission decay time at

high temperature, as may be deduced from the equations, 7 = (W, +W,;)" and

n=W.(W, +W,,)" for the lifetime and luminescence efficiency of the centre,

respectively.
2.3.2.2 Multiphonon emission

The second type of nonradiative transition is a multiphonon process shown in Fig.
2.4(b). This is the most important non-radiative de-excitation process that competes with
radiative de-excitation and is often observed in the relaxation between the 4f excited
levels of rare-earth ions [18], where no cross-point exists between curves | and Il in the
configuration coordinate diagram because of the similarity of the electronic states. The
transition between states I and II occurs at point A, where an energy gap AE exists
between the states: namely, the transition from the pure electronic state of Il to the
electron-phonon-coupled state of I, with n phonons, takes place at A, which is followed

by the instantaneous transfer to point C and relaxation to B. The nonradiative transition
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probability is, therefore, dependent on AE or n, the number of phonons necessary to fill
the energy gap, since AE = nwyp, where o, is the largest phonon energy. The nonradiative
multiphonon transition probability is then given by [20],

W, (AE) = W, (0)e "¢ (2.13)
where a depends on the character of the phonon (lattice vibration). Since the process is

mainly due to the spontaneous emission of phonons, the temperature dependence of the
probability is small.

2.3.3 Energy transfer

Energy transfer is the migration of the excitation energy between pairs of
luminescent centres. The ions involved can either be identical or of different species. The
excitation residing in an ion can migrate to another identical ion that is in the ground state
as a result of resonant energy transfer when they are located close to each other [21].
Energy migration processes increase the probability that the optical excitation is trapped
at defects or impurity sites, enhancing non-radiative relaxation. However, in some
compounds such as NdPsO4, the lattice sites occupied by Nd are separated from each
other by a relatively large distance (5.6 A), and a high luminescence efficiency is
achieved even when all the sites are occupied by activator ions (Nd) [22]. The energy
transfer between different ion species can also take place when they have closely
matched energy levels. The energy transfer results either in the enhancement (e.g.,
Ce**—Tb*) or in the quenching (e.g., Eu**—Nd*") of emission. Energy transfer between
4f levels has been shown to originate from the electric-dipole electric-quadrupole
interaction using glass samples [21]. Besides the energy transfer arising from the
interaction between ions, the process can also occur from a host crystal to activators
leading to host-excited luminescence [21].

2.3.4 Sensitization of luminescence

The term sensitized luminescence in crystalline phosphors refers to the

phenomenon whereby an impurity (activator or emitter) is enabled to luminesce upon the
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absorption of light in a different type of centre (sensitizer, or absorber) and upon the
subsequent radiationless transfer of energy from the sensitizer to the activator. Energy
transfer processes are often used in practical phosphors in order to enhance the emission
efficiency [18]. While the energy transfer from a donor to an emitting centre causes
sensitization of luminescence, the transfer from an emitting centre to a nonradiative
centre causes the quenching of luminescence. A very small amount (~10 ppm) of Fe, Co,
and Ni in ZnS phosphors, for example, appreciably quenches the original emission as a
result of this type of energy transfer [23]. Although these ions (referred to as Killer or
guencher ions) are normally undesirable, they are, in some phosphors, intentionally added
for the purpose of reducing the emission decay time, thereby obtaining a fast-decay

phosphor at the expense of emission intensity [24].

2.3.5 Concentration quenching

Concentration quenching of luminescence is the reduction in the emission of a
phosphor when the activator concentration surpasses a certain critical value as shown in

Fig. 2.4. The origin of this effect is thought to be one of the following [18]:

0  Cross-relaxation between the activators results in the loss of excitation
energy from the emitting state.

0 Increased activator concentration facilitates migration of excitation energy
to remote killers.

o  The pairing or coagulation of activator ions converts them into quenching

centres.

The emission colour of a phosphor can change with the increase in activator
concentration when the concentration quenching due to cross-relaxation occurs on a
particular level among several emitting levels. An example is provided by Th**-activated
phosphors. At concentrations below 0.1%, the emission colour of these phosphors is
blue-white due to mixing of blue emission from the °Ds emitting level and green emission

from the °D, level. At concentrations above 0.1%, the colour changes to green. This
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change is attributed to cross-relaxation [18] between the °Ds and °D4 emitting levels,
which diminishes the population of Th** ions in °Ds state while increasing the ions in the
°Dy, state.

o . {&'] -rPrx] BOES
10-2- a . ZnS (hexag.) : Culx], Al[2x]

EMISSION INTENSITY

]'D_3 ! | I |
10-5 10— 10—+ 10 2 101
ACTIVATOR CONCENTRATION
[g . atom/mol]

Figure 2.4: Activator concentration dependence of the cathode-luminescence
intensities of Y,0,S:Eu** and ZnS:Cu [25].

2.3.6  Quenching traps

Impurities can either improve or reduce the luminescence efficiency of a host
matrix. For example, the luminescence efficiency of ZnS phosphors has been known to
be drastically reduced by contamination with very small amounts of the iron group
elements [23]. lons that cause this quenching effect are referred to as killers or quenching
traps of luminescence and may be defined as defects caused by incidental impurities or
that are inherent to the lattice. The kind and quantity of the ions that change phosphor
characteristics differ from one phosphor to another [26]. Consequently, it is very
important to remove such impurities and defects, from host lattices, in the manufacturing
processes of phosphors. There are two proposed mechanisms for the occurrence of this

phenomenon; (1) the killers may give rise to deep levels in the forbidden band, which act
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as nonradiative recombination centres for free electrons in the conduction band and holes
in the valence band or, (2) the excitation energy absorbed by the luminescence centre is
transferred nonradiatively to the killer ions [27].

2.3.7 Luminescence quantum yield and quenching processes

Due to the energy loss processes, which take place in luminescent materials, not
all phosphors have a quantum efficiency of one. In addition, the degradation processes in
luminescent materials do occur quite frequently during the operation of devices utilizing
phosphors. The influence of these processes on device performance can be considerable;
30-50% loss in the case of cathode ray tubes [28]. The energy efficiency of these
processes is given by [28]:

n= (= r)hv) (2.14)
STt Mese
in which r is the backscatter coefficient, hv is the mean energy of the photons emitted, &
is the energy needed to generate a thermalized electron-hole pair, n is the transfer
efficiency of electron-hole pairs to activators or sensitizers, na is the quantum efficiency
of the activator ions and, mesc IS the escape probability. Eq. (2.14) can be used to deduce

loss processes [28] when,

X the absorbed energy does not reach the luminescent ions (1),
X the absorbed energy reaches the Iluminescent ions but there are
nonradiative channels to the ground state (1act),

X the luminescence generated is absorbed by the luminescent material (nes).

2.4 Physical principles of luminescence

2.4.1 Basics of luminescence

The phenomena of fluorescence and phosphorescence are best explained with the

help of the Jablonski energy-level diagram (Fig. 2.5). For any particular molecule, there
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are a combination of singlet (S) and triplet (T) states. Excitation (e.g. S,to S, S;) involves
the absorption of sufficient energy to raise a molecule’s electrons into electronic states of
S, or S,. However, excitation is not a continuous process and the energy absorbed by the
molecule has to ultimately be released, which may occur by one or a combination of the

following events [29];
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Figure 2.5: Jablonski energy level diagram showing the luminescence process [30]

o] emissions of photons equal to the energy-level difference

o] energy transfer via quantized vibrational exchange (phonons) in the
material

o] other complex energy transfer mechanisms

These energy transfers are further classified as, vibrational relaxation, internal conversion,

guenching, intersystem crossing, and delayed fluorescence.
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The above descriptions give the impression that every atom has the potential to
exhibit luminescence. According to Sant and Merienne [31] practically all existing
materials are luminescent. However, luminescent behaviour depends on relative
probabilities of alternative processes by which excited atoms can return to the ground
state. Further, according to Heyes [32] the persistence of phosphorescence implies that
electrons occupy excited energy levels for extended periods. This allows interactions
between excited atoms and the surroundings to have an influence on the nature of the

emission.

2.4.2 Luminescence in phosphors

The configurational coordinate diagram (Fig. 2.6) can be used to explain the
influence on the processes of absorption and emission in a phosphor. Though simple, the
model can illustrate several physical phenomena including Stokes’ shift, absorption and

emission band widths and can assist in understanding thermal quenching [30].

After excitation, electrons occupying an upper vibrational level of an excited state
(B) will relax to the ground vibrational level of that state (C) losing energy via the release
of phonons [32]. Following radiative emission, the electrons reaching a higher vibrational
level of the ground state (D) will further lose energy (phonons) on their return to their
ground state equilibrium (A). The difference in excitation and emission energy levels can

be seen in the diagram illustrating Stokes’ shift (Fig. 2.1) [30].

A non-radiative emission may occur if the temperature is high enough. In such a
condition, electrons in the excited state can intersect the ground state curve (E) allowing
vibrational relaxation via phonon release to the ground state. Ranson [33] describes this
as the absorption of thermal energy (phonon) from point C, which excites the electrons to
the intersection point E. Since non-radiative processes can now also take place, the
observed luminescence intensity from a large quantity of excited ions will diminish. An
increase in temperature will result in electrons spreading over a number of vibrational

levels in the excited state. Since radiative transitions can take place between any of the
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vibrational states in the excited and ground states, a broadening of the emission lines is

expected [32].
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Figure 2.6: Configuration coordinate diagram [30].
2.5  Electronic processes leading to luminescence

25.1 4fEnergy levels and relaxation

In contrast to other transition metal ions, the 4f electronic energy levels of
lanthanide ions are not heavily affected by the environment or crystal electric field
because the 4f electrons are shielded from external electric fields by the outer 5s and 5p®
electrons [22]. Due to the crystal field, the Stark effect splits each level into a number of
sublevels as determined by the symmetry of the crystal field surrounding the rare-earth
ion.

In a luminescent material, the excited states relax either by light or phonon
emission. The rate of phonon emission, ®, depends on the number of phonons emitted

simultaneously to bridge the energy gap and is expressed as [22],

o o« exp{—k hAE ] (2.15)

vmax
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where AE is the energy gap to the nearest lower level and hvx is the maximum energy
of phonons coupled to the emitting states. The following information can be deduced

from equation 2.15:

(1) The rate of phonon emission, ®, decreases rapidly with an increase in AE, so
that the competitive radiative process becomes dominant [34].

(2) Large values of humax quench light emission. This is demonstrated by the fact
that luminescence of Eu®" in aqueous solution is almost quenched, but begins

to appear if H,0 is replaced by D,0O [35].
25.2 4f"'5d' States and charge-transfer states (CTS)

Two additional kinds of electronic states exist in the energy region spanned by 4f
levels. These states have different characters from 4f levels [22]. They are the 4f"'5d*
states and the charge transfer states (CTS). In the former, one of the 4f electron(s) is
transferred to a 5d orbital and, in the latter case, electrons in the neighbouring anions are
transferred to a 4f orbital. Both of these processes are allowed and result in strong optical
absorptions. They are observed as broadband excitation spectra around 300 nm [22].
Optical absorptions due to f-d transitions are found for Pr¥* and Tb*; those due to a
charge-transfer transition are found in Eu®*. Luminescence due to the transition from
CTS has also been reported for Yb** [36].

Unlike the energies of 4f states, the energies of the 4f"'5d" and CTSs are more
dependent on their environments. However, the relative order of energies of these states
are found to be the same for the whole series of rare-earth ions in any host materials [22].

2.5.3 Electronic transitions involved in europium luminescence

Europium ions play an important role in phosphors for the lighting and display
industry [28]. Fig. 2.7 displays the energy level diagram of these ions. An understanding
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of the spectral properties associated with the emission spectra is crucial for phosphor
development. In the diagram, the energy axis is representative of ions in oxidic lattices.
Horizontal lines represent narrow energy states of 4f levels. Shaded areas represent broad

charge transfer states in the case of Eu®" and 4f°5d" states for Eu®*. Triangles indicate
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Figure 2.7: Energy level diagram of Eu** and Eu?* [28]

levels from which radiative transitions can occur. For Eu®* the 5d band covers almost all
4f levels, leading to a broad emission spectrum. The emission wavelength is determined
by the position of the 4f °5d" levels, which is a function of the crystal field [28].
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2.6 Luminescence of transition metal ions

2.6.1 Introduction

The electronic configuration in transition metal ions consists of optically active
unfilled outer 3d shells, while that in rare earth ions has unfilled optically active 4f
electrons screened by outer electronic filled shells. The unfilled shells cause the ions to

present quite unique features.

The ionic radii of divalent transition metal ions with 3d" electron configurations
are close to those of the cations of 11b-VIb compounds [28]. Hence, these transition metal
ions can be easily introduced into Ilb-VIb compounds. In contrast to divalent ions,
trivalent rare-earth ions are difficult to introduce into Ilb-VIb compounds in high
concentrations. This is because the valence of the trivalent ions is different from the host
cations and the chemical properties are also quite different [37]. This is one of the reasons
that bright luminescence from trivalent rare-earth ions in ZnS is rather difficult to obtain,
though exceptionally bright and highly efficient luminescence has been observed in
ZnS:Tm**. This phosphor shows bright blue luminescence under cathode-ray excitation
[37].

2.6.2 Luminescence of some rare earth ions

2.6.2.1 Introduction

The rare earth ions, either in their divalent or trivalent charge states, form a very
important class of luminescence activators in phosphors and single crystals [38]. The
activator ions in phosphors are usually derived from these atoms. In spite of their scarcity
and difficulty in obtaining, the rare earths are highly valued for their unique properties,
especially as optically active elements in their ionized state. The atomic structure of rare
earth ions in the lanthanide series and transition metal ions of the iron group are shown in

Fig. 2.8. All lanthanide ions are characterized by a Xe core, an unfilled 4f shell, and
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Figure 2.8: Rare Earth and Transition metal ion atomic structure [39].

some outer shells that screen the 4f shell from outside perturbing influences [39]. This
screening effect protects the optically active electrons to some extent from the influence
of the crystal field, giving the lanthanides their characteristic sharp and well defined
spectral features. In other words they are very similar to free ion spectra. This is in
contrast to other transition metals where the unfilled 3d shell is not as well screened due
to only a single outer shell.

2.6.2.2 The f-f transition of Eu**
The outer electronic configuration in trivalent lanthanide ions is 5s°5p°4f", where

n indicates the number of electrons in the unfilled 4f shell while the 4f" electrons are the

valence electrons that are responsible for the optical transitions [40].
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Figure 2.9: Configurational co-ordinate model of Y,0,S:Eu®" [41]

The luminescence from Eu®* usually consists of narrow lines in the red spectral
range. Most of the lines belong to transitions from the °Dy level to the ‘F;(J =0, 1, 2, 3, 4,
5, 6) levels, although transitions from other 5D-levels are frequently observed [22]. The
*Dy—'F, transitions are ideally suited for determination of the lattice site symmetry. For a
position with inversion symmetry, electric dipole transitions between the 4f levels are
strictly forbidden. Without inversion symmetry, electric dipole transitions become
allowed and some transitions with AJ = 0, +2 appear and dominate the spectrum for even

small deviations from inversion symmetry [28].

Eu® emission is characterized by quenching, magnetic, and electric dipole
transitions, respectively. The emissions from °D; and °D; are quenched, with an increase
in the Eu®* concentration due to a cross-relaxation process, (*D;—’Do)—("Fo—'Fy) [22].

The emission in the vicinity of 600 nm is due to the magnetic dipole transition >Dg—Fy,
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which is insensitive to the site symmetry. The emission around 610-630 nm is due to the
electric dipole transition of (*Dg—'F»), induced by the lack of inversion symmetry at the

Eu®" site, and is much stronger than that of the transition to the 'F; state.

The configurational co-ordinate model shown in Fig. 2.9, can be used to explain
the luminescence process in Y;0,S:Eu®". The excitation of Eu®* takes place from the
bottom of the "Fo curve, rising along the straight vertical line, until it crosses the charge-
transfer state (CTS). Relaxation occurs along the CTS curve [41]. Near the bottom of the
CTS curve, the excitation is transferred to °D; states. Relaxation to the bottom of the °D;

states is followed by light emission downward to ’F; states.
2.6.2.3 The d-f transition of Eu**
Similar to the trivalent (RE*") ions, divalent rare earth (RE**) ions have an outer

electronic configuration of 4f". However, unlike that of RE*" ions, the 4f"V5d excited

configuration of RE*" ions is not far from the 4" fundamental configuration [40]. As a
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Figure 2.10: Schematic diagram of the energies of 4f' and 4f°5d’ levels in Eu**
influenced by crystal field A [42]

result, 4" — 4f""V5d transitions can possibly occur in the optical range for divalent rare
earth ions. They lead to intense (parity-allowed transitions) and broad absorption and

emission bands.
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The emission bands of Eu®* are usually broad due to f-d transitions [22]. The
wavelength positions of the emission bands depend very much on hosts, changing from
the near- UV to the red. This dependence is interpreted as due to the crystal field splitting
of the 5d level, as shown schematically in Fig. 2.10 [42]. With increasing crystal field
strength, the emission bands shift to longer wavelength. The luminescence peak energy of
the 5d-4f transitions of Eu®" and Ce>* are affected most by crystal parameters denoting

electron-electron repulsion; on this basis, a good fit of the energies can be obtained [43].

2.6.2.4 The f-h transition of Dy**

Dy** emits in two spectral regions: (1) 470 to 500-nm region due to the
*Fo.—>°His2 transition. (2) 570 to 600-nm region due to the °F1s,—°F11/» transition [44].
However, the direct UV excitation of this ion is not effective due to the relatively large
energy of both the charge transfer as well as the 4f°5d", states. Excitation by means of

host complex ions may be achievable by an energy transfer process [45].

2.7 Excitation mechanisms of luminescence centres

2.7.1 Introduction

Inorganic phosphors are composed of a host lattice doped with a small amount of
impurity ions that activate luminescence (Fig. 2.11) [28]. The absorption of energy,
which is used to excite the luminescence, takes place by either the host lattice or the
doped impurities. In most cases the emission takes place on the impurity ions, which
when they also generate the desired emission are called activator ions. Hence, the
luminescence processes of a phosphor can be divided into the processes mainly related to
the host and those that occur around and within the activator [28].

The activator ions possess energy levels that can be populated either by direct

excitation or indirectly by energy transfer. Generally, two types of activator ions can be
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distinguished. In the first type the energy levels of the activator ion involved in the
emission process show only weak interactions with the host lattice [4]. The second type
of activator ions strongly interact with the host lattice. The strong coupling of the
electronic states with vibrational modes of the lattice mainly leads to more or less broad
bands in the spectrum [4].

Emission
Excitation o

energy
\

Emission

Figure 2.11(a): Luminescent material containing activator ions A and sensitizing
ions S. Redrawn from [28].

The absorption efficiency of an activator can be increased by adding a second
kind of impurity (sensitizer). A sensitizer is a foreign ion incorporated into a host lattice
and that is capable of transferring its energy of excitation to a neighbouring ion
(activator), thus inducing luminescence (Fig. 2.11(b)) [4].To avoid the occurrence of the
transient decay processes such as concentration quenching, which diminish the efficiency

of the luminescence process, the impurity concentrations used are usually low.
The luminescence of inorganic solids can be traced to two mechanisms:

luminescence of localized centres and luminescence of semiconductors [47,47]. A brief

account of the mechanisms involved in these luminescence processes is given below.
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Figure 2.11(b): Diagrammatic representation of the role in the luminescence process
of a sensitizer (S) and its relationship to an activator (A) and the host lattice (H) [4].

2.7.2 Centre luminescence

In this mechanism, the emission is generated on an optical centre, in contrast to,
e.g., emission, which results from optical transitions between host lattice band states or
from a transition between two centres [28]. The resulting characteristic luminescence
occurs in the visible part of the electromagnetic spectrum and may consist of either sharp
or broad emission bands [28]. Sharp bands arise from purely electronic transitions while
broad bands originate from the simultaneous transitions of both electronic and vibrational
systems [48]. Broad bands are observed when the character of the chemical bonding, in
the ground and excited states, differs considerably. This goes hand in hand with a change
in equilibrium distance between the emitting ion and its immediate chemical environment
and is commonly explained with the configuration coordinate diagram shown in Fig. 2.12
[49]. In the diagram,

> rq and re represent the metal-ligand distances in the ground and excited states,
respectively.
> Esand E.are the energies at which the absorption and emission bands have their

maximum intensity, respectively.

45



» A is the energy of the so called zero phonon line; this transition involves

completely relaxed excited and ground states, and no excited phonon states are

involved — hence the name of this kind of transitions.
> hog and 7 0. give the phonon frequencies in the ground and excited states,

respectively.

Energy —

Figure 2.12: Potential energy curves illustrating an electronic transition from the
ground to the excited state. The Stokes’ shift comprises of the terms S zw, and

S, hw,. Redrawn from [4].

» Se and Sy are the Huang-Rhys factors in the ground and excited states,

respectively. They give the mean number of phonons involved in the absorption

and emission processes, respectively.

2.7.3 Charge transfer luminescence

The optical transition in the charge transfer process takes place between different
kinds of orbitals or between electronic states of different ions [28]. This kind of

excitation has a very strong influence on the charge distribution on the optical centre.
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Hence, there is considerable change in the chemical bonding and the corresponding

emission spectra are expected to be very broad.

2.7.4 Donor-acceptor pair luminescence

The luminescence transitions in this mechanism involves electron transfer from
the excited state of donors to the ground state of acceptors. This mechanism was

recognized earlier on [50] as a basis for understanding semiconductor luminescence. The
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Figure 2.13: Processes leading to donor-acceptor pair luminescence [28]

model illustrated in Fig. 2.13 depicts the excitation of electrons into the conduction band.
The electrons are in turn captured by ionized donors, while the resulting holes in the
valence band are captured by ionized acceptors. Electron transfer between neutral donors
and neutral acceptors leads to emission. The final state (with ionized donors and
acceptors) is Coulomb stabilized. Therefore, the spectral position of the emission
generated on a donor-acceptor pair depends on the distance between the donor and the
acceptor in a pair [28]. The energy (E) involved in the overall luminescence process may

be expressed as [28],
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in which Eqis the band gap energy, Ea is the energy required for neutralization of the
ionized acceptor, Ep is the energy required for neutralization of the ionized donor, and R
is the distance between the donor and acceptor involved in the emission process. The
Coulomb term originates from the electrostatic interaction between ionized donor and

acceptor.

2.8  Traps and phosphorescence

2.8.1 Introduction

A trap can be considered as a localized electronic state which captures charge
carriers. One of the main properties of traps is their depth, i.e. the activation energy
needed to release a captured charge carrier. Shallow traps (with a depth lower than
around 0.4 eV) [51] are fully emptied at low temperatures, and do not actively take part
in processes at room temperature. Very deep traps (around 2 eV or deeper) [52], on the
other hand, require more energy to be emptied than is available at room temperature. To
observe persistent luminescence at room temperature, the traps should have an
appropriate activation energy somewhere between these two extremes (a trap depth
around 0.65 eV is considered to be optimal) [53]. Trap processes may cause
phosphorescence when charge carriers are thermally reactivated into the conduction band

(valence band) and then radiatively recombined at an emitting center [18].

2.8.2 Trap processes

Unlike the band levels that extend throughout the whole crystal, the trap levels
exist only in relatively small regions of space around the trap potential. If the state is
highly localized so that an electron bound to the trap potential has a wavefunction that
extends only as far as the nearest neighbours, the uncertainty in location is small. Such a

trap potential is known as a deep trap. The energy level for a deep trap in an E vs k
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diagram, therefore, extends over a wide range of k values. For shallow traps, the

uncertainty in location is large, and therefore the corresponding uncertainty in momentum

is small. Such localized trap potentials may be caused by imperfections in the material,

surface related states or self-trapped states [54].

(0]

Imperfections: In general, there are three types of imperfections; point
imperfections due to defects, point imperfections due to impurities, and large
structural imperfections such as imperfection complexes, dislocation or grain
boundaries [54].

Surface-related states: The high surface-to-volume ratio of nanostructured
materials means that the surface properties should have a significant role on their
optical properties. Surface-related states are energetically positioned within the
band gap of the materials [55,58]. These surface traps are associated with surface
reconstruction in the atomic positions, stoichiometric defects, dangling bonds,
external adatoms (like oxygen) associated with contamination or
chemical/physical changes in the exposed surface and interfacial defects due to
lattice mismatch [57].

Self-trapped states: A charge inside a dielectric matrix produces a polarization in
the dielectric as a consequence of its Coulomb field [58]. In turn, the polarized
surroundings will produce a reaction field at the location of the charge. The
interaction of the charge with this reaction field stabilizes the charge in the
dielectric matrix. This is known as self-trapping. Self-trapped states have been
employed to explain trapping in size-quantized systems in which the carriers are
considered to be most likely trapped in the states localized at the quantum
dot/matrix interface [59,60] or outside the quantum dot in the surrounding matrix
[61,62]. The self-trapped states are significant when trapping of carriers in the
surrounding matrix, for example polymers occurs. Charges injected into polymers
induce localized acceptor states. These acceptor states are characterized by atomic
and electronic relaxations of the molecular moiety on which the charge is
localized and of the polymer matrix surrounding the charge. These kinds of

energetically relaxed states are not the intrinsic states of a neutral polymer.
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The crucial parameters describing the process of localization and trapping is the
relation between the spatial overlap of the electron/hole wavefunction with that of trap
potential as well as the depth of local potential fluctuations. The trapping process
decreases the overlap of the electron/hole wavefunction and therefore increases the
recombination time. Apart from changing the recombination process, trapping can also
cause lattice distortion, alternate the potential barrier or active chemical reaction [63].

2.8.3 The decay rate equation

Two scenarios may be encountered in deriving the decay rate equation of a
phosphor. The first one presumes the existence of only one kind of trap and leads to the

development of the simple model shown in Fig. 2.14, and consequently the deduction of
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Figure 2.14: Luminescence after-glow process via a trap in an energy band scheme
[18]

the decay rate equations for two reaction types; monomolecular and bimolecular. The

second scenario considers the more realistic situation of the presence of more than one

type of trap in a phosphor.
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For the one trap condition the parameters are defined as follows; N is the trap
concentration, n. and n; are the number of electrons per unit volume in the conduction
band and trap states, respectively, p is the number of holes and is equal to (nc + n¢). Then,
the rate equation representing the decaying processes of the concentration of electrons
and holes after the termination of excitation is [18],

%%:—my+MN—nJm (2.17)
dp

—— = —1rpn 2.18
m pn, (2.18)

where a is the probability per second for a trapped electron to be thermally excited into

the conduction band, b and r are the probabilities that a free electron in the conduction
band will be captured by a trap or will recombine with a hole. It is supposed that the
number of the electrons n. in the conduction band in the after-glow process is so small

that p ~ n;and dp/dt ~dny/dt. Then, the above two equations give [18],
dt  n, + (%XN -n,)

Equation 2.19 can be solved analytically for two cases: b << rand b ~ r to yield the final

(2.19)

two equations.

¢ For b << r, which presumes that the electrons once released from traps are
not re-trapped in the after-glow process, Eq. 2.19 can be simplified to,

dn,

dt

Since the emission intensity is given by I(t) o dp/dt and dp/dt = dny/dt,

= —an, (2.20)

then the exponential decay of after-glow is given by the equation,
I(t) =1, exp(-at). (2.21)
Equation 2.21 is referred to as the first-order or monomolecular reaction
equation.
+« In the case b = r, which means that the traps and emitting centres have

nearly equal capturing cross-sections, Eq. 2.19 can be simplified to,
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and then the number of trapped electrons per unit volume is given by,

n
n=——"2—. (2.23)

1+ [%nto jt

Approximating I(t) o< dn/dt as before, the decay curve of the after-glow is

obtained as [18],

I0
1(t) = e (7 = Ant)' (2.24)

This form is called the second-order or bimolecular reaction type, where
the decay curve is changed by excitation intensity as well as by

temperature.

However, the real phosphors may have several kinds of traps of different depths.
For example, in SrAlL,O4:Eu?*, Dy*', there are three kinds of traps; 0.57, 0.41 and 0.19 eV
[64]. The three traps represent defect-related shallow traps such as Sr—vacancy defects,
and deep traps such as Dy** related hole-traps [64]. Therefore, in many real cases, the
after-glow decay curve is not represented simply by a monomolecular or bimolecular
reaction curve. In the second scenario, the decay curves are often fitted with equations of

the form,

|
I(t) = 0 (2.25)
+N
where n ranges between 0.5 and 2 [18].
2.9 Factors determining the emission colour
The colour of the emitted light in rare-earth doped luminescent materials depends
on the activator species as well as host composition. For example, using UV or VUV as

the excitation source, the following results have been obtained in phosphor materials used

for practical applications:
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e Red phosphor can be obtained by doping Y,0s; cubic structure with
europium [65,66].

e Green colour is generated when Zn,SiO, is doped with Mn [67,68].

e Blue emission is derived from Eu-doped BaMgAl;0017[69,70].

o Ce-doped Y3AlsO1, produces yellow light [71,72].

Figure 2.1 5(a): Zinc-blende structure

The dependence of the emission colour on the two factors originates in the crystal
structure adopted by lla-VIb compounds. Except for MgTe, which crystallizes in the
zinc-blende structure (Fig. 2.15(a)) and BeO, which favours the wurtzite lattice (Fig.
2.15(b)), most of the Ila-VIb family have NaCl-type structures (Fig. 2.15(c)) [73]. The
compounds in the NaCl-type structure can form solid solutions in a wide range of
compositions. As a consequence, the emission colour can be varied by changing the host
composition as well as the activator species and concentration. Such diversity is one of
the advantageous features of the lla-VIb compounds. For the rare earth ions, many

radiative electronic transitions occur in the visible region while retaining their atomic-like
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spectra in a wide range of host materials. This phenomenon, once understood, opens up

the possibility to tailor the emission colour to specific applications.

In the specific case of the aluminate phosphors, the phosphorescence from the
aluminates is believed to be caused by the 4f-5d transition of the Eu®* ions in the crystals
[52,74,75]. This electron transition has been reported to be affected by the electrical
environment around the Eu?* ions. Therefore, the colour of the phosphor is expected to

vary with the crystal structure of the mother phases.

Figure 2.15(b): Wurtzite structure

In cases where at least one of the electronic states is involved in the chemical
bonding, the coupling to the lattice has to be taken into account. This situation is
encountered for many transition metal ions, for the s ions, and for rare-earth ions
showing d—f emission. In Fig. 2.16, this situation is illustrated for d—f optical
transitions on Eu*. Other rare-earth ions showing d—f emission are Ce**, Pr**, Nd** and
Er¥* [49].

The energy difference between the d- and f-electrons is modified by the covalence

of the Eu**-ligand bond and the crystal field strength. An increase of the covalence of the
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Eu®*-ligand bond results in a lower energy difference of the 4f-5d energy separation (due

to the nephelauxetic effect). This treatment considers the shift of the centre of gravity

Figure 2.15(c): NaCl structure

(also called barycenter) of the d-electron level (also called centroid shift), i.e. any
splitting is not yet taken into account [76]. The extent to which the crystal field
interaction splits the d-level depends on the symmetry and the strength of the crystal
field. In this way, e.g., for Eu®*, emission can be obtained extending from the UV part of
the optical spectrum to the red part [76]. Both are easily accessible by choosing
appropriate host lattices, and for this reason broad-band emitters can in general be tuned

within a large spectral range and can be adapted to the application needs.

The spectral position of the emission lines due to transitions between f-electronic
states does not vary very much on changing the host lattice. However, the relative
emission intensity of the several possible optical transitions does vary considerably. In
general, it can be stated that in cases where the rare-earth ion occupies a site with
inversion symmetry, the selection rule states: AJ = 0, 1. In cases where AJ = 0, any
transition to another state with J = 0 is forbidden as well. In such a case, A|J| is
necessarily [76]. These are all magnetic dipole transitions. In lattices without inversion

symmetry there is also electric dipole emission.
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For these transitions, the selection rule is: A | J| < 6. Here again, for initial or final
states with J = 0, other selection rules are operative. In such a case, for electric dipole
transitions, A|J | = 2, 4, or 6. It is observed that the presence of an inversion centre opens
up the possibility to tune the emission spectrum to a small extent. For Eu** with excited

state °Dy, the emission can be tuned from orange (590 nm, with inversion symmetry,

Covalency ligand field

4f%5d*
A
e

7

4f 6pJ
line emission \
7

4f J 1 SSJ

v

Activator-ligand interactions

Figure 2.16: The effect of crystal field strength on the energy levels and emission
colour of the Eu?" ion in solid state. The arrows indicate different emission colours [76]

*Dy— F; transition) to red (610 nm, without inversion symmetry, >Do—'F, transition). A

more general description of these effects is provided by the Judd-Ofelt theory [77,78].

As has already been stated, in the donor-acceptor pair luminescence mechanism,
both the donors and the acceptors and the magnitude of the band gap strongly influence
the spectral position, and hence the emission colour to be obtained. This characteristic is
adequately illustrated by the blue- and green-emitting ZnS:Ag and ZnS:Cu,Au phosphors,
respectively [78].
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Chapter 3
Literature Review

3.1 Introduction

Luminescent materials are mostly solid inorganic materials consisting of a host
lattice, usually intentionally doped with impurities [1]. Most of these materials are
oxides, sulfides, fluorides, halides, and oxysulfides doped with transition metal ions or
rare-earth ions. They are generally characterized by the emission of light with energy
beyond thermal equilibrium [2]. Recently, with the advent of solid-state lighting
technologies as well as the development of plasma and field emission display panels, a
great number of traditional phosphors cannot meet the requirements for new applications,
for example; (1) excitation by near-ultraviolet (UV) or visible light, (2) efficient emission
of appropriate colours and (3) survival in adverse environments. Therefore, novel

phosphors with superior luminescent properties are being sought.

Quite a number of unresolved problems may be identified even among the so
called classical phosphors. Hence, this will be a good starting point in this review. The
term classical may be used to refer to luminescent materials which are applied in classical
applications, i.e. applications which have been known for a long time. Examples of such
applications include x-ray imaging, luminescent lighting and cathode-ray tubes
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(television). This category roughly includes the tungstates (MWOy), vanadates (MVOy),
trivalent antimony (Sb*"), red bismuth ganate (BisGesO1.), and copper (Cu™).

3.2 Synthesis

3.2.1 Tungstates

Following Rontgen’s invention of x-rays, a search for phosphors which were able
to absorb x-rays and to convert the absorbed energy efficiently into light was started [3].
As early as 1896, Pupin proposed calcium tungstate (CaWO,) for this purpose. In spite of
having served for more than 90 years in x-ray intensifying screens, there are still issues
regarding the nature of the emission transition and the quenching temperature of the

luminescence in this material.

3.2.2 Vanadates

The nowadays overwhelming role of rare-earth ion luminescence in commercial
phosphors [3], started in 1964 with the successful proposition of europium-doped yttrium
vanadate (YVO,:Eu®") as a red phosphor for colour television tubes and later also for

luminescent lamps [4]. While the luminescence of Eu®* in YVO, has been investigated
thoroughly and satisfactorily understood, the vanadate VO,* group luminescence is less

well understood. On the whole, this class of materials is yet to be satisfactorily
understood.

3.2.3 Trivalent antimony (Sb*)

The Sb*" luminescence is fairly well understood. It can be described in terms of
transitions between the 5s% ground configuration and the 5s5p excited configuration, as
shown by Oomen et al. [5] using the halide elpasolites as a model host lattice. The Sb*"
ion in apatite: CasS(PO4(F,Cl)):Sb** Mn*" [3] was the best lamp phosphor for decades.
However, the high efficiency of the Sb®" emission in apatite has not yet been well

understood. The Stokes’ shift is some 19,000 cm'l, half of the value of the first excitation
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band maximum [6]. According to an old criterium by Dexter et al. [7], this means that the
emission cannot be efficient. Though this material has been applied for decades in many
millions of luminescent lamps, the constitution of the Sb** centre in apatite [3] is not yet

clear.

3.2.4 Red bismuth luminescence (BaSO4:Bi)

The efficient red luminescence for bismuth doped barium sulphate (BaSO4:Bi)
was reported in 1886. However, it was not until half a century later that this was

confirmed, while a satisfactory explanation came another half century later [8].

3.2.5 Bismuth ganate (Bi;Ge301,)

Due to its excellent scintillation properties, the compound BisGe3O1, has been put
to various applications, the most prominent of which is in the electromagnetic calorimeter
of CERN (Geneva) [3]. However, the nature of the emission transition in this material is
still unclear. It has a very large Stokes’ shift, which for many years was considered to be
a 6s>>6s6p Bi*" transition. It took quite some time for the proposition to be made that
the emission originated in the D level, which is essentially a charge transfer level [9]. The
difficulty in understanding the emission is attributed to the complicated nature of the

composition of the emitting level in BisGe3O,.

3.2.6 Copper (Cu")

The Cu* ion (3d™ configuration) is known to emit efficiently in many host
lattices. The emission is usually ascribed to a 3d°4s — 3d™ transition. However, optically
detected paramagnetic resonance on NaF:Cu® shows that in the emitting state the spin
density in the Cu 4s orbital is very small [10]. This implies that also here the emitting

state is more complicated than originally thought.
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3.2.7 Silicates (MzMgSi207)

The most widely studied persistent luminescent silicates consist of the materials
M,MgSi,O; (M = Ca,Sr,Ba), that play a role similar to that of MAI,O, in the aluminate
group. Of these, the best known compound is Sr.MgSi>O7:Eu®*,Dy**, first reported by
Lin et al. in 2001 [11]. The most common method for preparation of these materials
(M2MgSi,0») is the solid-state reaction technique at 1200-1400 °C. Other methods that
have recently been successfully employed include sol-gel [12], co-precipitation [13], and
combustion [14,15]. A huge enhancement of the afterglow in nearly all co-doped
aluminates and silicates has usually been observed. For example, Sr,MgSi,O7:Eu?*,Dy**
[16] and Ba,MgSi,O7:Eu** Tm*" [17] have a much brighter and longer afterglow than
their non-co-doped variants. However, contrary results were reported by Hdélsa and co-
workers who found that, with the exception of Th**, which had a weak positive influence,
the afterglow in Ca,MgSi,O7:Eu?* was significantly reduced upon addition of trivalent
rare-earth ions [18]. Another remarkable observation of Ca,MgSi,O7:Eu** was in
disagreement on the emission spectrum. Blasse [19] and Hdélsa [18] found an emission
maximum around 535 nm, whereas Mao and co-workers reported an emission band
centred around 515 nm when co-doping with Dy and Nd [20,21,22]. Using a sol-gel
method, Wang et al. [23] prepared Sr.ZnSi,O7:Eu**,Dy**. By applying different synthesis
temperatures, they were able to obtain grains of various sizes and they showed that a

smaller grain size enhanced both the brightness and lifetime of the afterglow.

3.2.8 Aluminates

The group of compounds consisting of Eu?* doped and rare-earth (R**) co-doped
alkaline earth aluminates (MAI,O4:Eu®*,R*": M: Ca, Sr, Ba) are by far the most studied
family of persistent luminescent materials and are considered the first generation of the
modern persistent luminescence materials [24]. This classification was a culmination of
the developments emanating from the breakthrough reported in the article by Matsuzawa
et al. on SrAl,04:Eu®*,Dy*" [24]. Since then the aluminates have been at the centre of

attention in persistent luminescent research. Some of the specific outstanding
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achievements of this era include the bright green luminescence of the monoclinic [25]
SrAl;04:Eu®*, which was discovered in 1966 [26] and described by Blasse and Bril two
years later, together with that of CaAl,04:Eu®" and BaAl,04:Eu®" [27].

The promising results exemplified by these phosphors led to a search for a
method to synthesize co-doped MAI,O4:Eu? in an efficient, cheap and simple way. The
methods include, solid-state reaction combustion [28-32], Pechini [28], microwave [33],
laser heated pedestal growth (LHPG) [34], and sol-gel [35-38], which have been used to
varying degrees of satisfaction. These investigations revealed that not all the techniques
lead to identical crystallographic and luminescent properties. For example,
SrAl,04Eu® ,Dy* prepared by microwave synthesis shows a decreased initial brightness
of the afterglow, together with a small blue shift of the emission spectrum, possibly due
to the small grain size [33]. A similar blue shift has been reported for sol-gel prepared
SrAlLO4:Eu®*, Dy*" [36-38]. During the preparation of CaAl,O, by combustion or a sol-
gel method, HOlsd and co-workers obtained an unusual hexagonal crystal structure
instead of the expected monoclinic one [28,35]. Other researchers have been able to
create grains with orthorombic structure [31]. These observations imply that care should
be taken when comparing luminescence of compounds prepared using different
procedures. Similarly, the exact composition of the starting mixture has important
consequences for the afterglow behaviour. A deficit of alkaline earths has been found to
enhance the afterglow [39], while an excess of barium in BaAl,04:Eu**,Dy*" has been

observed to completely annihilate the persistent luminescence in the phosphor [40].

The influence of the borate (B,O3) on SrAl,O4:Eu®*,Dy** has been the subject of
interest to various researchers. Though this material is usually added to the starting
mixture as a fluxing agent [24], it has been observed to have other influences. For
example, samples prepared without borate showed only very weak [36,41] or no
persistent luminescence at all [42] even though perfect SrAl,O, phase formation was
achieved. A probable explanation for this effect is that the boron is incorporated in the

host as BO,, where it forms substitutional defect complexes with Dy** [42]. This
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decreases the depth of the charge traps in SrAl,O, from 0.79 eV to 0.65 eV, making it

suitable for persistent luminescence at room temperature [41].

The aluminate phase Sr,Al,O.5:Eu®*,Dy**, is a blue-emitting persistent phosphor
with emission around 490 nm and an afterglow that has been reported to remain visible
for over 20 hours [43,44]. A small deficit of strontium enhances the persistent
luminescence [43,44], and preparation without borate strongly reduced the afterglow
[41]. The addition of silver (Ag®) ions in this phosphor has been observed to have a
positive effect on the afterglow, and has been attributed to an increase in the trap density
[45].

Other interesting results on aluminates involve the Sr3Al,06:Eu**,Dy** phase. The
emission colour from the triboluminescence [47] and photoluminescence [48]
measurements on this phosphor is bright green with a spectrum peaking around 510 nm.
However, when the same material was prepared using either microwave or sol-gel
processes [49,50], red Eu**-emission around 612 nm was observed. These conflicting
reports have led to the emission colour of SrsAl,Og:Eu**,Dy*" being indicated as
‘disputed’.

3.2.9 Sulfides

Sulfide phosphors are among the oldest classes of luminescent materials as
exemplified by the ZnS-type phosphors [51]. ZnS-type phosphors have played a very
important role in cathode-ray tubes and have a history of more than 130 years. Despite
their long history, progress in understanding the fundamental physical properties for these
phosphors has been quite slow. This has been attributed to two main reasons: (1) These
materials are hygroscopic and produce toxic H,S when placed in contact with moisture.
(2) Their luminescence properties are sensitive to impurities and nonstoichiometry, which
make it difficult to obtain controlled reproducibility in performance [52].
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The hygroscopic nature of these sulfide materials makes them less stable (due to H,S
production) compared to silicates and aluminates [52]. Sulfides generally show an
increased red shift compared to their oxide counterparts, enabling emission at longer
wavelength, in the yellow, orange or red region of the visible spectrum. This increased
red shift is mainly determined by a larger centroid shift for sulfides than oxides, which is
due to a larger covalency between the anion and the Eu® ion [53]. CaS is a well known
phosphor host, and upon doping with Bi**, blue persistent luminescence is obtained [54].
However, Jia et al. obtained a red afterglow when doping with Eu?* and Tm*" [55,56].
Additionally, they proved that traces of Ce®" further enhanced the lifetime and brightness
of the afterglow [57].

3.2.10 Phosphates

Phosphates, together with aluminates, silicates, and borates, constitute the
materials from which most commercial phosphors are derived [58]. They (phosphates)
are another class of materials with the possibility of exhibiting afterglow. Persistent
luminescence in two similar orthorhombic pyrophosphate compounds, a-Ca,P,07:Eu?*
and a-Sr.P,07:Eu?*, co-doped with Y** ions, has recently been reported by Pang et al.
[59,60]. CayP,07:Eu**,Mn?*" had already drawn some attention as a possible conversion
phosphor in white LEDs due to the presence of both a blue Eu?*-based and an orange
Mn? -based emission band [61]. Pang et al. found that by co-doping with Y**-ions, the
blue europium emission remained visible for over six hours in CazP.O7:Eu*",Y** and over
eight hours in SrP,07:Eu?*,Y3*,

The foregoing account demonstrates that a variety of issues still persist in the
synthesis of phosphors. In particular, broad-band luminescence in inorganic systems is a
phenomenon that requires more investigation for a better quantitative and in many cases
even a qualitative understanding. Efforts to find solutions to these problems may partly
be ascribed to the complicated nature of the emitting states, and partly to the fact that
most researchers have tended to mostly focus on narrow-line luminescence of the rare-

earth ions, where it has been easier to obtain useful results [3].
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3.3 Persistent luminescence mechanisms

3.3.1 Introduction

Knowledge of inorganic luminescent materials can be traced to approximately the
tenth century in Japan and China as well as since the end of the middle edges in Europe
[62,63]. The first scientifically documented observation of the persistent luminescence
phenomenon associated with these materials dates back to the beginning of the 17"
century [64] when the Italian shoemaker, V. Casciarolo, observed strong luminescence
from the famous Bologna stone. In the 20" century, applications of this phenomenon
were put to use [65], in spite of the lack of a satisfactory explanation. A renewed search
for the underlying mechanisms was spurred by the discovery of the persistent
luminescent properties of SrALO4Eu® Dy** by Matsuzawa et al. [24]. It was generally
agreed that after excitation, charge carriers can be captured by traps, then gradually
released followed by a return to the activators while simultaneously producing the
luminescence [66]. A significant amount of research has also been done on
thermoluminescence glow curves and how to extract information about trap depth from
them [67]. However, details such as the nature and origin of the traps and the charge
carriers are still unclear. Since 1996, different mechanisms have been suggested, ranging
from very basic conceptual models to complex systems with multiple charge traps of
various types and depths [66,67]. In particular, a mechanism of persistent luminescence
that was proposed in 1996 for SrAl,04:Eu?*;Dy*" has been widely adopted to explain
afterglow in many Eu? and Dy** co-doped aluminates and silicates. The mechanism
involves the thermally activated release of a hole from Eu® in its excited 5d state to the
valence band which is subsequently trapped by Dy**. However, the true mechanism in
the persistent luminescence of these phosphors is still a disputed matter. To arrive at
plausible mechanisms or to discard implausible ones, it is necessary to know the absolute
energy level locations [68]. Following is a concise overview of some of the prominent

luminescence mechanisms, which have been proposed.
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3.3.2 The Matsuzawa model

Following their discovery of the SrAl,O,:Eu?*,Dy*" phosphor, Matsuzawa et al.
[24] also proposed a mechanism to explain the origins of the extraordinary persistent
luminescence. The mechanism relies largely on the photoconductivity study of powder
SrAlLO4Eu®* samples [69]. A schematic picture of their model is shown in Fig. 3.1. In
this model, holes are assumed to be the main charge carriers. This assumption is based on
earlier measurements by Abbruscato on non codoped SrAl,O4Eu?*, which also shows a
weak afterglow. From his results obtained by Hall measurements, Abbruscato concluded
that holes in the valence band had to be the main charge carriers [69]. He suspected that
Sr®* vacancies acted as traps for these holes. Additionally, Matsuzawa et al. performed
non-uniform illumination photoconductivity measurements, which also suggested that

holes are the main charge carriers [24].

Conduction Band

Eus* By’
—— 454!
v
Mana aa D y3+ ‘\'—?’DF4+
I oy
_g"_ 4f:'| kT........... >

Valence Band

Figure 3.1: Phosphorescence mechanism proposed by Matsuzawa et al. for
SrAl,04:Eu® Dy* [24].

The Matsuzawa model modified Abbruscato’s assumptions in order to explain the
influence of rare earth co-doping. When an Eu®* ion is excited by an incident photon,
there is a possibility that a hole escapes to the valence band, thereby leaving behind a Eu”
ion. The hole is then captured by a trivalent rare earth ion, such as Dy**, thus creating a
Dy** ion.
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Eu® (4f7)+ hv — Eu®” (4f65d1)

Eu®"(4f°5d*)—> Eu? (4f7)+ hv'

Dy** (4f°) + h* - Dy** (4f%)
After a while, thermal energy causes the trapped hole to be released into the valence band
again. From there it can move back to a Eu” ion, allowing it to return to the Eu®* ground
state with emission of a photon [24]. In their mechanism, Matsuzawa et al. made two
crucial assumptions: (1) The fundamental level of the 4f" configuration of Eu®" is close in
energy to the top of the valence band. (2) The Eu*" ion, excited by irradiation, becomes
an excited Eu*” ion upon electron capture, Eu®*" (4f°5d") + e — Eu*" (4f'5d%). The
Matsuzawa model quickly gained recognition [40,42,70], and was frequently used to
explain observed phosphorescence behaviour in newly discovered compounds [20,43,71].
Various thermoluminescence [34,72,73,74], photoconductivity [70], and electron
paramagnetic resonance [66] measurements were performed to confirm the validity of the
model. However, the results of these experiments were often inconclusive and no hard
evidence for the model could be found. For example, the generation of the Eu*” and Dy**
species, under a UV or visible excitation was considered to be highly unlikely.
Furthermore, electronic band structure calculations carried out for SrAl,04:Eu® had

shown that the Eu d-block bands lie just below the conduction band bottom [76].
3.3.3 The Aitasalo model

The phosphorescence mechanism of Aitasalo et al. proposed in 2003 for
CaAlLO4Eu®* Nd* differed considerably from the Matsuzawa model [68]. The
mechanism (Fig. 3.2) is based on the realization that the formation of the highly unstable
species Eu*” under UV or visible irradiation is highly unlikely. The reduction of Eu®* into
Eu® in oxides already requires a high energy (~3.7 eV), and the further reduction of Eu**
should require a much higher energy [3]. To retain the hole trapping process suggested
from the photoconductivity experiments, Aitasalo et al. assumed the occurrence of
energy transfer to Eu®* and proposed that the UV excitation promotes an electron from
the valence band to a discrete level of unknown origin, while the hole created in the

valence band is trapped by an alkaline earth vacancy level Vca. Then, Aitasalo et al.
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assumed that the thermal energy allows the transfer of the electron from the discrete level

of unknown origin to an oxygen vacancy level Vo, from which a recombination takes

Conduction Band
| R Eut
[ 454!
KT o A &
Trap - V+
Lewels N t...!—l—-l- 0
F 3
. ET
UT- [ —— %
%M
Yieaw L
a S ¥ af
) sransens B ) sinsennssrnssensnnennsen o

Valence Band

Figure 3.2: Phosphorescence mechanism proposed by Aitasalo et al. for CaAl,O,:
Eu®*,Nd** [68].

place toward the V¢, level. The energy released is then transferred to an Eu®* ion, which
is excited and then is de-excited instantaneously. However, EPR measurements of
SrAl,04:Eu*,Dy*", which showed that the concentration of Eu”* decreases during the UV
excitation and increases when the excitation is stopped until the extinction of
phosphorescence [43], seem to contradict this assertion. This observation indicates that
Eu®* ions participate in the trapping process and, hence, do not support the idea of energy
transfer to Eu?" after the trapping, as suggested by Aitasalo et al. In this mechanism, Nd**

co-doping is considered to serve the role of increasing the number of cation vacancies.
3.3.4 The Dorenbos model

The Dorenbos mechanism is basically the same as the Matsuzawa model but it
does not require the existence of Eu* and RE*'(RE = tetravalent rare earth ions). Hence, it

is in agreement with the Aitasalo model with regard to the improbable existence of Eu*

and Dy** ions (in aluminate and silicate compounds) [68]. Dorenbos pointed out that the
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assumed hole on the ground state of Eu®* after excitation is based on faulty reasoning,
since in contrast to the Bloch states of the valence and conduction band, which are
delocalized, the energy levels of the rare earth ions are localized. Hence, the 4f state of
europium after the excitation should not be interpreted as a ‘real hole’ that can accept an
electron. He was also not convinced by the observation of hole conduction by Abbruscato
and Matsuzawa, and noted that more detailed research was required to shed more light on
this aspect [68]. As a result of the inadequacy of the Matsuzawa model to address these

problems, Dorenbos was motivated to present a different model (Fig. 3.3) in 2005.
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Figure 3.3: Phosphorescence mechanism proposed by Dorenbos et al. for aluminate
and silicate compounds [68].

Similar to the Matsuzawa model, electrons are considered to be excited in Eu®* ions.
Since the 5d level of these ions lies very close to the conduction band [68], the excited
electrons can easily be released into the conduction band and subsequently caught by a
trivalent rare earth co-dopant, creating a divalent ion. Thermal energy can then release
the trapped electron, followed by a recombination upon reaching a luminescent centre
[68,77].

On the basis of the enormous research effort put into the determination of the

location of rare-earth energy levels in inorganic compounds [78] the Dorenbos model
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could be used to make two significant explanations: (1) His infererence that the energy
level of Dy** (i.e., Dy*" after capture of an electron) in SrAl O, lies approximately 0.9 eV
below the conduction band [68]. This value is of the same order as the trap depth found in
SrAlLO4Eu?* Dy* [24,72,79]. (2) The model can be used to explain why Sm** and Yb**
ions strongly reduce the afterglow. Previous work by Dorenbos had revealed that the
relevant levels of Sm*" and Yb®" are located much lower than those of the other divalent
rare-earth ions such as Dy*" and Nd®* [80]. Hence, the resulting traps are too deep to be
emptied at room temperature. The existence of intrinsic persistent luminescence in non-

codoped materials can however not be explained by this model.

3.3.5 The Clabau model

The model by Clabau et al. is probably one of the most comprehensive
mechanisms proposed for the persistence luminescence phenomenon in rare-earth-doped

aluminate phosphors. Fig. 3.4 depicts the schematic illustration of the mechanism, which
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Figure 3.4: Phosphorescence mechanism proposed by Clabau et al. for SrAl,O,:
Eu®* ,Dy*" B* [67].
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was proposed for SrALO4:Eu®,Dy**,B*. Its deduction was based on three facts: (1) The d
orbitals of Eu®* are located near the conduction band bottom of the host SrAlO4. (2) The
Eu®" concentration decreases under UV excitation. (3) The phosphor samples always
have a small quantity of remnant Eu* ions because it is impossible to reduce all Eu®*

ions into Eu* ions under the synthetic conditions employed [67].

The model proposes that under UV irradiation electrons are promoted from the
occupied 4f levels of Eu®* to the empty 5d levels and from the valence band top to the
unoccupied 4f levels of residual Eu®* (i.e., charge transfer). The electrons promoted to the
5d levels can be trapped at the Vo defects located in the vicinity of the photogenerated
Eu® cations while the holes created in the valence band can be trapped either at the Vs,
or Vi levels. Due to these trapping processes, Eu®* is oxidized to Eu®*, while residual
Eu® is reduced to Eu*". The thermal energy at ambient temperature causes the detrapping
of the trapped electrons directly to the 5d levels of Eu®*, hence leading to the 4f°5d'—4f’
green phosphorescence. The 450 nm blue emission, observed only at low temperatures
(below 150 K), is attributed to the charge transfer from the fundamental level of the 4f'
configuration of Eu®* to the valence band and is associated with a hole de-trapping
mechanism [67]. This model is similar to the Dorenbos model, but differs on some
important points. The first difference arises from the assertion that there is no migration
of electrons through the conduction band. The transport of electrons between the traps
and the luminescent centres is believed to occur through direct transfer, which requires
close proximity between the europium ions and the lattice defects [67]. Clabau et al.
arrived at this conclusion on the basis of analysis of results from measurements of the
temperature-dependence of photoconductivity as well as thermoluminescence (TL),
which indicate that detrapped electrons do not migrate in the conduction band. This
observation is reinforced by results of their evolution of TL curves of the alkaline-earth
aluminate (AAIl,O,) series (A = Ca, Sr, Ba), which suggest that electron detrapping, from
the oxygen vacancy levels, occurs towards the 5d orbitals of Eu*" rather than to the
conduction band [67].
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The second difference is based on the nature of the traps. By comparing glow
curves of nonco-doped and Dy**-co-doped SrAl,O4:Eu®*, Clabau et al. noticed that the
relevant peaks differed in size and location, but were very similar in shape. From this,
they concluded that the chemical nature of the trap was not influenced under co-doping.
This led them to the idea that lattice defects, namely oxygen vacancies, must act as traps
in SrAl,O4:Eu®" RE®* [81]. The influence of the rare-earth ions as co-dopants is explained
by their stabilizing influence on the oxygen vacancies. The ionization potentials of the
rare-earths can be used as a measure of the extent of this stabilization, since a lower
ionization potential will cause the codopant to attract oxygen vacancies more strongly,
thereby increasing the trap depth [82]. It has actually been observed that when
SrAl,04Eu® is co-doped with different rare earth ions, with an increasing ionization

potential, the duration of the afterglow is shortened [67].
3.3.6 Revised models

The 2005 model by Clabau et al. attributed the two observed Eu®* emissions to the Eu*
ions occupying the two Sr®* sites in the SrAl,O, lattice. This assertion was challenged by
Ngaruiya et al. [83] on account of the chemical indistinguishability of the two sites as
well as their similarity in abundance. In 2008, they postulated the preferential alignment
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Figure 3.5: Clabau’s et. al. [67] phosphorescence mechanism as modified by
Ngaruiya et al. [83]
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of one of the 5d-orbitals of the Eu*" ion to modify the Clabau et al. model (Fig. 3.5). The
crux of the revision is on alignment as one of the factors that influence Eu®* emissions.
Ba and Sr ions are reported to form linear chains in the lattices of BaAl,O4and SrAl,O4
[84]. An Eu?* ion in these chains experiences, in addition to the negative charges of the
nearest anion neighbours, positive charges due to cation neighbours in the chain
direction. The positive charges can orient one d-orbital preferentially, thereby lowering

its energy and therefore result in Eu** emitting at longer wavelengths [83].
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Figure 3.6: Phosphorescence mechanism proposed in 2006 by Aitasalo et al. for
CaAl,04:Eu* ,Dy*" [57].

Fig. 3.6 shows the model by Aitasalo et al. [57], which was developed in 2006 by
incorporating ideas from both the Dorenbos and Clabau models. In the new mechanism,
electrons that are excited in the Eu®* luminescent centres can easily escape into the
conduction band. Both oxygen vacancies and trivalent codopant ions introduce trap
levels. The captured electrons can escape again into the conduction band and recombine
in a luminescent centre when enough thermal energy is made available. However, the
exact nature of the traps was not clarified from the reasoning that the defects involved

can interact with each other and form complex aggregates [57].
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3.4 The SrAl,O4 phase

As mentioned earlier, the alkaline earth aluminates MAI,O, (M = Ca,Sr,Ba) are
by far the most studied family of persistent luminescent materials. Of these, SrAl,O4 has

received the most attention due to its various potential benefits.

3.4.1 Structural characteristics of SrAl,O4

SrAl,04 has two polymorphisms: the low temperature monoclinic structure and
the high temperature hexagonal one [85]. A reversible phase transformation between the
two crystallographic forms has been observed to occur at about 650 C [86]. The structure
of the low-temperature phase is well established [87], but that of the high-temperature

phase is not [86]. The structure of the low-temperature phase has a three-dimensional

network of corner-sharing AlO, tetrahedra, which has channels in the a- and c-directions

Figure 3.7: Schematic views of the monoclinic phase of SrAl,O,4 along the a- and c-
directions [67].

where the Sr** ions are located (Fig. 3.7). There are two crystallographically different
sites for Sr** (Wyckoff position 2a), which have identical co-ordination numbers (i.e., 6 +
1), similar average Sr-O distances (i.e., 2.695 A and 2.667 A) and similar individual Sr-O
distances. The two environments differ only by a slight distortion of their *“square

planes”. on the oter hand, the Sr** and Eu®* ions are very similar in their ionic size (i.e.,
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1.21 and 1.20 A, respectively). Consequently, when occupied by Eu?* ions, the two
different Sr** sites will have a quite similar local distortion, so that the Eu®* ions located
at the two different Sr** sites will have very similar local environments. The
phosphorescence in the monoclinic phase of the SrAl,O4Eu® phosphor has been
observed when prepared in the form of a thin layer [88] or a crystal [89,90], by solid-state
reactions (at 1300 °C during few hours) [24], a sol-gel route (at 1150 °C) [38], a
microwave route [90], and a combustion method [91]. Europium is usually introduced in
the reaction mixture in its oxidized state Eu** (Eu;Os), and phosphorescence appears only
after a reducing treatment (in situ or afterwards) [92]. Luminescence measurements show
that after this reducing treatment, europium is mainly present in the reduced form Eu?*
[24], but Mossbauer measurements have shown that there remains roughly 5 to 10% of
Eu® [76].

3.4.2 Dopant and co-dopant sites

The sites of the dopants and co-dopants of SrAl,O, are dictated by their ionic
radii. The Eu® (1.20 A), Eu®* (1.01 A), and Dy** (0.97 A) ions can readily occupy the
Sr** (121 A) ion sites, as confirmed by EPR measurements [93]. The two
crystallographically different Sr** sites are very similar, so it is expected that the
luminescent ions (Eu®") are present at both sites. This expectation is corroborated by EPR
measurements [94]. The fact that Sr** and Eu®* ions have very close ionic radii explains

why Eu® ions introduced in the Sr** sites of SrAl,O, are easily reduced to Eu® [92].

3.4.3 Probable vacancies

The formation of the by-product Sr3Al,O¢ during the synthesis of SrAl,O,4 [92] as
well as the thermoluminescence (TL) measurements carried out for the stoichiometric
and nonstoichiometric samples of SrAl,O4: Eu** [69] indicate that SrAl,O4 tends to have
strontium vacancies (Vsr), and hence oxygen vacancies (Vo) due to the requirement of
charge neutrality. Aluminum vacancies (Va) might exist as well, but would be

energetically unfavourable to form because the Al-O bonds are short and strong.
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Chapter 4
Characterization and Synthesis Techniques

4.1 Introduction

The key material parameters required to understand, control, and correlate
material properties with optical performance include the average particle diameter and
particle-size distribution, crystallinity and material shape or morphology. Characterizing
particle or feature size for nanocrystals and nanostructures is done routinely using
scanning transmission electron microscopy (STEM), high-resolution transmission
electron microscopy (HRTEM), scanning electron microscopy (SEM), scanning
tunneling microscopy (STM), and atomic force microscopy (AFM) [1]. TEM methods
usually require dispersion of the particles, but, of all the microscopy methods listed here,
HRTEM can provide the best spatial resolution of better than 0.2 nm [2]. Furthermore,
the high resolution imaging can identify defects and surface structures. An important
aspect of the direct imaging methods is that they will reveal the shapes of nhanomaterials,
which can affect the optical characteristics of many types of materials [3]. AFM is being
used more frequently, although preparing atomically thin AFM tips to image particles or
features less than 10 nm can be very difficult. AFM has the potential to provide spatially
resolved chemical information [4]. The main advantage of SEM, STM, and AFM
methods is that they can be used to study the morphology of as-prepared nanoparticles
and nanocomposites. Direct size measurements obtained from images are often used in

conjunction with other measurements such as powder x-ray diffraction (XRD).

84



For a complete picture of the crystal phase, average particle diameter, particle-
size distribution and the morphology of the samples, it is necessary to combine
diffraction and imaging characterization tools. Crystal phase confirmation and purity can
be obtained by using powder XRD [5] and selected-area electron diffraction (SAED).
SAED can analyze single nanoparticles that are 10 nm and larger [6]. Similarly, using
electron diffraction patterns in TEM or the interference fringes in HRTEM images can
also confirm the crystal phase of individual nanoparticles. In some cases, it is possible to
correlate the phase and structural information obtained from microscopy and diffraction
measurements with the optical properties [7].

The complete characterization of a whole material requires elemental analysis,
which is often performed in an electron microscope using energy-dispersive X-ray
spectrometry (EDXS) or by surface analytical techniques such as x-ray fluorescence,
Auger electron spectroscopy (AES), and x-ray photoelectron spectroscopy (XPS). XPS,
extended x-ray absorption fine structure (EXAFS), and electron energy loss spectroscopy
(EELS) can provide further details about the surface chemistry, structure, and local
environment [8]. Elemental and qualitative analytical techniques are also necessary to
identify intentional adsorbates or unintentional contaminants on a particle surface.
Molecular spectroscopy such as Raman spectroscopy and Fourier transform infrared
(FTIR) spectroscopy can characterize materials and help identify any surface

contaminants or intentional capping agents.

Luminescence is an appropriate tool for characterizing the structures and
performance of phosphors due to the strong optical emission of these materials. Optical
spectroscopy can provide a sensitive measure of particle size, size distribution, and
particle shapes for quantum dots and metals. Complementary information for
characterizing multiple phases, defects, quenching, and environmental effects can be
obtained from lifetime measurements [9]. Luminescence spectra, lifetimes, and quantum-
efficiency measurements can be made with laboratory-scale spectrometers utilizing
optical photons, electrons or x-rays, as excitation sources. However, detailed studies

using vacuum-UV excitation may require sophisticated excitation sources. Optical
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spectroscopic measurements are quite important to determine colour purity and quantum

efficiency of phosphor materials.

In the case of inorganic/organic composites, the range of characterization methods
used in the analysis of the composition, the molecular and nanometre structure as well as
the physical properties of these materials is quite large. Many of the methods are specific
for particular material compositions [10]. Compared with classical inorganic materials,
hybrids are often amorphous so well-established characterization techniques such as x-
ray diffraction are limited. Many methods used are more related to the characterization of
amorphous organic polymers. The heterogeneous nature of these materials means that
generally a variety of analytical techniques has to be used to get a satisfactory answer to

structure— property relationships.

4.2 Scanning electron microscopy (SEM) and energy dispersive x-ray

spectroscopy (EDXS)

Scanning electron microscopy is an imaging technique, which is capable of
producing high resolution images of a sample surface. SEM images have a characteristic
three-dimensional appearance and are useful for judging the surface structure of a sample
[11]. Electron microscopy became one of the most important techniques to characterize
the materials morphology on the nanometre and nowadays even on the atomic scale [12].
Electron microscopy takes advantage of the wave nature of rapidly moving electrons. In
the microscope, a beam of electrons is generated in a vacuum. The beam is collimated by
electromagnetic condenser lenses, focused by an objective lens, and then scanned across
the surface of the sample by electromagnetic deflection coils. The primary imaging
method is by collecting secondary electrons that are released by the sample. The electrons
are detected by a scintillation material that produces flashes of light from the electrons.
The light flashes are then detected and amplified by a photomultiplier tube. By
correlating the sample scan position with the resulting signal, an image can be formed
that is strikingly similar to what would be seen through an optical microscope [13].
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Beside the emitted electrons, x-rays are also produced by the interaction of
electrons with the sample. These x-rays are characteristic of the elements present in the
sample and can be detected in a scanning electron microscope coupled with an x-ray

analyzer such as the energy dispersive x-ray spectrometer (EDXS) [14]. Different

Figure 4.1: The SEM equipment coupled with EDS: SHIMADZU Superscan model
SSX-550

detection modes can be applied such as the detection of backscattered electrons or the
electron backscatter diffraction (EBSD) which gives crystallographic information about
the sample. SEM is very versatile in having many other imaging modes available that
provide specialized information. However, in the analysis of SEM micrographs, one has
to be aware of some limiting aspects such as [13]:

v All specimens are in high vacuum and probably have another shape in a liquid or
gel-like surrounding.

v" The images reveal only a small fragment of the whole sample raising the
possibility that the region analyzed may not be characteristic of the whole sample.

v The high energy electron beam incident on the sample may probably change it.
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In general electron microscopy results should always be confirmed by other

techniques.

In this study, the surface morphology and elemental composition of the phosphor
powders were investigated using a Shimadzu Superscan SSX-550 electron microscope
(SEM) coupled with an energy dispersive x-ray spectroscope (EDS). For SEM
measurements, the probe size was 3.0 nm, the probe current 0.02 nA, and the accelerating
voltage 5.0 keV. The probe size for EDS analysis was 4 nm, specimen current 1.00 nA,
and accelerating voltage 15.0 keV. The set up used in this work is shown in Fig. 4.1.

4.3 X-ray diffractometry (XRD)

The object of x-ray diffractometry is in two main areas; fingerprint
characterization, and the determination of structural properties of crystalline materials.
Hence, this technique, which is nondestructive, is suitable for identifying major

constituents of a mixture and is also an effective tool for determining the phase,

Figure 4.2: The X-ray diffractometer used in this study is a Bruker AXS Discover
diffractometer
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crystallinity, and purity of samples prepared under various conditions. It has a detection
limit of 5 percent [15].

When the positions and intensities of the diffraction pattern of a sample are taken
into account, the pattern is unique for a single substance. The x-ray pattern is like a
fingerprint and mixtures of different crystallographic phases can be easily distinguished
by comparison with reference data. Usually electronic databases such as the International
Centre for Diffraction Data (ICDD) are employed for this comparison. The major
information one gets from this method is the crystalline composition and the phase purity.
In the case of semicrystalline or amorphous materials, broad humps are observed in the
diffractogram. Therefore the degree of crystallinity can be qualitatively estimated. If the
crystallites of the powder are very small the peaks of the pattern will be broadened. From
this broadening it is possible to determine an average crystallite size by the Debye-
Scherrer equation,

kA

) cosOB* — B¢

where d denotes the average size of the crystallites, k is a factor which is usually set to

d

(3.1)

0.9, 0 is the Bragg angle, B is the broadening of the diffraction line measured at half of its
maximum intensity (radians), Bo represents the scan aperture of the diffractometer, and A
is the x-ray radiation wavelength. An error for the crystallite size by this formula can be
up to 50% [15]. The system employed in this study (Fig. 4.2) is a Bruker D8 (Bruker
Corporation of Germany) x-ray diffractometer in which the source of the x-ray radiation
is CuK, with a wavelength of 1.5406 A and was operating at 40 kV and 40 mA, with a
scan step of 0.02° in 26 and a scan speed of 4°/min. The divergence slit (DS) was set

equal to the scatter slit (SS) at a value of 1°, while the receiving slit (RS) was 0.15 mm.
4.4 Transmission electron microscopy (TEM)

Transmission electron microscopy is an imaging technique in which a beam of

electrons is focused onto a specimen causing an enlarged image to either appear on a
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fluorescent screen or layer of photographic film, or to be detected by a CCD camera [16].
Fig. 4.3 shows the basic construction of a transmission electron microscope as well as a

photograph of the system employed in this work.

The source radiation is generated using an electron gun and the resulting beam of
electrons is focused into a tight, coherent beam by multiple electromagnetic lenses and
apertures. The lens system is designed to eliminate the loss of electrons as well as to

control and focus the electron beam. The corrected beam is then focused onto the
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Figure 4.3(a): Schematic diagram of a transmission electron microscope [18]
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sample. The beam has enough energy for the electrons to be transmitted through the
sample. The transmitted electron signal is greatly magnified by a series of
electromagnetic lenses. The magnified transmitted signal may be observed in either an
electron diffraction mode or direct imaging mode. Data is accumulated from the beam
after it passes through the sample. The electron diffraction mode is employed for
crystalline structure analysis, while the image mode is used for investigating the
microstructure, e.g. the grain size and lattice defects [17]. A modern high-resolution TEM

goes down to a resolution <100 pm.

Figure 4.3(b): JEOL JEM-2100 model transmission electron microscope

While the ability to get atomic-scale resolutions from transmission electron
microscopy is of great advantage, TEM is a relatively expensive equipment. It requires
extensive sample preparation, which makes it a relatively time-consuming technique with

a low throughput of samples.
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The TEM results in this project were obtained using a JEOL JEM-2100
transmission electron microscope operating at 200 kV. The system is available at the
Council for Scientific and Industrial Research (CSIR), nanomaterials laboratory. Sample
preparation involved suspending particles in ethanol by ultrasonification and drying a

drop of the suspension on a carbon-coated copper grid.

4.5 Photoluminescence spectroscopy (PL)

The luminescence properties of a phosphor can be characterized by its emission
spectrum, brightness, and decay time [19]. Additional information pertaining to both the
basic luminescence mechanisms and their practical application can be obtained from the

absorption and reflectance spectra.

The photoluminescence technique is a nondestructive and contactless
spectroscopic method of probing the electronic structures of materials [20]. The

excitation energy and intensity are chosen to probe different regions and excitation
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Figure 4.4: Typical experimental set up for PL measurements [21]
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concentrations in the sample. The light emitted in PL can be collected and analyzed to
yield a wealth of information about the photoexcited material. The PL spectrum provides
the transition energies, which can be used to determine the electronic energy levels [20].
The spectrum is obtained using a monochromator equipped with an appropriate light
detector. A typical PL set-up is shown in Fig. 4.4. A detailed description of its operation
can be found elsewhere [21].

The PL intensity and spectral content is a measure of various important material
properties such as chemical composition, structure, impurities, Kinetic processes and

energy transfer [21]. Variation of the PL intensity with external parameters like

Figure 4.5(a): The He-Cd laser equipment

temperature and applied voltage can be used to characterize further the underlying
electronic states and bands [19]. Additionally, one of the characteristics of PL is that it
has a unique sensitivity to discrete electronic states. Since many of these states lie near
surfaces and interfaces, PL becomes an important tool for obtaining detailed information
about the nature of the states. When the states serve as long-lived traps, the depth of the

93



traps can be determined by observing thermal activation in temperature-dependent PL
[20].

Compared with other optical methods of characterization like reflection and
absorption, the PL technique has various advantages: It is simple, versatile,

nondestructive and the measurement does not rely on electrical excitation or detection, so

Figure 4.5(b): The Cary Eclipse fluorescence spectrophotometer system

that sample preparation is minimal. PL can be used to study virtually any surface in any
environment. The main drawback of PL analysis is that the sample under investigation
must emit light and the difficulty in estimating the density of interface and impurity states

constitutes another shortcoming [20].

In this study, two systems were employed for PL characterization; a SPEX 1870
0.5m spectrometer system, equipped with a He—Cd laser lamp as the excitation source
and a Cary Eclipse fluorescence spectrophotometer (Model: LS 55). Samples for the laser

system were excited at 325 nm and emission observed in the wavelength range 400 to
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600 nm at room temperature. The Cary Eclipse spectrophotometer is equipped with a 150
W monochromatic xenon lamp as the excitation source and a grating to select a suitable
wavelength for excitation. Each sample was loaded into a circular holder and excited with
340 nm radiation from the pulsed xenon lamp. The emission spectra were scanned in the
range of wavelengths from 360 to 750 nm. To measure the excitation spectra, the
analyzer monochromator was set to the maximum wavelength of the emission spectra and
then an excitation monochromator was scanned in the range of 250 to 450 nm. The same
system (Cary Eclipse) was used to investigate the phosphorescence decay curves of the
phosphors in air at room temperature. The two systems are shown in Fig. 4.5.

4.6 Thermal analysis (TA) techniques

The term thermal analysis (TA) refers to a variety of analytical experimental
techniques in which a property of a sample is continuously measured as the sample is
programmed through a predetermined temperature profile. Fig. 4.6 shows a schematic of
a TA instrument. Among the most common TA techniques are differential scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA).
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Figure 4.6: Typical components of a TA instrument
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4.6.1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a thermoanalytical technique, which measures
the heat flow associated with thermally induced transitions in polymeric materials [22].
The measurement is carried out by comparing the difference in the amount of heat
required to increase the temperature of a sample and a reference, whose heat capacity is
well defined over the range of temperatures to be scanned. The DSC can give
thermodynamic information about properties such as glass transitions, phase changes,
melting, crystallization, product stability, and oxidative stability [23].

The basic principle underlying this technique is that when the sample undergoes a
physical transformation such as a phase transition or thermal decomposition, more or less
heat is required, compared with the reference, to maintain both at the same temperature.
Whether more or less heat must flow to the sample depends on whether the process is
exothermic or endothermic. An exothermic or endothermic event in the sample results in
a deviation between the two heat flows and results in a peak in the DSC curve (plot of
heat flow against temperature/time). The difference in heat flow between the sample and
reference also delivers the quantitative amount of energy absorbed or released during
such transitions. The experiments can be carried out under oxygen and other atmospheres
such as an inert gas [24]. Two widely used DSC designs are the quantitative DTA (Heat-
Flux DSC) and the power compensation DSC.

4.6.1.1 Quantitative DTA (Heat-Flux DSC)

The term heat-flux differential scanning calorimeter is widely used by
manufacturers to describe commercial quantitative DTA instruments [25]. In quantitative
DTA, the temperature difference between the sample and reference is measured as a
function of temperature or time, under controlled temperature conditions. The
temperature difference is proportional to the change in the heat flux (energy input per unit
time). The structure of a quantitative DTA system is shown in Figure 4.7(a). The

conformation of the sample holder assembly is different from that in a classical DTA set-
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up. The thermocouples are attached to the base of the sample and reference holders. A
second series of thermocouples measures the temperature of the furnace and of the heat-
sensitive plate. During a phase change heat is absorbed or emitted by the sample, altering
the heat flux through the heat-sensitive plate. The variation in heat flux causes an
incremental temperature difference to be measured between the heat-sensitive plate and
the furnace. The heat capacity of the heat-sensitive plate as a function of temperature is

measured by adiabatic calorimetry during the manufacturing process allowing an estimate
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Figure 4.7(b): Schematic of a heat-flux DSC Cell [18]
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of the enthalpy of transition to be made from the incremental temperature fluctuation.
The sample and reference materials are placed in sample vessels and inserted into the
sample and reference holders. For optimum performance of a quantitative DTA system
the sample should weigh less than 10 mg, be as flat and thin as possible and be evenly
placed on the base of the sample vessel. The maximum sensitivity of a quantitative DTA
instrument is typically 35 uW [25]. In the most popular design, two separate pans sit on a
pair of identically positioned platforms connected to a furnace by a common heat flow
path (Fig. 4. 7a). A sample is placed in one of the pans while the other one is left empty
and serves as a reference. The instrument furnace, which is computer-operated, is
switched on and in turn heats the two pans at a specific rate, usually anywhere between 5-
20 °C per minute. The instrument makes absolutely sure that the heating rate stays
exactly the same throughout the experiment. But more importantly, it makes sure that the
two pans are heated at the same rate so that both are maintained at nearly the same

temperature.

4.6.1.2 Power compensation differential scanning calorimetry (DSC)

The structure of a power compensation-type DSC instrument is shown in Fig.
4.7(b). Its operating principle is different from that of DTA systems. The base of the
sample holder assembly is placed in a reservoir of a coolant. The sample and reference
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Figure 4.7(c): Schematic diagram of power compensation DSC system [25]
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holders are individually equipped with a resistance sensor, which measures the
temperature of the base of the holder, and a resistance heater. If a temperature difference
is detected between the sample and reference, due to a phase change in the sample,
energy is supplied until the temperature difference is less than a threshold value, typically
less than 0.01 K. The energy input per unit time is recorded as a function of temperature
or time. A simplified consideration of the thermal properties of this configuration shows
that the energy input is proportional to the heat capacity of the sample. The maximum
sensitivity of this instrument is 35 pW [25].

The temperature range of a power compensation DSC system is between 110 and
1000 K depending on the model of sample holder assembly chosen. Some units are only
designed to operate above 290 K, whereas others can be used over the entire temperature

range. The heater of a power compensation type DSC instrument is smaller than that of a

quantitative DT A apparatus, so that the temperature response is quicker and higher

p—— - —

Figure 4.7(d): The Perkin-Elmer DSC7 thermal analyzer used in this study

scanning rates can be used. Instruments display scanning rates from 0.3 to 320 K/min on
heating and cooling. The maximum reliable scanning rate is 60 K/min. Isothermal
experiments, annealing (single- and multi-step) and heat capacity measurements can be
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performed more readily using the power compensation-type instrument. Maintaining the
instrument baseline linearity is a problem at high temperatures or in the sub-ambient
mode. Moisture condensation on the sample holder must be avoided during sub-ambient

operation.

In both DTA and compensation techniques, a plot is made as the temperature
increases. Generally, the temperature program for the DSC analysis is designed such that
the sample holder temperature increases linearly as a function of time. In this work, a
compensation type (Perkin-Elmer DSC 7) differential scanning calorimeter, under
flowing nitrogen, was employed for the DSC analyses. The system was interfaced to a
computer, which was used for calculations by means of the Pyris Software. Calibration of
the system was based on the onset temperatures of melting of indium and zinc standards,
as well as the melting enthalpy of indium. Samples of masses ranging from seven to ten
milligrams were sealed in aluminium pans and heated from 25 to 160 °C at a heating rate
of 10 °C min™, and immediately cooled at the same rate to 25 °C. For the second scan,
the samples were heated and cooled under the same conditions. Peak temperatures of
melting and crystallization, as well as melting and crystallization enthalpies, were
determined from the second scan. Three measurements, from which average temperature

and enthalpy values were calculated, were performed on each sample.

4.6.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is an analytical technique used to determine the
thermal stability and the fraction of volatile components in a material by monitoring the
weight change that occurs as a specimen is heated [26]. The measurement is normally
carried out in air or in an inert atmosphere, such as helium or argon, and the weight is
recorded as a function of increasing temperature. The measurement is occasionally
performed in a lean oxygen atmosphere, of 1 to 5% O; in N, or He, to slow down
oxidation. TGA instruments can be divided into two general types: vertical and horizontal
balance. Vertical balance instruments generally have a single specimen pan hanging from

the balance or located above the balance on a sample stem. Calibration of these
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instruments is necessary in order to compensate for buoyancy effects due to the variation
in the density of the purge gas with temperature, as well as the type of gas. Unlike
vertical balance instruments, horizontal balance TGA instruments normally have two
pans for the sample and reference, respectively, and can therefore also perform DTA and
DSC measurements. They are considered free from buoyancy effects but require

calibration to compensate for differential thermal expansion of balance arms.
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Figure 4.8(a): Schematic of a TGA furnace [18]

In the present work, the vertical type TGA instrument was used. The schematic
diagram and photograph of the instrument used in this analysis are shown in Fig. 4.7. The
instrument is a Perkin-Elmer TGA7 thermogravimetric analyzer. The samples, each
having a mass between 6 and 10 mg were placed into a sample pan which is attached to a
sensitive microbalance assembly, as shown in Fig. 4.7(a). The sample holder portion of
the TGA balance assembly was subsequently placed into a high temperature furnace. The
samples were subsequently heated from 25 to 600°C at a rate of 10°Cmin™ in a flowing
nitrogen atmosphere (flow rate 20 mL min™). The balance assembly measures the initial
sample weight at room temperature and then continuously as the temperature increases.

The samples lost weight as species decomposed or evaporated. These changes were
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detected by the analytical balance from which the samples were suspended. The data

were plotted with weight percent on the y-axis and temperature on the x-axis.

Figure 4.8(b): Image of the TGA apparatus used in this project

4.7 Synthesis techniques

4.7.1 Sol-gel

The sol-gel method is one of the traditional wet chemical techniques for
producing metal oxide nanoparticles through chemical processes; hydrolysis, gelation,
followed by drying, and finally thermal treatment [27,28]. In general, the sol is defined as
colloidal particles suspended in a liquid solvent from which a gel can be formed. On the
other hand, a gel is a three dimensionally interconnected rigid network, having
submicrometre pores and a polymeric chain whose average length is of the order of
microns. In sol-gel processing, metal alkoxides are used as a reactive metal precursor and
hydrolyzed with water. By adding appropriate reagents, homogeneous gels from the
mixture of alkoxides can be produced through the processes of hydrolysis and gelation.

After gelation, the precipitate is subsequently washed, dried, and then sintered at an
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elevated temperature to obtain crystalline metal oxide nanoparticles [27,29]. The
advantages of the sol-gel method include easier composition control, better homogeneity
and a lower reaction temperature which is better suited to synthesizing high purity, fine
powders. In addition, the particle size of the final product can be easily controlled by
changing the initial concentration of the starting sols and intermediate processing
conditions such as gelation, drying, calcination, and rates of cooling. Although the sol-gel
method can be used to produce nanophosphors or metal-oxide nanoparticles [30,31], this
technique has some significant disadvantages. These include; (1) the requirement for the
drying and annealing processes to be deliberately slow to avoid the formation of cracks
and striations, (2) the difficulty in removing the residual hydroxyls, making it necessary
to anneal the samples at high temperatures (above 1000°C), which may result in

undesirable side effects.

4.7.2 Combustion synthesis

Rare-earth doped phosphors are mainly synthesized by the solid-state reaction

method. This technique has several shortcomings such as prolonged reaction time, larger
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Figure 4.9: Sequence of events during combustion synthesis
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grain growth, poor homogeneity, and it could be mitigated by alternate routes offered by
wet-chemistry. Sol-gel methods have also been employed to synthesize nanophosphors
by many researchers [30-33]. However, the as-prepared powders obtained from the sol-
gel method have low crystallinity and often require post-treatment at high temperature,

which results in severe agglomerations.

Combustion synthesis has emerged as an important technique for the synthesis
and processing of various types of materials, which include nanomaterials [34]. It is
based on the concept that once initiated locally by means of a thermal source of short-
term service, highly exothermic reactions can become self-sustaining in the form of a
combustion wave and yield the final product progressively without requiring additional
heat. For any combustion reaction to take place, a fuel and an oxidizer are necessary.
Different fuels may be used but they all serve two purposes [35]: (i) They are the source
of C and H, which on combustion form CO, and H,O and liberate heat. (ii) They form
complexes with the metal ions, facilitating homogeneous mixing of the cations in
solution. When the mixture of fuel and oxidizer is heated, the mixture grows into a frothy
foam which may occupy the entire reaction vessel and then gets self-ignited followed by
combustion. It is an exothermic reaction that occurs with evolution of heat. Once ignited
the energy necessary for combustion reaction is then supplied from the reaction itself,
hence it is referred to as self-propagating high temperature synthesis. The combustion
method of preparing nanocrystalline materials, although it appears to be a breaking down
(physicist’s approach) process, is in fact, a building-up (chemist’s approach) process as
the product nuclei are formed initially and then grow [35].

Phosphors prepared by the combustion method have low density and appear
fluffy. Ultra fine particles are produced through this process due to the evolution of gases.
As more gases are released the agglomerates are either not formed or they are
disintegrated into fine particles. Combustion synthesis processes are characterized by
high-temperatures, fast heating rates, and short reaction times. These features make
combustion synthesis an attractive method for the manufacture of technologically useful

materials at lower costs compared to conventional ceramic processes. Some other
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advantages of this method are; (a) use of relatively simple equipment, (b) formation of
high-purity products, (c) stabilization of metastable phases and, (d) formation of products
of virtually any size and shape.

The sequence of events in the combustion process used in this work is shown in
Fig. 4.8.
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Chapter 5

Properties of the Green Commercial SrAl,O,:Eu** Dy**
Phosphor in LDPE and PMMA Polymers

5.1. Introduction

The recognition of the size-dependence of the physical properties of materials has
led to vigorous exploration of nanophase materials [1-4]. Nanophase materials are
materials in the 1 to 100 nm range and exhibit greatly altered properties compared to
their normal, large-grained counterparts with the same chemical composition. Phosphors
constitute one of the categories of materials that show promising properties when
synthesized in the nanophase. Strontium aluminate (SrAl,Os,—Fig. 5.1) is a solid,

odourless, nonflammable pale yellow powder. When activated with a suitable dopant,

Figure 5.1: Crystal structure of SrAl,O4 at 1073 K, viewed along (001) [5]
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e.g. europium or neodymium, it acts as a photoluminescent material with long
persistence of phosphorescence. Europium-activated strontium aluminate is a vastly
superior phosphor than its predecessor, copper-activated zinc sulphide; it is about 10
times brighter, 10 times longer glowing, but 10 times more expensive than ZnS:Cu. The
material is very hard, causing abrasion to machinery handling it; coating the particles
with a suitable lubricant is usually used when strontium aluminate is added to plastics.

These phosphors find a wide range of applications such as in defence, domestic,
commercial as well as in the scientific domains. These include use in luminous paints, as
safety indicators in emergency cases, and in display devices (e.g. field emission displays
and toys). Green-emitting SrAl,O, phosphors co-doped with europium (Eu) and
dysprosium (Dy) have been focused on as high brightness and long afterglow

characteristic materials.

Various mechanisms have been developed in an effort to explain the trapping and
de-trapping mechanisms in these materials. A mechanism based on hole trapping created
by Dy*" ions co-doped into the host was developed on the long afterglow characteristics
[2-5]. On the basis of some incompleteness in the prediction of certain experimental and
theoretical phenomena, Clabau et al. [8] have more recently proposed a model of
phosphorescence in terms of trapping of electrons only. Phosphor nano-composites can
potentially be used to produce low-energy consumption and high efficiency illumination
for long hours. Progress in each of these areas depends on the ability to selectively and
controllably deposit nano-particles, and to uniformly disperse the phosphors in the host
matrix, to create a strong and stable three dimensional network. Though rare-earth ion-
doped alkaline earth aluminate phosphors have been extensively investigated [1,6,7],
there is a lack of work done on phosphor hosts, particularly for outdoor applications, an
area that finds increasing use for these materials. Exposure to moisture and other

environmental factors have the potential to cause accelerated degradation in luminance.

This chapter deals with the mixing conditions, luminescence as well as thermal

properties of the newly developed SrAl,04Eu®,Dy*" phosphor introduced into two
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polymer matrices, namely poly(methylmethacrylate) (PMMA) and low-density
polyethylene (LDPE). The characterized properties are also discussed. The lower density
of polymers, compared to metals and ceramics, as well as resistance to atmospheric and

other forms of corrosion, render them more suitable for these applications.

5.2. Experimental

5.2.1 Materials

Commercially produced strontium aluminate powder from Phosphor Technology
in the UK was used. It has a density of 3.67 gcm™ and a melting point of 1200 °C.
PMMA has a melt flow index (MFI) of 0.8 g/10 min, a melting point of 135 °C, and a
density of 1.19 gcm™. LDPE has an MFI of 2.0 g/10 min, a melting point of 110 °C, and a
density of 0.922 gcm™. LDPE was supplied by Sasol Polymers, South Africa.

5.2.2 Sample preparation

The preparation of SrAl,O4:Eu phosphor has already been reported elsewhere
[9,10]. Polymer-phosphor composites were produced by melt-mixing the green-emitting
strontium aluminate phosphor into poly(methylmethacrylate) and low-density
polyethylene, respectively at volume ratios ranging from 0.05% to 5% calculated from

the equation,

where V. = volume of the mixing chamber (50 cm®), pm = density of the matrix (polymer

M =V.pi|l- (5.1)

= 1.19 gcm™), and pr = density of the filler (phosphor = 3.67 gcm™). Samples were
weighed according to the required ratios and mixed using a volume of 50 cm® in a
Brabender Plastograph mixing chamber at a speed of 30 rpm for 15 minutes. The mixing
was carried out at 160 °C and 180 °C for PMMA and LDPE, respectively. The samples,
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whose average thickness was 0.43 + 0.08 mm, were extruded at 200 °C and 250 °C for
PMMA and LDPE, respectively.

5.2.3 Morphology and structural analysis

The microstructure and elemental composition of the samples were investigated
using a scanning electron microscope (SEM) (Shimadzu model ZU SSX-550 Superscan)
coupled with an energy dispersive X-ray spectrometer (EDS). The as-prepared samples
were directly cut into pieces of appropriate sizes. Prior to the SEM analyses and EDS
measurements, the samples were gold-sputter-coated to facilitate electron conduction.
The samples were then mounted on aluminium stubs with conductive double sticking
tape. The tape is made of carbon material to facilitate the conduction of electrons and is
double sticking in order to hold the sample on the one side and to stick on the sample
holder stubs on the other. The morphology and particle size of the composites were
observed by transmission electron microscopy (TEM). TEM images were recorded on a
JEOL-JEM 200CX transmission electron microscope. To study the crystalline/amorphous
structures of the products, XRD measurements were carried out at room temperature.
XRD scans of the samples were performed with a Bruker AXS Discover diffractometer
with CuK,, radiation of wavelength 1.5406 A.

5.2.4 Photoluminescence measurements

PL measurements were made on a Carry Eclipse fluorescence spectrophotometer
system, equipped with a 150 W xenon lamp as the excitation source. Samples were
excited at 350 nm and emission observed in the wavelength range 400 to 600 nm at room

temperature.

5.2.5 Thermal analysis

A Perkin-Elmer DSC 7 differential scanning calorimeter, under flowing nitrogen,
was employed for the DSC analyses. The system was interfaced to a computer, which

was used for calculations by means of the Pyris software. Calibration of the system was
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based on the onset temperatures of melting of indium and zinc standards, as well as the
melting enthalpy of indium. Samples of masses ranging from seven to ten milligrams
were sealed in aluminium pans and heated from 25 to 160 °C at a heating rate of 10 °C
min?, and immediately cooled at the same rate to 25 °C. For the second scan, the
samples were heated and cooled under the same conditions. Peak temperatures of
melting and crystallization, as well as melting and crystallization enthalpies, were
determined from the second scan. Thermogravimetric analyses (TGA) were performed in
a Perkin-Elmer TGA7 thermogravimetric analyzer in a flowing nitrogen atmosphere
(flow rate 20 mL min™). The samples, each having a mass between 6 and 10 mg, were
heated from 25 to 600 °C at a rate of 10 °Cmin™. For both DSC and TGA analyses three
measurements were performed on each sample composition, from which average

temperature and enthalpy values were calculated.

5.3. Results and discussion

Fig. 5.2 shows the SEM micrographs of the polymer composites. Two types of
morphology can be observed. The first consists of large and small particles (lumps)
superimposed on an otherwise smooth surface (Fig. 5.2a). Most probably, these lumps are
non-dispersed phosphor particles. However, EDS point analysis confirmed the

distribution of phosphor particles throughout the whole polymer surface for the different

Figure 5.2: SEM images of (a) 97/3 viv LDPE/SrALO,:Eu?,Dy*" [100x
maghnification], (b) 97/3 viv PMMA/ SrAl,O4:Eu* ,Dy** [100x magnification]
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concentrations. The second type of morphology observed consists of leaflet-like
structures (Fig. 5.2b). Based on available results, these patterns are most probably the
result of the mechanical sample manufacturing process. The EDS results, shown in Fig.
5.3, show the presence of the expected elements, i.e., strontium, aluminium, oxygen and

carbon. On the basis of several spot analyses results on the samples, it was found that for
each of the respective phosphor concentrations the distribution of the elements,

strontium, aluminium, and oxygen, in the polymer matrices was fairly uniform.
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Figure 5.3: Point EDS results of 97/3 v/iv LDPE/SrAl,04:Eu®*,Dy**

Typical XRD patterns recorded for the composites of LDPE and PMMA, as well
as the SrAl,O4:Eu®*Dy** powder, are displayed in Fig. 5.4. The SrAl,O4 crystal is
characterized by planes having diffraction peaks of (011), (020), (-211), (220), (211),
(031), and (400). The measurements displayed here have visible peaks at 20°, 30°, and
35°, corresponding to the planes (020), (220) and (031). The peaks indicate the presence
of SrAl,O,4. The absence of the other expected phosphor peaks in the XRD spectra may
be due to the low concentration of the phosphor in the polymer matrix. It is observed that
as the phosphor concentration in LDPE increases, there are no changes in either the peak
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positions, sizes, or shapes. These results indicate that the introduction of the phosphor did
not significantly change the general structure of the polymer. Crystallite sizes calculated
from Scherrer’s equation have a wide range, but in the nanometre range, averaging 70 +
23 nm.
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Figure 5.4(a): XRD spectra of LDPE and LDPE/SrAl,O,:Eu®'Dy**
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Figure 5.4(b): XRD spectra of PMMA/SrALO,:Eu?'Dy**
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Figure 5.4(c): XRD spectrum of the green-emitting SrAl,O4:Eu? Dy**
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Fig. 5.5 shows the TEM micrographs of the composites containing 5% phosphor
in LDPE and PMMA... The image shows the basic morphology of the phosphor particles
and their distribution at the low phosphor concentration. The particles are fairly

monodisperse in size and isotropic in shape.

Manoparticles

Figure 5.5: TEM micrographs of 5% SrAl,04:Eu?*,Dy* in (a) LDPE (b) PMMA

The LDPE composites with a phosphor concentration greater than 0.5% and
PMMA composites with a concentration greater than 1.0% show an intense green
emission, as seen in Fig. 5.6. The PL spectrum corresponding to each concentration is
composed of a broad PL band peaking near 510 nm. This green photoluminescence has
been attributed to the 4f°5d'—4f’ electronic transition of the divalent europium ion
(Eu?") in the SrAl;04:Eu®* bulk phosphors, as reported earlier [2,3]. The PL peaks for
LDPE shift to higher wavelengths with increasing phosphor concentration. Higher
phosphor concentration favours the excitation of the green luminescence wavelength (520
nm) which is attributed to the Eu?* emission centre.
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Figure 5.6(b): PL spectra for PMMA/SrAlLLO,:Eu**,Dy**composites

Fig. 5.7 correlates the photoluminescence intensity with the phosphor
concentration. The superiority in luminescence displayed by LDPE is probably a

consequence of a polaronic effect in which phosphor particles may be responsible for an
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alteration in the polymer bond geometry, giving rise to the creation of an “excited state”
(polaron), which on being relaxed may lead to the energy being emitted radiatively. The
transparency and resistance of the polymer matrix for UV radiation are also possible

contributing factors.
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Figure 5.8(b): DSC cooling curves of LDPE and LDPE/SrAl,O,:Eu?*, Dy**

The DSC curves for LDPE and its composites are shown in Fig. 5.8. The average
values of the peak temperatures of melting, as well as the melting and crystallization
enthalpy values, are summarized in Table 1. The heating curves in Fig. 5.8(a) show
endothermic peaks at about 112 "C, with no significant peak shifts, suggesting that the
phosphor content did not have an appreciable effect on the melting temperature of LDPE.
The comparison between the observed and expected enthalpies (calculated taking into
account the weight fraction of LDPE in the samples, and assuming that the LDPE
crystallization mechanism does not change in the presence of the phosphor particles)
shows lower than expected enthalpies for the composites at low phosphor contents, but at
higher phosphor concentrations the experimentally observed enthalpies are higher. This
behaviour may be explained by the fact that the particles are not agglomerated at low

contents, and therefore there are large interfacial areas between the nano-particles and the
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Table 5.1: DSC data of LDPE and LDPE/SrAl,O,:Eu?* ,Dy**

AHp, and AH. - melting and crystallization enthalpies; T, and T, - peak temperatures of melting

and crystallization

Vol.%
phosphor Tm/°C AH®1Jgt fAH? Jgtll Tc/°C § AH®/Jg* fAH® /3 g?

m 1125+03 | 807 +6.4 - 991+01) -618+45 -
1125+04 | 627+20 992+010 -529+2.2
1123+03 | 76.6+21 992+04) -56.7+2.7
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Figure 5.9: TGA curves for LDPE and LDPE/SrAl,O4:Eu®* Dy**
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polymer. This will result in immobilization of the polymer chains and accompanying
decrease in crystallinity. At high phosphor contents there is particle agglomeration which
probably gives rise to epitaxial crystallization of LDPE on the phosphor surfaces.

The TGA results (Fig. 5.9) show that the composites start decomposing at higher
temperatures than pure LDPE. The main degradation for the pure polymer starts at about
380 °C and leaves a residue at 496 °C, while the corresponding values for the composites
are 402 °C and 501 °C respectively. This indicates that the phosphor particles increased
the thermal stability of the polymer. Considering values of the weight loss over the two
temperature ranges, i.e. 380 °C to 496 °C and 402 °C and 501 °C, LDPE degrades over a
wider temperature change (116 °C) compared to the composites (99 °C). Hence, the rates
of degradation for the composites are higher than that of pure LDPE. The residual mass
corresponds to the amount of phosphor initially mixed with the polymer. An observation
similar to this, made for LDPE-copper composites [11], was attributed to the relatively
higher heat capacity and thermal conductivity values of copper, which caused it to
preferentially absorb the heat. In view of the higher values of the heat capacities and
thermal conductivities for ceramics, the increased stability in the LDPE-phosphor
composites may similarly be explained. However, extended heat absorption by the
phosphor particles, may cause these particles to reach a higher temperature than the
surrounding matrix resulting in a more rapid degradation of the polymer. Alternatively,
the phosphor particles may temporarily trap the volatile degradation products, which will

escape at a faster rate as soon as they acquire enough energy at higher temperatures.

5.4. Conclusions

This study has provided some insight into the ability to controllably mix nano- to
micro-sized phosphor particles into, and to uniformly disperse them in both semi-
crystalline and amorphous polymer matrices. To elucidate this information, the
morphology, photoluminescence, and thermal properties of the polymer composites were
investigated. SEM micrographs and EDS spectra showed generally smooth morphologies

and a fairly uniform distribution of phosphor particles in the polymer matrices. XRD
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peaks for the composites of the polymers are similar to those of the pure polymers,
manifesting a close resemblance in the configurations of the pure polymers and their
phosphor composites. TEM micrographs reveal monodispersed, nanosized phosphor
particles. A characteristic green emission peak at about 505 nm wavelength was exhibited
by the composites. Peak intensities of the PL emission spectra monotonously increased
with an increase in phosphor concentration. The higher intensity values in LDPE are
probably due to a polaronic effect. The DSC results for LDPE do not show a major
influence of the phosphor content on either the melting temperature or enthalpy of the
polymer. These results demonstrate that LDPE can be employed to create a suitable

three-dimensional phosphor network for practical luminescence applications.
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Chapter 6

Structural, Luminescent, and Thermal Properties of
Blue SrsAl,O05:Eu®*,Dy** Phosphor-Filled Low Density
Polyethylene Composites

6.1 Introduction

Strontium aluminate phosphors activated by europium and dysprosium have
attracted much attention because of their excellent properties [1-3]. Compared with
classical sulfide phosphorescent materials, aluminates have several valuable properties
[4-6]; high radiation intensity, colour purity, longer afterglow, chemically stable, safe and
require no additional radiation from a radioactive source. The origin of the extremely
long persistent luminescence has tentatively been attributed to alkaline earth metal

vacancies [7].

One of the undesirable consequenses of producing nano-sized phosphors is the
degradation resulting from accelerated rates of reaction with environmental factors such
as water, oxygen, and CO,. Consequently, in technological applications, protecting
nanomaterials from degradation becomes one of the important considerations.
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Passivating the surfaces of nanoparticles can be accomplished using chemical reactions

to coat or disperse the particles in a polymer or glass matrix [8].

The purpose of the work done in this chapter was to investigate the mixing
conditions, structural, luminescence as well as thermal properties of the
Sr,Al140,5:Eu?* Dy** phosphor introduced into a low-density polyethylene (LDPE)
matrix. The properties are characterized for the purpose of elucidating information for
identifying suitable materials for hybridization with phosphors to minimize their
degradation rates while sustaining their luminance in practical applications.

6.2 Materials and methods

6.2.1 Materials

Commercially produced strontium aluminate powder from Phosphor Technology
in the UK was used. It has a density of 3.67 gcm™ and a melting point of 1200°C. The
average crystallite size of the powder, as determined from the Scherrer equation, is 48 +
16 nm. LDPE has a melt flow index (MFI) of 2.0 g/10 min, which was determined by
preheating a sample of the polymer at 190 °C for 5 minutes followed by a shear analysis
on a 2.16 kg mass. It has a melting point of 110 °C, and a density of 0.922 gcm™. The

polymer was supplied by Sasol Polymers, South Africa.

6.2.2 Sample preparation

The phosphor was prepared by a conventional high temperature processing
method [9]. Polymer/phosphor composites were produced by melt-mixing the blue-
emitting strontium aluminate phosphor into low-density polyethylene at volume ratios
ranging from 1% to 5%. Samples were weighed according to the required ratios and
mixed using a volume of 50 cm® in a Brabender Plastograph mixing chamber at a speed

of 30 rpm for 15 minutes. The mixing was carried out at 160°C. The samples were hot
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melt-pressed into slabs of average thickness 0.98 + 0.05 mm, at 160°C. This technique is

different from the previous one (chapter 5) and was preffered due to its simplicity.

6.2.3 Morphology and structural analysis

To study the structure of the samples, XRD scans were performed at room
temperature with a Bruker AXS Discover diffractometer with CuK, radiation of
wavelength 1.5406 A.

6.2.4 Photoluminescence (PL) measurements

The phosphorescence spectra were measured on a SPEX 1870 0.5m spectrometer
system, equipped with a He—Cd laser lamp as the excitation source. Samples were excited
at 325 nm and emission observed in the wavelength range 350 to 700 nm at room
temperature. The He—Cd laser is considered to excite the electrons to the 5d states of Eu®*
ions because the wavelength (325 nm) is close to the peak wavelength of a broadband
absorption from 250 to 420 nm seen in the excitation spectra from Sr;Al14025:Eu?*,Dy**
crystals. The excitation energy of the He—Cd laser is thought to be smaller than the band
gap energy of the specimen [10].

6.2.5 Thermal analysis

A Perkin-Elmer DSC7 differential scanning calorimeter, under flowing nitrogen
(20 mL min™), was employed for the DSC analyses. The calculations were done by
means of Pyris software. Samples of masses ranging from 7 to 10 mg were sealed in
aluminium pans and heated from 25 to 160 °C at a heating rate of 10 °C min™, and
immediately cooled at the same rate to 25 °C. For the second scan, the samples were
heated and cooled under the same conditions. Peak temperatures of melting and
crystallization, as well as melting and crystallization enthalpies, were determined from
the second scan. Thermogravimetric analyses (TGA) were performed in a Perkin-Elmer

TGAY thermogravimetric analyzer in a flowing nitrogen atmosphere (20 mL min™). The
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samples, each having a mass between 6 and 10 mg, were heated from 25 °C to 600 °C at
a rate of 10 °C min™ For both DSC and TGA analyses three measurements were
performed on each sample composition, from which average temperature and enthalpy

values were calculated.

6.3 Results and discussion

6.3.1 X-ray diffraction (XRD)

The peaks of the (020), (-211), (220), (211), and (031) planes that characterize the
Sr,Al4025:Eu®* Dy** crystal (JCPDS data No. 34-0379) [3] can be observed in Fig. 6.1
for LDPE. This indicates that LDPE is a suitable host for the phosphor. No other products
are observed, implying that the Sr4sAl14025 phase composition of the phosphor [11] is well
preserved within the polymer.
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Figure 6.1: XRD spectra of (a) LDPE and (b) the composite sample with 5%
SI’4A|14014Z EU2+,Dy3+
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6.3.2 Photoluminescence spectra

Phosphors based on aluminate hosts, e.g. SrAl,04:Eu®*Dy**, are among the most
researched long-lasting phosphors that have been found to be the most efficient [7].
Hence, one of the phases, SrsAl140.5:Eu®* Dy**, was chosen for this investigation. Fig.
6.2 shows the PL spectra for LDPE with its composites. The spectra have major broad PL
bands peaking at about 485 nm and minor peaks at about 412 nm attributed to the 4f-5d
transition of Eu®* [12]. Though variations in the peak positions of both the prominent and
minor peaks are observed, the shifts are only slight and may not be attributable to any
significant change(s) in the composite properties. Fig. 6.3, which correlates the
photoluminescence intensity of the composites with the phosphor concentration shows a

fairly direct proportional relation.
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Figure 6.2(a): PL spectra for LDPE and LDPE/Sr,Al14014:Eu?* Dy**
The phenomenon of persistent luminescence is based on the use of lattice defects

for storing excitation energy and deals with very complicated mechanisms. Some of the

mechanisms, which have been published, involve either a direct or valence band assisted
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Figure 6.2(d): Deconvolution of the PL spectrum of 97.0/3.0 v/v LDPE/Sr Al14014:
Eu®*,Dy*" composite
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Figure 6.3: Concentration-dependence of the luminescence of LDPE/Sr Al14014:
Eu®*,Dy**

130



transfer of a hole from Eu?* to a trap and its eventual recombination with the emitting
Eu®* centre after thermal excitation [13]. Lin et al. [14] reported two emissions from
Sr,Al405 and associated them with the two crystallographic sites occupied by Eu? in
the host lattice. A model on similar lines for explaining the occurrence of the two
emissions has been proposed by Clabau et al. [15]. However, on account of the chemical
indistinguishability of the two sites as well as their similarity in abundance, their
attribution of the two emissions to Eu?* occupying the two Sr* sites has solicited a quest
for more insight in the model by Ngaruiya et al. [16], who postulate the preferential
alignment of one of the 5d-orbitals of the Eu®* ion to modify the Clabau model.

6.3.3 Thermal properties

The DSC heating and cooling curves for the investigated samples are shown in
Fig. 6.4. The values of the peak temperatures of melting and crystallization, as well as
those of the melting and crystallization enthalpy, as obtained from the heating and
cooling curves, are summarized in Table 6.1. All the results presented here are statistical
averages of three sets of identical experiments and the errors reported are the standard
deviation values of those measurements. It can be seen in Fig. 6.4 that both the melting
and crystallization peaks slightly shift to lower temperatures with an increase in the
phosphor content. The DSC data in Table 6.1 show that the melting enthalpy values are
reduced by the presence of the filler. These results are an indication of reduced
crystallinity in LDPE, which is probably the result of a reduction in chain mobility.
Although nanostructured fillers usually act as nucleation centres [17], the crystallization
in the present system is inhibited by a strong interaction between LDPE and phosphor
particles, which immobilized the LDPE chains, giving rise to fewer and smaller
crystallites. The reduction in crystallite size is manifested in the decrease in melting
temperature, while the reduced crystallinity is explained by the decrease in melting
enthalpy values in the presence of phosphor particles. The melting enthalpy is
significantly lower, and the peak temperature of melting observably reduced, with only
0.1 v/v phosphor particles in the LDPE matrix, but there is no further decrease with

increasing amounts of phosphor particles. This is probably caused by particle
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Figure 6.4(a): DSC heating curves of LDPE and LDPE/SrAl14014: Eu?*,Dy**
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Figure 6.4(b). DSC cooling curves of LDPE and LDPE/Sr,Al14O1: Eu*,Dy*
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agglomeration. The actual nature of the polymer/phosphor interaction may be rooted in
the size effects of the nanoparticles. Phosphor synthesis methods that yield particles in
the micro or nano range, i.e., solid-state reaction or combustion techniques, are usually
high temperature procedures. Due to the high temperatures, many different agents are
prone to condensation on the particle while they cool down and are exposed to different
ambient atmospheres. These changes mean that complex surface chemical processes are

to be expected.

Table 6.1: DSC data of LDPE and LDPE/Sr Al 4O14: Eu?*,Dy**

AHp, and AH. - melting and crystallization enthalpies; T, and T, - peak temperatures

of melting and crystallization

Vol. % Tm/°C  AH2®/g' AH®/  Tpd°C AH®™Jg™ AHP/
phosphor Jgt Jgt
0.0 1127+04 702+33 702 992+01 -607+12 -60.7
0.1 1082+06 507+06 700 956+02 -545+21 -605
1.0 109.1+04 487+05 674 962+04 -508+03 -583
3.0 1082+0.1 484+34 625 964+01 -472+32 -540
5.0 1084+02 518+21 583  964+03 -487+20 -504

The TGA curves of pure LDPE and the LDPE/Sr,Al14O1: Eu**,Dy** composites
with different phosphor contents are shown in Fig. 6.5. The incorporation of the phosphor
particles significantly improved the thermal stability of the LDPE matrix. The thermal
decomposition of LDPE is shifted towards higher temperatures by about 33°C in the
presence of the phosphor particles. For LDPE, the thermal degradation starts with free
radical formation at weak points or chain ends. The radicals then induce further chain
fragmentation processes followed by the transfer of the radicals to adjacent chains
through interchain actions [18]. The improved thermal stability can be explained through
the reduced mobility of the LDPE chains in the nanocomposite. Because of the reduced

chain mobility, the chain transfer reaction will be suppressed, and consequently the
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degradation process will be slowed and decomposition will occur at higher temperatures.
Another possible reason is the difference between the thermal conductivity values of
LDPE (0.3 Wm™K™) and ceramics (3-150 Wm™K™). This wide difference in thermal
conductivity values, as well as the expected relatively higher heat capacities of ceramics,
may provide an alternative explanation for the improved thermal stability in
LDPE/phosphor composites similar to an observation made for LDPE/copper composites
[19]. In that case the shift in decomposition to higher temperatures was attributed to the
relatively higher heat capacity and thermal conductivity values of copper, which caused it
to preferentially absorb heat. It was also observed that after decomposition of the
composites, the residual mass is slightly higher than the original content of phosphor.

This observation is characteristic of polymers filled with inorganic particles [20].
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Figure 6.5: TGA curves for LDPE and LDPE/Sr;Al1401,: Eu®* Dy**

6.4 Conclusions

It has been demonstrated that various loadings of blue-emitting
Sr,Al140,5:Eu?* Dy** phosphor can be incorporated into low density polyethylene

(LDPE) matrices. The results have highlighted the capacity of the polymer to act as a host
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for the purpose of addressing the sensitivity to environmental factors such as moisture,
and hence enhancing the capability of the phosphor. The results are summarized as

follows:

1.  XRD peaks display planes corresponding to the SrsAl14025 monoclinic phase.

2.  The PL spectra have two sets of peaks, a major broad band peaking at about 486
nm and a minor one at a wavelength of about 412 nm, attributed to the 4f-5d
transitions of Eu®".

3. The presence of phosphor particles in LDPE slightly reduced the crystallinity
but strongly improved the thermal stability of the polymer, attributed to
immobilization of polymer chains and the relatively higher thermal conductivity

and heat capacity of the phosphor.
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Chapter {

Characterization of Luminescent and Thermal Properties of
Long Afterglow SrAl,O,:Eu*",Dy** Phosphor

Synthesized by Combustion Method

7.1 Introduction

The special long afterglow phenomena [1] in rare earth-doped phosphors as well as
high quantum efficiency in the visible region [2] have significantly motivated research on
this class of materials. The suitability of strontium aluminate (SrAl,O4) as a host is on
account of its efficiency, as well as its capacity for broad band emissions [3]. Doped with
Eu®, it provides typical emission bands in the blue and green regions of the
electromagnetic spectrum. The phosphorescence of Eu?* in most hosts is believed to be
caused by the 4f°5d*—4f" transition. The peak position in the emission spectra strongly
depends on the nature of the Eu®* surroundings, and therefore Eu®* ion can emit different
visible wavelengths in various crystal fields. Its luminescence spectra have emission
wavelengths extending from the UV to the red portions of the spectrum [1,4]. The
afterglow lifetime and intensity of these phosphors can be enhanced by co-doping with a
second rare-earth ion [5] such as Dy**. These phosphors exhibit a rapid initial decay from
the Eu®* ion followed by a long persistence due to the Dy** ion when it acts as a trap for
holes [6,7].

Over the years, the variety of methods that have been employed in the synthesis of
Sr><AIyOz:Eu2+,Dy3+ phosphors have included co-precipitation [8], sol-gel [1] microwave

[9] solid-state reaction [10], detonation [11], and combustion synthesis techniques [12].
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The combustion process has distinguished itself as a safe, instantaneous and energy
saving technique due to the possibility of using relatively low temperatures and the short
duration of the reaction process. Its other advantages include the use of relatively simple
equipment, formation of high-purity products, stabilization of metastable phases, and

formation of virtually any size and shape of products.

The class of strontium aluminate phosphors has widely been investigated due to its
several advantages over other phosphors. However, degradation of these phosphors due
to weak resistance to water or even moisture remains an unresolved issue. This lack of
resistance originates in the nature of the structure of the low temperature phase of
SrAlL04. SrAl,O4 belongs to the distorted stuffed tridymite type structure, which adopts
the monoclinic structure (space group P2;, a = 8.447, b = 8.816, and ¢ = 5.163 A) that
consists of a three-dimensional network of corner-sharing AlO, tetrahedron containing
connected open channels [13,14]. Water molecules can enter the channels, and the strong
polarity of the water breaks the bonds of O-Sr-O [17]. Consequently, the
SrAl;04:Eu®*,Dy*" phosphor is inclined to hydrolyze and deteriorate. Various
intervention techniques have been attempted, to varying degrees of success in terms of
cost effectiveness and side effect on phosphor output. Currently, SiO, [16], Al,O3 [17],
SrF, [18], BN [16] compounds, and organic ligands [19] are being used for
encapsulation. Other efforts involve the use of inorganic layers for phosphor
encapsulation and surface treatment using phosphoric acid (H3sPO,) in ethanol [20]. These
approaches involve complex processes that require elaborate equipment, but still tend to
compromise the luminescence intensity of the phosphors.

In the work reported here, the combustion synthesis method was used to prepare
nanophase SrAIXOy:Eu2+,Dy3+ phosphor powders, which were subsequently mixed in
low-density polyethylene (LDPE). Results indicate the dominance of the low-temperature
monoclinic phase of SrAl,O, in the synthesized phosphor powder. The
photoluminescence intensity as well as afterglow of the obtained phosphor compares well

with that of commercial powders.
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The work presented in this chapter is intended to assess the performance of the
polymer/phosphor composite system, as a precursor to the determination of a strong and
stable composite network, with a view to addressing environmental factors, such as

moisture, that may compromise phosphor potency.
7.2 Experimental

Strontium aluminate phosphor (SrAIXOy:Eu2+,Dy3+) was prepared by a combustion
synthesis method. High purity (Aldrich make, 99.99%) raw materials, strontium nitrate
(Sr(NO3)3.4H,0),  aluminum  nitrate  (AI(NO3),.9H,0),  europium  nitrate
(Eu(NOg3)3.6H,0), dysprosium nitrate (Dy(NO3)3.5H,0) and urea (CO(NH,),), were used
for preparation of the charge. The materials were weighed in stoichiometric ratios and
mixed thoroughly in an agate mortar. The precursors for each phosphor were mixed and
milled in a mortar using a pestle and the resulting thick white paste was transferred into a
china crucible, which was then introduced into a muffle furnace maintained at 500 °C.
This synthesis technique makes use of the heat energy liberated by the redox exothermic
reaction between metal nitrates and urea at a relatively low igniting temperature (500 °C).
Urea serves as the source of carbon and hydrogen, which on combustion form carbon
dioxide and water, and liberate heat. It also forms complexes with the metal ions
facilitating homogeneous mixing of the cations. Urea’s popularity as a fuel in combustion
techniques is probably due to its ready availability and high exothermicity.

The surface morphology and elemental composition of the phosphor powders
were investigated using a Shimadzu Superscan SSX-550 electron microscope (SEM)
coupled with an energy dispersive x-ray spectroscope (EDS). For SEM measurements,
the probe size was 3.0 nm, the probe current 0.02 nA, and the accelerating voltage 5.0
keV. The probe size for EDS analysis was 4 nm, specimen current 1.00 nA, and
accelerating voltage 15.0 keV. Phase and crystallinity were investigated by powder XRD
using a Bruker D8 (Bruker Co., Germany) x-ray diffractometer with CuK, (A = 1.5406
z&). For microstructure and crystallinity analysis using a transmission electron microscope

(TEM), sample preparation involved suspending particles in ethanol by ultrasonification
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and drying a drop of the suspension on a carbon-coated copper grid. A JEOL JEM-2100
transmission electron microscope operating at 200 kV was employed for this
investigation. The system is available at the CSIR nanomaterials laboratory. The
photoluminescence (PL) excitation and emission spectra were taken on a Cary Eclipse
fluorescence spectrophotometer equipped with a monochromatic xenon lamp. Each
sample was loaded into a circular holder and excited with 340 nm radiation from a pulsed
xenon lamp. The emission spectra were scanned in the range of wavelengths from 360 to
750 nm. To measure the excitation spectra, the analyzer monochromator was set to the
maximum wavelength of the emission spectra and then an excitation monochromator was
scanned in the range of 250 to 450 nm. The same system (Cary Eclipse) was used to
investigate the phosphorescence decay curves of the phosphors in air at room

temperature.

Polymer/phosphor composites were prepared by mechanically mixing the
synthesized phosphor powder with low-density polyethylene (LDPE) (supplied by Sasol
Polymers, South Africa, melt flow index 2.0 g/10 min, melting point 110°C, and density
0.922 g cm™®). Samples, containing phosphor volume ratios ranging from 0.4% to 10%,
were weighed according to the required ratios and mixed using a volume of 50 cm® in a
Brabender Plastograph mixing chamber at a speed of 30 rpm for 15 minutes. The mixing
was carried out at 160 °C. The samples were hot melt-pressed into slabs of average
thickness 0.98 + 0.05 mm, at 160 °C.

A Perkin-Elmer DSC7 differential scanning calorimeter, under flowing nitrogen
(20 mL min™), was employed for the DSC analyses. The system is interfaced to a
computer, which was used for calculations by means of Pyris software. Samples of
masses ranging from 7 to 10 mg were sealed in aluminum pans and heated from 25 to
160 °C at a heating rate of 10 °C min™, and immediately cooled at the same rate to 25 °C.
For the second scan, the samples were heated and cooled under the same conditions.
Peak temperatures of melting and crystallization, as well as melting and crystallization
enthalpies, were determined from the second scan. Thermogravimetric analyses (TGA)

were performed in a Perkin-Elmer TGA7 thermogravimetric analyzer in a flowing
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nitrogen atmosphere (20 mL min™). The samples, each having a mass between 6 and 10
mg, were heated from 25°C to 600°C at a rate of 10 °C min™. For both DSC and TGA
analyses three measurements were performed on each sample composition, from which

average temperature and enthalpy values were calculated.

7.3 Results and discussion

The representative SEM micrographs of SrAlO,:Eu®*Dy*" phosphor for 3000x
and 6000x magnifications are shown in Fig. 7.1. The characteristic foamy

: raly ?.‘ ;J i‘?

Figure 7.1: (a) SEM images of the SrAlOy:Eu*",Dy*" sample having a 1:2 molar
ratio of Eu®":Dy*" with (a) 3000x magnification (b) 6000x magnification

structure that reflects the inherent nature of the reaction is clearly visible. Results for the
elemental analysis by EDS are shown in Fig. 7. 2 which, apart from the carbon that
originates from the sample-holding tape, displays the presence of the expected elements,
i.e., oxygen, aluminum, and strontium, in proportions commensurate with the initially

measured masses.

Fig. 7.3 shows the powder XRD patterns for the SrAl,O,:Eu**,Dy** with low and high
Dy(NOs); concentrations. The monoclinic phase diffraction peaks of SrAl,O, are
dominant in these patterns and match well with SrAl,O, standard values given in the
International Centre for Diffraction Data (ICDD) No. 34-0379 files. However, there are
also a few other peaks, which may be ascribed to impurities such as SrAl;201g, Or
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Figure 7.2: Point EDS results of the SrAl,Oy:Eu**,Dy*" sample having a 1:2 molar
ratio of Eu*":Dy**
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Figure 7.3(a): XRD patterns at two dopancy levels of the synthesized SrAlOy:
Eu®*,Dy** powder and [Inset: XRD pattern of a commercial phosphor]
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unreacted precursor powders [21]. The effect of the doped rare-earth active ions Eu®* and
Dy** on the basic crystal structure of the end product is negligible. The average crystallite
sizes were calculated using powder x-ray diffraction data by means of the Debye-
Scherrer equation (6.1),
D = KA/Bcoso, (6.1)

where D is the average diameter of the particles, K is the Scherrer constant equal to 0.89,
A is the wavelength of the CuK,, radiation = 1.5406 nm, B is the corrected full width at
half-maximum (FWHM), and 6 is the Bragg angle. The calculated average crystallite
sizes of the phosphor powder vary between 34 + 7 and 43 + 7 nm. The XRD patterns of
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Figure 7.3(b): XRD patterns of LDPE/SrAlOy:Eu®*,Dy** composites for the 1:2
molar ratio sample

the pure LDPE and LDPE/phosphor composites over diffraction angles of 10° < 26 > 68°
are shown in Fig. 7.3(b). The origin of the prominent peak at 21°, which dwarfs the peaks
corresponding to the phosphor planes, is clearly that of the LDPE polymer matrix.
Otherwise, and particularly for the 10% concentration spectrum, peaks corresponding to

the planes of the phosphor are clearly discemible, indicating that the absence of the
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expected phosphor peaks in the other spectra is due to their low concentrations. It is
observed that as the phosphor concentration increases, there are no changes in the peak
positions. Thus the introduction of the phosphor in LDPE did not alter the crystal

structure of the polymer.

Figure 7.4: TEM micrographs of the SrAl,O,:Eu**,Dy*" samples having, (a) 1:0.3
molar ratio (b) 1:10 molar ratio of Eu*":Dy*"

Transmission electron microscopy is capable of providing useful information
regarding the local structure and particle size of a material. It is therefore an apt tool for
investigating the current material in view of the various possible aluminate phases that
can result from the synthesis process, as well as the crystallographic transformation from
the high temperature hexagonal phase to the low temperature monoclinic phase, which
occurs at about 650 °C. The representative high-resolution transmission electron
micrographs (HRTEM) for the low and high Dy concentration samples, are shown in Fig.
7.4(a) and (b). In HRTEM imaging the spacing of a set of fringes is proportional to the
lattice spacing when the corresponding lattice planes meet the Bragg condition. In this
study the value of the interplanar spacing, calculated from the visible fringes (Fig.

7.4(a)), was found to be 1.25 nm. The clarity of the micrographs shows that the
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synthesized SrAIXOy:Eu2+Dy3+ phosphor crystallizes almost in single phase and the
presence of secondary phases is minimal. This result is supportive of the XRD results,
which point to the dominance of the monoclinic (o) phase in the synthesized product.
The differences in intensity may be attributed to variations in particle sizes, which occur
on the nanometre scale.
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Figure 7.5: Excitation spectra of SrAlOy:Eu?*, Dy**, for the samples with 1:0.3 to
1:10 molar ratio of Eu?*:Dy**

The excitation and emission spectra for SrAlO,:Eu®*,Dy*" with various Dy**
concentrations are shown in Figs. 7.5 and 7.6, respectively. The excitation spectra show
one broad band from 255 to 375 nm with a shoulder at about 375 nm corresponding to
the crystal field splitting of the Eu®* d-orbital. The prepared phosphor compositions
exhibit emission in the green region. This is a strong indication that the Eu ion is in a
divalent (Eu®*, green emission) rather than trivalent (Eu**, red emission) state. It is to be
noted that this result was obtained in the absence of any deliberately designed reducing
environment. The emission band is symmetrical at about 515 nm which is attributed to
the typical 4f°5d'—4f" transition of the Eu?* ion. The 515 nm emission wavelength

indicates the dominance of the monoclinic, green-emitting phase of the aluminate
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phosphor. Two other, minor peaks, at 615 and 683 nm indicate the presence of more than
one luminescent centre and may be due to remnants of Eu** ions as a result of incomplete
reduction during sample preparation [22]. The emission spectra have the highest intensity
for a Eu*":Dy** mole ratio of 1:2. According to Lin and Tang [23], under UV irradiation,

an Eu® ion, which is placed at a specific energy level of the 4f'(°S72) ground state
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Figure 7.6(a): Emission spectra of SrAlO,:Eu®*,Dy**, for the samples with 1:0.3 to
1:10 molar ratio of Eu?*:Dy**

between the valence and conduction bands, is excited and an electron-hole pair is created.
The excited electron is transferred to the 4f°5d* excited state while the hole is transferred
to the valence band. After removing the UV exposure source, the excited electron tends
to stay at a lower energy level. Energy decrease may have occurred in two steps; firstly
releasing part of the energy (usually thermally) after relaxing to the metastable state,
followed by transferring electrons from the metastable state to the ground state while
recombining with the hole accompanied with light emission. However, there is a
probability that after the initial transition, energy can be trapped in lattice defects or
impurities. The long-lasting persistence afterglow of the phosphors arises from these

processes. The observed reduction in emission intensity above the 1:2 molar ratio may
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Figure 7.6(b): Emission spectra of LDPE/SrAl,O,:Eu*",Dy*" composites for different
concentrations of the phosphor sample with 1:2 Eu?*,Dy*" molar ratio
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Figure 7.7: Emission intensity of the SrAlO,:Eu®*,Dy*" phosphor at 515 nm as a
function of Eu?":Dy** molar ratio; Aexcitation = 340 Nm
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be explained in terms of the existence of a critical (optimum) number of Dy** ions for
luminescence emission. On exceeding this number, the ions produce more crystalline
defects apart from the traps. These defects neutralize the electron-hole recombination
processes, thereby reducing the emission intensity as well as traps responsible for the
long persistence.

The PL emission spectra for three phosphor concentrations in LDPE are shown in
Fig. 7.7. Except for a slight red-shift, as phosphor concentration increases, the emission
spectra generally replicate the phosphor powder emission behaviour. At the higher
phosphor concentration, particle agglomeration is possible and may lead to the reduction
in the Kkinetic energy of the electrons, resulting in a reduced band gap. A smaller band gap
would require less energy to excite the phosphor and hence lead to the emission
maximum shifting to longer wavelengths [9].
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Figure 7.8: Decay curves for the phosphor SrAlOy:Eu®*,Dy** samples with 1:0.3 to
1:10 molar ratio of Eu**:Dy*"
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In similar work by Mothudi et al. [24], a broad emission spectrum of
SrAl;04:Eu®*, Dy*" phosphor powder, is observed to be symmetrical at 528 nm with an
additional peak at 685 nm. Nsimama et al. [25], working on thin films of commercial
SrAlLO4:Eu®*,Dy* phosphor, also report the observation of two peaks, but at 517 and 630
nm respectively, while the maximum broad-band of the UV excited luminescence
spectrum of the SrAl,O4:Eu, Dy sample, synthesized using the sol-gel process by Peng et
al. [1] appears at 506 nm. These observations clearly illustrate the variability in the peak
position that can be obtained for similar phases. These differences may be explained in
terms of crystallite sizes. Due to the proximity of the 5d energy level to the conduction
band, changes in particle size may change the size of the band gap such that there is a
corresponding change in the 5d energy level. Since particle size seems to significantly
influence the 4f—4f°5d electric dipole-allowed transitions originating from Eu?*-doped
alkaline-earth aluminate hosts [26], these transitions may form the basis for the variations

in the emission wavelengths observed by the various authors.

The phosphorescence decay characteristics of the SrAlO,:Eu®*,Dy** phosphor
samples for various Dy*" concentrations are shown in Fig. 7.8. Results for fitted decay
curves of the phosphor are recorded in table 7.1. The decay phenomenon is very useful in
the study of traps. The results show that the initial luminescent intensity and the decay
time of afterglow of the samples are different from each other. By increasing the Dy**
concentration, the initial luminescent intensity changed such that the sample with the
intermediate Dy** concentration (1:2 Eu®*:Dy** ratio) has the highest initial intensity and
longest decay time. The high initial intensity is attributed to the presence of a sufficient
number of shallow traps and the ensuing rapid decay is ascribed to the short survival time
of an electron in Eu*". The deep trap energy centres of Dy** [26] could be responsible for
the very long-lasting decay times. Samples with lowest and highest concentrations of
Dy** (10:3 and 1:10) have lower initial intensity values and short-lived afterglow due to a
lack of adequate numbers of both shallow and deep traps. Other than for the sample with
the highest Dy** concentration (1:10), whose curve may only be fitted by a second order
equation, the other decay times can be calculated by a curve fitting technique based on

the third order exponential decay equation (7.2),
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I =A exp(— %1) + A, exp(— %z) + A, exp(— %3) (7.2)

where | is the phosphorescence intensity at any time t after switching off the excitation
illumination; A;, A2, and As are constants; 71, 7, and z3 are decay times for the exponential
components, corresponding to the fast, medium and slow afterglow processes,
respectively. It is observed that the initial fast decay process is missing from the sample
with the highest Dy** concentration (1:10 molar ratio) in line with the quenching results

displayed in the PL spectra.

The DSC heating curves for LDPE and its phosphor composites are shown in Fig.
7.9. The curves show endothermic peaks at about 116 °C. There is a slight shift in

melting peaks to lower temperatures with an increase in the phosphor content. The peak

Table 7.1: Results for fitted decay curves of the SrAl,O,:Eu**,Dy** phosphor

Sample (Eu”": Dy*") 10:3 10:4 10:7 1:2 1:6 1:10
Component Half life times (s)

Fast (7,) 0037 008 0328 0434 0095  0.155
Medium (z,) 0316 0432 1344 2216 0429 1.470
Slow (7;) 2313 2559 3573 4644 2419 -

temperatures of melting (T,m), as well as the experimental (AH°*) and calculated

m

(AH®") melting enthalpies, are summarized in Table 7.2. The comparison between the

observed and expected enthalpies shows higher than expected enthalpy values for all the
composites except for the 0.4% sample. The relative difference between the experimental
and calculated enthalpies increases with increasing phosphor content. This result may be
explained in terms of the relatively amorphous nature of LDPE. Since the phosphor
particles will be situated in the amorphous part of the polymer matrix, and because LDPE
has a relatively low crystallinity, this may be explained through epitaxial crystallization

on the phosphor surfaces giving rise to more crystallites in the presence of the phosphor.
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Table 7.2: DSC and TGA data of pure LDPE and LDPE/SrAlOy:Eu**,Dy**

Tom - peak temperature of melting; AHm, - melting enthalpy; T, — temperature at weight

loss

Vol. %
phosphor T, m/°C AH™/3 g AH®/J gt Tw/°C

0.0 1128+1.1 525+1.6 52.5 385
0.4 111.5+0.0 511+1.2 52.3 280
4.0 111.5+0.3 526+1.9 50.5 386
10.0 1103 +0.1 504 +2.0 47.6 329
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Figure 7.9: DSC heating curves of LDPE and LDPE/SrAl,O,:Eu®*,Dy*" composites

Overall, the DSC results indicate that, while the introduction of the phosphor
nanoparticles in LDPE increased the total crystallinity of LDPE, the reduced peak
temperature of melting values suggest that the nanofiller phosphor particles prevented
lamellar growth resulting in smaller crystallites. These observations show that the
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phosphor particles acted as nucleating agents in the LDPE/SrAIXOy:Eu2+,Dy3+ phosphor

system.

The TGA curves (Fig. 7.10) of the pure LDPE and LDPE/SrAlOy:Eu*",Dy*"
phosphor composites show a one-step weight loss between 400 and 500 °C. The curves
show residual masses that correspond well with the amounts of the initially added
components. Changes in the thermal stability of LDPE, with increase in phosphor content,
can be deduced from the slight shifts in the curves as well as the variation in the values of
the temperature at 10% weight loss. These results show that the phosphor nanoparticles
generally catalyzed the degradation of LDPE, which is contrary to the findings by other
authors on the effect of inorganic fillers on the thermal stability of polymers. Luyt et al.
[27] observed improved thermal stability of copper nanoparticles-filled LDPE
nanocomposites. A similar conclusion was arrived at by Mbhele et al. [28] in their work
on silver-filled polyvinyl alcohol.

e 100/0.0 v/v LDPE/phosphor
= 09.6/0.4 v/v LDPE/phosphor
20 - 96/4 viv LDPE/phosphor
= 90/10 v/v LDPE/phosphor

Weight (%)

200 300 400 500 600
0
Temperature (C)

Figure 7.10: TGA curves for pure LDPE and LDPE/SrAlOy:Eu**,Dy**
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7.4 Conclusions

SrAlO,:Eu®*,Dy*" phosphor powders have been synthesized by a combustion
synthesis method. The relative amounts of Eu*" and Dy*" affected the luminescence
properties of the phosphor. Emission spectra at room temperature have a major broad
band peaking at 515 nm and minor ones at 615 and 683 nm. The broad-band spectra
manifest the occurrence of transitions between the 5d and 4f orbital gaps of Eu*. The
broad emission spectra are indicative of the good quality of the samples. Investigation on
the variation of emission intensity of different phosphor samples containing different
amounts of Dy*" revealed that after 2 mol% of Dy** concentration, a quenching process
occurred. Dy*" formed trap levels and the results demonstrated that the initial, relative
intensity as well as decay time were optimized for the 2 mol% concentration of Dy*".
Improvements in the initial brightness, quenching thresholds and the afterglow times, are
attributed to the presence of both shallow and deep traps. The XRD peaks as well as the
emission wavelength of the major peak (515 nm) are indicative of the dominance of the
monoclinic crystal system in the phosphor powder. The introduction of the phosphor in
LDPE did not structurally alter the polymer, but as the phosphor concentration increased.
On the other hand, the polymer permitted replication of the emission PL peak positions of
the phosphor. Thermal analysis shows that the phosphor nanoparticles acted as nucleating

agents and improved the overall crystallinity in the LDPE matrix.
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Chapter 3
Temperature Dependence of the Structural and

Luminescent Properties of Long-lasting
Afterglow SrAl,O,:Eu**,Dy** Phosphor

8.1 Introduction

Phosphors synthesized from rare-earth metal ions have continued to be deeply
studied and put to wide applications since 1964, when europium doped yttrium vanadate
(YVO4Eu*") was successfully proposed as a red phosphor for colour television tubes [1]
and later also for luminescent lamps. This was the start of the nowadays overwhelming
role of rare-earth ion luminescence in commercial phosphors [2]. This extensive interest
has been inspired by both current and very promising potential applications of these
phosphors due to qualities such as high quantum efficiency, anomalous long
phosphorescence, and good stability [3,4].

For example, for scintillator applications, innumerable host lattices containing
rare-earth ions as luminescent activators have been investigated because the 4f—5d
transitions of these ions are parity-allowed, yielding fast optical transitions that are highly
desirable in these applications. The fast relaxation is attributed to the ions’ favourable

energy configuration within the host lattice whereby the 4f and lowest 5d levels reside
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within the normally forbidden crystalline band gap. Transfer of energy from radiation-
induced electron-hole pairs to the luminescent ion is usually quite efficient, although
guenching due to non-radiative electronic transitions may limit the overall luminescence
efficiency of the phosphor [2]. A strong mechanoluminescent property, which can be
utilized in the visualization of stress distribution and other mechano-optical devices, has
also been reported by various authors [5]. In another example, thermographic phosphors
have been extensively explored for remote temperature sensing measurements due to
their accurate sensing capability over a wide range of temperatures, as well as their
ability to withstand a harsh environment. This is exemplified in europium-doped yttrium
oxide (Y,03: Eu), which has been utilized for high temperature sensing within a rotating
gas turbine [6,7], and managanese-doped magnesium  fluorogermanate
(Mg4(F)GeOs:Mn), which has been explored for thermal mapping of hotspots on the
walls of a cryogenic fuel tank [8]. Problems associated with temperature-monitoring
within a magnetic resonance imaging (MRI) scanner, particularly to an infant or a
critical-care patient, has provided an impetus for the development of a phosphor-based
optical sensor for human skin temperature sensing (27-37 °C) [9] within such an

environment.

In particular, rare-earth metal ions doped strontium aluminate phosphors, e.g.
SrAlLO4: Eu®*,Dy**, have attracted great interest for applications in the lamp, the cathode-
ray tube (CRT), and the plasma display panel (PDP) due to their non-radiation and bright
luminescence characteristics. One of the prominent applications of these phosphors is in
the production of flat display panels (FDP), particularly plasma display panels (PDPs).
FDP’s are being successfully developed to replace the cathode-ray tube displays (CRTS)
due to their capacity for faster response, wider viewing angle, larger screen, lower energy
consumption, and higher scalability [10]. However, there still remain issues affecting
operational parameters such as luminescence efficiency, stability against temperature,

high colour purity, and perfect decay time that need to be resolved.

The solid-state reaction process has been used both intensively and extensively

for phosphor synthesis, but this process often results in poor homogeneity and requires
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high calcinating temperature. In addition, the slow diffusion processes in the solid-state
reactions require the use of fluxing agents, like B(lll) ions, to reduce the synthesis
temperature in order to favour the formation of the monoclinic phase and avoid the
stabilization of the hexagonal one. To increase the efficiency of light-emitting materials,
new principles and methods of synthesis are used, in particular, the sol-gel method. Due
to the easier composition control, better homogeneity, and low processing temperature,
the sol-gel technique is a more suited approach for synthesizing fine phosphor powders.

These advantages have led to greater use of this technique [11-13].

The great application potential of the temperature-dependence behaviour of
aluminate luminescent materials gets compromised by the delicate nature of this property.
Hence, it is imperative that a concerted effort is employed to better understand this
important relationship. The aim of the work reported in this chapter was to use the sol-gel
method for the synthesis of nanophase strontium aluminate phosphor powders activated
by europium and dysprosium ions and to study the effect of annealing temperature on the
phase composition and luminescence properties of the phosphor material. This line of
research is interesting for two reasons: (1) It is known that various crystalline
luminescent phases are formed in this system: SrAl,O, [3,14], SrAl;2019 [15], SrAlgO11
[16], and SrsAl14045 [17]. (2) In the production of nano-phosphors by the sol-gel method,
variations in annealing temperature are expected to have a profound effect on the degree

of crystallization and transition of Eu** ions into Eu?* state and vice versa.

8.2 Experimental procedure

The initial components for preparing homogeneous solutions were aluminium
nitrate (AI(NO3)2.9H,0), crystalline strontium nitrate (Sr(NO3),.4H,0), distilled water
and nitric acid. It is important to state that other preparation conditions were fixed, so as
not to contribute in any way. Gel formation and drying were performed at room
temperature. Gels were heat-treated in a temperature interval of ambient — 1000 °C for 2
h in air, which is needed for the transition of europium ions into the bivalent state and

strontium aluminates phase formation. Surface morphology and elemental composition of
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the phosphor powders were investigated using scanning electron microscopy (SEM) and
energy dispersive x-ray spectroscopy (EDS) on a Shimadzu Superscan SSX-550 coupled
with an EDS system. Phase and crystallinity of the synthesized compositions were
investigated by powder XRD using a Bruker D8 (Bruker Co., Germany) x-ray
diffractometer (XRD) with CuK,, (A = 1.5406 A). The photoluminescence (PL) excitation
and emission spectra were taken on a Cary Eclipse fluorescence spectrophotometer
equipped with a monochromatic xenon lamp. Each sample was loaded into a circular
holder and excited with 340 nm radiation from a pulsed xenon lamp. The emission

spectra were scanned in the range from 360 to 750 nm.
8.3 Results and discussion

The results of the morphological studies along with chemical composition
determination, which were determined using the SEM coupled with EDS, are shown in
Fig. 8.1 and 8.2, respectively. Fig. 8.1 represents the SEM micrographs of the 1000°C
sample at 500x and 5000x
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Figure 8.1: SEM images of the 1000°C sample of SrAlLO,:Eu®*,Dy** with (a) 500x
magnification, (b) 5000x magnification

magnifications, respectively. The micrographs clearly indicate the presence of submicron
crystallites. Fig. 8.1(a) shows irregularly sized and shaped grains with discernible

micropores. The crystallite size distribution is wide. Fig. 8.1(b) shows a generally smooth

160



and shiny surface, containing encrustations of smaller particles. The smooth and shiny
layer of the crystallites is indicative of the melting morphology generated by a solid-
liquid reaction at high temperature. Fig. 8.2 illustrates the EDS results of the unannealed
and the 1000 °C annealed samples, respectively. The chemical composition of the

samples is relatively unaffected by the change in temperature.

The x-ray diffraction patterns of the as-prepared SrAIXOy:Eu2+,Dy3+polycrystal
specimens, sintered at different temperatures, 200, 500, and 1000 °C, are shown in Fig.
8.3(a). The crystal structure is not significantly different between all these samples,
indicating that the pure monoclinic phase of SrAl,O,4 has already formed in the first sol-
gel process at room temperature. Although no flux is added to the starting materials, an
SrAl;04:Eu®*,Dy* phase with high purity was obtained at room temperature through the
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Figure 8.2: EDS results of the unannealed and 1000°C annealed samples of
SrAlOy:Eu**,Dy*"

sol-gel technique, which is not easily achievable by the solid-state reaction and

combustion methods due to impurities that are formed at lower temperatures. As can be
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seen from the XRD patterns, pure monoclinic phase diffraction peaks of SrAl,O, are
seemingly predominant. Other products or starting materials were also observed,
implying that the phase compositions of the precursor powders do not consist of low-
temperature monoclinic phase (a-phase) only. This mixed phase could be attributed to
the ratio of Sr to Al used in the precursor. It is known that the presence of the little
amount of doped rare-earth ions has almost no effect on the SrAl,O, phase composition
[18] but, of more
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Figure 8.3(a): XRD spectra of the samples at the various temperature values

importance, the annealing temperature had a significant effect on the degree of
crystallization. As the annealing temperature increased from ambient temperature to 200
°C, the intensity of the x-ray diffraction peak increased. After 200 °C the diffraction
peaks, especially those of the low-temperature monoclinic phase (a-phase), were
significantly reduced, therefore affecting the luminescent property of the samples. Also
accompanying the increasing temperature, from ambient to 1000 °C, is the enlargement
in the crystallite sizes. The Scherrer equation relates the width of the peaks in an x-ray
powder diffraction pattern to crystal size. The average crystallite sizes of the phosphors,

which were determined from the equation, vary between 42.2 + 8 nm to 47.2 = 10 nm.
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Similar results (40-50 nm) were observed by Lu et al and Arturo et al. [19,20], who used

the microemulsion method for synthesis, with post—annealeing treatment of their samples,
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Figure 8.3(b): XRD maximum intensity peaks (32.6°<20<33.6°)

between 800 and 1000 °C. They attributed the small particle sizes to a cage effect, in
which the constituent cations are confined by nano-scaled micelles, which restricted the
particle growth. Using the peak for the reflection plane at 33° (Fig. 8.3(b) and Table 8.1),
two features can be illustrated: the peak-narrowing due to crystallite growth and the
shifting in peak position due to the increased crystallinity.

Table 8.1: Full width at half maximum (FWHM) values for the reflection at 33°

Temperature (°C) UA 200 500 1000
FWHM (degrees) 0.20 0.19 0.18 0.16

Fig. 8.4 shows the excitation spectra of the prepared SrAIXOy:Eu2+,Dy3+ phosphor
samples with the emission wavelength fixed at 515 nm, which is the characteristic

wavelength for the energetic transitions of Eu?*. Broad bands with varying maximum
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values were observed. The unannealed and 200 °C samples, which had the relatively high
intensities, the spectra peaked at around 350 nm. The broad bands correspond to the
4f°5d—4f" energy level transitions of the Eu®* electron lying in the band gap region of
the host matrix [21]. The emission spectra, monitored with an excitation wavelength of
340 nm, are shown in Fig. 8.5. This wavelength is suitable for excitation of Eu®" rather

than Eu®". For temperatures below 600 °C, broad emission peaks were
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Figure 8.4: Excitation spectra of SrAlO,:Eu®*Dy** at various annealing
temperature values

observed at around 515 nm, revealing the characteristic emission of the Eu?* activators
(4f°5d'—4f" (®S7)) parity-allowed transition [22]. As the annealing temperature
increases, not only a very broad emission band due to Eu®*, but also relatively narrow
lines ascribed to Eu®*, are observed. The effect of annealing on photoluminescence
emission intensity of as prepared phosphors is easily observable from the measurements.
Annealing the phosphors at 200 °C slightly enhanced the luminescence, while further
increase in temperature significantly quenches the luminescence. When annealed at
around 1000 °C, the type of luminescence changes from broad to several sharp peaks.

The relatively sharp emission lines at around 600 nm are attributable to the 4f-4f
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Figure 85: Emission spectra of SrAlO,:Eu?*Dy** at the various annealing
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Figure 8.6: Decay curves of SrAlOy:Eu®*,Dy** phosphor samples annealed at
different temperature values after exciting for 5 min
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transitions of Eu®*. The °Do—'Fo, °Do—>'F1, and °Dy—>'F, transitions of Eu®" are

observed as emission lines at 585, 621, and 650 nm, respectively.

Significant variations in the light output as well as the quantum efficiency of
some phosphor materials have been observed to occur with changes in temperature.
These changes may result in degradation during processing or operation of certain
devices. In the case of the blue-emitting BaMgAl;,Os7:Eu®* phosphor for PDP
application, degradation due to temperature effects is considered to be related to its host
lattice and the Eu®" activator ion [23]. This degradation has been attributed mainly to the
oxidation of the Eu®* ion resulting in the production of a trivalent europium oxide ion,
which is inefficient and is in some cases hardly visible in the emission spectrum [24]. The
photoluminescence spectrum of a luminescent material shows characteristic temperature-
dependence; as the temperature is increased the emission peak shifts to lower energy, the
emission band is broadened, and the emission intensity is quenched at some temperatures
[25]. The temperature dependence of the electron—phonon interaction in both the ground
state and the excited state of the luminescence centre is the origin of these phenomena
[26].

Fig. 8.6 shows the decay characteristics of the SrAl,Oy:Eu* ,Dy** phosphor
annealed at different temperatures. The results show that both the initial luminescence
intensity and decay time of afterglow of phosphors are enhanced when annealed at 200
°C. However, further increase in temperature reduces these two properties. The sample
annealed at 1000 °C completely quenches the afterglow property of the phosphor. Except
for the sample annealed at 1000 °C, all the samples show a rapid initial decay and
subsequent long-lasting phosphorescence, which can be analyzed by a curve fitting
procedure relying on the following triple exponential equation:

| = Ilexp(—%l) + Izexp(—%z) + Isexp(—%s), 1)

where | represents the phosphorescent intensity; 1y, I, and I;are constants; t is the time;

11, T2, and 73 are the decay constants deciding the decay rate for the rapid, medium, and
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slow exponential decay components, respectively. The fitting results of the z; and =,
parameters are listed in Table 8.2.

The decay constants have higher values for the 200 °C sample but completely
vanish for the 1000 °C sample. It is known that trap depth greatly influences the
recombination between the excited electrons and trapped holes. Consequently, the decay
components are determined by the carriers, which are trapped at different trapping levels.
The long afterglow property of the phosphor samples can be described in terms of these
carriers, whose nature is considered to be holes [14,27]. Upon exposure of phosphors to
the excitation radiation, direct excitation of the 4f-5d transition of Eu®* happens and

plenty of holes are created; some of the free holes are released thermally to the valence

Table 8.2: Results for fitted decay curves of SrAIXOy:Eu2+,Dy3+ samples at different

temperatures
Temperature (°C) UA 200 500 1000
Component Decay constants (S)
Fast (z,) 0.19 0.19 0.02 -
Medium (z,) 0.88 0.88 0.22 -
Slow (7,) 331 331 2.01 -

band, meantime, one part of the released holes travel through the valence band, and are
trapped by Dy** ions [28]. When the excitation source is removed, the excited Eu** ion is
relaxed to the metastable state (Eu™)*. The trapped holes are released thermally to the
valence band and move to recombine with the excessive electrons in the metastable state

(Eu™)* sites leading to the long afterglow [29].

8.4 Conclusions

In this work, the sol-gel procedure was successfully employed to synthesize

nanophase SrAI><Oy:Eu2+,Dy3+ phosphor powders. The average crystallite sizes increased
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from 42.2 + 8 nm to 47.2 + 10 nm as the heating temperature increased from room
temperature to 1000°C, indicating an increase in crystallinity. The effect of annealing
temperature on the transformation in phase composition is not conclusive but the
dominance of the SrAl,O4 polymorph is evident from the reflections in the XRD results.
Luminescent results show variations in the peak shapes, positions, and intensities of the
excitation and emission spectra as well as the afterglow behaviour of the samples. This
reflects the profound influence of annealing temperature on these properties, which may
be traced to transitions between trivalent (Eu**) and divalent (Eu®") europium states that

originate from changes in the crystal field around the ions.
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Chapter 9

Characterization of Luminescent and Thermal
Properties of Long-afterglow BaAl,O,:Eu**,Dy**
Nanoparticles and Polymer Composites

9.1. Introduction

Although extensive research on aluminate phosphors has been undertaken over

2 R* co-doped barium aluminates such as BaAl,O,:Eu*",Dy** [1,2]

the years, the Eu
have been studied only infrequently, even though they have potential for persistent
luminescence. The reasons may be attributed to the rather complicated structural
chemistry of the MAI,O,4 host as well as the considerable size mismatch between the host
(Ba?") and the main dopant (Eu*") cations [3]. On the other hand, the crystal structures of
the compounds studied in this work are all derivatives of the stuffed tridymite structure
(Fig. 9.1). In this type of structure there are large open channels in the framework, which
provide suitable sites for large cations to lodge themselves. These channels are sources of

the structural weakness, which, can ultimately result in degradation.
The aim of the work reported in this chapter, was to prepare BaAl,04:Eu*",Dy**

phosphor materials at different Eu** and Dy** concentrations by means of a combustion
method. The effects of the Eu?*:Dy*" molar ratio on the structure, homogeneity, persistent
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luminescence as well as stability are presented and discussed based on the analyses of the

x-ray powder diffraction, SEM imaging and photoluminescence studies. In addition to the

Figure 9.1: BaAl,O, structure viewed along [0001]. The solid lines depict the unit
cell. The closed circles indicate Ba atoms at the special position (2a) site [4].

synthesized BaAlO,:Eu®*,Dy*". In addition to the synthesized BaAl,Oy:Eu*" ,Dy*"
powder, polymer/phosphor composites of well-defined compositions were also prepared
and studied. This second part of work was motivated by: (i) the possibility of combining
the merits of organic and inorganic materials into systems with novel properties, (ii) the
promising results from previous work by this group [5].

9.2 Experimental Section
9.2.1 Synthesis of the BaAl,O,:Eu**,Dy**phosphor samples

Barium aluminate samples were prepared by a combustion synthesis method.
Powders of Ba(NOs), (A.R.), AI(NO3)39H,0 (A.R.), Eu, (NO3)3 (4N), CHsN-O (A.R.
added as fuel) were used as starting materials. Eu®** was introduced in the form of
Eu(NO3);.5H,0. A homogeneous, thick, white solution was obtained after thoroughly
milling the precursor mixture in a mortar using a pestle. Formation of the solution was
facilitated by the water of crystallization present on the metal nitrates. The solution was
then introduced into a muffle furnace maintained at 500 °C. Initially, the paste boiled

and underwent dehydration, followed by decomposition with large amounts of gases
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escaping. Spontaneous ignition then occurred and the material underwent smouldering
combustion with enormous swelling. The whole process was over in about 5 minutes.
The voluminous and foamy combustion ash was easily milled to obtain the final
BaAl,O,:Eu**,Dy** phosphor powder.

9.2.2 Preparation of BaAl,O,:Eu**,Dy**/LDPE nanocomposites

Linear low-density polyethylene (LDPE) was supplied by Sasol Polymers, South
Africa. It has a melt flow index (MFI) of 2.0 g/10 min, which was determined by
preheating a sample of the polymer at 190 °C for 5 minutes followed by a shear analysis
on a 2.16 kg mass. It has a melting point of about 110°C, and a density of 0.922 gcm™,
The polymer/phosphor composites were produced by melt-mixing the synthesized
barium aluminate phosphor powder into LDPE at volume ratios ranging from 0.4% to
10%. Samples were weighed according to the required ratios and mixed using a volume
of 50 cm® in a Brabender Plastograph mixing chamber at a screw speed of 30 rpm for
15 minutes. The mixing was carried out at 160 °C. The samples were hot melt-pressed
into slabs of average thickness 0.98 + 0.05 mm, at 160 °C.

9.2.3 Morphology and structural analysis

Microstructural and elemental composition characterization of the
BaAl,04:Eu?* Dy**particles were performed on a Shimadzu model ZU SSX-550
Superscan scanning electron microscope (SEM), coupled with an energy dispersive x-
ray spectrometer (EDS). For SEM measurements, the probe size was 3.0 nm, the probe
current 0.02 nA, and the accelerating voltage 5.0 keV. The probe size for EDS analysis

was 4 nm, specimen current 1.00 nA, and accelerating voltage 15.0 keV.

Crystalline phases were characterized by an x-ray diffractometer (Bruker D8
diffractometer, Bruker Corporation of Germany, operating at 40 kV and 40 mA, and
using Cu K, = 1.5406 A) with a scan step of 0.02° in 26 and a scan speed of 4°/min. The
divergence slit (DS), scatter slit (SS), and receiving slit (RS) are 1°, 1°, and 0.15 mm,
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respectively. The average crystallite size of the materials was calculated from the
diffraction data by using the Scherrer equation (Eqg. 1) [6].

092
[ coso

1)

where D is the average crystallite size in metres, A the x-ray wavelength in metres,  the
full width at half maximum (FWHM) of the selected reflection in radians, and 6 (in
degrees) is half of the Bragg angle (26). The calculation is based on the measurement of

full-width at half-maximum (FWHM) values in the corresponding XRD pattern.
9.2.4 Photoluminescence (PL) measurements

The excitation, emission, and decay spectra were measured at room temperature on a
Varian Cary Eclipse Fluorescence spectrophotometer (Model: LS 55) with a built-in 150
W Xe flash lamp as the excitation source and a grating to select a suitable wavelength for
excitation. Each sample was loaded into a circular holder and excited with 340 nm
radiation.

9.2.5 Thermal analysis
For thermal analysis, differential scanning calorimetry (DSC) and

thermogravimetric analysis (TGA) were performed using the the same measurement
systems as well as procedures as described in the previous chapters.

9.3 Results and discussion

9.3.1 SEM micrographs and EDS spectra

The microstructures of BaAl,Oy:Eu** Dy*" powders are shown in the SEM
micrographs in Fig. 9.2. Figs. 9.2(a) and (b) depict the SEM images of the as-synthesized
phosphor powders for low (a) and high (b) Dy** concentrations, respectively. The

magnification is 10000x in both images. An inspection of the morphology of the samples
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Figure 9.2: 10000x magnification SEM micrographs of as-synthesized BaAlOy:
Eu?*,Dy** with Eu®*:Dy* ratio = (a) 10:1 and (b) 1:10.

reveal that the powders are characterized by flakes up to 10 um diameter. The surfaces of
the samples show voids and pores formed by the escaping gases during the combustion
process. When a gas is escaping under high pressure, pores are formed with the formation
of small particles near the pores. The formed gas transports heat away from the forming
product, thus limiting the particle growth. The wide particle-size distribution as well as
irregular shapes of the particles is probably due to the nonuniform distribution of

temperature and mass flow in the combustion wave.

2+ 3+
20k Eu :Dy =10:1

(Weight%o)

Ba: (17.3)

15F O Al: (19.3) <
0: (45.0)

Eu: (<1)
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=
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Energy (keV)

Figure 9.3: EDS spot analysis results for the BaAl,O,:Eu**,Dy** powder sample with
10:1 Eu*":Dy*" ratio
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Energy dispersive spectroscopy (EDS) is a standard procedure for identifying and
quantifying elemental composition of sample areas as small as few micrometres [7]. Fig.
9.3 shows the EDS spectra of the sample with 10:1, Eu**:Dy** molar ratio. The existence
of Eu in the samples is clear in the corresponding EDS spectra. No other elements were
detected in the EDS emissions apart from Ba, Eu, O, Dy, Al, and C. The elements appear
in ratios concomitant with the proportions mixed in the starting materials, which shows

the advantage of the combustion method in controlling chemical components.
9.3.2 X-ray diffraction (XRD)

Generally, it is well known that the luminescence properties of phosphor particles
are strongly dependent upon the characteristics of the prepared phosphors such as particle
size [8], surface morphology [9], concentration quenching [10], and crystallinity [11].
Crystallinity is one of the most important parameters to obtain phosphor particles with

high luminescence efficiency.
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Figure 9.4(a): XRD spectra of BaAI)<Oy:Eu2+,Dy3+ powder samples for various
Eu®*:Dy** ratios
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Figure 9.4 (b): XRD spectra of BaAlOy:Eu**,Dy*" phosphor samples with Eu**:Dy*"
molar ratio = 2:1, and composite of LDPE with 10% BaAlO,:Eu**,Dy*". [Inset —
XRD spectrum of pure LDPE].

The x-ray powder diffraction (XRPD) technique is an effective tool for
determining the phase, crystallinity, and purity of samples prepared under various
conditions. Fig. 9.4 is a display of the XRD results for the BaAl,0,:Eu®*,Dy**
nanophosphor samples. The broad peaks clearly indicate that nanoparticles were
obtained. The spectra clearly show the presence of the expected hexagonal crystalline
phase for the nanopowders. The main diffraction peaks index well with the card file
(JCPDS:17-0306) in agreement with other reports [12,13]. Crystallite size estimation

based on the Scherrer analysis yielded values ranging between 34 and 41 + 4 nm.

9.3.3 Photoluminescence spectra

PL measurements were carried out in order to determine the luminescent
properties of the as-prepared aluminate phosphor samples as well as those of the
LDPE/BaAl,O,:Eu*",Dy** nanocomposites. Figs. 9.5 and 9.6 display the excitation and

emission spectra for the phosphors and the nanocomposites, respectively. The
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photoluminescence spectra exhibit different shapes and broadband peaks. The
wavelength bands in the excitation spectra are broad with wavelengths ranging from 275

to 445 nm while the corresponding blue-green emissions consist mainly of symmetrical
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Figure 9.5: PL (a) excitation (Aem= 505) nm and (b) emission (Aexc= 340 nm),
spectra of BaAlLO,:Eu®*,Dy** phosphor for Eu®*:Dy* ratio = 10:1 - 1:10.

bands with major peaks having maxima at 505 nm that originate from the energy
transitions between the ground state (4f') and the excited state (4f°5d*) of the Eu* ions
[14]. The minor peaks at 615 and 705 nm arise from the f-f transitions of the remnant,

unreduced Eu** ions.

The photoluminescence in rare earth-doped alkaline earth aluminates originates in
the electronic transitions in the rare-earth ions. The luminescence may be attributed to
one of three possible processes as a result of transitions in either 4f energy levels, 4f"'5d*
states or charge-transfer states. In the case of doping with Eu®* ions, luminescence is due
to 4f'—4f°5d* transitions in Eu®*. 4f«>5d transitions are electric dipole allowed optical
transitions and correspond to strong optical absorption. During excitation, 4f electrons get
transferred to the 5d orbital, which is split into a number of levels due to the crystal field.
The 4f electrons of Eu?* are not sensitive to the lattice environment due to the shielding
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function of the outer shell, but the 5d electrons may couple strongly to the lattice.
Consequently, the mixed states of 4f5d will be split by the crystal field and will couple
strongly to the lattice phonons, resulting in broadband absorption and emission. On the
other hand, it is known that different host structures and crystallographic distortions will
influence the crystal field environment of rare-earth ions in the host structure [15]. Since
the crystal field splitting varies considerably depending upon the host material, the
spectral position of the excitation band would also change. In this work the excitation
spectrum at each concentration is broad with a peak at around 340 nm. A concentration-
dependent shoulder also appears at 275 nm.

3301 (@) (b) v/v LDPE/phosphor |
340 nm 1
300 | 500 nm  ——  90.00/10.007
96.00/ 4.001

270 n :
250 14 99.60/ 0.407
— 100.00/ 0.001

Intensity (a.u.)
2

250 300 350 400 450 500 550 600 650 700

Wavelength (nm)
Figure 9.6: PL (a) excitation (em = 500 nm), and (b) emission (Aexc = 340 nm),
spectra of LDPE/BaAlO,:Eu®* Dy** composites for Eu**:Dy** ratio = 1:2.

The PL curves for the phosphor materials (Fig. 9.5) show that the peak
wavelength of the phosphorescence does not vary significantly with the concentration of
the dopants. This implies that the crystal field, which affects the 5d electron states of the
Eu®* ions, is not changed dramatically by the concentration variations in the phosphors.
Unlike the excitation bands, the emission bands do not only depend on the crystal field
splitting of the 5d level and the 4f—5d de-excitations. In a given host, the emission of

Eu®* is also significantly influenced by the size of the host cation (Ba** in this case),

179



which is replaced by Eu®*. The ionic size of Eu*" (1.20 A) is smaller than the radius of
the Ba® ion (1.38 A). Hence, when Eu®* substitutes for Ba*" in BaAlOy, the Eu** ion
experiences a reduced attraction owing to shrinkage of the crystal lattice. Anamorphic
crystal lattices result when the surroundings of Eu®" are changed and so the emission

wavelengths change correspondingly [2,16].

Two Ba?" sites are believed to exist in the BaAl,O, crystal structure. However,
the symmetry of the emission bands in the observed results illustrate the presence of one
kind of luminescent centre in the BaAl,Oy:Eu”*,Dy**, where the Eu®* ions are substituted
with the nine-coordinated Ba*" sites [17]. Of the two expected Ba®" sites, the first one
(2a) has a multiplicity of two and a site symmetry of Cswhile the second one (6c) has a
multiplicity of six and a site symmetry of C;. Both the Ba*" sites have nine-coordination
and the sites are similar in average size (d(Ba-O)Ave = 2.86 and 2.87 A). However, the
lower symmetry site has also shorter Ba-O distances (2.69 A) corresponding to those
typical of Eu**-O (2.68 A [18]). These differences imply that the 6c site will be filled
preferentially leading to a corresponding higher PL intensity as a result of a contribution
from six instead of two Eu®* ions. The emission wavelength (505 nm) is consistent with
the result derived from the ceramic method by Lin et al. [19] but slightly higher than the
500 nm obtained by Stefani et al., who also observed a minor peak at 435 nm using the

solid state reaction method [20], and the 496 nm by Qiu et. al. (microemulsion) [21].

Though the mechanism of persistent luminescence in lanthanide ions-doped
alkaline earth aluminates is not fully understood, it is agreed that the Eu*" ion is the
luminescent centre, while the R** and R* ions have been suggested to trap holes and
electrons, respectively [22]. The mechanism is considered to include the photoionization
of the Eu®* ions and a subsequent transfer of the electrons to traps formed by the lattice
defects as oxide ion vacancies and possibly also the auxiliary R*" ion co-dopants. The
thermal bleaching of the electrons from the traps followed by the process reverse to the
storage of the excitation energy leads to the Eu®* emission [23].
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The mechanisms explaining the enhanced luminescence emission, as well as the
photoluminescence quantum efficiency when nanoparticle-filled polymer composites act
as the active emitting layer, are not particularly clear. Initially, optical scattering from the
nanoparticle surfaces was believed to be a factor but was excluded since it could not
explain some phenomena such as the observed radiance enhancement in LEDs [24]. An
alternative possible explanation was in terms of an increase of the recombination at the
polymer-nanoparticle interfaces, but this was also discounted. A more plausible
mechanism suggests that the change in morphology, arising from the significant increase
in surface area, may be responsible for the observed enhanced luminance [24,25]. The
high surface reactivity of a nanostructure with a polymer may provide interactions that
can modify polymer properties in a positive way, leading to novel luminescent properties
of the composite. These interactions may yield new radiative recombination mechanisms,
that may be utilized for broadband light emission or wavelength tunable emission. The
mechanisms may be influenced by factors such as the individual properties of the organic
and inorganic components as well as their relative concentration. In some
nanocomposites, the presence of new recombination mechanisms is suggested by the
generation of new PL emission lines [26], which may be attributed to the formation of

interfacial states termed exciplex [27].
9.3.4 Decay curves

Fig. 9.7(a) depicts the typical afterglow decay curves of the phosphor samples
after the powders were activated using a pulsed xenon lamp. The curves show that the
BaAl,O,:Eu*",Dy** phosphor material emits light far longer than the typical microsecond
lifetime of Eu*" [28]. This indicates the presence of persistent luminescence. The origin
of this long persistence is associated with the second activator ion Dy**. The Dy**
incorporation creates deep traps in the energy band gap of the BaAIXOy:Eu2+,Dy3+. These
traps are in the form of hole-trapping levels near the valence band. After excitation by the
light photons, electrons of the Eu?* ion in the 4f level are transferred to the 5d level, and

holes are produced in the valence band. Some holes created are captured by the Dy* hole
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traps, then thermally released slowly to the valence band, and return to the ground state
of Eu®* accompanied with the emission of light photons.

1000 ' T ' T T T ' ' '
. Eu”":Dy*" ratio Ba Al O:Eu” Dy” ;
S 800 i
S
> 1:2
E 600 , 7 -
c
S /10:1
£ 400 o -
.
200 -
0 S ———
2 3 4 5
Time (s)

Figure 9.7(a): Decay curves of BaAl,O,:Eu*",Dy* phosphor for the samples with
Eu®:Dy* molar ratios = 10:1-1:10

Table 9.1(a): Results for fitted decay curves of the phosphor powders

Sample (Eu*":Dy"") 10:1 1:2 1:10
Component Half life times (s)

Fast (z,) [x10™] 3.3 3.4 0.4
Slow (z,)[x10"] 7.8 8.8 26

It can be clearly seen that all the afterglow decay curves are composed of two
regimes, i.e., the initial rapid decay followed by a much slower process. The initial
luminescent intensity and decay speed of afterglow of phosphors are different from each

other. Decay times can be calculated by a curve fitting technique based on the following
equation:

I =A exp(— %1) + A, exp(— %Z) (9.2)
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where | is the phosphorescence intensity, A; and A, are constants, z; and 7, are decay
times for the exponential components, and t is time [29]. The results recorded in Table
9.1(a) indicate that the BaAIXOy:Eu2+,Dy3+ phosphor samples had different decay times.

1000 v T y T y T y T y
0.0/100 viv LDPE/BaAI O :Eu”,Dy” |
. 2+ 3+
— sool- ——90.0/10.0 viv LDPE/BaAIXOy.Eu2+,Dy3+ |
> 96.0/4.0 viv LDPE/BaAIXOy:Eu Dy
S —— 99.6/0.4 v/v LDPE/BaAl O :Eu” Dy*" ]
Xy
> 600} —— 100/0.0 v/v LDPE/BaAI,0 :Eu” Dy*
R
-
3 400 4
c
200 .
0
1 1 M 1 1
0 1 2 3 4 5

Time (s)

Figure 9.7(b): Decay curves of pure LDPE, LDPE/BaAlO,:Eu*" Dy** nano-
composites for phosphor vol.% = 0.4-10 and BaAlO,:Eu**,Dy** phosphor
sample with Eu*":Dy*" molar ratio = 2:1

The role of Eu** ions as well as Dy*" ions as luminescent centres and trap centres,
respectively, in aluminate phosphors is well established. The lifetime of afterglow is
related to the energy stored, and the number of electrons, which stay, in the trap level.
The intensity of the afterglow is related to the velocity, including the velocity of electrons
escaping from the trap level and the velocity of energy transfer. The rapidly-decaying
process is due to the short survival time of the electrons in Eu?* while the slow-decaying
process arises from the deep trap energy centre of Dy** [30]. The magnitude of the
afterglow intensity and decay time depend on the type of the host structure, which
influences the nature of traps formed.

The curves for the polymer/phosphor nanocomposites, displayed in Fig. 9.7(b),
reveal very interesting observations. At a phosphor content of only 0.4 vol.%, the

polymer matrix seems to alter the decay mechanism from second order to third order as
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the corresponding decay curves could be fitted with the third order exponential (equation

9.3),
I =A exp(— %1) + A, exp(— %2) + A, exp(— %3) (9.3)

Table 9.1(b): Results for fitted decay curve of the 04 vol%
LDPE/BaAlO,:Eu**,Dy** composite — taken from 1:2, Eu*":Dy** sample

Component Fast (z,) [x10]  Medium (7,)[x10*%] Slow (z,)[x10%]

Half life times (s) 0.7 lEE 155.28

In addition, further increase of the phosphor content above 0.4% appears to
progressively slow the rate of decay. Such elongation in afterglow characteristics would
be very appropriate for applications such as lighting, among others. As mentioned earlier
on (PL section), the origin of the influence of the polymer on phosphorescence behaviour
may be rooted in the morphological changes that arise from the increased surface area
[24,25].

The contribution of hole mobility in this process may be significant and is worth
considering. It has been proposed that when nanoparticles are introduced into a polymer,
probable causes for the improvement in hole mobility may be either a reduction in the
density of traps or reduction in charge trapping due to the superposition of several
transport mechanisms in the nanocomposite, which may include percolation through
polymer nanoparticle interface network [31]. A low rate of hole mobility and electron-
hole recombination will increase the re-trapping probability and further slow down the

decay process [32].

9.3.5 Thermal properties

The DSC heating and cooling curves of the pure LDPE and the LDPE/BaAIXOy:Eu2+,

Dy** nanophosphor composites obtained from the second heating and cooling cycles,
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Figure 9.8(a): DSC heating curves of LDPE and LDPE/BaAlO,:Eu®* Dy**
nanocomposites
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Figure 9.8(b): DSC cooling curves of LDPE and LDPE/BaAl,O,:Eu**,Dy*"
nanocomposites
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Table 9.2: DSC data of pure LDPE and LDPE/BaAlO,:Eu**,Dy** composites

Tm: melting peak temperature; T.: crystallization peak temperature; AH,, and AH:

melting and crystallization enthalpies, respectively; o standard deviation.

Filler content AH % /Jg* AH® /g™

(Vol.%) Tw/°C+o to AH®jgt T/ Cto to AH® 3g*
0.0 109.2+0.0 523+79 - 954+01 -64.16+£65 -
04 109.2+02 571+£75 52.1 956+01 -639+27 -63.9
4.0 109.2+0.7 533£13 50.3 952+02 -647126 -61.7
10.0 1083+ 0.3 486+ 55 47.4 951+02 -574+55 -58.2

respectively, are shown in Fig. 9.8. The observed as well as expected parameters
corresponding to these DSC curves are recorded in Table 9.2. The curves show that as the
phosphor content is increased, both the melting and crystallization temperatures decrease
slightly. The reduced temperature values are an indication of a reduction in crystallite
sizes in LDPE. This result is similar to our previous observations on the effect of the
commercial SrAl,04:Eu**,Dy** phosphor in LDPE [5]. However, in contrast to the same
work, values of the expected melting enthalpy values (normalized with respect to the
mass fraction of the LDPE in the composite), are lower than the experimentally
determined ones. Although the difference in the two values progressively decreases as the
phosphor content increases, it is clear that the BaAl,O,:Eu**,Dy*" particles acted as
nucleating centres and enhanced the overall crystallinity in the LDPE nanocomposite
while preventing lamellar growth. This is in line with some documented results [33] for

the effect of nanostructured fillers.

Previous studies have shown that the thermal stability of LDPE can be enhanced
to various extends following the introduction of phosphor nanoparticles [5]. In this work,
TGA measurements were made in order to investigate the effect of the combustion-
synthesized BaAl,O,:Eu®*,Dy** phosphor nanoparticle fillers on the thermal stability of

LDPE. The curves obtained from the measurements are depicted in Fig. 9.9. The curves
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show that BaAl,O,:Eu*",Dy*" significantly increased the thermal stability of LDPE,
shifting the onset temperature of degradation from about 324 °C to 400 °C (for the

nanocomposite with 4 vol.% of BaAl,O,:Eu®*,Dy**). Two probable reasons may account
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Figure 9.9: TGA curves for LDPE and LDPE/BaAl,O,:Eu*" ,Dy* nanocomposites

for the improved stability. Firstly, a strong interaction between the nanofiller particles
and the polymer chains may result in reduced chain mobility, which then suppresses the
chain transfer reaction that is responsible for the degradation in LDPE [34], ultimately
delaying the onset temperature of mass loss. The 10 vol.% sample shows that there is a
filler loading threshold for improved stability. However, the afterglow curves indicate
that this particular concentration does not perform much better than the 4 vol.% one,
indicating that the threshold filler content for optimum persistence luminescence ans
stability of the polymer matrix is less than 10%.

9.4 Conclusions

Nanostructured BaAIXOy:Eu2+,Dy3 powders were prepared by a combustion

method, and ultimately mixed in an LDPE matrix. EDS analysis confirmed the elemental
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composition in the phosphor. The average crystallite sizes determined from XRD
measurements, using the Scherrer formula, ranged between 34 and 41 nm. The powders
exhibited high brightness luminescence with major peaks having maxima at 505 nm,
which were nicely replicated by the nanocomposite samples. Of particular interest, was
the persistence luminescence behaviour of the phosphor/polymer composites, which were
observed to be profoundly enhanced compared to the as-prepared BaAIXOy:Eu2+,Dy3+
samples. The enhancement probably originated in the change in morphology, arising
from the significant increase in surface area. DSC results show that the
BaAIXOy:Eu2+,Dy3+ particles acted as nucleating centres and enhanced the overall
crystallinity in LDPE while preventing lamellar growth. The LDPE/BaAlO,:Eu**,Dy?
nanocomposites had higher thermal stability with respect to that of the pure LDPE. The
improved stability may be attributed to a strong interaction between the nanofiller
particles and the polymer chains, which led to reduced chain mobility, ultimately

delaying the onset of degradation.
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Chapter 10
Summary and Outlook

10.1 Summary

The global objectives of the experimental studies presented in this thesis focused
on factors, which may lead to the enhancement in the qualities of luminescent materials.
The approach adopted involved an analysis of the morphological, structural,
photoluminescent, and thermal characteristics of both commercial and self-synthesized

phosphors as well as phosphor/polymer composites.

Two types of aluminate-based commercial phosphors; the green-emitting
SrAl;04Eu®* Dy*" and the blue-emitting SrsAl14O5:Eu®",Dy*", were initially
investigated, firstly in their pristine forms and secondly as composites after incorporation
in PMMA and LDPE polymers. The set of PL emissions for the major peaks in SrAl,O4
and Sr;Al;4055-based samples, were broad and occurred at about 505 nm and 418 nm,
respectively. The DSC and TGA results for the corresponding LDPE/SrAl,O,:Eu®*, Dy**
and LDPE/SrAl14025:Eu?*,Dy** composites, showed that the phosphor had no major
influence on either the crystallinity or stability of the former composites. In the latter
composite samples, the phosphor influence on the crystallinity in LDPE was not

significant, but it strongly improved the stability. This first phase of the study provided
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some insight into the relevant characteristics of phosphors as well as phosphor/polymer
composites, which led to the elimination of PMMA from further investigations and
paved the way for further investigations of these materials.

The second phase of these investigations concerned the synthesis of two types of
phosphors; aluminates of strontium and barium. The preparation of strontium aluminate
was carried out by two methods; combustion and sol-gel. The combustion-synthesized
phosphor powder samples were initially analyzed for the effect of the ratio of Eu®* to
Dy** on the photoluminescence and thermal properties. The emission intensity had a
major peak at 515 nm and was observed to be optimum for a 1:2 mol% ratio of Eu**:Dy**
concentration: Higher concentrations of Dy** quenched the intensity of the phosphor. The
1:2 mol% ratio was also found to be the optimal value for the initial, relative intensity, as
well as the after-glow decay time. Improvements in these characteristics were attributed
to the presence of both shallow and deep traps. Thermal analysis showed that the
phosphor nanoparticles improved the overall crystallinity in LDPE by acting as

nucleating agents.

One of the attractive features of the aluminate systems is the ability to form
luminescent phases of various forms. In the specific case of the strontium aluminate
systems, some of the prominent crystallographic polymorphs are Srz3Al,Og, SrAl,Oy,
SrAl,O7, SryAl14045, and SrAl1,019. This aspect was investigated by studying the effect
of temperature on the structural and photoluminescent properties of sol-gel derived
samples of strontium aluminate, doped and co-doped with Eu®* and Dy**, respectively.
The PL results clearly show red-shifted excitation and emission spectra as temperature
increased. At temperatures above 500 °C, the broad bands, which originate from f-d
transitions of Eu®* are reduced to several sharp lines that are characteristic of the f-f
transitions of the Eu®" ions, which originate from °Dy—'F; transitions (J = 0,1-6). These
changes are attributed to the variation in the crystallite sizes, whose average values
increased from about 42 to 47 nm as the temperature rose from 0 to 1000 °C. The

presence of the SrAl,O4 and Sr,Al;0¢ phases was detected from XRD spectra.
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The final set of experiments consisted of the study of the structural and
photoluminescent properties of a combustion synthesized BaAIXOy:Eu2+,Dy3+ phosphor
as well as BaAl,O,: Eu*, Dy**/LDPE composites. In addition, the composite samples
were thermally analyzed. The intention here was two-fold: (1) To produce a good quality
phosphor. (2) To assess the performance of the phosphor in an LDPE matrix.
Photoluminescence emission and excitation spectra, obtained at room temperature, are of
high intensity and consist of broad bands, which are attributed to the transition between
the excited state (4f°5d') and the ground state (4f'). PL results indicate that the
LDPE/phosphor interface, which is considered to have an influence on the composite
behaviour, did not significantly change the spectral positions of the phosphor materials,
whose major emission peaks occurred at about 505 nm; which was a desirable result. The
improved afterglow results for the composites may have been caused by morphological
changes due to increased surface area and defects. Thermal results indicate that the
BaAlxOy:Eu?* Dy*" particles acted as nucleating centres and enhanced the overall
crystallinity in the LDPE nanocomposite while preventing lamellar growth, hence

reducing the crystallite sizes in LDPE.

10.2 Outlook

Issues which may inform future research work in the development and application
of luminescent materials revolve around the ability to; (1) produce high brightness
persistent phosphors of high efficiency, (2) develop comprehensive mechanisms to
explain persistence luminescence as well as luminescence in nanocomposite (hybrid)
materials, (3) clarify the size-induced effects in nanophosphors, (4) develop strategies to
control the location, distribution, or segregation of dopant ions in nanoparticles and

nanocomposites.

With regard to producing persistent luminescent compounds, the intense research
in this area has resulted in only a handful of phosphors that are bright enough to consider
their use in practical applications. In addition, these materials almost exclusively fall into

two main categories, the aluminates and the silicates, i.e. the number of hosts used is
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relatively low. Besides the limited host compounds, so far there has not been any serious
alternative for Eu*" activators as the emitting centre. Consequently, the price of Eu*" is
sky-rocketing due to its almost exclusive use as a dopant in most luminescence
applications, including as security markers in Euro bank notes. The most noteworthy
problem in the preparation Eu?*-doped persistent luminescent compounds is the lack of
yellow, orange and red phosphors. The paucity in the search for, particularly bright red
persistent luminescent compounds, has been ascribed to two causes: (1) The difficulty in
obtaining a high enough crystal field in oxides for Eu** to emit radiation in the red region
of the visible spectrum. (2) The existence of the so called Purkinje effect, which basically
refers to the natural weakness in the human eye to perceive red (and blue) wavelengths
light.

Quite a number of mechanisms have so far been postulated to explain the
persistent luminescence phenomenon in phosphors. They generally involve charge
carriers getting trapped in long-lived energy levels inside the band gap. However, these
mechanisms are not yet fully understood since many details remain unclear. Clarity is
needed on issues such as: (1) The origin of the charge carriers. (2) The conduction
process of the energy from the traps to the luminescent centres. (3) The influence of
codopants and lattice defects in the neighbourhood of the activators. Future experiments

are necessary to unravel these mysteries.

Nanocrystalline systems constitutes a relatively young field of research. Improved
performance in phosphors is expected when phosphor particles are formed at the
nanometre scale. The anticipated improvement is on account of the reduced sizes of the
particles. Phosphors having a small particle size and high efficiency would be most
useful, since this would ideally enable the preparation of practical phosphors, which can
form a dense, pinhole-free coating on a substrate. However, key issues regarding size-
dependent optical properties still persist. The particle size dependence of the
luminescence efficiency is obscure. Consequently, the potential to prepare high efficiency

and robust phosphors for diverse applications, will require strategies to control the size,
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location, distribution, or segregation of dopant ions in nanoparticles and multiple phases

in nanocomposites.

Nanocomposite (hybrid) materials represent one of the most fascinating emerging
developments in materials chemistry. The tremendous possibilities of combining different
properties in one material initiated an explosion of ideas about potential materials and
applications. However, the basic science is sometimes still not understood. Therefore
investigations in this field in particular, to understand the structure/property relationships

are crucial.

Against this backdrop, prospects for future research work, derived from the work
presented in this thesis, are many. These include, but are not limited to the following
specific areas:

<+ The opportunity to fine-tune (optimize) the conditions for sample preparation,
following the successful synthesis of the phosphor powders; intensity
comparable to (sometimes surpassing) that of commercial phosphors (see
Appendix).

<+ Detailed investigation of some of the influencing parameters such as
temperature, fluxing and reducing agents, as well as TL studies, in order to

build on the currently inadequate experimental (and theoretical) databases.

+ Due to time constraints, it was not possible to carry out adequate TEM
analysis. For most of the investigations undertaken, TEM analysis would go a
long way in concretizing many of the conclusions arrived at. This is an
imperative tool to further gather valuable information on the crucial

parameters like, crystallinity, crystallite size and shape.

+ The polymer/phosphor interface is a virtually unexplored region that is
pregnant with the information, which will provide answers to the interesting
observations (e.g. the improved decay times reported in chapter 9). These
composites deserve to be further investigated.
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Appendix: PL intensities for the commercial and the as-synthesized

phosphors
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