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ABSTRACT
SYNTHESIS AND CHARACTERIZATION OF DOWN-CONVERTING

NANOPHOSPHORS
Tshabalala, Kamohelo George
PhD Thesis, Department of Physics, University of the Free State

Luminescent zinc aluminate (ZnAl,O4) nanoparticles, crystalline—low quartz and
amorphous silica powders were incorporated with Ce** and Tb*" ions. These powders were
successfully synthesized by the solution combustion and sol-gel routes. Phase analysis,
particle sizes and morphology of the ZnAl,O, nanoparticles were determined with X-ray
diffraction (XRD), high resolution transmission electron microscopy (HRTEM) and scanning
electron microscopy (SEM). Similarly, both low-quartz and amorphous phases of silica were
determined the same way. The photoluminescence (PL) data were collected at room
temperature using a variable UV Xenon lamp mounted into the F7000 Fluorescence and Cary
Eclipse fluorescence spectrophotometers. The cathodoluminescence (CL) data were collected
at room temperature using Ocean Optics CL spectrometer attached to the vaccum chamber of
the Physical Electronics PHI 549 Auger electron spectrometer. The surface characterization
was carried out using Auger electron spectroscopy (AES) and X-ray photoelectron

spectroscopy (XPS).

The average crystallite sizes for zinc aluminate powder phosphors reduced in the
hydrogen atmosphere were ranging from 20 nm to 50 nm. The results from XRD and
HRTEM showed that ZnAl,0,:Ce**, Tb* powder phosphors were crystalline and the lattice
spacing estimated form SAED was 0.24 nm, corresponding to the (311) lattice of ZnAl,O,.
The PL intensity of the green line emission from Th** at 544 nm (°Ds—'Fs transition)

increased as a result of Ce®* co-doping. The fact that the increase was simultaneous with the



decrease in blue emission from Ce** (5d — 4f transition) suggests that excitation energy was

transferred from Ce®* to Tb®*.

The AES and CL data were collected simultaneously when the powders were
irradiated with a beam of electrons ( for 10 hours) in a vacuum chamber maintained at 1 x
10" TorrO, atmosphere. The AES elemental composition data for the degraded powder
phosphors gave all the main elements in the ZnAl,04:Ce**, Tb**, namely; Zn, Al, O and
adventitious C. The ratio of Zn APPH to that of oxygen was almost stable during the electron
beam irradiation. The Al/O ratio increased from 0 — 300 C.cm 2 and then stabilized while the
adventitious C peak decreased drastically from 0 — 600 C.cm 2 before stabilizing. The
simultaneous increase of the CL intensity with the removal of C between 0 — 600 C.cm 2
suggests that the presence of C on the surface inhibited light emission from the surface. The
decrease in the C/O APPH ratio was due to removal of C from the surface due to the presence
of Al,O3 investigated using electron stimulated surface chemical reactions (ESSCRs) model.
The CL intensity then decreased slightly after 600 C.cm2 electron dose and then remained
stable. According to ESSCR model, electron beam irradiation may dissociate the O-O (from
O, introduced in the vacuum chamber) and Zn-Al-O bonds resulting in highly reactive 0%,
Zn**, and AI**. The XPS data collected from the sample of ZnAl,04:Ce**, Th** proved that
there was structural readjustment from inversion to normal spinel as a result of annealing in

reduced H, atmosphere.

In a low quartz and amorphous silica samples, efficient energy transfer from Ce** to
Tb* ions was observed when the powder phosphors were excited at the wavelength of
322 nm. The transfer rate was shown to be more efficient for samples reduced in a mixture
of N, and H, compared to those annealed in air. Thus, the maximum energy transfer was
observed from the sample co-doped with SiO.: 2 mol%Ce®*, 4 mol%Tb*". The excitation of

322 nm is ascribed to direct excitation of Ce®*" ions from 4f — 5d transition of Ce. The

Vi



improved down-converted emission indicates that our materials can be used as wavelength

shifting layer in Si photovoltaic cells to improve their power conversion efficiency.
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CHAPTER 1 GENERAL INTRODUCTION,;

1.1 Overview

Among the forms of green energiey sources (e.g. hydropower, wind power,
geothermal power and biomass) solar power is one of the most sustainable energy due to its
abundance and renewability. Using the photovoltaic (PV) effect, sunlight can be converted
directly into electricity. However, the classical efficiency limit of silicon-based solar cells is
currently estimated to be in the range of 30% from the calculations reported by Shockley and
Queisser [1,2]. There are three spectral modification methods in place to be used, namely:

downconversion (DC), photoluminescence (PL) and upconversion [3].

Shalav et al. suggested that light with energy lower than the threshold of ~1.25 eV
would be suited for upconversion (UC), whereas light with energy higher than the threshold
of ~ 1.25 eV would be better suited for downconversion (DC) applications for an ideal
semiconductor with a threshold of ~ 1.35 eV [4]. Furthermore, for wavelengths less than 500
nm or more than 1100 nm, the DC and UC can be used to convert high/low energy photon

such that is it suitable for the solar cell applications [5].

The possibility of achieving two-photon emission via energy transfer was first
predicted by Dexter [6]. Recently, several groups reported downconversion from ultraviolet
(UV) or visible (VIS) light to near-infrared (NIR) light using rare-earth ion pairs [7-12].
Vergeer et al. [13] have established experimentally the mechanism for the downconversion in
the Th® —Yb>* system in these compounds Yb,Y; PO+ Th**. Now the research of DC is
focused mainly on the RE (Tb** —Yb**) ion pairs [14-15]. However, several issues have not
been solved yet: the f-f transition which leads to a narrowband excitation, the very low
energy transfer efficiency from Th** to Yb®" since the Th** ions show weak absorption in the
UV/blue region due to the forbidden nature of 4f—4f transitions.
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In this study, we focus more on investigating downconversion process on the
Ce** —Tb* co-dopants in the ZnAl,04 and SiO; host lattices. One of the advantages for the
use of Ce®* ions is the fact that the transition of Ce**: 4f —5d has relative strong absorption at
the wavelengths less than 350 nm, unlike Tb®* ions which show a weak absorption in the
UV/blue region. The investigation of the downconversion phenomena is mainly focused on
the evaluation of an efficient energy transfer between Ce®* and Tb*" ions. Here, Ce®*" ions
will be classified as sensitizers by absorbing UV photons and transfer them to Th** ions
which are classified as activators/absorbers and they will subsequently emit green photons in
the visible region of the electromagnetic spectrum. In principle, downconversion concept is
particularly based on using a combination of two rare-earths (Ce®* and Th**) ions whereby a
single absorbed high energy photon produces an emission of two visible photons. Therefore,
the downconversion nanophosphors will be studied from ZnAl,O4: Ce**, Tb* and SiOy: Ce*,
Tb* nanoparticulate phosphors where ZnAl,O, and SiO. are host matrices and Ce** is a
dopant, and Tb*" is a co-dopant.

Traditionally, ZnAl,O4 with normal, intermediate or inverse spinel structure is widely
used as a catalyst or ceramic [16]. Today, it is used in many applications such as
optoelectronics, sensor technology and information display technology [17-20] because of its
excellent optical, hydrophobic properties, high chemical and thermal stability [21]. For
application in display technologies, ZnAl,O, is used as host matrix for trivalent rare-earth
ions (e.g. Tb**, Eu** and Dy*") [22,23] or transition metals (e.g. Mn®" and Cr**) [24] to
prepare phosphors emitting mostly in the visible range of the electromagnetic spectrum.

In this study, we are particularly interested in the performance of a nanocrystalline
ZnAl,0O4 because the nanocrystalline materials indeed have better optical properties than their
bulk counterparts [25]. It has been shown recently [26,27] that colour tuning in zinc gallate

(ZnGay04), another member of zinc-based spinels is highly possible depending on the



synthesis process. Another important feature of this class of material is that the luminescence
properties are highly dependent on the atmosphere of synthesis [27]. As a result, colour
tuning in ZnGa,O, may be achieved by heat treatment under reducing or oxidizing
atmosphere. Since some optical properties of ZnGa,O4 resemble those of ZnAl,O,, colour
tuning in the latter might also be possible, opening up a broader range of applications for this

phosphor.

In the case of SiO,, we focus on downconversion process on the Ce** —Tb*" in both
amorphous and crystallized forms. Taking into account that SiO, can exist in an amorphous
or crystalline form, it has stimulated the interest to be investigated both experimentally and
theoretically. In this study our objective was to investigate the performance for the efficient
energy transfer from Ce®*" to Tb*" in low quartz and the amorphous phases of SiO,. SiO, has
proved to be a good host matrix for rare-earth dopant ions because of its transparency,

compositional variety and ease of production [28].

Different synthesis methods such as sol-gel [29,30], hydrothermal [31], combustion
[25], [20], [32] and solid state reaction [33] are commonly used to prepare rare-
earths/transition metals doped nanocrystalline ZnAl,O4 phosphors. Amongst the synthesis
techniques used to prepare ZnAl,O, phosphor, the solution combustion compared to other
methods has advantages such as cost-effectiveness, low processing temperature, extremely
shorter reaction time, high purity and homogeneity of the final product. On the other hand,
SiO, is commonly prepared by the sol gel process. The sol-gel derived SiO, offers
advantages such as cost-effectiveness, production of materials with low density, and low co-
efficient of thermal expansion [28]. The current research on ZnAl,04:Ce**, Tb* and

Si0,:Ce®, Tb®* include the study of the combustion and sol-gel syntheses, luminescent



properties (photoluminescence —PL), structural analysis (X-ray diffraction-XRD and high-
resolution transmission electron microscopy-HRTEM), absorbance and diffused reflectance
cathodoluminescence (CL), decay characteristics and electronic states (X-ray photoelectron

spectroscopy —XPS).

1.2 Statement of the problem

To lower the cost of harvesting high energy photons from the solar spectrum or how
to enhance the efficiency of photovoltaic cells has been a challenge for several decades. On
that note, the application of the luminescent down-conversion nano-materials has been
proposed as a method for improving the poor spectral response (SR) of solar cells typically
the silicon (Si) to the exposure of short-wavelength light. This poor spectral response is due
to thermalisation of minority carriers generated by photons with energy higher than twice the
band gap of Si (E>2.24 eV) [3]. Therefore, the approach of photon conversion is basically
different from the other third generation concepts discussed in detail by Werner [34]. The
introduction of luminenscent down-conversion layer speculates the new design of the PV
device which will create the first encounter with additional interactions of the light resulting
in extra loss mechanisms which contribute to poor performance of a solar cell. Basically, the
down-conversion processes aim at converting via luminescence the solar spectrum to match

the absorption properties of the PV device.

The materials which can be used as luminescence down-converters must satisfy
specific requirements in order to maximize the benefits from its application. Therefore, the
host material must exhibit high transmittance, particularly in the region where the cell’s
response is high, as well as low scattering light. In addition, the host needs to provide an

optimum environment for the dissolvement of the luminescent centers. On the other hand,



luminescent centers used should ideally exhibit good separation between the absorption and

emission bands in order to minimize losses due to re-absorption.

Intensive laboratory research investigations need to be carried out to understand the
use of ZnAl,O; as best host candidate, whereas Ce** and Th*" also need to be investigated as
potential luminescent centers for downconversion through energy transfer processes. There
are quite a few results reported already in the current study for nanocrystals ZnAl,04:Ce®",
Tb* as luminescent material for down-conversion studies, unlike as a catalyst. Thus, the

development of this material could make a huge impact on solar energy technology.

Several researchers have discovered one of the best features for enhancing the
luminescence intensities of the luminescent material and that is called the study of an energy
transfer between the host and the dopant ions or via dopant ions only in a given matrix.
Hence the study of energy transfer between a pair of non-identical trivalent rare-earth ions
such as Ce** and Th®" has really been a subject of intensive research lately. However, the
energy transfer efficiency has not yet been perfected. As a result, more development in
getting optimum concentrations from rare earth activated phosphors is still required. The
optical properties of the luminescent materials doped and co-doped with different

concentrations of the rare earth ions were investigated.

1.3 Research Objectives
e To synthesize ZnAl,O4Ce**, Tb®* and SiO.:Ce**, Tbh** powder phosphors using

solution combustion.

e To investigate the structural and morphological properties of the ZnAl,04:Ce**, Th**

and SiO,:Ce**, Tb* powder phosphors.



e To study the photoluminescence properties of the ZnAl,04:Ce**, Th** and SiO,:Ce*,

Tb*" powder phosphors.

e To investigate cathodoluminescence degradation of ZnAl,0,:Ce®", Tb** powder

phosphor.

e To investigate the chemical and electronic states of the elements present in

ZnAl,0,:Ce*, Th* and Si0,:Ce*, Th** powder phosphors.

e To investigate energy transfer efficiency from Ce** to Tb** into ZnAl,O, and SiO.

matrices

1.4 Thesis Outline

Chapter 2 provides a theoretical background on luminescence processes such as;
photoluminescence, cathodoluminescence, and downconversion processes mainly for the
application in the field of photovoltaic technology. Brief background on the rare earth ions,
namely Ce** and Tb*" is highlighted. A detailed information on the structural analysis of
both ZnAl,O, and SiO, matrices is presented. Finally, brief information on the energy
transfer in rare earth co-activated phosphors is provided.

Chapter 3 presents a brief description of the research techniques used in this study.

Chapter 4 presents synthesis, structure and UV-Vis properties of ZnAl,O,4 and SiO, host
lattices.

Chapter 5 mainly discusses the luminescence properties and X-ray photoelectron
spectroscopy study of ZnAl,0,:Ce*", Th** phosphor.

In Chapter 6 the luminescence properties of Ce** and Th** co-activated ZnAl,O4 phosphor

are discussed.



Enhanced green emission from UV-down-converting Ce** - Tb*" co-activated ZnAl,O,
phosphor is presented in Chapter 7. The structure, photoluminescence properties and XPS
studies of low quartz SiO; host are presented in Chapter 8.

In Chapter 9 the energy transfer from Ce** to Th*" in amorphous silica host is discussed.
Finally, in Chapter 10 the summary of the thesis and suggestions for future work are
presented. The list of publications resulting from this current research and the conferences

presentations are also presented.
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CHAPTER 2 THEORETICAL BACKGROUND

2.1 Luminescence

The thermodynamic equilibrium prevailing in a system may be disturbed by an
external agent such as a beam of radiation from an external source. On that note, the system
turns to undergo a transition to an excited state and as a result of processes developed within
it, tends to restore their original state. It is noted that luminescence is one such process.
Luminescence can primarily be classified into two principal processes namely: fluorescence
and phosphorescence which can be distinguished by the delay in reaction to external
electromagnetic radiation. Fluorescence is a type of luminescence whereby a substance
absorbs radiation and almost instantly begins to re-emit the radiation. Thus, it comes to an
end almost as quickly as it begins. Usually, the wavelength of the re-emitted radiation is
longer than the wavelength of the radiation the substance absorbed [1]. In contrast to the
nearly instantaneous “on-off” of fluorescence, phosphorescence involves a delayed emission
of radiation following absorption. The delay may take as much as several minutes and
phosphorescence continues to appear after the energy source has been removed.

Primarily, luminescent materials known as phosphors are mostly solid inorganic
materials consisting of a host lattice, usually intentionally doped with luminescent centers
(transition metals or rare-earths [2-4]. The dopant concentrations are in most cases very low
in view of the fact that at higher concentrations, the efficiency of the luminescence process is
usually reduced. This is known as concentration quenching effect mainly ascribed to the
migration of excitation energy to the traps due to the increased delocalization of the
excitation or to the cross relaxation (exchange interaction) between luminescent centers [5].
Furthermore, the absorption of energy, which is normally used to excite the luminescent
material, usually takes place by either the host lattice or by intentionally doped impurities. In

most cases, the impurity ions normally called activator ions are the ones responsible for
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generating the desired emission. When the activator ions show relatively a weak absorption,
another kind of impurities can be co-doped (added) and these impurities are classified as
sensitizers, which absorb the energy and subsequently transfer their energy to the activator

ions and result in the emission of the visible light [6].

2.1.1 Charge Transfer Luminescence

The optical transition in case of charge transfer normally takes place between
different kinds of orbitals or between electronic states of different ions. Quite frequently, the
change of the charge distribution on the optical center is observed mainly due to an
excitation. Finally, the chemical bonding also changes. As a result, one can observe very
broad emission spectra. The CaWQ, [7] compound is a well known example used for
decades for the detection of X-rays which shows luminescence emanating from the (WQ4)*

group as shown in (Fig 2.1) below.

Emission spectrum
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Figure 2-1 Emission Spectrum of CawO4 [7]
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2.1.2 Excitation and quenching of luminescence

Photoluminescence arises due to excitation by primary radiation (photons), whereas
cathodoluminescence is produced through excitation by a beam of electrons. Furthermore,
the excitation of luminescence may be associated with the effect of a beam of heavy ions,
neutral particles, or various mechanical, electrical and magnetic phenomena. In cases where
the system is found to be in a non-equilibrium state due to a chemical reaction, the light
emission process is referred to as chemi-luminescence [8]. On the other hand, any

penetration of an electric field into a phosphor may give rise to electroluminescence [9].

The magnitude of the external effect is mainly and directly related to the intensity of
the luminescence. For instance, in the case of excitation by radiation, it depends on the
magnitude of the luminous flux. Also, it can depend on the degree of interaction between the
system and incident radiation. If the radiation is poorly absorbed, the resulting luminescence

becomes weak.

However, the quenching (suppressing) of luminescence essentially involves the
restoration of the equilibrium distributions of the activator ions over the energy levels. Thus,
the disappearance of luminescence may be associated with an increase in the probability of
photochemical disintegration of the ions on collision. In addition, an increase in the
concentration of molecules frequently leads to associations and reduction in the number of

luminescing ions [5].

2.1.3 Optical excitation of Luminescence and Energy Transfer

The optical excitation of luminescence is mainly viewed as an absorption of UV or
even visible light which can lead to emission. Furthermore, optical absorption can take place
on the already discussed impurities (optical centers), being either the activator ions or the

sensitizer ions. Sensitizer ions as described in previous sections are used when the optical
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absorption of the activator ions is too weak as a result of a forbidden optical transition so as
to be used in practical devices. In such cases, energy transfer from the sensitizer ions to the
activators has to take place. Moreover, energy transfer from host lattice states to the activator

ions also has to take place.

2.1.4 Luminescence Lifetimes

The strength of optical transitions is manifested using two distinct properties, namely:
the absorption and the emission of luminescent materials. The luminescence lifetime is
defined as the rate of spontaneous emission and is set to be proportional to the square of the
transition dipole moment [7]. Apparently, the luminescence lifetime has been determined
experimentally in two ways [11]. First one is a sinusoidal modulation of the excitation
intensity and measuring the time dependent response of the luminescent materials. Second
experiment is the use of a pulsed excitation source and measuring a histogram of photon
arrival times. Nevertheless, histogram method is regarded as the most popular way to
measure the rate of spontaneous emission among the enormous availability of pulsed sources.
In the histogram there is a special line connecting points and that line is known as a decay

curve.

2.2 Cathodoluminescence

The phenomenon of the emission peak (i.e. the color) of light produced from the
specimens as a result of interaction with an electron beam is called cathodoluminescence
(CL). The origin of this special kind of luminescence arises due to the presence of impurity
atoms, (transition metals or rare earths) in the crystal lattice. At the same time, using
cathodoluminescence optical spectrometer attached to one of the ports of an Auger electron
spectrometer shown in Figure 2.2 below the CL properties of the samples were measured.

The samples were irradiated with a beam of high energy electron resulting in the emission of
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light following the creation and subsequent recombination of electron hole pairs. The emitted
light was captured by optical fibre attached to one of the ports of the chamber of the AES.
Finally, the CL spectrum was displayed on the computer screen that was connected to the

optical fibre.

Gas analyzer

PC for AES measurements

PC for CL measurements

Optical Spectrometer

Figure 2-2 Schematic diagram of the PHI 549 Auger system [11]

The mechanisms for CL are similar to those for photoluminescence, but the external
radiation or excitation source is that of an electron beam rather than a visible or ultraviolet
light beam like in the case of the latter process. When an energetic (keV range) electron
beam propagates within a semiconductor or insulator, the primary electrons lose energy by
creation of electron-hole pairs. These electron-hole pairs then eventually diffuse through the
luminescent material and transfer their energy to luminescent centers responsible for the
output of the luminescent emission of visible photons [12-13]. As a result, a new
recombination via radiative and non-radiative processes takes place. In this case, only the
radiative recombination process responsible for creation of a photon is mainly viewed as CL

through the optical fiber connected to the computer interface as shown in figure 2.2.
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Figure 2-3 CL process in a phosphor grain [11]
Figure 2.3 shows an illustration of the free electrons and holes which may be coupled to
produce electron-hole (e-h) pairs. As a result, the radiative recombination which leads to the
generation of a photon (quantized light) is mainly taking place due to the diffusion process of
e-h pairs through the luminescent material and subsequently, enables a light emission from
activator ions by the energy transfer process [11]. In contrast, the e-h pair diffusion can also
take place through the surface of the phosphor. It eventually result in a non-radiative
recombination which will then form a thin dead (inactive luminescent) layer on the surface
whose formation is explained in terms of the well documented electron stimulated surface
chemical reaction model (ESSCR). The dead layer is known to cause reduction of the CL

intensity.

2.3 Down-conversion

The luminescent properties of the trivalent rare-earth ions (REs®) are unique and

fascinating because of abundant energy levels of 4f electron configurations. Taking into
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consideration the behavior of these REs ions based nano-materials, there is great interest for a
wide range of applications such as lighting, display materials, and efficiency enhancement for
silicon solar cell devices. On that note, one should understand that the application depends
solely on the corresponding luminescent behavior. Hence this requires a deep knowledge and
understanding of the luminescent mechanism for new aspects in the field and any new design
of REs®* based luminescent materials. So, the use of REs ions to convert photons to different
and more useful wavelengths is well-known from different applications (e.g. lasers, white
LEDs). Based on that, a new ideal application has emerged: the boost on the conversion of
the solar spectrum for energy efficiency enhancement in solar cells using REs ions. This idea
is motivated by the fact that there is a spectral mismatch which can account for over 60% of
the energy losses in a solar cell [14]. The thermalisation of charge carriers generated by the
absorption of high-energy photons is one of the major loss mechanisms [15]. One way
to alleviate this loss is by means of spectral conversion. In the last few years there has been a
renewed interest in different methods to break the Shockley-Queisser limit [16] to the energy
conversion efficiency of single-junction solar cells [17-18]. One of the keys to the
development of a single-junction cell with conversion efficiency greater than the Shockley-
Queisser limit is to split high energy photons into multiple photons each of which has energy
greater than the threshold of the semiconductor material Eg (Down-conversion) [19]. The
work on down-conversion is limited in comparison to up-conversion studies [20]. In this
case the down-conversion process is mainly dealt with separately from the photovoltaic
process and consequently, does not interfere with photogenerated carrier collection [18].
Therefore, the main objective of this current research is primarily to study down-conversion
processes in nanoparticulate phosphors coupled with REs ions. In fact, we want to stress a
point that down-shifting is different from down-conversion. Down-shifting can be defined as

a process in which a single photon is absorbed at a short wavelength followed by emission of
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a single photon at a longer wavelength [21]. As a result, it cannot break the Shockley-
Queisser limit because detailed balance does not change. Furthermore, it has also been
shown that silicon nanocrystals (Si-NC) embedded in SiO, matrix act as down-shifting layers
and can enhance the overall system efficiency for high performing down-shifting layers [22].
On the other hand, down-conversion is a similar optical process where one high-energy
photon is absorbed and converted into two lower-energy photons typically achieved by
coupling REs ions to a phosphor material where energy transfer can occur [23]. Therefore,
down-conversion changes detailed balance. Recently, down-conversion has been considered
for increasing the conversion efficiency of Si-based solar cells and it has also been realized
with Tb** —Yb**, Pr** —Yb**, Eu®* —Yb**, Ce** —Yb*, and Ho** —Yb** couples to down
convert visible emission lines into near-infrared (NIR) emission lines [24-28]. Finally, in this
work, we have focused more on the Ce** — Tb** couple in the compounds ZnAl,O, and SiO».
The spectrum modification: to lower energies by down-conversion mechanism as
shown in Figure 2.4 is performed via host lattice states and result in incident photons with
excitation energy Eey > 2E4 to generate e—h pairs, each with energy = Ey. This is known as
an interband Auger effect [29], where the electron is excited from the valence band (VB) to
energy far into the conduction band (CB), and another electron gets excited over the bandgap
through the absorption of an excess energy. Consequently, one exciting photon generates
two e—h pairs as shown in Figure 2.4. Later on, the e—h pairs recombine on the luminescent
centers, yielding two emitted photons for every photon absorbed. Finally, this process of
emission of two photons of visible light by energy transfer is the opposite of the well-known
‘Addition de Photons par Transfert d’Energie (APTE, discovered by Auzel in 1966 [30],

which is nowadays known as upconversion.
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Figure 2-4 Interband Auger mechanism for the generation of two low -energy photons
from each high-energy incident photon within a solid-state material doped with

luminescent centers [31]

Figure 2.5 shows both down-conversion and up-conversion device fabrication.
Down-coversion has so far only been observed in vacuum ultraviolet ranges; hence it is
mainly being placed on the front side of the bifacial solar cell to split one high energy photon
into two low energy photons. Furthermore, an up-converter is placed on the rear side of the

bifacial solar cell to convert two (or more) transmitted low energy photons to one high energy

absorb
single
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enemngy
photon

centre
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photon able to generate e—h pair when re-injected into the cell.
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Figure 2-5 Spectrum modification: a) to lower energies by down-conversion and b) to
higher energies using up-conversion [32]

19

Incident Light

emit
two
low-
energy
photons
—
>



2.4 Rare-earths (RES)

The term “rare earth” (RE) or sometimes called “lanthanides” refers to the elements in the
periodic table ranging from lanthanum (°’La) up to lutetium (*Lu). Yttrium (*Y) and
scandium (*!Sc) are included in this group because their chemical behavior is very similar to
that of the lanthanide group. The electronic structure of the RE atoms can be described in
terms of a core of filled shells equivalent to the xenon (Xe) atom, and the following
configuration: 4f"5d°'6s%.  This gives a complete configuration as follows: [Xe]**
4f"55°5p°5d* 65’ (=1, 2, . . . . . , 14). Furthermore, after 55°5p°5d%*6s? orbitals have been
filled, the 4f shell will be filled gradually from n = 0 to 14 electrons. The 4f electrons of RE
elements are well shielded by the full 5s°5p® sub-shells and are deep-seated near the nucleus
because they are “localized” and have lower energies. At cerium (Ce), there is one 4f
electron and the number of 4f electrons increases steadily through the group, until there is 13
(4f"3) at Ytterbium and the filled shell 4 at Lutetium.

A characteristic feature of the rare earths (RESs) is the regular decrease in the atomic
volume or ‘radius’ when moving from lanthanum (La) to lutetium (Lu). Most of these
elements crystallize in a hexagonal closed-packed structure except for Ce, Eu and Yb, which
have a cubic structure [33]. This is known as the lanthanide contraction. The 5d'6s® valence
electrons form the conduction bands in the solid state. As a result, the RE ions are usually
trivalent both in their atomic state and in the solid state. An exception occurs for the
following RE candidates, that is, Ce, Eu and Yb in the solid state. On that note, Ce can exist
as trivalent Ce** or tetravalent Ce*" and Tb element can also exist as trivalent Tb*" or
tetravalent Tb**. Both the trivalent state of Ce and Tb are optically active while the

tetravalent state of Ce and Tb respectively are optically inactive.
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Rare-earth doped luminescent materials are extensively used in the lighting industry
[34-36] as well as plasma display panel (PDP) technologies [36-38]. Below, table 1 shows a
list of the rare-earth elements and their electronic configurations.

Table 2-1 The rare-earth elements, their most common oxidation states, and the
electronic configuration of the oxidation states [39]

Oxidation Electronic configuration

FElement states o+ 3+ 4*

La 3 4f"

Ce 3,4 flfl "1fD

Pr 3,4 4f2 4},‘1

Nd 3 af 3

Pm 3 af

Sm 2.3 4f6 Afs

Eu 2,3 4}’? 4fG

Gd 3 4f’.’

Th 3,4 ‘lf 8 "lf 7

D}" 3 "1f5

Ho 3 4110

Kr 3 ‘1f“

Tm 2,3 4]1:1 4f”

vb 2,3 4114 afts

Lu 3 “l_/‘“

Lanthanide ions with luminescent properties are readily incorporated in host materials as the

f-electrons constituting the photoactive center are well shielded [40-42].

2.5 AB,0, Oxide spinels

Zinc aluminate-(ZnAl,0,) spinel, a mixed oxide of aluminium and zinc, is a naturally
available mineral commonly called gahnite that has the crystal structure belonging to spinel
group. The rare mineral (gahnite) was first described in 1807 for an occurrence in the Falu
mine, near Falun (Sweden) and originally called automolite, but later named after the
Swedish chemist, J.G. Gahn (1745—1818), the discoverer of the element manganese [43]. A
typical oxide of this type has a cubic structure in which the oxygen ions are in an FCC close-
packing array, with the cations in various arrangements in the interstices. Experimentally, the
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band gaps in ZnAl,O, and ZnGa,0O4 are reported to be about 3.8-3.9 and 4.1-4.3 eV

respectively [44].

Octahedralinterstice
(32 per unit cell)

@ Oxygen Tetrahedral interstice
(64 per unit cell)

@ Cation in octahedral site

O Cation in tetrahedral site

Figure 2-6 Cubic crystalline structure of spinel [45]

Figure 2.6 illustrates the basic structure of a spinel in which the complete unit cell is
built by a cubic dense packing of oxygen anions, where half of the octahedral voids are
occupied by aluminium cations, and every eighth tetrahedral void is occupied by zinc cations.
The complete unit cell will contain 32 oxygen ions, 16 octahedral site cations, and 8
tetraheral site cations, yielding a high degree of complexity.

In the normal spinel structure with the chemical formula AB,O,4, where A represents a
divalent metal ion such as zinc, iron, mangnesium, and/or nickel, and B represents trivalent
metal ions such as aluminium, chromium or manganese; the divalent A cations occupy 8
tetrahedral interstices and the trivalent B cations occupy 16 octahedral intersties. This kind
of the distribution of cations is not thermodynamically favourable to be most stable, since the

configurational degree of disorder counteracts the site preferential energy. As a result, A and
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B cations interchange interstices via diffusion, eventually leading to a situation where all the
A cations are in octahedral interstices. The latter situation is termed as spinel inversion.

Zinc aluminate is a widely used catalyst employed in chemical reactions, namely:
synthesis of methanol and synthesis of styrenes from acetophenones [46-47]. Recently, the
optical properties of zinc aluminate have been investigated and it was reported that
polycrystalline zinc aluminate has an optical band gap nearly equal to 320 nm and is highly
reflective at wavelengths less than 300 nm [48-49]. Researchers in this study focused their
interest in the performance of nanocrystalline ZnAl,O, because of the better response
displayed by nanocrystalline materials through their optical properties than their bulk

counterparts [50].

2.6 Silica (SiO,)

Crystalline Si0, Amorphous Si0;
(Quartz) (Glass)
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Figure 2-7 SiO, having both an ordered crystalline structure (Quartz, left) and a
disordered amorphous structure (glass, right) [51]

Silica is widely used in many fields such as medium layer and silicon-based
photoelectron material for its excellent chemical stability, thermal stability as well as
interfacial combination with silicon semiconductor. Taking into consideration that it can

exist as an amorphous or crystalline form as shown in figure 2.7, it has stimulated interest to
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be investigated both experimentally and theoretically. Furthermore, based on the physical
performance, it has been investigated as a suitable candidate for various applications, viz.
surface coating, magnetic materials and gas sensor materials [52-53]. As a glass, it is
homogeneous and transparent; hence it can be mixed at higher concentration of doped
luminescent ions [54]. The rare earth or transition metal ions [55-58] are often used as
activator ions to enhance the luminescent properties of silica for their unique electronic
structures. For example, Th® ions due to their extensive use as materials for fabricating
various optical re-radiators and cathodoluminescent screens when incorporated into glasses,
have developed great interest for many researchers [59-60]. However, the problem of
enhancing the light output of Tb® - containing glasses upon UV excitation still remains
unresolved. The reason is that the light output of these materials is limited by the occurrence
of intense absorption bands in the high-frequency range due to 4f° — 4f ’(S;,,)5d*(T>) and
4'(®S;12)5d (E) inter-configurational transitions [61] and a relatively low efficiency of
excitation transfer from the luminescence sensitizers. In this study, SiO, was co-doped with
Ce** and Tb*" in both the amorphous and crystalline forms and energy transfer via a down
conversion process between Ce** and Tb*" was investigated and compared for in the two

forms.

2.7 Energy Transfer in rare-earth co-activated phosphors

The energy transfer process in inorganic materials has been the subject of interest for
many years and continues to be one focused area of fruitful research. A good understanding
of the processes on how the transfer of energy can be affected is very important both
fundamentally and technologically. On the fundamental side, transport phenomena are
regarded as a niche area for the transfer of optical energy and it is essential to have an

understanding of the mechanisms to be used to describe excitation transport, for example,
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amorphous materials. On the other hand, on the technical side, there is never-ending demand
for new developments of efficient phosphors which are used in solid state lighting.

In the late 1940s Forster [62] developed a basic theoretical framework on the study of
energy transfer and afterwards, Dexter was able to describe the process of sensitized
luminescence [6,63] by exchange interaction (spectral overlap). The exchange mechanism
on the donor luminescence was theoretically interpreted in the study conducted by Inokuti
and Hirayama in 1965 [64].

Energy transfer can occur between a pair of identical luminescent centers or between two
non-identical centers. Energy transfer refers to a luminescence center (Donor) which is
primarily excited by the incident light and subsequently transfers the excitation energy to
another luminescence center (Acceptor). The process of energy transfer between the donor
and the acceptor separated by a distance Rsa between the sensitizer (donor) ion and the

activator (acceptor) ion in the host is shown below in figure 2.8.

Excitation

Emission

Energy transfer

RSA
HOST

Figure 2-8 Schematic diagram of the energy transfer process. D is Donor, A is Acceptor
and Rsa is a distance between the sensitizer ion and the activator ion

Energy transfer between two rare-earth ions can be achieved either radiatively or
nonradiatively. The condition for resonant nonradiative energy transfer is that both the donor
and acceptor are in resonance (e.g. wavefunction overlap), that is, the energy difference

between their ground state and excited state should be equal [65].
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CHAPTER 3 EXPERIMENTAL RESEARCH
TECHNIQUES

3.1 Introduction

The structure, morphology and crystal sizes of the powder nanophosphor samples were
analyzed using X-ray diffraction (XRD), Scanning electron microscope (SEM) and high
resolution transmission electron microscopy (HRTEM). The absorption properties of the
powder nanophosphors were studied using UV-VIS-NIR spectrophotometer.  The
photoluminescence (PL) and cathodoluminescence (CL) properties were determined using F-
7000 Fluorescence and Ocean Optics S2000 spectrometers respectively. The stretching mode
frequencies of the powder phosphors were determined by Fourier transform infrared
spectroscopy (FT-IR). To obtain chemical analysis on the surfaces of different powder
phosphors X-ray photoelectron spectroscopy (XPS) was used. Lastly, the luminescence life
time measurements were performed using an inverted-type scanning confocal microscope

coupled with a single-mode pulsed diode laser as an excitation.

3.2 X-ray powder diffractometer (XRD)

X- ray powder diffraction is a technique that has grown significantly lately. It is
mainly used for structural analysis by identifying solid samples and determines their
composition by analyzing the so-called “fingerprints” they generated when x-rayed. In 1912,
[1] Max von Laue managed to develop the first description of the diffraction of X-rays by a
crystal. Furthermore, Henry Bragg and his son Lawrence Bragg in 1913 [2] developed a
much simpler way of understanding and predicting diffraction phenomena from a crystal.
The well-known Bragg equation is given as

A=2d,,sin@ (3.1)
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In this development of the Bragg equation it was assumed that the incident X-rays are in

phase and that they reflect from imaginary planes as shown in figure 3.1.
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Figure 3-1 Bragg's law is easily seen to arise from an optical analogy to crystallographic planes
reflecting X-rays [3].

The first X-ray powder Diffractometer was developed in 1935 by Le Galley [4]. By
scanning the intensity of the diffracted x-rays as a function of 26 angles, all possible peaks
emanating from reflection planes are observed. The x-ray diffractometer used in this current
research to collect the XRD measurements was PANalytical X’Pert PRO using CuKa
radiation of A = 1.5405 nm. The technical settings of the instrument during the collection of
data were set as follows; maximum power rating (30mAx40kV), Y2 slit between the X-ray
source and the specimen, step size of 0.034/°, 26 range (10°-80°) with an X’Celerator
detector. It should also be noted that there are five basic movements in any powder
diffractometer geomentry, namely; (a) Angular motion of the X-ray tube, (b) angular motion
of the specimen, (c) Angular motion of the receiving slit, (d) linear motion of the tube to
specimen dimension and (e) linear motion of the receiving slit to specimen dimension.
Figure 3.2 shown below is a schematic diagram of common mechanical movements in
powder diffractometers. According to Bragg-Brentano [5] the common arrangements can be
such a way that the tube is fixed and the specimen and receiving slit (RS) vary in the ratio of

6L 10 26, (6:26) or the specimen is fixed and the tube and receiving slit each vary as 8 (&.6).
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Thus, in each case the tube —specimen distance (I'1) and the specimen receiving slit distance

(I'») are fixed and equal to each other.

X-ray
tube

Figure 3-2 Schematic diagram of common mechanical movements in powder diffractometers [5]
3.3 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) is extremely useful for producing the
imaging surface and subsurface microstructure through the scanning of the sample with a
focused beam of high energy electrons. The electron-sample interaction can generate various
signals that can be detected and reveal the information about the sample’s surface
topography, chemical composition and orientation of materials making up the sample. A
selected area of the surface sample normally ranges from approximately 1 cm to 5 microns |
width serves as a place where data can be collected through the use of the scanning mode
from conventional SEM techniques. The magnification can range from 20 x to
approximately 30, 000 x with a spatial resolution of 50 to 100 nm. The SEM is also useful to
perform the point analysis or locations on the sample qualitatively or semi-quantitatively in
determining the chemical compositions (using EDS). The beam of electron is focused by one

or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. Therefore, the beam
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passes through pairs of scanning coils or pairs of deflector plates. Accelerated electrons in an
SEM carry significant amounts of kinetic energy ranging from 0.2 keV to 40 keV. The
energy of these electrons will then dissipate as a variety of signals produced by electron-

sample interactions when the incident electrons are decelerated in the solid sample.

During the electron-specimen interaction in the SEM there are various signals produced
and these can give significant information about the penetration depths, which give rise to the
different signals from thick specimens and the calculated volume. The interaction volume is
mainly defined as the volume where at least 95% of the electrons are brought to rest by
scattering, which has a special characteristic teardrop shape as shown in the Fig.3.3 below.
Materials with high atomic number will display partial electron penetration depths and

increased lateral spread relative to those of lower atomic number.
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Figure 3-3 Schematic diagram of the beam-specimen interaction in a thick specimen [6]

3.4 High resolution Transmission electron microscopy (HRTEM)
High resolution transmission electron microscopy (HRTEM) is the imaging mode of
the conventional transmission electron microscope (TEM) that allows an imaging of the

internal microstructure of ultrathin specimens. The electron gun is usually thermionic
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tungsten which can be resistively heated to 2800 K in a vacuum of 0.1 mPa to give an
electron sufficient energy to overcome the work function of the metal. The anode potential is
considerably higher than in an SEM and is typically 100 — 400 kV. TEM specimens in this
study were normally in the form of powders. The powders were ground and dispersed onto

an amorphous film (carbon tape) on a circular metal grid.

The system can also be useful for determining the electron diffraction patterns of
different materials such as amorphous, polycrystalline and single crystal. Amorphous
materials mainly exhibit diffuse diffraction rings related to the average interatomic
separations.  For crystalline materials, the periodic arrangement of atoms scatters the
electrons through well-defined angles given by Bragg’s law. Therefore, diffraction occurs
only when the planes of atoms are closely parallel to incident beam of electrons as shown in
figure 3.4 below. In this study, the HRTEM images of the powder samples were obtained
using the FEI Tecnai F 20 G2 model. The operational technical settings from this system are,
namely: Accelerating Voltage 50 ~ 200kV, image resolution < 0.23 nm, electron probe size

< 0.3 nm, EDS detector Si(Li) detector and CCD camera.
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Figure 3-4 Schematic diagram of (a) the geometry of electron diffraction in the TEM and the
form of the diffraction pattern for (b) amorphous, (c) polycrystalline and (d) single-crystalline
sample regions [6]

3.5 UV-Vis-NIR spectrophotometer

In simple terms, absoption techniques involve a measurement of the attenuation of the
intensity of a monochromatic light beam as it traverses the sample. There are also four
mechanisms by which electromagnetic radiation can interact with condensed matter. These
mechanisms are rotational, vibrational, electron excitation and free carrier.

For the molecular rotation, it is understood that molecules possessing permanent
electric-dipole moments contribute to the complex dielectric constant by changing their
orientation due to the external effect of the electric field. In special cases, molecules in gases
and liquids when normally exposed to external electric field, they cause a large electric
polarizability from their permanent dipole moments. However, in a solid the ability of a
molecule to rotate depends on its shape and the strength of its interactions with its

environment. Consequently, the more nearly spherical the molecule and the smaller its
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dipole moment, the more easily it rotates. Molecules often have several stable orientations in
the solid and these may vary from one orientation to another during an interval called
relaxation time.

On the lattice vibrations, our focus is to consider the solid to be made up of positive
and negative ions arranged in a periodic array, with each ion able to vibrate about its
equilibrium position. In the quantum-mechanical description the lattice vibrations are
considered to be made up of waves (phonons), with descrete, quantized energy levels. In this
case the radiation can be absorbed by causing the lattice to jump from one vibrational state to
another of higher energy. Thus, in order to restore the stability, the system may return to the
lower state through a radiationless transition in which phonons are also being generated and
the absorbed energy ultimately appearing as heat. Lastly, the strong absorption bands
associated with fundermental lattice vibrations occur in the thermal infrared.

In the context of understanding the electron excitation, we need to first remember that
absoption processes in the near ultraviolet, visible, and near infrared can occur by different
mechanisms. Most of them can be classed as transitions in which single electrons are
induced by the external radiation to jump from one state of lower energy to one of higher
energy. In general, the last mechanism based on free carriers is mainly described as an
absorption of light by free carriers of charge, including both electrons and holes in a solid
when they are stimulated to move by the electric field of the incident radiation and the
collution with the lattice, through the conversion of some of the energy of the radiation into
lattice vibrations.

In the current study, the UV-VIS-NIR spectrophotometer was used as a technique which
measures the intensity of light radiation passing through a solid sample (I), and compares it to
the intensity of light radiation before it interacts with the sample (lp). The main emphasis on

the use of this technique was based more on applying the Tauc’s relation [7] in order to

37



determine the band gap of our powder samples. The Varian Cary 100 Conc. UV-Vis

spectrophotometer was used in this study.

3.6 Fluorescence Spectroscopy

Fluorescence spectroscopy is a type of electromagnetic spectroscopy which is used to
analyze the fluorescence or phosphorescence from a sample. A beam of light, usually
ultraviolet light is used to excite the electrons in a sample and causes it to emit light. The
technique which is used to measure the fluorescence intensity is mainly called the
fluorescence spectrophotometer. Usually this technique is used to measure the different
fluorescence intensities emitted from the samples and it is mainly coupled with the following
accessories in order to function very well, namely; radiation source (150 W—Xenon lamp),
monochromator (excitation and emission sides), sample holders for both powder and liquid
samples; a photomultiplier and sets of slits (Excitation and Emission). The light from the
radiation source enters through the excitation side monochromator, and part of the light from
the monochromator is directed into two directions, that is, to the monitor detector and the
desired sample by beam splitter. The complete illustration of the signal processing and
control system is shown in Fig.3.5. The main function of the monochromator is to provide
high resolution and the spectral purity through the use of the narrow slits [8]. In the current
study the photoluminescence excitation and emission spectra of the aluminates and silicates
phosphor powders were recorded and analyzed. Photoluminescence (PL) spectroscopy is
mainly defined as a non-destructive, non-contact method for probing an electron structure of
the materials. This is mainly possible by exciting a sample with a laser tuned to a particular
wavelength or the xenon lamp where the excitation wavelength can be varied. The generated
photons can be collected from the front surface and be presented in the form of PL intensity

as a function of wavelength.

38



Monitor detector

@

Xe lamp Sample
. Beam splitter
Xe lamp Excitation side 5
power supply monochromator

. EX Chopper (shutter) B
EX slit motor wavelength motor EM slit motor e iccion side
EM monochromator
wavelength

motor T
motor
/ Fluorescence O
measuring detector
PC use (photomultiplier)
RAM |<—>

Main CPU Sub CPU
AD |€—
SH2

RN

D/A External start
ACC1 Accz IN/OUT, BUSY
Option
Fluorescence Microplate ACC,
polarization, sipper. etc
automatic
arithmetic

calculation, etc.

Figure 3-5 Schematic diagram of the Signal Processing and control system [9]
3.7 Cathodoluminescence spectroscopy (CL)

Cathodoluminescence (CL) is generated by the recombination of electron-hole pairs
produced by probing the sample with an electron beam. The CL system used in this study
was attached to a vacuum chamber of the Physical Electron (PHI 549) Auger electron
spectrometer. The system uses a fibre to collect the emitted photons generated from the
sample and transmit them to the CL spectrometer and get displayed on the computer screen.
One interesting thing which can be performed with this combined AES-CL system is the
Auger electron spectroscopic (AES) analysis whereby the surface of the sample can also be
probed from the same electron beam and the CL and AES data can be correlated. The
motivation to contemplate the use of the surface studies is due to the fact that CL generation
occurs closely to the surface of the phosphor, whereby the surface chemistry has shown the
potential of influencing the efficiency of the phosphor. In the current study the CL
measurements were primarily performed in order to determine the chemical stability of our

phosphor after it has been exposed to the primary electron beam for 10 hours. The technical
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settings employed during data collection were as follows; Accelerating voltage 2 kV, beam
current 10pA, pressure was set at 1.0 x 1077 Torr (O, atmosphere), sensitivity 20 x, scan rate
4eV/sec and the beam size /diameter 228 um. The PHI model 549 Auger electron

spectrocopy (AES) and Ocean Optics Inc. PC 2000 were used in this study to perforn the CL

and AES measurements as shown in the schematic Fig 3.6 below.
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Figure 3-6 Schematic diagram of the PHI 549 Auger system (AES) [10]
3.8 Fourier transform infrared spectroscopy (FTIR)

The energy of most molecular vibrations corresponds to the infrared region of the
electromagnetic spectrum. The detection of these vibrations is mainly measured in an
infrared (IR), which typically covers a wavelength range of 2 — 16 x#m (commonly expressed
as 400 — 5000 cm™'). The IR spectrometer system consists of an IR source emitting
throughout the whole frequency range. While the source is emitting throughout, the beam is
split, with one beam passing through the sample (transmission) or reflected (for studies of
surfaces) while the other beam is employed as a reference beam. Taking into consideration
that samples to be measured may be in different forms, such as; vapour or solution contained
in NacCl cell, a liquid between NaCl plates e.tc. In this study the sample was in a form of a
solid ground together with excess KBr and pressed into a disc. The prepared sample was

then loaded into Fourier transform IR (FTIR) spectrometer which normally works by
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allowing transmitted (or reflected) beam to recombine with the reference beam after a path
difference has been introduced. The interference pattern generated is Fourier transformed to
produce the spectrum of material being analysed as a function of wavelength or wavenumber
of the incident radiation. Lastly, if the molecular vibration is excited in the sample, the
molecule absorbs energy of the particular frequecy and this is detected as absorption relative
to the reference beam. Furthermore, different functional groups have characteristic vibration
frequency arising due to stretching, bending, rocking and twisting of bonds which allows the
particular functional group to be identified. The schematic diagram of the IR spectral regions

for different chemical bonds in organic materials is also shown in Fig.3.7.
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Figure 3-7 Diagram of the IR spectral regions for different chemical bonds in organic materials
[11]
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3.9 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) has shown the greatest applicability to the
widest range of materials surfaces. XPS as a technique is mainly dependent on the analysis
of low-energy electrons emitted from the surfaces, in the range 10 — 3000 eV. In XPS the
sample is irradiated with a beam of usually monochromatic, in this case is AlKa lines,
precisely low-energy X-rays. Photoelectron emission results from the atoms in the specimen
surface and the kinetic energy distribution of the ejected photoelectrons is measured directly
using an electron spectrometer. The kinetic energy distribution of the ejected electron
depends on the photon energy of the X-rays irradiated on the sample and as a result, it is not
an intrinsic material property [12]. The binding energy of each core-level electron is
characteristic of the atom and identifies the electron specifically, both in terms of its parent
element and orbital to which it belongs. Since the energy of the incicent X-rays is known, the
measured kinetic energy of a core-level photoelectron peak can be related directly to its
characteristic binding energy. The XPS data collection was carried out using VG Scientifics-
ESCALAB 250 XPS and PHI5000 XPS Versaprobe respectively. The ESCALAB 250 is
equipped with a monochromatic X-ray source and optional twin anode source is also
available. Any size of X-ray spot at the sample can be selected over a range of 120 um to
650 um. This system has the combination of lens/analyzer/detector that makes it to be
unique for both imaging and small area XPS. A schematic diagram of ESCALAB 250
operating in its spectroscope mode coupled with an array of 6 channel electron multipliers is

shown in Fig.3.8 below.
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Figure 3-8 Schematic diagram of ESCALAB 250 operating in its spectroscopy mode [13]

On the other hand, the PHI VersaProbe XPS can generate a focused, highly
monochromatic X-ray beam that can be scanned over the specimen surface. The focused X-
ray beam can be scanned across the specimen surface by correspondingly scanning the
electron beam across the surface of Al anode. The spot size can be varied between less than

10 um diameter (for highest special resolution) to 100 um (for highest sensitivity). The field

of view can be as large as 1500 um by 1500 mm.

3.10 Time-resolved Fluorescence Microscope

The fluorescence lifetime measurements were conducted using Micro Time — 200,
Picoquant microscope. The flexible excitation subsystem of the Micro Time 200 consists of
a pulsed diode laser (PDL) driver of the PDL series and different laser heads with pulses in
the picosecond time regime. The range of the wavelengths available in this instrument is
from 375 nm to 900 nm. This system is highly suited for the analysis of the phenomena that
determine fast charge carrier dynamics in a semiconductor. Thus, the mechanism that
determines the charge carrier dynamics with a particular system can be characterized directly

down to the sub-nanosecond time scale. Figure 3.9 shows the schematic diagram which can
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be used to perform the Time-Resolved Photoluminescence (TRPL) measurements. TRPL via
Time-Correlated Single Photon Counting (TCSPC) is particularly suited for fast charge
carrier dynamics in the nanosecond regime. The essential components of the a set-up for
measuring fluorescence lifetimes are: pulsed laser source, single photon sensitive detector,
monochromator or optical filters and TCSPC unit to measure the time between excitation and
fluorescence emission. Finally, this powerful instrument can also analyze quite a large
number of parameters down to the single molecule level with the use of different methods

such as fluorescence lifetime imaging (FLIM) or deep UV detection.
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Figure 3-9 Schematic diagram of the spectrometer used for Time-Resolved Photoluminescence
(TRPL) measurements [14]
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CHAPTER 4 SYNTHESIS, STRUCTURE AND UV-VIS
PROPERTIES OF ZnAl,0, and SiO,
HOST LATTICES

4.1 Introduction

Traditionally, ZnAl,O, with normal, intermediate or inverse spinel structure is widely
used as a catalyst or ceramic [1]. Today, it is used in many applications such as
optoelectronics, sensor technology and information display technology [2-5] because of its
excellent optical and hydrophobic properties and high chemical and thermal stability [6]. For
application in display technologies, ZnAl,O, is used as host matrix for trivalent rare-earth
ions (e.g. Tb*, Eu** and Dy*") [7, 8] or transition metals (e.g. Mn®* and Cr**) [9, 10] to
prepare phosphors emitting mostly in the visible range of the electromagnetic spectrum.

Silica (SiOy) is widely used in many fields such as medium layer and silicon-based
photoelectron material because of its excellent chemical stability, thermal stability as well as
interfacial combination with silicon semiconductor. However, taking into consideration that
SiO, can either be produced in the crystalline or amorphous form, it has then stimulated a
long history of experimental and theoretical investigations. SiO, doped with metal ions are
of particular interest from the viewpoints of physics and their applications as luminescence
materials. The mostly used activator ions in order to enhance the luminescent properties of
the oxide materials, is mainly selected from REs or transition metal ions [11-14] due to their

unique electronic structures.

This chapter presents the combustion and sol-gel syntheses of ZnAl,O,4 and SiO,, their

structure and UV-Vis properties.

4.2 Traditional preparation method

The synthesis of solid materials possessing desired structures and properties has

continued to present some challenges to chemists and material scientists. The traditional
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preparation method by solid state reaction is mainly controlled by the diffusion process on
atoms or ionic species through reactants. Therefore, the desired products require some
repeated grinding which involves a long duration during the calcinations of oxides or
carbonates at high temperatures. The particle size of the as-cast samples turns to be too large
for display applications and this is mainly due to the diffusion control problems of solid state

synthesis [15].

Booth [16] reported the best method which can sustain itself and propagate in the form of
a combustion wave until reactants decomposes completely. This method is called
combustion synthesis and it makes use of highly exothermic redox chemical reactions
between metals and nonmetals. The terminology used in explaining the combustion process
mainly covers the gas phase (flaming), smouldering (heterogeneous) and also the explosive

reaction.

Currently there is a great interest in the use of combustion synthesis because of the
following advantages: ease of preparation, fast heating rates, short reaction time (~ 5 min),
cost effectiveness and yielding of high purity products. The success of this method has been
evident through some preparation of different technologically useful oxide materials, for
example, refractory oxides, catalyst, phosphors etc. and non-oxides such as borides and
silicides. In all of this, combustion synthesis has been regarded as an important technique to
the preparation of advanced materials [17,18]. Combustible redox mixture of oxidiser and
fuel is used, which when ignited undergoes self-propagating low temperature (< 500°C)
combustion. The type of the fuel used can also describe the nature of the combustion that
will take place in obtaining a complete decomposing of reactants [19]. The well known fuels,
which have demonstrated the versatility for combustion synthesis, are urea (CH;N,O) and

glycine (C,HsNO,) [20].
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Stoichiometric composition of the redox mixture for solution combustion is calculated
using the total oxidizing (O) and reduction (F) valencies of the components, which serve as
the numerical coefficients for the stoichiometric balance so that equivalence ratio (®) is unity
(i.e. O/F = 1) and the energy released by the combustion is maximum [21]. ZnAl,O,4 and
SiO, doped with different concentrations of Ce®**/Tb®" were prepared using the solution
combustion synthesis route. The final products obtained after the synthesis had a low density
and a fluffy or porous texture. The typical chemical balanced equation of the reactants and

product for un-doped zinc aluminate is given below:

3Zn (NO3),#6H,0 + 6Al (NO3);09H,0 + 20H,NCONH, — 3ZnAl,0, + 106H,0 + 20CO, + 32N,

4.3 Sol-gel synthesis

The sol-gel process is mainly based on wet chemistry. During the sol-gel synthesis, metal
alkoxides are used to produce glasses or ceramics and the preparation process follows
chemical reactions such as hydrolysis, gelation, drying and some thermal treatment. The
word “sol” is typically known as a stable dispersion of colloidal particles or polymers in a
solvent. Therefore, the particles may be amorphous or crystalline. On the other hand, a “gel”
consists of a three dimensional continuous network, which mainly encloses a liquid phase.
For example, in a colloidal gel, the network is built from agglomeration of colloidal particles.

Generally, the sol particles may interact by van der Waals forces or hydrogen bonds.

In simple terms, the idea behind the sol-gel synthesis is basically to dissolve the
compound in a liquid in order to bring it back as a solid in a controlled manner. An
advantage about this method is that it enables mixing at an atomic level, resulting in the
production of relatively smaller particles, which are easily sinterable. The precursors used in

this method are a kind of metal-organic compounds, known as alkoxides of metals (e.g
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tetraethyl orthosilicate Si(OR), or titanium alkoxide Ti(OR)4 where R = C,Hs, that is organic
constituent). These types of metal organic alkoxides can be found to be in liquid form or
soluble in certain organic solvents. If the desired products should be a powder or ceramic
samples, the gels can be baked, sintered, and powderized as in other traditional methods

outlined in section 4.2

This sol-gel process offers a low temperature non-melt route that gives high purity,
homogeneous composition and controlled particle size [22]. Because of being energy
efficient, it turns out to be receiving a considerable attention in preparing compositions that
are difficult to make by conventional methods. This is mainly achieved because of the
following advantages, namely: molecule-level-homogeneity multi-component materials can
be obtained; higher doping concentration due to non-existence “local” concentration
quenching because of impurity clustering; and the controlled microstructure (porosity and

size pores) of the materials.

In general, the sol-gel process is characterized by a series of different steps:

Stepl. The sol-formation of different stable solutions

Step 2. Gelation resulting from the formation of an oxide

Step 3. Aging of the gel — a very important stage in the process

Step 4. Drying of the gel

Step 5. Dehydration

Step 6. Densification and decomposition of the gels at high temperatures
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In this current study the sol-gel method was only used to prepare SiO,, SiO,:Ce**,
Si0,:Th* and co-doped SiO,:Ce**, Th** phosphor samples. The main emphasis in the study

of these systems was to investigate the efficient energy transfer from Ce®" to Th** ions.

4.4 Experimental details

ZnAl,0O, samples were prepared by combustion method. The precursors used were
analytical (AR) grade zinc nitrate hexahydrate, aluminium nitrate nanohydrate, and a fuel
(Urea- ACS reagent). All these materials were of AR grade from Sigma Aldrich (South
Korea) with ~ 99% purity. In a typical traditional method using combustion process, all the
stoichiometric amounts of the starting materials were dissolved in de-ionized water. In
Figure 4.1 the schematic diagram of the typical combustion process is shown. The
preparation temperature which was maintained in a muffle furnace in order for the
combustion reaction to take place was set to be roughly 500 + 5°C. One powder sample was

then annealed in air at 700° C for 2 hours.
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Figure 4-1 Mechanism of solution combustion synthesis of ZnAl,O,and SiO,

Nano sized pure SiO, powder sample was prepared by a solution combustion method as
described in reference [23]. Silicic acid (SiO2' nH,0) and ammonium nitrate (NH;NO3) were
used as the starting materials, urea (CH4NO) was used as fuel. All these materials were
dissolved in 10 mL distilled water and stirred for 2 hours in order to obtain a homogeneous
transparent mixture. The mixer was then transferred into a muffle furnace which was
maintained roughly at 500 + 5°C. Lastly, the dried powder after the incorporation of dopants

was then annealed in a reducing atmosphere ( 4% H, and 96% Ar) gas at 1000°C for 2 hours.

SiO, were prepared by the sol-gel process from the following starting materials:
Tetraethylorthosilicate (TEOS), distilled water, ethanol (as a solvent) and nitric acid to
catalyze the chemical reaction. After a vigorous stirring on a hot plate maintained at 40°C,
the gelation mixer was observed as a result of the formation of an oxide. This mixer was then

transferred into an open flat-disc like container and was allowed to dry at room temperature.
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When the gel was dried, it was ground by using a pestle and mortar and later annealed in a

reducing atmosphere composed of 4% H, and 96% of Ar gas at 1000°C for 2 hours.

4.5 Results and discussion

45.1 X-ray diffraction studies

Figure 4.2 shows the XRD spectra of as-prepared ZnAl,O, and annealed sample of
ZnAl,O4in air at 700° C. The XRD spectra confirm a highly crystalline face-centered cubic
spinel ZnAl,O,4 with a space group Fd3m. These identical XRD patterns suggest that a highly
crystalline ZnAl,O,4 phase can be obtained without the use of post annealing directly prepared
from a solution combustion method of synthesis. One interesting observation from the XRD
patterns is that the peak intensities obtained corresponds well with the spinel structure
reported by Zawadzki et al [24]. However, there is only ZnAl,O, spinel as the detectable
phase, the XRD also reveal the small traces of ZnO at 34.7° which appears as a secondary

phase [25].

In figure 4.3 the XRD spectra of SiO; hosts prepared from Combustion and sol-gel routes
are shown respectively. The XRD spectrum of SiO, in black has a peak position at 20 ~ 22°
and due to the fact that this peak shows a shift towards lower diffraction angles suggest the
evolution of crystalinity due to nucleation through the formation of nuclei. It can also be
stated that the presence of the uniform microstrain influences the location of the diffraction
peaks from the low quartz sample. The peak shift to lower diffraction angles gives a clear
evidence that the strain induced broadening calculated from Williamson-Hall method (40%)
is high, and the estimated crystallite size was calculated from (100) reflection as 1.72 nm
using the Scherrer equation [26]. On the other hand, the broad peak positioned at 26 ~ 23° in

red for SiO; is assigned to an amorphous phase [27, 28]
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Figure 4-2 Room temperature (RT) XRD spectra of ZnAl,O, as-prepared and ZnAl,O,
annealed at 700°C.
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Figure 4-3 Room Temperature (RT) XRD spectra of low quartz and amorphous SiO,
hosts
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4.5.2 UV-Vis Characterization in ZnAl,O,

The UV — vis absorption spectrum of un-annealed ZnAl,O, is compared with annealed
spectrum in figure 4.4. In both spectra there is intense absorption below wavelength of
400 nm, that is, 360 nm from the annealed sample with a slight shift towards blue region
compared to 358 nm of un-annealed sample. This absorption is known as a strong absorption
of ZnO, and it corresponds to a charge —transfer process from the valence band (O 2p orbits)
to the conduction band (Zn 4s orbits) [29, 30]. This result confirms the presence of ZnO in
these samples which is in agreement with XRD results. The peak wavelength of 260 nm is a
little stronger from the un-annealed sample compared to that of annealed one, and this peak is

due to electronic excitations between filled O 2p orbits and empty Al 3s orbits [26].

ZI]A]ZO‘1 —m— Unannealed
—@— Annealed at 700°C

Absorbance (a.u)

0.4 '

T
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T T T T
200 300 400 500 600

Wavelength (nm)

Figure 4-4 The UV-vis absorption spectra of the ZnAl,O, (un-annealed and annealed)
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4.5.3 UV- Vis Diffused reflectance in SiO,

The UV-Vis diffused reflectance spectra of low quartz and amorphous SiO, hosts are
shown in figure 4.5. The diffused reflectance of low quartz sample shows weak absorption at
240 and 310 nm attributed to Si-O type defect. The amorphous sample shows one absorption
band at 220 nm. Another interesting observation on the diffused reflectance for low quartz is
the shift towards a lower wavelength in the region 300 — 440 nm compared to that of an
amorphous sample. This shift can be attributed to a decrease in particle size when the degree
of disordered phase is getting reduced as evident from XRD analysis. Figure 4.6 shows the
plot of transformed Kebelka-Munk reflectance versus band gap energy. The estimated values
of band gap energies are 5.2 eV for low quartz and 5.3 eV for amorphous respectively.
Considering the average value 5.25 eV, it can be observed that band gap energy of a bulk
SiO; is higher (BG ~ 11.8 eV). This decrease of the average band gap energy of both low
quartz and amorphous SiO; can be attributed to the so called shrinkage effect. The shrinkage
can be due to the introduction of some impurities of continuum donor energy levels near the
conduction band or a continuum of acceptor energy levels created near the valence band edge

[31].
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Figure 4-6 Transformed Kebelka-Munk reflectance versus band gap energy of low
guartz and amorphous SiO,
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4.6 Conclusion

The phosphor powders from ZnAl,O, and SiO, host lattices were successfully
synthesized by a combustion method and sol-gel respectively. The XRD spectra for ZnAl,04
powder samples confirm a highly crystalline face-centered cubic spinel ZnAl,O,4 with a space
group Fd3m. On the other hand, the XRD also can reveal the small traces of ZnO at 34.7°
which appear as a secondary phase [26]. For SiO,, the XRD exhibits a broad peak which can
be attributed to amorphous phase at 26 ~ 23°. Although the other peak also came out as
broad, there is a slight shift towards a lower diffraction angle and this suggests the evolution
of crystallinity due to the nucleation through the formation of nuclei if the powder is
produced via combustion. Hence, this behavior resembles the low quartz phase of silica. It is
also noted that the presence of the uniform strain influences the location of the diffraction
peak from the low quartz sample. The UV-VIS studies on ZnAl,O, show that ZnAl,O4
absorbs more below a wavelength of 400 nm. Diffused reflectance on SiO; exhibits a shift of
absorption towards lower wavelength in low quartz, which suggests the band gap tuning due

to shrinkage effect.
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CHAPTER 5 LUMINESCENCE PROPERTIES AND X-RAY
PHOTOELECTRON SPECTROSCOPY STUDY

OF ZnAl,O, :Ce* - Tb* PHOSPHOR
J. Alloy.Comp. 509 (2011) 10115-10120

5.1 Introduction

Zinc aluminate (ZnAl,0O,) is a well-known semiconductor with a wide bulk band gap of
3.5-3.9 eV [1-6]. It belongs to a class of mixed-metal oxides called spinel and is commonly
represented by a general chemical formula AB,O, where A and B are divalent (2+) and
trivalent (3+) cations respectively. In AB,O, spinels unit cells, 8 of 64 tetrahedral interstices
are occupied by A%* cations while 16 of 32 octahedral interstices are occupied by B** cations
[7]. 1t is well known that ZnAl,O, can crystallize in a cubic normal or inverse spinel
structure depending on the preparation procedure. In the normal spinel structure, the 3+ ions
occupy the octahedral site while the 2+ ions occupy the tetrahedral site. In an inverse spinel
the divalent and trivalent ions are not just exchanged, but there is a mixed occupation by
different amounts of A%* and B** on the octahedral site while the tetrahedral site is only
occupied by the B** cations. In most cases, intermediate structures between normal and
inverse spinels are crystallized [8]. Traditionally, ZnAl,O, with normal, intermediate or
inverse spinel structure is widely used as a catalyst or ceramic [9]. Today, it is used in many
applications such as optoelectronics, sensor technology and information display technology
[1,2,5,6] because of its excellent optical and hydrophobic properties and high chemical and
thermal stability [10]. For application in display technologies, ZnAl,QO, is used as host matrix
for trivalent rare-earth ions (e.g. Tb*", Eu** and Dy*") [11-13] or transition metals (e.g. Mn?*
and Cr**) [14-15] to prepare phosphors emitting mostly in the visible range of the
electromagnetic spectrum. Researchers in this study are particularly interested in the
performance of a nanocrystalline ZnAl,0,4 because of the speculation that nanocrystalline

materials may have better optical properties than their bulk counterparts [11]. Different
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synthesis methods such as sol-gel [16-17], hydrothermal [18], combustion [6], [19, 20] and
solid state reaction [21] are commonly used to prepare rare-earths/transition metals doped
nanocrystalline ZnAl,O4 phosphors. In this chapter, the solution combustion method was
used to prepare Ce®**-Tb** co-activated nanocrystalline ZnAl,O4 phosphors. Compared to
other methods, the combustion method has advantages such as cost-effectiveness, low
processing temperature, extremely shorter reaction time, high purity and homogeneity of the
final product. The flame temperature during urea assisted combustion was sufficient to
enable some Al ions in the zinc aluminate spinel structure to occupy tetrahedral sites (spinel
inversion) [22]. The objective of this chapter was to prepare an efficient green emitting
phosphor through sensitization of Tb** by Ce®". It is well known that Ce** can absorb UV
photons and sensitize emission of other rare-earths by a down-conversion process [23-24].
This chapter was also intended to investigate the effects of different parameters such as
relatively low activator concentrations, annealing temperature and excitation wavelengths on
emission efficiency of nanocrystalline ZnAl,O4:Ce, Tb phosphor. In addition, the X-ray
photoelectron spectroscopy (XPS) was used to determine the chemical and electronic states
of the elements present in as prepared and post-preparation annealed samples. This phosphor
was evaluated for application in display technologies and also as a UV down-converting layer

for improved efficiency of photovoltaic cells.

5.2 Experimental procedure

5.2.1 Powder preparation

The raw materials used were analytical reagent (AR) grade zinc nitrate hexahydrate,
aluminium nitrate, rare-earth nitrates: (cerium nitrate and terbium nitrate), and urea (ACS
reagent). All the chemicals were of AR grade from Merck South Africa with ~99% purity.
The rare earth (Ce®*" and Th**) nitrates were from Aldrich-Sigma with ~99.99 % purity.
Stochiometric amounts of zinc nitrate, aluminium nitrate and urea were dissolved in triple de-
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ionized (DI) water. A homogeneous transparent solution was obtained after stirring
vigorously for 20 minutes. The solution was transferred to a muffle furnace maintained at
400 +£10°C. After all the liquid had evaporated, the mixture decomposed and released large
amounts of gases. Due to the exothermic nature of this process, the reaction continued for a
while and the mixture swelled to a larger volume. Large exothermicity resulted in a flame
that further decomposed the mixture into gaseous phases and aluminates. The flame persisted
for ~45 s. The entire combustion process was completed in less than 5 min. The powder
products were gently ground using an alumina mortar and pestle and were then annealed at
different temperatures either in air or hydrogen atmosphere to improve their crystallinity and
optical properties. ZnAl,04:Ce** Th** powder phosphors with different concentrations of
Ce®* and Th** were prepared and investigated. The amounts of zinc nitrate, aluminium
nitrate and urea used were 2.91 g, 7.57 g and 4.037g respectively. To avoid concentration
quenching effects, the dopants (Ce** and Th**) concentration was kept as low as reasonably
achievable and the experiments were designed in such a way that the total doping
concentration added up to ~2 mol%. For example, the typical concentrations of Ce and Th

ion pairs used were respectively 0.86 and 1.14 mol%, 1 and 1 mol% and 1.33 and 0.66 mol%.

5.2.2 Characterization

Room temperature X-ray diffraction (XRD) patterns were recorded from 10° to 75° (260)
using a PANalytical X’Pert PRO diffractometer with wavelength radiation of 1.5406 A
(CuK,). Luminescent properties were investigated at room temperature using Hitachi
F-7000 fluorescence spectrophotometer. The decay data were recorded using an inverted-
type scanning confocal microscope (MicroTime-200, Picoquant, Germany). A single-mode
pulsed diode laser (375 nm wavelength with an instrumental response function of ~240 ps in

full-width at half maximum, 40 MHz repetition rate, and an average power ~1 uW) was used
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as an excitation source. The morphological and structural properties were investigated using
FEI Tecnai F20G2 high-resolution transmission electron microscopy (HRTEM) with an
accelerating voltage of 200 kV. The chemical composition was analyzed using a PHI 5000
versa probe X-ray photoelectron spectrometer (XPS). The XPS data were collected when the
samples were irradiated with a monochromatic Al K, radiation (hv = 1486.6 eV). Survey
scans were performed using a 1 eV/ step (binding energies ranging from 0 to 1400 eV). High
resolution XPS peaks of individual elements were fitted using Multipack v8.2c data analysis
software. The sample area analyzed was about 1 mm? and the pressure during data
acquisition was typically under 1 x 10°® Torr. The experimental curves were fitted using a
multipack v8.2c data analysis software provided with the PHI-5000 versa-probe ESCA

instrument that made use of a combination of Gaussian—Lorentzian lines.

5.3 Results and discussions

5.3.1 XRD analysis

The XRD patterns of pure/undoped and Ce**-Tb** co-activated ZnAl,O, are
respectively shown in Fig. 5.1 and 5.2. Undoped ZnAl,0O4 samples in Fig. 5.1 were (a) as
prepared and (b) annealed in air at 600°C and (c) 700°C for 4 hours, respectively. Figure 5.2
show the room temperature XRD patterns of the ZnAl,0,:Ce®*" Tb*" samples annealed at
700°C in a hydrogen atmosphere for 4 hours. The concentrations of Ce** and Th** were (a)
1.33 mol%, 0.66 mol%; (b) 1.14 mol%, 0.86 mol%; (c) 1 mol%, 1 mol%; (d) 0.66 mol%,
1.33 mol%; and (e) 0.86 mol%, 1.14 mol%. The diffraction patterns of Fig. 5.1 and 5.2
confirmed that all the samples consisted of ZnAl,O, spinel structure with space group Fd3m
as indexed by JCPDS file No. 01-082-1043. All the peaks obtained are in agreement with the
spinel structure reported by Zawadzki et al. [25]. The intensity of the peaks relative to the
background signal demonstrates high crystallinity of the samples. The peak intensities and

the FWHM values (not shown) of undoped ZnAl,O, phosphors in Fig. 5.1 were
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approximately the same regardless of annealing. It therefore shows that even without post-
preparation annealing, highly crystalline material can be obtained at processing temperature
as low as 400°C. This result is different from conventional solid state reaction where high

processing temperature (usually > 400°C) is required to enhance crystallinity.

Znal O, | = ' - T
R— E — - = F\T = =
- NI 8 5 oo 3 o
© = lﬁu g 3 3
)
= | (o) A )
E LA_A__A._A_L_,
w
| =
£
— |(a) - A
1 1 | I | | i L
- L] v ) v ) h L] v L] l L]
10 20 30 40 50 60 70

20 (degree)

Figure 5-1 Room temperature XRD patterns of ZnAl,O, (a), as-prepared (b), annealed
at 600° C (c) and 700° C in air for 4 h.

Although the XRD patterns of Fig. 5.2 resemble those of Fig. 5.1, the peaks have
broadened and their intensities were also reduced. It is well known that in addition to
instrumental setup, the diffraction peak broadening is also a result of crystallite sizes and
lattice strains. That is, large crystallite sizes cause sharp reflections whereas small sizes lead
to broad reflections; and variations in lattice spacings due to lattice strains can also cause
broadening [26]. Since the same procedure was used to prepare all samples in this study, the
crystallites size of the samples with or without activators (Ce®** and Tb*") must be in the same
range. It is therefore reasonable to attribute the peak broadening of Fig. 5.2 to lattice strains
due to incorporation of the Ce** and Tb** activator ions. Note that Ce®*" and Tb*" are
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expected to occupy AI** sites in the ZnAl,Oy, lattice and since the ionic radii of Ce** (1.11A)
and Th** (1.00 A) are larger than that of AI** (0.50A), their incorporation will most likely
strain the lattice. In understanding that crystal imperfections and distortion of strain-induced
peak broadening, it can be seen that Scherrer’s relation follows a 1/cosé dependency but not
tan@ as indicated from Williamson-Hall method. Moreover, the basic difference is that the
small crystallite size is caused by microstrutural and the occurrence of the microstrain from
the reflection broadening. Thus, it is clear that from W-H, a given sample ZnAl,04:Ce, Th
with different concentrations of Ce and Tb may result in different values for lattice strain and
crystallite size as shown in Table 5-1. In Fig. 5.3 it can also be seen that by incorporating
more of Ce-content into ZnAl,O, there is slight increase in strain as indicated by a dotted
horizontal line. However, if the Ce-content is fixed and Th is varied as shown in Fig. 5.4 the
strain is minimal as discussed earlier due to the difference in ion radii between Ce and Th
ions. The unidentified XRD peak at 34.6° may be attributed to species/impurities such as

aluminium oxides, hydroxides and oxyhydroxides in the tetrahedral environment.
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Figure 5-2 Room temperature XRD patterns of annealed ZnAl,0,:Ce*, Th* with different
concentrations of Ce** and Th**

Table 5-1 Geometric parameters of the ZnAl,0,4:Ce, Th nanoparticles

ZnAl0,:Ce, Tb crystallite size (nm)
434

0.5%Ce, 1%Tb

8.92

8.72 4.41
8.74 4.43
8.97 431

9.10 4.25

1%Ce, 0.75%Tb
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Figure 5-3 The strain as a function of ZnAl,O,:Ce, Tb where Ce-content is varied while that of
Tb is capped fixed

1.0
0.5
0.0

5!0 I L) I

45 F 4

4.0 | 2

35+ -
X 30F -
ﬁ = -
‘s 25) ]
= - .
@ 20 F ]
w 15} ]

1% Ce,0.5% Tb 1%Ce, 0.75% Tb

Figure 5-4 The strain as a function of ZnAl,O,:Ce, Tb where Ce-content is fixed while that of
Tb is varied
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5.3.2 TEM analysis

Transmission electron microscope (TEM) images of pure ZnAl,O, and
ZnAl,0,:Ce*, Tb* powder annealed in the hydrogen atmosphere are shown in Fig. 5.5. The
concentrations of Ce** and Th*" were 0.86 and 1.14 mol% respectively. Fig. 5.5 (a) and (c)
shows agglomerated ZnAl,O4 and ZnAl,04:Ce* Th* particles with individual particles
appearing circular (implying spherical shapes, although some faceting exists) with an average
diameter of ~20 nm. High resolution TEM (HRTEM) image in Fig. 5.5 (b) and (d) show well
defined lattice fringes in various regions with agglomerated particles. As shown by lattice
fringes in the images (Fig. 5.5 (b) and (d)), this sample is highly crystalline and is consistent
with the XRD data. The lattice spacing estimated from the selected area diffraction pattern

(inset- Fig.5.5(d)) was 0.24 nm, corresponding to the (311) lattice spacing of ZnAl,O, [27].
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Figure 5-5 (a) TEM image of ZnAl,04:0.86 mol% Ce* - 1.14 mol% Tb* showing agglomerated
particles and (b) an enlarged view of the same sample showing fringes corresponding to the
atomic planes. The inset is the selected area diffraction patterns of the sample.

5.3.3 Photoluminescence

Photoluminescence emission spectra of ZnAl,0,:Ce®", Tb** nano-powder phosphors
and that of Ce** (2 mol%) singly doped ZnAl,O, are presented in Fig. 5.6. The
ZnAl,04:Ce*", Th* nanopowders with different concentrations of Ce** and Th** were excited
in air at room temperature using different excitation wavelengths. The emission spectrum of
Ce®* singly doped ZnAl,O, phosphor excited at 256 nm consists of a broad band with two
maxima at 350 and 410 nm. These emissions correspond to the allowed transitions from the
lowest sublevel of the 5d state to the F, and *Fs, multiplets of the 4f configuration in Ce®*

[28].
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Figure 5-6 PL emission spectra of annealed ZnAl,O,: Ce**, Tb®* with different
concentrations of Ce** and Tb**
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Figure 5-7 PL and PLE spectra of ZnAl,0,:Ce*, Tb*" excited at 230 nm.

Dual emission was observed from the ZnAl,O, powders co-activated with different
concentrations of Ce** and Th**. This was a combination of line emissions from Th*" ions
and broad emission from Ce®*". The green line emission associated with °Ds—'Fs transitions
of Th®" at 544 nm was more intense than the purplish-blue broad emission of Ce®" at 350-410
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nm. The green emission was maximized when 1.14 mol% of Tbh** was co-doped with 0.86
mol % of Ce®*. The enhancement of the green emission and the subsequent decrease in the
blue emission suggests that energy was transferred, most probably by phonon mediated
processes, from Ce®" to Th**. This transfer of energy is a well established phenomenon found
in several host matrices. For example, energy transfer from Ce®" to Th** was demonstrated in
amorphous SiO; host [29]. It is demonstrated in this study that in addition to energy transfer
through direct excitation of Ce*, the emission intensity is also dependent on the excitation
wavelength. For example, from the list of selected excitation wavelengths (230 — 325 nm),
the most intense excitation was observed at 230 nm and it gave green emission (Aem = 544
nm) in all the samples. The excitation at 230 nm is consistent with the 232 nm excitation

attributed to the 4% — 4°5d" transitions of Tb*" by Barros et al. [11].

Figure 5.7 shows the PL excitation (Aexc = 230 nm) and emission (Aem = 544 nm) of
ZnAl,O, powders with different concentrations of Ce®* and Tbh®*. The most intense green
emission was observed from the powder co-doped with 1.14 mol% of Th** and 0.86 mol% of
Ce*". The maximum intensity as a function of excitation wavelength of 1.14 mol% of Tb**
and 0.86 mol% of Ce** co-doping shown in Fig. 5.8 confirms that the 230 nm excitation gave
the most intense green emission at Aem = 544 nm. The other excitation wavelengths (256, 300
and 325 nm) with relatively less intense emissions can be attributed to either direct excitation

of Ce®" or charge transfer transition from O™ to Th*".
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Figure 5-8 Maximum emission intensity of ZnAl,O,: 0.86 mol% Cce®, 1.14 mol% Th** (hem =
544 nm) as a function of excitation wavelengths (230, 256, 300 and 325 nm).

5.3.4 Decay dynamics of Ce*" singly doped and Ce*" —Tb*" co-doped ZnAl,O,
Figure 5.9 compares the fluorescence decay dynamics of singly activated and
ZnAl,04:Ce** (2 mol%) and ZnAl,O,:Ce** Th** (0.86 mol%, 1.14 mol%) powders, which
gave the maximum PL intensity. The powders were excited at 375 nm monitoring Ce**
emission at 410 nm. A single-mode pulsed diode laser wavelength with an instrumental
reponse function of ~240 ps in full-width at half maximum, 40 MHz repetition rate, and an
average power of ~1 uW was used. The decay curves were fitted using the bi-exponential

function:
| =A1 exp(—til 1) + A; exp(—tl ), (5.1)

where | represents the phosphorescent intensity; A; and A, are constants; t; and t, are the
decay times and 7; and 7 are the decay constants. The fitting parameters are presented in

table 5.2. The average lifetimes were calculated using the following equation:
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Figure 5-9 Decay curves of the ZnAl,O,:Ce** (2 mol%) and ZnAl,0,:0.86 mol% ce*,
1.14 mol% Tb* measured in air at room temperature.

The lifetime values for the Ce* singly activated and Ce**-Th** co-activated ZnAl,O,
samples were 9.62 and 3.88 ns respectively. The fact that the average lifetime of the Ce**-
Tb* co-activated sample was shorter than the Ce®* singly activated sample indicates that the
decay rate of the 410 nm emission was faster in the co-activated sample. Since the decrease
in the peak intensity of the 410 nm emission was simultaneous with the increase in the peak
intensity of Th®* emission at 544 nm, it is reasonable to attribute the shorter life time (faster
decay rate) of this emission to energy transfer from Ce* to Th**. The simultaneous radiative
emission and energy transfer from Ce®* to Tb®" suggests that Ce®* is capable of creating a
potential well for trapping charge carriers, thereby playing a dual role of a luminescent and
trap centre [30-31]. The inset of Fig. 5.9 shows that the bi-exponential decay curves can be

resolved into two components, namely: the fast and slow components with decay times of
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0.911 ns and 4.736 ns respectively. Birowosuto et al. [30] attributed the slow and fast
components to exciton trapping by Ce®*" and lattice (and subsequent transfer to Ce*")
respectively. The fitting parameters for ZnAl,04:Ce** (2 mol%) and ZnAl,0,4:0.86 mol%

Ce*, 1.14 mol% Tb*" samples are listed in table 5.2.

Table 5-2 Fitting parameters for the half life times of ZnAl,0,:Ce* and ZnAl,O,:Ce*, Tb**

Sample name Fitting
parameters
Ay 11 (NS) Az 5 (NS)
ZnAl,O,:Ce*" 225.54 0.968 275.22 10.31
ZnAl,04:Ce*" Tb** 1101.34 0.911 736.15 4.736

5.3.5 X-ray photoelectron spectroscopy (XPS)

The chemical composition and electronic state of the ZnAl,04:Ce®, Th*" system were
analysed by X-ray photoelectron spectroscopy (XPS). The XPS survey spectrum in Fig. 5.10
confirms the presence of Al 2p, O 1s, Zn 2ps;, and C 1s (from adventitious hydrocarbons)
with binding energies (BE) of 74.2 eV, 531.1 eV, 1022.1 eV and 285.3 eV, respectively on

the surface. These values are consistent with those reported by Strohmeier [32].
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Figure 5-10 X-ray photoelectron spectroscopy (XPS) survey scan of ZnAl,0,:Ce*", Tb*"
phosphor

Figure 5.11 and 5.12 show respectively the fitted data for the Ols peak from
ZnAl,0,:0.86 mol% Ce**, 1.14 mol% Tb* powder before and after annealing. In both
figures, the lattice O1s peak was stable at ~531.1 eV suggesting that the chemical and hence
electronic states were not affected by annealing in hydrogen. This peak is consistent with the
O1s peak with the binding energy of 531.4 eV reported by Strolmeier [32]. The satellite
peaks at ~528.5 eV and ~529.5 eV in Fig. 5.9 and 5.10 can be assigned to binding energies of
O1s peak in Ce-O and Th-O metallic oxides respectively [33]. That is, it is most likely that
small traces of CeOyx and TbOy (x<2) were present in both annealed and unannealed
ZnAl,0,:Ce* Tb* samples. It is worth noting that these peaks were really small and in the
noise levels of our measurements. Fig. 5.12 shows the XPS fittings of the O1s peak from the
sample annealed in hydrogen atmosphere. Again in Fig. 5.12, the photoelectron peak

position measured at 531.3eV is consistent with the theoretical value of O1s peak in ZnAl,O4
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listed in ref. [32]. In addition, a new band appeared at 532.6 eV and it can be assigned to

chemisorbed water and/or oxygen molecules from environmental moisture [34].
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Figure 5-11 XPS peak fitting of the O 1s peak from as-prepared ZnAl,0,:0.86% Ce*"
1.14% Tb*"

1000]9-18 O in ZnAl,0,
Annealed
. 531.3 eV (59%)
/,

750
QO
S 532.6 eV
-— 0
s s00 (36%)
c
3
S

250. Ce-0/Tb-O

536 534 532 530 528 526
Binding energy (eV)

Figure 5-12 XPS peak fitting of the O 1s peak after annealing ZnAl,0,:0.86% Ce*",
1.14% Tb*" in hydrogen atmosphere.
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The fitted data of the Al 2p peak of the ZnAl,0,:0.86 mol% Ce**, 1.14 mol% Th**
before and after annealing are shown respectively in Fig. 5.13 and 5.14. In both figures, the
Al 2p peaks at lower binding energies (74.2 eV) can be assigned to Al ions occupying the
tetrahedral (IV) sites while the Al 2p peaks at higher binding energies (75.6 eV) can be
assigned to the Al ions occupying the octahedral (V1) sites. This assignment is consistent
with the Al 2p yttrium aluminium garnet, Y3Als01, (YAG), reported by Pawlak et al. [34].
Furthermore, they reported the peak area ratio of the Al 2p in the octahedral to tetrahedral

sites of 2:3 (40%:60%).

Note that it is generally accepted that when a material consists of a mixture of
octahedrally and tetrahedrally bonded oxides, the octahedral site is more cationic with a

partial positive charge (60+) and the tetrahedral site will be more anionic with a partial
negative charge (6—)[34]. It is therefore reasonable to assign the tetrahedral site with less

binding energy because less energy is required to take out an electron from more anionic
species. The concentrations of Al in the octahedral and tetrahedral sites of the unannealed
sample (Fig. 5.13) as determined from the area of the fitted Al peaks were 36% and 64%
respectively. Recall that the high concentration of 3+ ions (AI**) in the tetrahedral site with
respect to that in the octahedral site points to the partial inversion of the ZnAl,O,4 nanocrystal
structure. Upon annealing, the concentration of Al in the octahedral site increased from 36%
to 40%, while that in the tetrahedral site decreased from 64 to 60% as shown in Fig. 5.14.
This can be attributed to possible structural readjustment from inverse to normal spinel as a
result of annealing. There is, however, no physically possible way in a spinel structure for
being more than 50% of the trivalent ions on the tetrahedral site as in this case. It must,
however, be pointed out that XPS is a surface sensitive technique, with the XPS signal
coming from the top few layers which might be slightly different from the bulk. Extra

contributions from possible surface species/impurities such as aluminium oxides, hydroxides
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and oxyhydroxides with binding energies around 73.7 eV might contribute toward the excess

amount of Al in the tetrahedral sites.
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Figure 5-13 XPS peak fitting of the Al 2p peak from as-prepared ZnAl,04:0.86% Ce*,
1.14% Tb**
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Figure 5-14 XPS peak fitting of the Al 2p peak from as-prepared ZnAl,04:0.86% Ce*,
1.14% Tb*
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5.4 Conclusion

In conclusion, the ZnAl,O4: Ce*, Tb* powder phosphors were successfully
synthesized using a one-step combustion technique. As confirmed from the X-ray diffraction
data, ZnAl,O4 was highly crystalline with or without post-synthesis annealing. The X-ray
photoelectron spectroscopy data confirmed that there was structural readjustment from
inverse to normal spinel as a result of annealing. The TEM data showed that the particles
were spherical in shape, with some degree of faceting, and their average size was ~20 nm in
diameter. The PL intensity of the green line emission from Th*" at 544 nm increased as a
result of Ce** co-doping. The fact that the increase was simultaneous with the decrease in
blue emission from Ce®" suggests that excitation energy was transferred from Ce** to Tb*".
The maximum intensity was obtained from the sample co-activated with 0.86 mol% of Ce**
and 1.14 mol% of Tb* when the sample was excited at 230 nm. The other excitation
wavelengths (256, 300 and 325 nm) with relatively less intense emissions were attributed to
either direct excitation of Ce** or charge transfer transition from O to Tb*". It therefore
shows that the activator concentration and excitation wavelength are important parameters for

sensitized emission of phosphors by the UV down-conversion process.
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CHAPTER 6 LUMINESCENCE PROPERTIES OF Ce* and
Tb* CO -ACTIVATED ZnAl,0, PHOSPHOR
Phys. B; Condens. Matter. 407 (2012) 1489-1492

6.1 Introduction

Zinc alluminate (ZnAl,O4) is one of the metal oxides which are currently being
investigated as possible hosts for rare-earth ions to prepare light emitting materials
(phosphors) that can be used in different types of light emitting devices. Traditionally,
ZnAl,O, is widely used as a catalyst or ceramic [1]. Because of its excellent optical
properties, high chemical and thermal stability, it is also used in optoelectronic devices, [2,3].
In addition, it has been demonstrated that pure (undoped) and impurities-activated (-doped)
ZnAl,O,4 produce efficient emissions that can be used in lighting. Emission from pure
ZnAl,04 is characterized by two broad bands with maxima at ~450 and ~770 nm, which are
respectively ascribed to AI**—0O% charge transfer and anionic oxygen vacancies (Vo) [4],
while the impurities-activated ZnAl,O4 emission is due to the intrinsic nature of the
incorporated impurity. Today; orange, green and red emissions have respectively been

observed from Mn?**, Th** and Eu** ions incorporated in ZnAl,O, host [5-7].

In this chapter, Ce** and Tbh** ions were simultaneously incorporated with different
concentrations in ZnAl,O,4 resulting in a green emitting phosphor that was evaluated for
possible applications in, among other things, photovoltaic cells and display technologies. We
demonstrated that upon excitation by UV radiation, the UV photons were absorbed and
transferred from Ce®*" to Tb*" by a down conversion process. The down conversion process
involves absorption of UV photons in the short wavelength range (typically ~200 — 350 nm)
and emission of visible photons in the wavelength range of ~400-700 nm. Today, rare-earths
doped phosphors are extensively investigated for possible application as down-converting

layers to improve the absorption efficiency of the silicon (Si) photovoltaic (PV) cells [8].
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That is, by shifting the sunlight wavelengths from the UV region where the spectral response
of the Si PV cells is low to the visible region where the spectral response is high. In this
study, the down-conversion process between Ce** and Tb** in ZnAl,O, was investigated. The
possible down-conversion mechanism through energy transfer from Ce** to Tb** is discussed.
In addition cathodoluminescence intensity of the ZnAl,04:Ce** Th** phosphors was also
investigated for its possible application as a green emitting phosphor in low voltage field
emitting displays (FEDs). These phosphors were prepared by the solution combustion

method.

6.2 Experimental procedure

A detailed procedure about the combustion reaction synthesis of impurities-activated
ZnAl,O, can be found in refs. [5,7,9]. In a typical synthesis, stochiometric amounts of zinc
nitrate, aluminium nitrate, cerium nitrate, terbium nitrate and urea were dissolved in de-
ionized water. A homogeneous transparent solution was obtained after stirring vigorously for
20 minutes. The solution was transferred to a muffle furnace maintained at 400 £10°C. After
all the liquid had evaporated, the mixture decomposed and released large amounts of gases.
Due to the exothermic nature of the combustion process, the reaction continued for a while
and the mixture swelled to a larger volume. Large exothermicity resulted in a high-
temperature flame that further decomposed the mixture into gaseous phases and aluminates.
The combustion process was completed in less than 5 min. The resulting powders were
gently ground and annealed in hydrogen atmosphere. ZnAl,0.:Ce®*", Tb*" powder phosphors
with different concentrations of Ce®* and Tb** were prepared in this manner. These were
analyzed with x-ray diffraction (XRD), scanning electron microscopy, photoluminescence
spectroscopy, and Auger electron spectroscopy (AES) coupled with cathodoluminescence

(CL) spectroscopy.
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6.3 Results and discussions

Figure 6.1 shows the XRD patterns of undoped ZnAl,0O, (annealed in air at 700°C) and
ZnAl,0,4:Ce*" Tb*" powders (annealed at 700°C in H, atmosphere). Annealing in H, was
meant to among other things reduce Ce from non-luminescing Ce** oxidation state to the
luminescing Ce** state. The XRD patterns confirm that both undoped and Ce**-Tb*" co-
doped samples crystallized in a well known spinel structure of ZnAl,O, as indexed by JCPDS
file No. 082-1043. Note that the diffraction peaks of the Ce**-Th** co-doped sample were
more broadened than those of the undoped sample. This is probably due to lattice strains [10]
as a result of incorporation of Ce®*" and Th** ions and this behavior is consisted with the
results explained in the previous chapter through the use of Williamson-Hall method. The
HR-SEM images of the ZnAl,O4 powders in Fig. 6.2 (a) show the platelet-like particles
encrusted with smaller particles on the surface. Fig. 6.2 (b) shows an agglomeration of
spheroidal particles on the surface of a platelet like particle. It is therefore clear that the
powders are composed of platelets like particles encrusted with spherical nanoparticles (with

some degree of faceting) with an average diameter of ~20 nm.
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Figure 6-1 The XRD patterns of ZnAl,O, and ZnAl,04:Ce*" Tb** powders annealed at
700°C.
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Figure 6-2 High resolution SEM images of the ZnAl,0,:Ce**, Th** powder annealed at
700°C.

The emission spectrum of Ce** singly doped ZnAl,O4 phosphor excited at 256 nm in
Fig. 6.3 consists of a broad band with two maxima at 350 and 410 nm. These emissions
correspond to the allowed transitions from the lowest sublevel of the 5d state to the 2F,, and
’Fs;, multiplets of the 4f configuration in Ce®" [4]. Dual emission was observed from the
ZnAl,04 powders co-activated with different concentrations of Ce®" and Tbh** when excited at
230 nm. This was a combination of line emissions from Th** ions and broad emission from
Ce®*". The green line emission associated with °D,—'Fs transitions of Tb** at 543 nm was
more intense than the purplish-blue broad emission of Ce®* at 350-410 nm. The green
emission was maximized when 1 mol% of Tbh** was co-doped with 0.75 mol % of Ce*". The
enhancement of the green emission and the subsequent decrease in the blue emission suggests
that energy was transferred, most probably by phonon mediated processes, from Ce** to Th*".
The proposed mechanism for this transfer is presented in Fig. 6.4. According to this
mechanism, the excitation energy absorbed by Ce*" is transferred by the low lying °Dg, of the
Ce* to the °D, state of Th®* ion followed by an improved emission of green photons at

543 nm.
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Figure 6-3 PL emission and excitation of ZnAl,0,:Ce*, Tb* with different
concentrations of Ce** and Tb**
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Figure 6-4 Possible mechanism of energy transfer from Ce®" to Th**
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Figure 6.5 show the Auger-peak-to-peak heights (APPHSs) of O, Al, Zn, adventitious
C and CL intensity as a function of electron dose. The AES and CL data were collected
simultaneously when the powders were irradiated with a beam of electrons (for 10 hrs) in a
vacuum chamber maintained at 1x10~" Torr O, atmosphere. The O and Zn Auger peaks were
almost stable during the electron beam irradiation. The Al peak increased from 0 — 300
C.cm™ and then stabilized while the adventitious C peak decreased drastically from 0 — 600
C.cm before stabilizing. The C was probably removed from the surface as COy (x < 2)
following the reaction with volatile O species. The simultaneous increase of the CL intensity
with the removal of C between 0 — 600 C.cm™ suggests that the presence of C on the surface
inhibited light emission from the surface. The CL intensity decreased slightly after 600
C.cm™ and then remained stable to the end of the experiment. The data in Fig. 6.5 can be
explained by the well known electron stimulated surface chemical reaction (ESSCR) model

[11].
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Figure 6-6 The electron stimulated surface chemical reaction (ESSCR) model explaining the
possible chemical reaction on the surface of ZnAl,0,:Ce*, Tb* following electron beam
irradiation.
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The ESSCR model is illustrated in Fig. 6.6. According to this model, electron beam
irradiation may dissociate the O-O (from O introduced in the vacuum chamber) and Zn-Al-O
bonds resulting in highly reactive O, Zn?*, AI**. The following possible reaction may take

place:
Zn**+ 0> — ZnO, and (AH; = -348 kJ/mol) (1)
APF* + 07— Al,03 (AH¢ = -31676 kd/mol) (2)

Note that both reactions are thermodynamically possible because of their negative values of
the enthalpy of formation (AH;). The fact that the Zn and O Auger peaks were stable in
Fig. 6.5 suggests that reaction (1) did not take place. The initial increase in the Al Auger
peak from 0 — 300 C.cm™ suggest that a possible reaction between Al and O took place
resulting in the formation of the Al,O3 layer on the surface. As speculated by Pitale et al. [5]
this layer acted to protect the surface from degrading. Unlike the adventitious C, it is believed
that the protective Al,O3 layer did not inhibit light emission from the surface. The fact that
the surface did not degrade and the CL intensity was stable after 10 hrs of degradation
confirms that this material is chemical stable and needs to be investigated further for a
possible future application as a green emitting phosphor in low voltage field emission

displays.

6.4 Conclusion

The green emitting ZnAl,04.:Ce®" Th* phosphor was successfully prepared by the
combustion method. The phosphor crystallized in the normal cubic spinel structure of
ZnAl,O,. The green emission was enhanced by energy transferred from Ce®* to Th*" and the
possible mechanism of the energy transfer was discussed. The cathodoluminescence
intensity degradation data suggested that the intensity was stable after 10 hrs of electron beam

irradiation. This stability was attributed to the formation of the protective Al,O3 layer.
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CHAPTER 7 ENHANCED GREEN EMISSION FROM UV-
DOWN CONVERTING Ce* - Tb** CO-
ACTIVATED ZnAl,O, PHOSPHOR

J. Vac. Sci. Technol. B 30(3) (2012) 031401.1- 031401.6

7.1 Introduction

Zinc aluminate (ZnAl,O4) with a cubic spinel crystal structure is a family of metal
aluminate semiconducting materials that is widely used as ceramic or catalyst. It has a wide
band gap of ~ 3.8 eV that makes it suitable for application in optoelectronics. It is used in
modern research as a host for rare-earth (e.g. Ce** and Tb*") and alkali earth metal ions (e.g.
Mn?** and Co®") [1-5] to prepare phosphors that can be used in different types of light
emitting devices. In our preliminary study, we investigated the effects of different
parameters such as low activator concentrations, annealing temperatures and excitation
wavelengths on the efficiency of green emission from ZnAl,0,:Ce®" Tb* [6]. In the present
study, we set out to determine systematically the maximum concentration of Th*" or Ce**
singly activated ZnAl,O,4 and in turn the maximum concentration of Th*'- Ce** co-activation
that could result in an efficient energy transfer from Ce®* to Tb* by UV down-conversion
process. The objective of this study was to prepare efficient phosphors that can be used as
UV down-converting layers to improve the absorption efficiency, hence general performance
of the conventional silicon photovoltaic cells. In addition, the phosphors were evaluated for
possible application in low voltage cathodoluminescent devices such as field emission
display. This was done by irradiating them with 2 keV electrons and monitors the effects of
prolonged irradiation on the CL intensity and the electron-beam induced chemical changes

taking place on the surface.
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7.2 Experimental procedure

Ce®* and Tb* singly or co-activated ZnAl,O,4 phosphors with different concentrations
of Ce** and Tb®" were prepared by a combustion method. A detailed discussion of the
combustion method for the preparation of ZnAl,O,: Ce** and ZnAl,04: Ce*, Th** phosphors
can be found in the literature [6]. In a typical preparation, stoichiometric amounts of zinc
nitrate hexahydrate Zn(NO3),-6H,0, aluminium nitrate nanohydrate (AI(NOs)3-9H,0)), urea
(CH4N,0), cerium nitrate hexahydrate (Ce(NO3)s-6H,0) and/or terbium nitrate hexahydrate
(Tb(NO3)3-6H,0) of AR grate from Sigma Aldrich (South Korea) were dissolved in de-
ionized water. The combustion reaction was carried out in a muffle furnace maintained at
500°C.  ZnAl,O4Ce*, ZnAl,0,Tb* and ZnAl,O.Ce*, Tb*" powder phosphors with
different concentrations of Ce** and Th*" were prepared.

X-ray diffraction (XRD) measurements were performed using a PANalytical X'Pert
PRO diffractometer with an X'Celerator detector using CuKa radiation (A = 1.5406 A) in the
20 range of 10 — 80°. An accelerating voltage was set at 40kV and current at 30mA.
Photoluminescence (excitation and emission) measurements were carried out at room
temperature using Hitachi F-7000 fluorescence spectrometer coupled with a
monochromatized xenon lamp with an output power of 150 W. The fluorescence decay data
were recorded using an inverted-type scanning confocal microscope (MicroTime-200,
Picoquant, Germany). A single-mode pulsed laser diode (375 nm wavelengths with an
instrumental response function of ~240 ps in full-width at half maximum, 40 MHz repetition
rate, and an average power of ~1 uW) was used as an excitation source. Cathodoluminescent
(CL) data were collected via an optical fiber mounted on one of the ports of a vacuum
chamber of the PHI 549 Auger spectrometer using Ocean Optics S2000 CL spectrometer.
The data were collected when the powders were irradiated with 2 keV electrons continuously

for 10 hrs at the chamber pressure of 1.3x10® Torr. The chemical and electron states of the
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irradiated and un-irradiated powders were analyzed using PHI 5000 versa probe X-ray
photoelectron spectrometer (XPS). High resolution XPS peaks of individual elements were

fitted using Multipack v8.2c data analysis software.

7.3 Results and discussions

7.3.1 X-ray diffraction (XRD)
Fig. 7.1 shows the XRD patterns of ZnAl,O4 powder with and without Ce** and Th**

activators. The patterns are consistent with cubic ZnAl,O, spinel referenced in the JCPDS
file No. 05 - 0669. A very small impurity peak that can be ascribed to the (311) diffraction
peak of ZnO [7] was detected at 26 = 34.9° and it was most likely formed as a result of an
unwanted reaction between Zn?* and O®  species during the combustion process. The
diffraction peaks were all broadened after introduction of the activators. In addition to
instrumental settings, peak broadening may be a result of smaller crystallite sizes and/or
lattice strains. We however do not expect instrumental settings or preparation procedure to
influence the peak broadening because the settings and procedure were kept the same in all
cases. It is therefore reasonable to attribute the peak broadening to lattice strains probably
induced by the introduction of the rare-earth activators [6]. Note that post-preparation
annealing at 700°C (data not shown) did not influence either the crystallinity or peak
intensities of the samples, suggesting that it is possible to obtain highly crystalline ZnAl,O, at

an initiating combustion temperature of 500°C without post-preparation heat treatment.

93



ZnAl O, As-prep ! 2mol% Ce™', 4mol% Tb™
2 AR
2 ! I i
- —_ - A 'l-lwl" st Ty, gl i B '\ﬂ-p\"l oty
—_ 4mol% Tb™
."2 .'ﬁ'._ -. 1 - S
E . -H,_._.-'II L N S S ——
¥
E Zmol% Ce™”
% b P — e _,; _—
E E = P = Host
= A g = 9 5 3 E
- | T8 T T e
: JCPDS # 05-0669
' 1 i I : Li N -r v Li '- 1
10 20 30 40 50 60 70

2 Theta (degrees)

Figure 7-1 XRD patterns of as-prepared ZnAl,O,, ZnAl,04:Ce**, ZnAl,04:Tb*" and
ZnAl,04:Ce**, Th* powders.

7.3.2 Photoluminescence (PL)
The maximum intensity from Ce®" and Tb®" singly doped ZnAl,O, was obtained with

the dopant concentration 2 and 4 mol% respectively. Fig. 7.2 shows emission spectra of
ZnAl,04:4mol%Th** (hexe = 228 nm) and ZnAl,04:2mol%Ce** (hexe = 275 nm). The well-
known characteristic emissions associated with the °D, — 'F; (=3 4 5&6) transitions of b
were observed with the major emission at 543 nm (°D, — Fs transition). The PL emission
spectrum of ZnAl,04:Ce>* consists of broad emission band with a maximum at 360 nm. This
emission can be associated with 5d* — 4f* transitions of Ce®" [8-10]. The PL emission
(Aexc = 275 nm) spectra of the co-activated ZnAl,0,:Ce**, Th** powders are compared to that
of Tb*" (4 mol%) singly activated ZnAl,O, in Fig. 7.3. The concentration of Ce®" was fixed
at 2 mol. % and that of Th*" was varied from 1-5 mol% in ZnAl,04:Ce**, Tb®*. It is clear that
the intensity of the green emission at 543 nm from ZnAl,O,:Th** was much smaller than that
from ZnAl,04:Ce*, Tb®. The broad blue emission from Ce** at ~360 nm was almost
quenched while the major green emission from Th*" at 543 nm was improved due to Ce** co-

doping. Similar to the PL data of Ce®*" and Th** singly doped samples (Fig. 7.2), the green
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emission was maximized when 2 mol% of Ce*" was co-doped with 4 mol% of Th**, which
suggest that the 4 mol% Th** content was the critical concentration for enhancement of
luminescence when coupled with the critical concentration from Ce** at 2 mol% as shown in
the inset. The enhancement of the green emission from Tb®" and the simultaneously
quenching of Ce®*" emission at ~360 nm suggest that Ce** acted to harvest high energy UV
photons from the excitation source and they were subsequently down-converted to low
energy visible photons to enhance the green emission from Tb*". As previously reported [11]
energy transfer from Ce®" to Tb*" by the down-conversion process is probably by phonon
mediated processes. UV down-converting phosphor can be used as coatings in conventional
silicon photovoltaic (PV) cells to absorb UV photons from sunlight and down-convert them
to visible photons that can be easily captured and converted to electrical energy by silicon
and a subsequent improvement of the general performance of PV cells. Chung and Holloway
[12] reported improved performance of the PV cells when the cells were coated with a

photoluminescent Y,03:Eu®" layer.
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Figure 7-2 PL emission spectra ZnAl,O,: Tb** (Aexc = 228 nm) and ZnAl,O,: Ce*'
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Figure 7-3 PL emission spectra of ZnAl,04:Ce®, Th*" (Aexc = 275 nm) with different
concentrations of Th®* whereas the Ce3* concentration was fixed at 2 mol. %. The inset
is the plot of maximum emission intensity of the 543 nm peak as a function of Th-

concentration
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7.3.3 Fluorescence Decay
Fig. 7.4 shows fluorescence decay curves of ZnAl,O4: 2mol%Ce®* (hem = 410 nm),

ZnAlL,O4: 4mol%Tb*" (Lem = 543 nm) and ZnAl,O4: 2mol%Ce®", 4mol%Tbh*" (hem = 410 nm)
powders recorded when the powders were excited at 375 nm using a single mode pulsed
diode laser. The average lifetimes calculated using the procedure reported in ref. [7] were
39.22 ns, 8.01 ns and 28.93 ns for ZnAl,O,: 2mol%Ce®*, ZnAl,O4: 4mol%Th* and
ZnAl,04:2mol%Ce**, 4mol%Th*" respectively. Notice that the lifetime of the 410 nm
emission of ZnAl,04:2mol%Ce®", 4mol%Tb*" was 10.29 ns shorter than that of ZnAl,Oy:
2mol%Ce**. The shortening of this emission suggests that some of the absorbed UV photons

were transferred to Tb®" at a rate faster than the radiative emission by Ce®".
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Figure 7-4 Decay curves of ZnAl,Os: 2 mol % Ce**, ZnAl,04: 4 mol % Tb** and
ZnAl,O,: 2 mol % Ce*', 4 mol % Tb*".
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7.3.4 Cathodoluminescence and X-ray photoelectron spectroscopy
Fig. 7.5 shows the CL emission spectra of ZnAl,O,: 2mol% Ce*, 4mol% Tb**

powder recorded before and after the powder was irradiated with 2 keV electrons for 10 hrs.
The irradiation was carried out in a vacuum chamber of the PHI 549 Auger spectrometer at a
base pressure of 1.3x10° Torr. The CL intensity of the main emission peak at 543 nm was
reduced to ~55% of the initial intensity after 10 hrs of continuous irradiation, i.e. the CL
intensity was degraded by 45%. This reduction was relatively slow suggesting that to some
extent this material can withstand electron irradiation and can therefore be developed into a

good phosphor for possible application in low voltage flat panel displays.
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Figure 7-5 CL emission spectra of ZnAl,O,:2mol% Ce**, 4mol% Tb** powder phosphor before
and after electron irradiation (degradation).

The chemical and electronic states of degraded (irradiated) and undegraded
ZnAl,04:Ce, Tbh powders were analyzed using X-ray photoelectron spectroscopy (XPS).
Figures 7.6 and 7.7 show respectively the fitted O 1s XPS peak before and after degradation.
The peaks at 530.1 and 531.3 eV in Fig. 7.6 are O peaks in the ZnAl,O, lattice [16], while the
532.7 eV and 528.8 eV peaks can respectively be assigned to O atoms chemically bonded to
chemisorbed and Ce/Tb-O [13,14]. As shown in Fig. 7.7, additional peaks developed at

529.6 eV and 529.7 eV after 10 hrs of electron irradiation and they can be assigned to O in
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newly formed oxygen-deficient ZnOy.; and Al,O3 compounds. These compounds were
possibly formed as a result of chemical rearrangements on the surface following bond
breaking by irradiation with 2 keV electrons. While ZnO,<, is known to affect the CL
intensity negatively since it is non-luminescent [15], Al,O3 has been reported to act as a

protective layer slowing down the rate of the CL intensity degradation [16].
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Figure 7-6 XPS spectrum of O 1s in ZnAl,O, before degradation
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Figure 7-7 XPS spectrum of O 1s (degraded) in ZnAl,O, after degradation
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Figure 7.8 is the high resolution XPS profile of the Al-2p before degradation. It
shows that Al occupies two different lattice sites, namely: the tetrahedral and octahedral. Al
peak occupying the tetrahedral site (AlO4) was detected at 72.7 eV [17] while the peak
occupying the octahedral site (AlOg) was at 74.2 eV [17]. After 10 hrs of irradiation,
additional two peaks developed at 75.4 and 71.6 eV (Fig. 7.9) and they can be assigned to Al

bonded to Al,03[18] and oxygen-deficient Al,O,<3[19] respectively.
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Figure 7-8 XPS spectrum of Al 2p in ZnAl,O, before degradation
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Figure 7-9 XPS spectrum of Al 2p in ZnAl,O, after degradation
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Fig. 7.10 shows undegraded 3d XPS peak of Ce. The peaks at 880.9, 885.8, 899.6
and 904.9 eV can be attributed to Ce®*, while those at 883, 902.6 and 907.8 eV can be
attributed to Ce** [20]. Similar peaks were observed after degradation as shown in Fig. 7.11.
A very distinct satellite peak also assigned to Ce** was observed at 917.7 eV [20]. It can
therefore be concluded that although Ce was mostly present in trivalent oxidation state (Ce**)
there were traces of Ce** ions. The development of additional 917.7 eV in the degraded

spectrum points to the possible oxidation of Ce®* to Ce** during electron beam irradiation.
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Figure 7-10 XPS spectrum of Ce-3d in ZnAl,O,4 before degradation
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The 3d XPS peaks of Tb before and after degradation are shown respectively in
Fig. 7.12 and 7.13. Peaks associated with the 3+ and 4+ oxidation states of Th are clearly
marked in both undegraded and degraded XPS spectra and they were assigned according to

ref. [21]. Generally, both the peak intensities and positions were stable in both spectra.
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Figure 7-12 XPS spectrum of Th-3d in ZnAl,O, before degradation
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Figure 7-13 XPS spectrum of Th-3d (degraded) in ZnAl,O, after degradation.
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Table 7.1 gives a summary of the XPS peak position, chemical bonding, and area distribution

of the ZnAl,O,4:Ce, Tb powder before and after degradation.

Table 7-1 XPS peak position, chemical bonding, and area distribution before and after
degradation.

ZnAl,0,4:Ce, Th

Oxidation state Before deg. After deg.
BE (+0.1eV)  Areadistri. BE (+0.1eV) Area distri. Chem. Bonding
O-1s
528.8 4% 528.8 3% Ce/ Th-O
530.1 31% 530.1 14% O in ZnAl,O,
531.3 60% 531.3 37% 0O in ZnAl,O,
532.7 6% chemisorbed sp.
527.9 20% O in AlL,O3
532.7 7% AlOx /chemisorbed
529.6 20% O in ZnOx (x<1)
Al-2p
72.7 14% 72.7 12% Al in AlO, of ZnAl,O,
74.2 86% 74.2 41% Al in AlOg of ZnAl,O,
75.4 18% Al in Al,O;
71.6 25% Alin Al,O,;
Ce-3d
880.9 10% 880.9 12% Ce* bonding
885.8 25% 885.2 17%
899.6 11% 899.1 8%
904.9 16% 904.5 8%
883.0 16% 883.0 16% Ce*"bonding
888.4 7%
900.2 7%
902.6 7% 902.5 13%
907.8 7% 908.7 8%
917.7 5%
Tb-3d
1240.2 (3ds)) 33% 1240.2 (3ds,) 33% Tb* bonding
1276.3 (3ds) 24% 1276.2 (3dsn) 22%
1236.7 3% 1236.7 8%
1243.5 (3ds)) 21% 1243.4 (3ds,) 16% Tb* bonding
1278.1 (3d3p) 9% 1278.0 (3dsz) 10%
1250.0(3dsy2) 6% 1250.0 (3ds,) 6%
1282.6 (3d3)) 3% 1282.6 (3d3n) 2%
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7.4 Conclusion

We have demonstrated improved UV down-converted green photoluminescence from
ZnAl,0,:Ce, Th powders (with different concentrations of Ce** and Tb**) as a result of energy
transfer from Ce** to Tb®". The maximum PL intensity was observed from the powder co-
activated with 2 mol% and 4 mol% of Ce*" and Th** respectively. As evidence of energy
transfer, we demonstrated the shortening of the decay lifetime of Ce** in ZnAl,04:Ce, Th
powder by 10.29 ns and we concluded that the shortening was a result of a transfer of
absorbed UV photons at a rate faster than the radiative transition of Ce®" states. In addition,
we demonstrated a 45% reduction of cathodoluminescence intensity of the green emission at
543 nm as a result of prolonged irradiation of the ZnAl,0,:Ce, Th powders by 2 keV
electrons. The XPS data suggest that additional phases such as oxygen deficient ZnOx<; and
Al,O<3 were formed on the surface during electron irradiation. Since Al,O<; was reported to
protect the surface from degrading, we attributed the loss of the CL intensity to the non-
luminescent ZnOy<; phase. It is also likely that non-luminescent Ce** and Tb*" ions

contributed to the loss of the CL intensity.
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CHAPTER 8 STRUCTURE, PHOTOLUMINECENCE
PROPERTIES AND XPS STUDIES OF LOW
QUARTZ SiO, HOST

8.1 Introduction

The fact that SiO;, can exist in numerous crystalline and amorphous forms, and its
status as one of the most prevalent compounds on earth, has stimulated a long history of
experimental and theoretical investigations. In recent years, SiO; is used as coating material
due to its favourable band alignment when forming a heterojunction with other commercial
cathode ray tube (CRT) phosphors [1]. It is difficult to achieve spherical morphology with
nano sized particles in the SiO, glassy matrix. morphology mono-dispersion of particles is
very important in terms of application purposes. Several researchers used the melt method
[2], precipitation [3] and sol-gel technique [4] as the prominent routes to prepare SiO, matrix

but these applied routes are not enough to achieve the required morphology.

In the interest of luminescence applications, Ce is one of the most extensively
employed activator in the optical industry. The Ce ion was observed in two different states,
the luminescence trivalent Ce®* state due to allowed 5d — 4f transition and the non-
luminescence Ce** state. The optical features of Ce in many crystalline and amorphous SiO
matrices were intensively investigated from both experimental and theoretical points of view
[5, 6]. In fact, the strong dependence of both the energy and the splitting of the 5d levels
upon the host matrix significantly affect the rare earth (RE) optical response and works as a
powerful probe of the host crystal field [7]. Specifically, the incorporation of Ce as well as of
other rare-earth ions inside the glassy matrices, and homogeneous distribution are not
straightforward and thus, was the subject of several studies [7- 10]. Meng et al. [11] and Kim

et al. [12] used a sol gel route to incorporate Eu®" and Tb®" to investigate energy transfers
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between them in the silica matrices. Ntwaeaborwa et al. [4] also used the sol-gel technique to
incorporate Ce**, Tb*" and Eu®" ions and study their mutual energy transfer into nano silica
matrices. Nogami [13] and Ntwaeaborwa et al. [14] provide a proof that rare-earth doped
amorphous SiO, nanophosphor could be used in low voltage FEDs and other related light

emitting devices.

In this study, investigations were done on the preparation of nano sized undoped, Ce
doped SiO, and Ce/Tb co-doped SiO, matrices by using the urea assisted combustion
method. A reducing atmosphere with the mixture of 4%H, and 96%Ar was used during
annealing to achieve the homogeneous distribution of luminescence Ce®* ions in the SiO.
matrix because unlike Ce*", it is optically active. The structure of the powder samples was
studied for phase analysis. The optical properties through photoluminescence (PL) were
studied in all prepared powder samples. The morphological analysis was investigated using
the scanning electron microscopy (SEM). The oxidation state of the doped Ce ion and main
elements such as Si 2p orbital and O 1s orbital before and after annealing in a reducing

atmosphere were reported using X-ray photoelectron spectroscopy (XPS).

8.2 Experimental procedure

Undoped nano sized SiO,, Ce or Thb singly doped SiO,, and Ce-Tb co-doped SiO, were
prepared by a solution combustion method as described in reference [15]. Silicic acid (SiO-
nH,O) and ammonium nitrate (NH;NOg3) were used as the starting materials, while urea
(CH4N20) was used as fuel. All these materials were dissolved in 10 mL distilled water and
stirred for 2 hours in order to obtain a homogeneous transparent mixture. The mixer was then
transferred into a muffle furnace which was maintained roughly at 500 + 5°C. Lastly, the
dried powder after the incorporation of dopants was then annealed in a reducing atmosphere

(4% H, and 96% Ar) gas at 1000°C for 2 hours. The phase purity and crystallinity of the
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powder samples was characterized by X-ray powder diffraction (XRD). XRD measurements
were carried out with a Bruker D8 Advanced powder diffractometer with Cu-Ka radiation
(L = 15418 A) in the 20 range from 10° to 80°. The morphology of the prepared
nanoparticles was analyzed by scanning electron microscopy (SEM) using a Shimadzu model
ZU SSX—550 Superscan. The photoluminescence (PL) properties of the powder phosphors
were characterized using a Cary Eclipse fluorescence spectrophotometer. The detailed XPS
analysis were carried out with a PHI 5000 versa probe spectrometer using monochromatic Al

Ka radiation.

8.3 Results and discussion

8.3.1 X-ray diffraction
The XRD patterns of the pure SiO, and singly doped SiO,: 4mol%Tb**,

Si0,:2mol%Ce** and co-doped SiO»:2mol%Ce®*, 4mol%Th*" powders prepared by the
combustion method are shown in figure 8.1. The undoped SiO, and singly doped SiO:
4mol%Th*" patterns exhibit only a broad peak around 26 ~ 22°. Although the broadness can
be observed from these two profiles, there is peak shift towards lower angle in comparison to
the normal amorphous phase in silica where the peak position is mainly located at 26 ~ 23° as
reported in reference [16]. On the other hand, the singly doped SiO2:2mol%Ce®" and the co-
doped sample show a broad peak and some small signatures emanating from low quartz
silica. Taking into consideration that the ionic radii of Ce** (~ 1.11 A) and Tb** are larger
and the more their concentration is added this induces the microstrains into the SiO, system.
Thus, the broadening can be attributed to the presence of strain. The observed peaks were
assigned by comparing the JCPDS database file no 86-1565 [17], which is the characteristic

diffraction pattern of the low quartz’s phase of a SiO, glassy matrix.
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Figure 8-1 Room temperature XRD patterns of (as cast) pure SiO, and a singly doped SiO,:
4mol%Tb*, Si0,:2mol%Ce** and co-doped SiO,:2mol%Ce*, 4mol%Th*" from combustion
derived route.

8.3.2 Scanning electron microscopy (SEM)
The SEM images in figure 8.2 show the general morphology of the (a) SiO,:2mol%

Ce and SiO;:2mol% Ce, 4mol% Tb samples, respectively. The SEM image in figure 8.2 (a)
shows the agglomerated SiO,:Ce with small particles appearing circular confirming spherical
shapes. However, in figure 8.2 (b) the particles are relatively smaller than that shown in (a),

which suggest that the Th incorporation influenced the rate of nucleation and crystal growth

[18].

Figure 8-2 SEM images of the (a) SiO,:2mol%Ce and (b) SiO,:2mol%Ce,4mol%Tb samples
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8.3.3 Photoluminescence studies
Figure 8.3 exhibits the PL emission spectra of the reduced singly doped SiO,:2mol%

Ce*, and SiO»:4mol% Tb** and co-doped SiO,:2mol% Ce**, 4mol% Tb** respectively. The
emission from singly doped SiO,:2mol% Ce®*" with the maximum roughly at 402 nm is
consistent with the 400 nm emission ascribed to Ce®" ions as reported by Kroon et al [19].
On the other hand, PL emission corresponding to Th®" characteristics from singly doped
Si0,:4mol%Th** show sharp emission peaks from upper-laying levels, i.e., °Ds — 'Fes43 at
488, 543, 585 and 620 nm, respectively. These peaks match well with emission intensities
from Tb® ions into nanocrystalline silica, confirming their incorporation into the system,
according to the previous results obtained by the authors using sol-gel derived SiO, doped
with Tb® [20]. Another interesting observation from Tb singly doped is that the emission
shows a well pronounced intensity at 543 nm compared to the co-doped sample. The broad
emission band from Ce** at ~400 nm (fig. 8.3) is suppressed implying that there was no
radiative emission from Ce®" when exciting at 227 nm. It is therefore reasonable to conclude
that at 227 nm, only Tb ions are excited. Consistent with the report of Barros et al [21] in the
ZnAl,O,: Tb system, this band can be attributed to the 4f*—4f*5d'transition (f — d
transition) of Th**,

In figure 8.4 the photoluminecence (PL) emission (lexc = 322 nm) of singly doped
Si0,:2mol% Ce attributed to 5d(°D) — (*F7, + 2Fsp) 4f* transition is shown. Figure 8.5
compares the PL emissions (dexc = 322 nm) for singly doped SiO,:4mol% Tb and co-doped
Si03:2mol% Ce, 4mol% Tb in low quartz silica matrix. The PL emission from the singly
doped Ce exhibits a broad band centered at 405 nm. This band is also ascribed to Ce** ions
corresponding to the short wavelength defect emission of SiO, suggested to be associated
with Ge impurities [8,19-21]. The most interesting part about this emission is that it displays
a strong signal when the excitation of 322 nm is used compared to 227 nm. Therefore, this

excitation of 322 nm is ascribed to direct excitation of Ce®* ions from the 4f — 5d transition
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of Ce. The PL intensity of the green emission from Th** at 543 nm is high while the blue
emission from Ce®" is suppressed when the Ce®*-Tb*" co-doped system is excited at 322 nm.
These results suggest that Ce®* acts to harvest excitation energy and transfer it non-

radiatively to Th*".
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Figure 8-3 PL emission spectra SiO,:2mol% Ce, SiO,:4 mol% Thb and SiO,:2mol% Ce, 4mol%
Tb (Aexc = 227 nm).
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Figure 8-4 PL emission spectra of SiO, singly doped with 2 mol%Ce®* under excitation at
322 nm.
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Figure 8-5 PL emission spectra of SiO, singly doped 4 mol%Thbh* and co-doped with
2mol%Ce** and 4mol%Tb* in mol% under excitation at 322 nm.

8.3.4 X-ray photoelectron spectroscopy

In figure 8.6 high resolution Ce 3ds/, 5, XPS peaks of the as-cast and reduced samples
are presented. In the reduced sample the signal indicated by (a) is less than that of the as-cast
sample indicated by the letter (¢). This small difference observed on the shape of the Ce
peaks in the two spectra is mainly due to the oxidation state of the Ce in the two samples.
The Ce peak at (e) can be attributed to the final state of Ce*" since the peak position is
roughly around 915 eV. Moreover, the peaks at (b) and (c) in the reduced sample are more
pronounced compared to that of as-cast at (e) and (f). The increase in the peak intensities of
(b) and (c) suggest that the Ce** ions are now being converted into Ce®* ions into silica
matrix. Thus, the population of Ce** has increased remarkably into a reduced sample as

confirmed by PL studies.
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Figure 8-6 XPS spectrum of Ce-3d as-prepared and reduced in SiO,.

Figure 8.7 and 8.8 show the detailed scans of oxygen O 1s orbital before and after
annealing in a reduced atmosphere respectively. Multipak version 9 software [22] was used
to deconvolute the Ols XPS peak. In the as-prepared sample (fig. 8.7) the O 1s peak was
fitted with two peaks with the maxima at 532.5 and 533.2 eV. The peak at 532.5 eV is
arising from the oxygen present in the SiO; lattice as Si—O bond from quartz structure.
Furthermore, the peak at 533.2 eV correspond to O*” arising from SiO; lattice. The peak of
oxygen O1s of the reduced sample was fitted into three main peaks with the maxima at 530.5,
532.5 and 533.2eV. The oxygen O1s of the reduced shows a new species at 530.5 eV and
this is ascribed to oxygen in CeO,. However, the peak intensity at 532.5 eV has increased in
a reduced sample compared to that of the as-prepared due to stable quartz silica attained after
annealing. In addition, the peak intensity at 533.2 eV from the reduced sample ascribed to
oxygen in a stable SiO, has decreased as compared to that of as-prepared sample. However,
more conclusive evidence of oxygen transport involved in the system during annealing is not

available. At present, only an overall scenario can be drawn to verify the existence and
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recrystallization of SiO, with higher temperature treatment as a result of hydrogen

passivation.
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Figure 8-7 XPS spectrum of O 1s in as-prepared SiO,
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Figure 8-8 XPS spectrum of O 1s in reduced SiO,
In figure 8.9 and 8.10 the high resolution scans of Si 2p from the as-prepared

sample and reduced sample are shown respectively. In the as-prepared sample the Si 2p peak
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was fitted with two peaks with the maxima at 102.2 and 103.3 eV binding energies. The peak
at 102.2 eV can be ascribed to silicon in SiOj 0, which suggests existence of the oxygen
deficiency in silica matrix. On the other hand, the peak at 103.3 eV can be assigned to silicon
in the stable SiO,. In figure 8.10 the peak of Si 2p from the reduced sample has been fitted
into three peaks with the maxima at 102.2, 103.3 and 104.0 eV respectively. In the reduced
sample the peak at 103.3 eV has been decreased compared to that of as-prepared sample. At
the same time one can observe the presence of the new peak at 104.0 eV which is ascribed to

silicon into SiO, and comes about because of the uncontrolled combustion reaction.
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Figure 8-9 XPS spectrum of Si 2p in as-prepared SiO,
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8.4 Conclusion

The phosphor powders of SiO;, SiO;: Ce, SiOy: Tb and SiO,: Ce, Th  were
successfully synthesized using urea assisted combustion route and later reduced in a mixture
of 4%H,/96%Ar at 1000°C for 2 hrs. The XRD data from a singly doped SiO,:2mol%Ce**
and co-doped samples show a broad peak and some small signatures emanating from low
quartz silica. The observed peaks were assigned by comparing the JCPDS database file no
86-1565 [17], which is the characteristic diffraction pattern of the low quartz’s phase of a
SiO, glassy matrix. The SEM images showed the agglomerated platelet-like particles of
Si0O,: Ce and Si0O,:Ce, Tb with encrusted small spheroidal particles. Due to the incorporation
of Ce** and Tb** ions in the silica host, efficient energy transfer from Ce®* to Tb*" ions was
observed when the phosphor powders were excited by 322 nm wavelength. The transfer rate
was then more efficient due to the reducing atmosphere. Thus, the maximum energy transfer
was observed from the sample co-doped with SiO»: 2 mol%Ce®*, 4 mol%Tb**. The XPS
studies confirm an improved conversion of Ce** ions into Ce** ions into silica matrix after

annealing in a reduced atmosphere.
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CHAPTER 9 STRUCTURE AND LUMINESCENCE
PROPERTIES IN AMOPHOURS SiO,:
ce**, Tb*

9.1 Introduction

Silica is widely used in so many fields such as medium layer and silicon-based
photoelectron material because of its excellent chemical and thermal stability as well as
interfacial combination with silicon semiconductor. SiO, doped with metal ions can also be
studied as a luminescence material. The rare earth or transition metal ions [1-4] are often
used as activator ions to act as luminescent centres in silica because of their unique electronic
structures. For example, Th® ions due to their extensive use as materials for fabricating
various optical re-radiators and cathodoluminescent screens when incorporated into glasses
have developed great interest for many researchers [5,6]. However, the problem of
enhancing the light output of Tb® - containing glasses upon UV excitation still remains
unresolved. The reason is that the light output of these materials is limited by the occurrence
of intense absorption bands in the high-frequency range due to 4f° — 4f ’(S;,,)5d*(T>) and
4f'(®S;,)5d (E) inter configurational transitions [7] and a relatively low efficiency of
excitation transfer from the luminescence sensitizers. In this work we have synthesized
amorphous SiO, host doped with Ce** and Tb*" ions to investigate how best the energy
transfer rate can be improved between Ce and Tb ions such that absorption of ultraviolet
(UV) photons can be fully utilized to give an efficient output of visible emission through Tb
ions. Thus, the optimal concentrations from the combination of Ce/Tb ions incorporated into

silica matrix to produce high energy transfer rate will be investigated.
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9.2 Experimental procedure

The phosphor powder SiO;, SiO,:2mol%Ce, SiO2:4mol%Thb and co-doped
Si0,2:2mol%Ce, 4mol%Thb samples were prepared by the sol-gel process from the following
starting materials: Tetraethylorthosilicate (TEOS), distilled water, ethanol (as a solvent) and
nitric acid to catalyze the chemical reaction. After a vigorous stirring on a hot plate
maintained at 40°C, the gel was formed and was then transferred into an open flat-disc like
container and was allowed to dry at room temperature. The dried gel was ground by using a
pestle and mortar and was later annealed in a reducing atmosphere composed of 4% H, and
96% of Ar gas at 1000°C for 2 hours. The structure of phosphor powder samples was
characterized by X-ray powder diffraction (XRD) using a Bruker D8 Advanced powder
diffractometer with Cu-Ka radiation (A = 1.5418 A) in the 20 range from 10° to 60°. The
photoluminescence (PL) properties of the powder phosphors were characterized using a Cary

Eclipse fluorescence spectrophotometer.

9.3 Results and discussion

9.3.1 X-ray diffraction
Figure 9.1 show the XRD patterns of the sol-gel derived pure SiO,, singly doped

Si0,:2mol%Ce®* and SiO,: 4mol%Tb** phosphor powders respectively. The broad band
peak at 20 ~ 23.6° is observed in all three XRD profiles. This peak is associated with high
amorphous scattering background from SiO, [8,9]. The only exception here is that XRD
profile from SiO,:2mol%Ce derived from sol-gel is completely amorphous when compared
with SiO,:2mol%Ce derived from the combustion since there are some traces of crystalline
peaks suggesting that there is transformation from disordered structure to ordered as shown in

the previous chapters.
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Figure 9-1 Room temperature XRD patterns of (as cast) pure SiO,, a singly doped
Si0,:2mol%Ce** and singly doped SiO,:4 mol%Th* from Sol-gel derived route.

9.3.2 Photoluminescence studies
In figure 9.2 the emission spectrum of SiO2:2mol% Ce (Lexe = 227 nm) is presented.

The broad emission peak is centered at 410 nm and is ascribed to the characteristic emission
from Ce. The peak intensity of this emission is weak when compared to SiO,:2mol% Ce in
low quartz silica presented in chapter 8 (Fig. 8.4). Figure 9.3 present the emission spectra of
singly doped SiO,:4mol% Thb and co-doped SiO,:2mol% Ce, 4mol% Tb, respectively. The
excitation wavelength 227 nm gives well improved emissions from both singly doped
Si02:4mol% Tb and co-doped samples in amorphous phase compared to low quartz silica
(see Fig. 8.3). Even though the trend of the singly doped SiO;:4mol% Thb in amorphous and
low quartz is the same, the better response is evident in amorphous silica. On the other hand,
figure 9.4 and 9.5 show PL emissions (Jexc = 322 nm) of singly doped SiO2:2mol% Ce, singly
doped SiO2:4mol% Tb and co-doped SiO2:2mol% Ce, 4mol% Th samples, respectively. The
sample doped with cerium (Figure 9.4) exhibited a good photoluminescence spectrum under
322 nm excitation (a common excitation for Ce). In figure 9.5 the co-doped sample shows

also a very good photoluminescence spectrum under the excitation of 322 nm. The efficient
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energy transfer rate from Ce to Tb is clearly observed from the co-doped sample. At the
same time, emission from singly doped terbium is relatively weaker. In conclusion, the high
efficient energy transfer rate from Ce to Th is more favourable in amorphous silica compared
to low quartz. This has been seen from the photoluminescence analysis where the co-doped
sample from amorphous silica shows a high transfer rate that is four times higher than that of

low quartz.
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Figure 9-2 PL emission spectra SiO,:2 mol% Ce (Aex. = 227 Nm).
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Figure 9-3 PL emission spectra of SiO, singly doped with 4 mol%Tb* and co-doped with
2mol%Ce®* and 4mol%Tb*" under excitation at 227 nm.
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Figure 9-5 PL emission spectra of SiO, singly doped 4 mol%Tb*" and co-doped with 2mol%Ce**
and 4mol%Tb*" under excitation at 322 nm.
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9.4 Conclusion

The phosphor powders of pure SiO,, singly doped cerium, singly doped terbium and
co-doped samples were successfully prepared by sol-gel method. The XRD studies have
confirmed that all powder samples were amorphous by exhibiting a broad peak at 26 ~ 23.6°.
Photoluminescence emission from the sample excited by 227 nm exhibits an improved
emission from both singly doped and co-doped samples in amorphous silica as compared to
its counter parts (low quartz) discussed in chapter 8. On the singly doped SiO2:Ce the
emission from the excitation of 227 nm is relatively weaker compared to an excitation of 332
nm because it’s attributed to the direct excitation of Ce due to 4f—5d transition. Thus, the
efficient energy transfer rate is more evident when the excitation of 322 nm is used compared
to 227 nm excitation. . Thus, the PL intensity of the green emission was maximum for 4

mol% Tb co-doped with 2 mol% Ce.
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CHAPTER 10 SUMMARY AND FUTURE WORK

10.1 Summary

This thesis reported on the solution combustion preparation of ZnAl,04:Ce**, Tb*" |
Si0,:Ce®, Tb*, and the sol-gel preparation of SiO,:Ce**, Tb** of powder phosphors with
different concentration of Ce** and Tb** ions. The energy transfer from Ce®" ions to enhance
Tb* green emission was investigated. The XRD and HRTEM were used to analyze the
structure of the samples. The SEM was used for morphological analysis. The UV-Vis-NIR
absorbance and diffused reflectance were obtained from the Varian Cary 100 Conc. UV-Vis
and Perkin Elmer Lambda 950 UV-Vis spectrometers, respectively. The PL data were
obtained from the continuous xenon-lamp Hitachi F7000 fluorescence and Cary Eclipse
fluorescence spectrophotometers. The fluorescence decay data were recorded using an
inverted-type scanning confocal microscope (MicroTime-200, Picoquant, Germany). A
single-mode pulsed laser diode (375 nm wavelengths with an instrumental response function
of ~240 ps in full-width at half maximum, 40 MHz repetition rate, and an average power of
~1 uW) was used as an excitation source. The CL data were obtained from the Physical
Electron (PHI model 549) Auger electron spectrometer. The elemental composition analysis

of the powder phosphors was carried out using X-ray photoelectron spectroscopy (XPS).

The face-centered cubic crystal structure of the ZnAl,04:Ce®", Th** powder phosphor
was confirmed by the x-ray diffraction and HRTEM from selected area electron diffraction
(SAED) patterns. The low-quartz structure from SiO,:Ce®*, Tbh®* prepared by solution
combustion was also confirmed by x-ray diffraction. However, the SiO, powder phosphor
prepared from sol-gel showed an amorphous structure even after the incorporation of Ce®*

and Tb*" ions. The morphological properties of the ZnAl,0,:Ce**, Th** powder phosphor

128



showed plate-like structure that had little porosity distribution due to the excess of gas
liberation during the combustion reaction. Low quartz SiO, doped with different
concentrations of Ce** and Tb*" showed an agglomerated morphology with small particles

distribution.

The intense absorptions at the wavelength of 358 and 360 nm in pure ZnAl,O, as-
prepared and annealed samples were observed, respectively. This absorption bands are
known as a strong absorption of ZnO, and correspond to a charge-transfer process from the
valence band (O 2p orbits) to the conduction band (Zn 4s orbits). Thus, the presence of ZnO
was confirmed in this powder phosphors. As a result, it was evident from the XRD profile at
20 ~ 34.7°. On the other hand, the diffused reflectance from low quartz SiO, sample showed
weak absorption bands at 240 and 310 nm attributed to Si—O intrinsic defects absorption.
Equally, the amorphous SiO, sample showed one absorption band at 220 nm also attributed
to intrinsic defects. The estimated values of the band gaps from low quartz and amorphous
samples were also obtained and the calculated values were 5.2 eV for low quartz and 5.3 eV
for amorphous sample. The average band gap energy obtained between the two samples was
found to be less than the theoretical band gap energy of SiO, (BG ~ 11.8eV). This shrinkage
was attributed to impurity levels which were incidentally introduced in both conduction band

as donors and valence band as acceptors.

The photoluminescence properties of ZnAl,O,: Ce®", Th®* showed an increased green
emission line (°Ds — 'Fs) from Tb** as a result of Ce** co-doping. The fact that the increase
in Tb® green line was simultaneous with the decrease in blue emission from Ce** suggests
that excitation energy was transferred from Ce* to Tb*". As evidence of energy transfer, we
demonstrated the shortening of the decay lifetime of Ce®*" in ZnAl,O,: Ce, Tb powder

phosphor by 10.29 ns and we concluded that the shortening was a result of absorbed UV
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photons at a rate faster than the radiative transition of Ce®" states. The maximum intensity
was obtained from the sample co-activated with 0.86 mol% of Ce®*" and 1.14 mol% of Tbh**
when the sample was excited at 230 nm. There were other excitation wavelengths used to
excite the material. However, the output emissions were relatively less. These excitation
wavelengths were then attributed to either direct excitation of Ce®" or charge transfer from
0% to Tb**. It can be concluded that the activator concentration and excitation wavelength
are very important parameters for sensitized emission of phosphors by the ultra-violet (UV)
down-conversion process. The CL intensity degradation data of ZnAl,O,:Ce*, Tb*
suggested that the intensity was stable after a prolonged exposure to 2 keV electrons for 10
hours. This stability was attributed to the formation of non-luminescent protective Al,O3

layer formed according to the electron stimulated surface chemical reaction (ESSCR).

Photoluminescence from low quartz SiO,: Ce®*, Tb®* powder reduced at 1000°C
showed a very weak energy transfer from Ce®* to Th®* when the powder was excited by 227
nm wavelength, but when another excitation of 322 nm was used, then efficient energy
transfer was observed. Therefore, the excitation wavelength of 322 nm was attributed to the
direct excitation of Ce®" ions while that of 227 nm was the well known excitation from Th**
ions. Furthermore, the maximum energy transfer rate was observed from the sample co-
doped with SiO,: 2mol% Ce**, 4mol% Th**. Similarly, the PL of amorphous SiO: 2mol%
Ce*, 4 mol% Th** showed poor energy transfer from Ce®** to Th** under the excitation of 227
nm, but better than the low quartz SiO, counterparts. Efficient energy transfer rate from Ce®*
to Th®* was observed when an excitation wavelength of 322 nm was used, and this transfer

rate was higher than that of the low quartz sample.

Generally, it has been discovered that through PL studies carried out in all these three

systems; the ZnAl,O,4: Ce, Th system which was confirmed to be crystalline, showed better
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responses of luminescence compared to both the low quartz and amorphous phases of silica

based systems.

The XPS detailed scan of O 1s orbital, Al 2p orbital (as-prepared) and O 1s orbital, Al
2p orbital (annealed) respectively were fitted using the Multipak software. The XPS fitted
data of O 1s before and after annealing confirmed that the lattice O 1s peak was stable at a
binding energy (B.E) of 531.1 eV suggesting that the chemical state and hence electronic
states were not affected by annealing in hydrogen atmosphere. The other satellite O 1s peaks
obtained from as-prepared sample were at B.E ~ 528.5 eV and ~ 529.5 eV, and these peaks
were assigned to binding energies of O 1s peak in Ce-O and Tbh-O metallic oxides
respectively. The detection of the metallic oxides suggested that there was most likely small
traces of CeOy and ThOy (X<2) present in both unannealed and annealed ZnAl,Oy: ce®, Th**
samples. Apart from the discovery of new satellite observed from O 1s electronic state, a
new band at B.E ~ 532.6 eV was also observed and assigned to chemisorbed water and/or

oxygen molecules from environmental moisture.

On the other hand, the fitted data of the Al 2p peak before and after annealing showed
Al 2p peaks at lower binding energies (~ 74.2 eV) and these peaks were assigned to Al ions
occupying the tetrahedral (IV) sites while the other Al 2p peaks at higher binding energies
(~ 75.6 eV) were then assigned to the Al ions occupying the octahedral (V1) sites. Therefore,
the XPS data confirmed that there was structural readjustment from inverse to normal spinel
as a result of annealing in ZnAl,O,: Ce*, Tb*. Moreover, for low quartz XPS studies
confirmed an improved homogeneous distribution of Ce®*" ions into the silica matrix after
annealing in a reduced atmosphere. This improvement was evident from photoluminescence
studies because all as-prepared samples did not give any emission which suggested that Ce**

population was very large and well known to be optically inactive.
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10.2 Future Work

It is reported that the structure of ZnAl,O, as a host material can be obtained with the special
features of a normal spinel or spinel inversion. This behavior was observed from XPS studies
as a result of the heat treatment in a reducing atmosphere. The potential of tuning the
luminescence properties to the desired area of interest for application purposes can sometimes
not be possible due to this. Therefore, further investigations to understand how this structural
adjustment can be well controlled are very important to fully comprehend the luminescence
properties of this phosphor. It is equally important to investigate the effect of the particle size
and size distribution because in the first place, this material was chosen to be a down-
converting phosphor where UV photons absorbed from the sun can be converted to visible
range. The efficient conversion of light from UV range can entirely depend on the reduced

light scattering due to the particle size.

To fully understand the nature of down-converting phosphor where UV light is converted to
visible light emission due to different excitation sources, that is, (photons, electrons and
synchrotron radiation); extensive investigations are needed. The factors leading to
comparison to the performance of crystalline materials versus amorphous materials in order
to efficiently down-convert the luminescence into visible region with high external quantum
efficiency (EQE) needs further investigations. Interestingly, take into consideration that
down-converting phosphor can serve as a potential application for solar cells; it requires a lot
of examinations. Furthermore, since the EQE of a solar cell is equally important when
experimental devices are being designed, it will be good to carry out further investigations.
This is because EQE gives valuable information about how effectively a photon at a specific

incident wavelength is converted into e-h pair.
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