OPTIMIZATION OF SINTERING CONDITIONS FOR CERIUM-DOPED
YTTRIUM ALUMINUM GARNET

by

Robert Wesley McEachern Cranston

A thesis submitted to the Department of Mechanical and Materials Engineering
In conformity with the requirements for
the degree of Master of Applied Science

Queen’s University
Kingston, Ontario, Canada
(September, 2017)

Copyright ©Robert Wesley McEachern Cranston, 2017

Abstract
YAG:Ce phosphors have become widely used as blue/yellow light converters in camera projectors, white
light emitting diodes (WLEDs) and general lighting applications. Many studies have been published on
the production, characterization, and analysis of this optical ceramic but few have been done on
determining optimal synthesis conditions. In this work, YAG:Ce phosphors were synthesized through
solid state mixing and sintering. The synthesized powders and the highest quality commercially available
powders were pressed and sintered to high densities and their photoluminescence (PL) intensity
measured. The optimization process involved the sintering temperature, sintering time, annealing
temperature and the level of Ce concentration. In addition to the PL intensity, samples were also
characterized using particle size analysis, X-ray diffraction (XRD), and scanning electron microscopy
(SEM). The PL data was compared with data produced from a YAG:Ce phosphor sample provided by
Christie Digital. The peak intensities of the samples were converted to a relative percentage of this
industry product. The highest value for the intensity of the commercial powder was measured for a Ce
concentration of 0.3 mole% with a sintering temperature of 1540°C and a sintering dwell time of 7 hours.
The optimal processing parameters for the in-house synthesized powder were slightly different from those
of commercial powders. The optimal Ce concentration was 0.4 mole% Ce, sintering temperature was
1560°C and sintering dwell time was 10 hours. These optimal conditions produced a relative intensity of
94.20% and 95.28% for the in-house and commercial powders respectively. Polishing of these samples
resulted in an increase of ~5% in the PL intensity.
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Chapter 1
Introduction
1.1 Motivation
The aim of this work was to optimize the sintering conditions for cerium-doped yttrium
aluminum garnet (YAG:Ce). Recently, white light-emitting diodes (WLEDs) have attracted much
attention as new and economically advantageous solid-state light sources. This development of
WLEDs has led to the plentiful research on the use of phosphors in these WLEDs. At the
forefront of this research is the blue-yellow converting YAG:Ce. Combining this phosphor with a
blue LED produces a sensation of white colour from the principle of complimentary colours.
Since their introduction, these type of WLEDs have become the principal device found on the
market due to their compactness, light weight, and quick response. To this date, there has been
plentiful research conducted on this phosphor material. However, little has been done on finding
optimal processing conditions. This is due to the numerous synthesis methods and the variables in
these processes that can affect the optical properties of the produced phosphor. In journal articles
published on YAG:Ce, variables that are shown to have an impact on the formation of the
phosphor are held constant throughout testing. By failing to show the impact a certain variable
has on the result, useful information is withheld. Due to this, many papers are published stating
the optimal conditions for a YAG:Ce phosphor without testing other possible effects. An example
of this could be using only one temperature for the sintering of YAG:Ce when there is no
explanation of the effect of using a higher or lower temperature. The motivation behind this work
was to evaluate the effect of such variables as sintering temperature, sintering time, and dopant
concentration on the photoluminescent intensity of the YAG:Ce phosphor.
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1.2 History
The study of Al2O3-Y2O3 garnet material begins in 1928 when Menzer assigned the
garnet structure to the group Ia3d [1]. The garnet unit cell consists of four formula units with a
single type of Y-site. Eight oxygen atoms in a distorted dodecahedron coordinate the Y atom,
resulting in D2 symmetry. In 1967, Blasse et al. first synthesized YAG:Ce for use in flying-spot
cathode ray tubes[2]. YAG:Ce was selected for this application because of its high luminescence
efficiency, short luminescence lifetime, and a relatively long wavelength emission in the visible
spectrum. The observation of yellow emission from Ce3+ was remarkable as usually ultraviolet
(UV) or blue emission is observed for Ce3+. Blasse et al then published a second report on more
detailed spectroscopic results. This report included the position of the first four f-d excitation
bands, emission bands in the visible and ultra-violet spectral range, the quantum efficiency for the
emission from the lowest excited d-level, and the Stokes shift [3]. In the late 1970s, Robbins et al.
shown that the various defects in the crystal act as traps for electronic excitations and influence
the energy transfer efficiency of the crystal [4]. Following its application as a CRT phosphor and
for fast electron detection in scanning electron microscopes, van Kemenade et al. described the
application of YAG:Ce in low-pressure mercury vapor discharge lamps for colour conversion of
blue emission from the mercury discharge to yellow light [5]. In 1991, Nichia Corporation
pioneered the development of blue LEDs based on (In,Ga)N. This invention already raised the
concept of an LED combined with a phosphor as was seen in a patent issued at this period [6].
The invention of the blue LED revolutionized the lighting market as was recognized by awarding
the 2014 Nobel Prize in physics for the development of blue LEDs. Then in 1996 the white LED
composed of the blue LED and the yellow-emitting YAG:Ce was first commercialized. For the
conversion of the blue LED emission the yellow light emitting YAG:Ce phosphor was selected in
2

combination with the 460 nm blue-emitting InGaN LED chips [7]. The many advantages of this
WLED fit extremely well into the rapidly growing market for backlighting of small-sized LCDs
such as in cellphones or cameras. Since 1998, these LEDs have played a role in the automobile
industry because of their high efficiency, high reliability, and low driving voltage which satisfied
the requirements in car illumination and gauge displays. The availability of bright radiation at the
high-energy end of the visible spectrum provided a simple and cost-effective means of generating
white light by the process of using phosphors to partially down-convert some of the blue emission
to longer wavelengths corresponding to colors such as yellow. These white-light devices are
thriving all over the world and are increasingly replacing incandescent, halogen, xenon, and
fluorescent light sources [8].
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Chapter 2
Literature Review
2.1 Luminescence of Phosphors

2.1.1 Photoluminescence
Luminescence is defined as the emission of electromagnetic radiation in excess of thermal
radiation [9]. A material possessing this phenomena is able to absorb energy and then reemit the
energy in the form of visible light. Since phosphors are mainly used as colour converters for
image projections and white LEDs, the principle radiative energy will be supplied by LED chips.
The emitted energy from these LEDs will be in the form of photons meaning the luminescence of
this phosphor can be expressed as photoluminescence. The process in which photoluminescence
takes places begins with the excitation of an activator ion to a higher energy state. After this step
is the relaxation of the activator to the lowest energy level of the excited state. Finally the
activator ion returns to the ground state from the relaxed excited state during which a lower
energy photon is emitted.
A configurational coordinate diagram is shown in Figure 1 below to describe the PL
mechanism of an activator. The total energy of the activator is plotted as a function of r, the
distance between metal cations and anions in the lattice. The horizontal dashed lines between the
curves of the excited and ground states represent vibrational states while r0 and r1 represent the
equilibrium distance of the ground state and excited stated respectively. When the activator
becomes excited to a higher energy level, the excitation of the anion results in the diffusivity of
the electron cloud. This results in the anion assuming a greater positive charge (becomes less
negative) and therefore having a weaker attractive force to the cations. This increases the
equilibrium distance between the ions thereby expanding the crystal lattice[3]. The EX and EM
4

arrows signify the excitation and emission processes respectively. Before the emission process,
the excited state will relax to the equilibrium state of the excited level through the dissipation of
heat. Because of this heat dissipation, the emission always lies at a lower energy than the
excitation. This displacement is known as the Stokes shift [3]. When the temperature of the
phosphor exceeds a certain value, the energy from the phonons leads to the activator ion reaching
the Q point where the bands of the excited and ground state intersect. The activator will return
non-radiatively (emitting no photon) to the equilibrium configuration of the ground state, causing
heat dissipation and no emission. This is known as temperature quenching.

Figure 1: Illustration of the configuration coordinate model. r is the distance between metal cations
and anions in the lattice. The two curves represent the ground and excited states of the activator ion.
The blue and red lines show the excited and emission process respectively. Reproduced from [9]
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2.1.2 Phosphors
A phosphor can be defined as a solid material that manifests luminescence following the
absorption of energy from an external source. For phosphors, luminescence can be in the form of
fluorescence or phosphorescence. Fluorescence is when the material produces light emission
during the time it is exposed to exciting radiation, in contrast to phosphorescence when the light
emission continues after the end of the excitation [10]. Phosphors are mostly solid inorganic
materials which contain a host lattice, usually doped with impurities. The impurity concentrations
are low because at higher concentrations the impurities will decrease the efficiency of the
luminescence process. It is on these impurity concentrations that the emission take place and
when they generate the desired emission are called activator ions [11]. The colour of the emission
can be changed by choosing a specific activator ion without changing the host lattice in which the
activator ions are incorporated. On the other hand, certain activator ions show emission spectra
with emission at spectral positions which are not influenced by their chemical environment. This
is true for the case of the rare earth ions[11].
In order to understand the processes usually included in luminescence, it is necessary to
understand how photons interact with the solid-state lattices. When the emission of a photon is at
a lower energy then the energy (potentially a photon) absorbed it is termed Stokes luminescence.
The emission is due to an electronic transition from an excited state to the ground state or a lower
energy state. The excitation could be from an external source such as photons or it could be due
to energy transfers within the phosphor lattice. As explained above, this electronic transfer takes
place on the doped activator ion and its location is referred to as the optical center. In Figure 2
below, the luminescence spectra of four commonly used phosphors in solid state lighting are
shown. Depending on the host lattice used as well as the activator ion, the emitted wavelength of
the optical center can be changed.
6

Figure 2: Excitation and emission spectra for phosphors used in solid state lighting.
Reproduced from [8]
2.1.3 Physics of Light Emission in YAG:Ce
Absorption and emission in phosphors is due to electronic transitions that are electric dipole in
nature. For absorption to occurr, the oscillating electric field of the incident light induces an
oscillating dipole in the molecule. When the oscillations of the induced dipole matches the natural
frequency of the molecule, resonance occurs resulting in the molecule gaining energy from the
incident light. For the spontaneous emission that occurs in the phosphor, the emission is
stimulated by fluctuations in the zero-point energy in the electromagnetic field. This stimulation
induces an oscillating dipole in the molecule causing it to lose energy to the surrounding field
7

which leads to the emission of a photon. For both absorption and emission cases explained above,
the processes are electric dipole allowed. These include s-p, p-d, d-f transitions whereas the s-d,
p-p, d-d, and f-f transitions are electric dipole forbidden.
5d4f electronic transitions are orbitally allowed according to the Laporte selection rule
[12]. These transitions are found for the rare earth ions that can be readily oxidized, such as the
trivalent Ce3+ ion. The Ce3+ ion has the simplest electron configuration among the luminescent
rare earth ions with one 4f electron: 4f1. The emission band is large for this ion and the
wavelength location is very sensitive to the environment of the Ce3+ ion within the host lattice
[12]. This is due to the fact that the 5d orbitals are much more sensitive to the surroundings of the
rare earth ions. This means these transitions are strongly affected by the nephelauxetic effect and
crystal field splitting [9].
To better understand these effects, consider a simple model from a paper by Xia et al.[7],
which consists of the optically active dopant cation (Ce3+) and its neighbouring anions (O2-)
called ligands. Figure 3 below is a representation of this model. This octahedral six-coordinated
center, OL6, is considered and is referred to as the optically active center since the optical
transitions are localized around the central ion O and the surrounding ligands. In the YAG:Ce
system, the Ce3+ ion is on the 24(c) sites of an eight-fold cubic coordination surrounded by
oxygen ions.

8

Figure 3: Image showing the optically active center, O, surrounded by 6 ligand ions L.
Reproduced from [7]
For the Ce3+ ion, the absorption and emission properties are significantly affected by the
host lattice. This is because the energy structure of the doped ion is heavily influenced by the
chemical bonds with the neighbouring ligands. It is the interaction of the Ce3+ ion with the ligands
that bring about the nephelauxetic effect and the crystal field splitting. The nephelauxetic effect is
connected to a centroid shift, which is the shift of the average of the 5d levels to a lower energy
due to a decrease in the inter-electron repulsion [8]. The centroid shift can be determined from the
position of all 5d levels and is defined as the average energy of all 5d levels. This shift increases
with increasing covalency due to the decrease in energy of an electron in the 5d orbital. This
reduction in energy is a result of the stabilizing effects of the covalent bond [7]. Crystal field
splitting is defined as the energy difference between the maximum of the highest and the lowest
broad 5d bands appearing in excitation or absorption spectra [9]. The magnitude of crystal field
splitting depends on the bond lengths from the activator ion to the coordinating anions, the
9

molecular orbital overlap or degree of covalency between the activator ion and its ligands, the
coordination environment, and the symmetry of the activator site [8]. As the bond length or
molecule volume increases, the crystal field splitting decreases. It is also known that the
distortion of the activator site can affect crystal field splitting. By introducing larger cations into
the host lattice, the radius of host cation on the dodecahedral site increases. This causes an
increase in the field splitting and shifts the Ce3+ to shorter wavelengths. However, the emission
can be shifted to longer wavelengths by increasing the radius of ions occupying tetrahedral and/or
octahedral sites. Knowing this, it is possible to tune the excitation and emission bands of YAG:Ce
to fit desired wavelengths[13]. When the Ce3+ activator ion is placed in the host crystal, the
nephalauxetic effect and crystal field splitting lead to an overall decrease in the energy difference
between the 5d and 4f energy levels. This effect is known as the redshift and can be seen in
Figure 4 below.
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Figure 4: Image showing the redshift effects on the 5d energy levels of the cerium ion. The
diagram shows the centroid shift due to the nephelauxetic effect and the crystal field
splitting. Reproduced from [8]
As a free ion, Ce3+ has a very large energy gap between the 4f ground state and 5d
excited state. This value is ~6.2 eV (50,000 cm-1) [8]. After the redshift effects, the gap is
decreased substantially to a value of ~0.49 eV (4,000 cm-1) [8]. As shown, the two effects
mentioned above influence the energy for the 5d orbitals of the Ce3+ ion, whereas the wellshielded 4f states are not strongly affected.
YAG:Ce is widely known for having a broad emission band, which peaks in the visible
range at approximately 535 nm and results from a 5d4f electronic transition. This is exhibited
by the Ce3+ activator ion in the YAG host lattice. The energy level diagram for this ion can be
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seen below in Figure 5. Ce3+ has a valence configuration of 4f1, giving rise to the 2F5/2 and 2F7/2
low-lying energy states. This splitting into two branched terms is due to spin coupling [14]. The
excited state 5d can be divided into 5 energy levels due to crystal field splitting explained above.
The excitation of Ce3+ from the 2F5/2 level to the lowest energy 5d orbital (5d1) occurs in a broad
spectral range in the blue spectral region with a maximum at ~460 nm. However, YAG:Ce has
two main excitation bands at 340 and 460 nm. This is due to the electronic configuration of the
excited Ce3+ state reaching the 5d1 and 5d2 states. Although the 5d orbitals are known to split into
5 different energy levels, only the lowest two excited energy states are known with certainty [7].
Further work then found that the tentative positions for the 5d bands of YAG:Ce were at 457.5,
339.7, 261, 225.4, and 204.6 nm as observed by Tomiki et al[15]. Electrons excited to the 5d2
state are first relaxed to the 5d1 state before emission occurs to the ground state. Emission results
when the electrons transition back to the two 4f1 levels (2F5/2 and 2F7/2), producing the ~540 nm
yellow/green emission.
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Figure 5: Energy level diagram of cerium. Diagram shows the excitation and emission
process for the ion. Reproduced from [14]
Since this emission is in the electric dipole allowed 5d4f transition, it has a short
radiative lifetime of approximately 10 ns. It is because of this short decay time that the emission
is termed fluorescence (anything shorter than 0.1 seconds) [8]. In comparison, the forbidden 4f4f transitions have longer radiative lifetimes typically in the microsecond range.

2.2 Synthesis of YAG:Ce

2.2.1 Crystal Structure
YAG, which is one of the garnet family compounds, is a well-known commercial yellow
phosphor host. The garnets usually have a general formula of [A]3{B}2(C)3O12, where [], {}, ()
denote dodecahedral, octahedral, and tetrahedral coordination respectively [9]. The YAG crystal
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structure contains a 160 atom body-centered cubic (bcc) until cell and its structure is the last in
the space group tables (Ia-3d (230) space group). In this until cell there are eight Y3Al5O12
molecular units with interconnected octahedrons (centered on Al), tetrahedrons (centered on Al)
and dodecahedrons (centered on Y) with oxygen at the corners. These occupy the 96(h) sites with
each O linked to two Y, one Aloct and one Altetr. Al3+ has two sites in the lattice with the Aloct
occupying the 16(a) site and the Altetr occupying the 24(d) site. These sites are six and four-fold
coordinated meaning an AlO6(octa.) molecular unit is connected with six AlO4(tetr.) and an AlO4 is
connected with four AlO6 by sharing the corners. Single Y3+ occupies the 24(c) site which is
coordinated with eight O2- inside the AlOx network[9]. Figure 6 shows the crystal structure
below.

Figure 6: Crystal structure of YAG and the coordination atoms of polyhedrons for 24(c)
sites, 16(a) sites, and 24(d) sites. Reproduced from [7]
When Ce is added to the crystal structure, the Ce3+ ion substitutes Y3+ from the 24(c) site
with local D2 symmetry. The addition of Ce to YAG does not affect the crystalline structure of
the samples, but it does affect the lattice parameters of the sample. This is due to the difference in
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ionic radii between the dopants and substituted ions. Since the atomic radii of Ce3+ (1.143A) is
larger than that of Y3+(1.019 A), the addition of Ce into the crystal structure can cause an increase
in the unit cell parameter (a). The expansion of the cell parameter by increasing the dopant
concentration of Ce results in a red-shift of the emission peak wavelengths [16]. This can be
shown below in Table 1 from Nian Wei et al. [17] where the data shows the increase in lattice
parameter with an increase in Ce3+ concentration.
Table 1: Data showing the increase in lattice parameter with an increase in cerium
concentration. Reproduced from [17]
(Y1-xCex)3Al5O12

Excitation maximum

Emission maximum

ceramic

(nm)

(nm)

x=0.2%

228, 268, 339, 444

526

12.0213

x=0.1%

227, 271, 339, 451

525

12.0202

x=0.05%

227, 267, 339, 454

524

12.0194

Lattice parameter (Å)

On the other hand, if there is a partial or total transformation of Ce3+ to Ce4+, a blue-shift
in the emission peak wavelength will be observed. This is attributed to the fact that the ionic
radius of a Ce4+ ion (0.97A) is smaller than the ionic radius of the Y3+(1.019 A). By changing the
sintering temperature the lattice parameters are also affected. In studies shown on the processing
of YAG:Ce [18], the increase in sintering temperature was shown to decrease the unit cell
parameter. When the sintering temperature increased the crystallinity was improved and the
coarsening of grains occurred. This leads to the diffraction peaks narrowing which results in an
increase in the 2θ value for these peaks and a decrease in the peak full-width at half-maximum
(FWHM). This increase in the 2θ value resulted from a lower unit cell parameter value meaning
the shifts of the peaks resulted from the change of the crystal field around the Ce3+ ions.
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2.2.2 Traditional Synthesis Methods
Since its discovery as a phosphor material, YAG:Ce has been subject to intensive research on its
synthesis and characterization. In the industrial manufacturing of this phosphor, almost all
syntheses were done through solid state reaction between high purity inorganic compounds at
high temperatures. Such methods of synthesis can be divided into two different types of reactions.
The first involves introducing the activator ions into an existing host material. An example of this
would be where after particle growth of the host crystal, the activator ions are able to diffuse into
the lattice [19]. The disadvantages of these methods is that the distribution of the activator ions
will not be homogenous within the host lattice due to the inefficient mixing and the particle
growth for these methods cannot be easily controlled. These methods involve numerous steps of
milling and sieving in order to achieve a desired particle size. Due to the limitations in the
synthesis of YAG:Ce through the solid state method, impurities and defects are easily introduced
into the samples which reduce the luminous efficacy.
Manufacturing YAG:Ce using the solid state synthesis route involves using a mixture of
oxides or carbonates as raw materials. The oxides consist of aluminum oxide (Al2O3), yttrium
oxide (Y2O3), and cerium oxide (CeO2). However, raw materials like nitrate salts for the raw
materials is preferred due to providing a more even distribution of particles. There is also the
choice to convert the oxides or carbonates to their corresponding nitrates via a wet chemical
reaction in nitric acid [20]. The raw materials are then measured out according to their
stoichiometric ratio of (Y1-xCex)3Al5O12 where x is the mole percent of cerium being doped into
the host lattice of YAG. This mixture is then mixed in with a solvent, usually water or ethanol,
before being placed in a ball milling machine. This allows for a more homogenous mixture of the
reactants [21]. After milling for certain amount of time, the slurry is then dried and then sieved to
obtain a fine powder. The precursor powder can then be sintered as is or pressed using various
methods such as uniaxial mechanical compression or isostatic pressing. For the solid state
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reactions the powder is fired to temperatures usually above 1500°C for long dwell times due to
the low driving force for sintering of the oxides used. The sintering times used for the powder
varies from study to study, since there are many factors that contribute to the sintering process. In
order to find the best sintering temperature to use, optimization of the sintering conditions needs
to be done such as in the study by Chou et al. [22]. The sintering can occur in an air atmosphere, a
gas mixture of N2/H2, and in a vacuum. The sintering temperature, sintering time, and use of these
atmospheres change the defect structure and assist in the reduction of Ce4+ to Ce3+ [23]. Fluxes
such as BaF2, NaOH, SiO2, etc. can also be added to the powder to act as a sintering aid which
improves crystallinity and achieves smaller grain size at lower sintering temperatures [24], [25].
2.2.3 Newer Synthesis Methods
The newer methods for the synthesis of YAG:Ce which have been introduced in the last 25 years
or so comprise solution based methods and spray techniques. Solution based chemical synthesis,
also known as wet chemical methods, are techniques that do not involve the normal mixing,
calcinations, and milling operations of the traditional methods. These methods which include
hydrothermal, sol-gel, co-precipitation, combustion, and spray pyrolysis have received growing
popularity due to their many improvements over the solid-state method. The solution based
methods allow the control of homogeneity, purity of phase, size distribution, surface area, and
microstructural uniformity of the phosphors.
The hydrothermal method involves the chemical reaction of a substance in a sealed
heated solution which is above ambient temperature and pressure. The main advantages of this
method is that it allows for the synthesis of materials with high purity, good dispersion, and
controlled shapes at lower reaction temperatures[26], [27]. From the study [17] by B. Huang et
al., they achieved YAG:Ce phosphors with better crystallinity and emission intensity than
samples prepared via solid-state method. This resulted in an increase in the lattice parameter and
allowed for stronger crystal field around the Ce3+. As explained in section 2.2.1, this increase in
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the lattice parameter resulted in the red-shifted photoemission. This is more desirable as it allows
for a higher colour rendering index, which is more suitable for image projection, white light
emitting diodes and general lighting applications.
The sol-gel method is based on forming concentrated colloidal sol-oxide and converting
it to a gel (after hydrolysis and condensation). A thermal treatment is then performed on the gel to
obtain the YAG:Ce powder. The advantages to the use of the sol-gel method is that it allows for
better homogeneity, relatively lower sintering temperature, convenient process control, and
higher purity [28]. For this method the steps to producing the powder first involve dissolving
nitrate salts of the precursor powder in water. A chelating agent, such as citric acid, is then added
to the mixture and stirred while heating. This process allows the gel to form which can then be
calcined to allow for the pyrolysis of organic compounds. One this step is completed, the
phosphor powder is ready for firing to form dense ceramics.
The co-precipitation method is another wet-chemical method that involves a reaction
between a solution of the main reactants (sources for Y and Al), an acid solution of the dopant ion
cerium, and a precipitation agent to form a precipitate. After aging, washing, and drying, the
precipitate is then synthesized at high temperature to produce YAG:Ce. The advantages of this
method over the solid-state method is that it provides good composition homogeneity, good
crystallinity, and pure phase at low temperature [29]. The disadvantage to this solution based
formation route is that the processes are very complex and hard to control [30]. The raw material
solution formed from nitrate salts is dropped into the precipitating agent which can be a number
of agents but the one used predominately is NH4HCO3 [21], [29]–[31]. After precipitating, the
process becomes extremely complex as aging, filtering, washing, rinsing, drying, milling, and
thermal treatments are conducted to produce the final powder.
Combustion synthesis is a wet-chemical method which involves exothermic redox
reactions that undergo self-sustaining combustion. The benefits of this method are that it is a fast,
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energy saving, and low cost method [32]. The mixtures consist of oxidizer (nitrides of Y, Al, and
Ce) and reducer (fuels such as urea or glycine) undergo spontaneous combustion while being
heated which allows the chemical energy from the reaction to heat the precursor materials to high
temperatures. While only providing a low temperature to activate the reaction, the exothermic
reaction provides the high heat to allow for the formation of and crystallization of YAG:Ce. In
the starting aqueous solution of reactants, carbohydrates trap the metal ions. This guarantees the
homogeneity of their space distribution and reduction of the diffusion barrier [33]. After the
reaction has taken place, high temperature calcination (900-1000°C) transforms the products into
mono-phase YAG:Ce with high crystallinity [32]–[34].
Spray pyrolysis is powerful aerosol technique used to synthesize a variety of high purity
and homogenous ceramic powders. It is capable of providing spherical particle morphology, good
crystallinity, and uniformity in size and shape [35]. These qualities of the ceramic powder allow
for enhanced uniform distribution of the luminescent centers in the host matrix which influences
the final luminescent properties. The procedure for this synthesis route first involves making an
aerosol solution of the precursor nitrates. This solution is then atomized using an ultrasonic spray
generator which generates large amounts of droplets of the solution. The droplets are then fed into
a furnace (usually in the flow of a carrier gas) and deposited onto a hot substrate. The aerosol
then undergoes a pyrolytic reaction which transforms the droplets into a fine powder. This
method allows for a fine-tuning of the morphology of the powder due to having control over the
concentration, the droplet size, and the residence time in the furnace. This method can lead to
finely dispersed, nano-sized particles with good luminescent properties [35], [36].
In the paper by Pan et al., a comparative investigation was done on the synthesis and
photoluminescence of YAG:Ce [21]. The group compared YAG:Ce synthesized via the
combustion, sol-gel, co-precipitation, and solid state methods. A comparison of the emission
spectra produced by these methods can be seen in Figure 7. As can be seen from the figure, a
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redshift of the Ce3+ emission occurred for the samples prepared by combustion and solid state
synthesis. This can be explained by crystal field splitting. The smaller particles obtained by the
sol-gel and co-precipitation methods result in higher surface tensions. Due to these higher surface
tensions, the unit cell decreases which in turn causes the crystal field splitting to decrease [37].
Therefore the samples produced by combustion and solid state will have a larger field splitting
which results in the shift of the emission to a higher wavelength. The large size of the particles
from combustion and solid state synthesis also result in the more intense luminescence compared
to the sol-gel and co-precipitation methods.

Figure 7: Emission spectra of 4 mol% YAG:Ce prepared by solid state (a), combustion (b),
sol-gel (c), and co-precipitation (d). Reproduced from [21].
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2.3 Defect Structure

2.3.1 Defects as Traps
One of the goals of producing high quality phosphors is to ensure a maximum quantum efficiency
of light produced. This means having the amount of photons emitted as close to the number of
photons absorbed by the phosphor material. With phosphor materials, especially with a
polycrystalline one such as YAG:Ce, there will always be defects present which reduce the
efficiency. These defects can be intrinsically present in the material or intentionally introduced
[38]. These non-emitting defects effectively trap the mobile charge carriers produced from
incident photons, preventing the energy from reaching the activator ion at all [39]. These traps
provide pathways for non-radiative recombination (charge carriers recombine without releasing a
photon) which reduces the quantum efficiency of the material which severely affects the
luminescent properties of the phosphor. Therefore it is important during the synthesis of these
phosphor materials to try to limit the amount of defects produced, as they play a major role in the
quenching mechanisms of phosphors [40]. The current section looks at the main defects produced
in YAG:Ce and how they affect the luminescent properties.
The first studies on the effects of defects in YAG:Ce was performed by Robbins et al. in
the late 1970’s. The papers showed how various defects acted as traps for electronic excitations
and influenced the energy transference efficiency of the crystal [4], [41]. In the papers published
by the group, various spectral, kinetic, and relative quantum intensity measurements were
performed on YAG and Ce-doped YAG. From the measurements, an emission band was found in
the un-doped crystal that corresponded to an unrelaxed and relaxed defect state of the lattice. In
the Ce-doped YAG it is these defect states that compete with the activator ions as excitation
recombination pathways. A kinetic model was presented where the energy trapped at the defect
centers could be thermally released, allowing for interactions between the defects and the
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activators. Temperature dependence measurements confirmed that this kinetic model fit the
experimental data, demonstrating that the energy transfer between defects and activators occurs
predominately via thermal release rather than by long-range resonance transfer [4]. Further
studies found that at least three defect centers were present in YAG:Ce that acted as
recombination or trapping centers, yet the nature of these defects were unknown to the group
[41].
In a paper by Zych et al., emission spectra and decay kinetics were measured for
YAG:Ce to better understand the kinetics of cerium emission in YAG [42]. From their findings,
they attributed the unusual kinetic behavior of YAG:Ce to the presence of as many as 11 shallow
traps whose presence were confirmed by thermoluminescent glow peaks. Depending on the
temperature, the traps act as a temporary way-station for the free carriers that carry the excitation
energy to the cerium ion. These traps effectively delay the emission beyond what the radiative
decay would produce, thereby increasing the decay time.

2.3.2 Oxygen Vacancies
In 1985, a series of papers published by Rotman et al. aimed to identify the nature of the
defects and quantify their concentrations under specific atmospheric and temperature conditions
[43]. The first paper first suggested the theory behind the defect structure of YAG:Ce was based
on doubly ionized oxygen vacancies. They showed this by first outlining the defect model for the
oxygen vacancies and relating them to the corresponding mass-action relation. These equations
were then simplified by examining solutions under conditions in which the neutrality equations
were reduced to two terms. A more detailed explanation is shown in the following equations.
First there is the generation and recombination of electrons and holes which can be expressed
(using Kroger-Vink notation) as
𝑂 → 𝑒′ + ℎ
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(1)

And the corresponding mass-action relation yields an np product of the form
𝑛𝑝 = 𝐾𝑖 (𝑇) = 𝐾𝑖0 exp (−

𝐸𝑔
)
𝑘𝑇

(2)

Where Eg, is the thermal energy gap of the crystal. The next defect equation involves the
production of oxygen vacancies Vo.. by the removal of oxygen from the crystal into the gas phase.
1
𝑂𝑜 ↔ 𝑉𝑜.. + 2𝑒 ′ + 𝑂2
2

(3)

The corresponding mass-action relation is given by
−

1

1
−

𝑛2 [𝑉𝑜.. ] = 𝑃𝑂22 𝐾𝑖 (𝑇) = 𝐾10 𝑃𝑂22 exp (−

𝐸1
)
𝑘𝑇

(4)

Where PO2 is the partial pressure of oxygen and E1 is the energy characterizing this redox
reaction. The final defect equation is that involving the charge neutrality requirement. This is
described as
𝑛 + [𝐴′ ] = 𝑝 + 2[𝑉𝑜.. ]

(5)

Where it has been assumed that the predominant lattice defect is assumed to be a doubly-ionized
oxygen vacancy. In (5) above, A’ is the acceptor impurities. To begin simplifying the analysis,
specific conditions must be introduced to reduce the equation to two terms as explained above.
Under highly reducing conditions, such as in a vacuum, large concentrations of oxygen
vacancies are generated which are then balanced by the electrons released into the conduction
band by these donors. This is due to the highly reducing conditions removing oxygen from the
lattice. This simplifies (5) to
𝑛 = 2[𝑉𝑜.. ]
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(6)

The second condition involves decreasing the amount of reduction so that a condition of nearly
complete compensation is achieved between the oxygen vacancies and the acceptor impurities
(A’). This can be described by the following equation
[𝐴′ ] = 2[𝑉𝑜.. ]

(7)

The final condition is under oxidizing conditions and can be expressed as
[𝐴′ ] = 𝑝

(8)

However, Rotman et al. state that this final condition can never be fully met as the
conductivity of YAG:Ce only reaches p-type at the highest partial pressure. Following these
equations, solutions were found for all three conditions which showed their dependencies on the
partial pressure of oxygen. By showing that their the conductivity results matched to the specific
partial pressure dependencies, Rotman et al. were able to conclude that the data was consistent
with the doubly ionized oxygen vacancy defect model.
This theory was further confirmed in another paper by Rotman et al. which showed that a
nonluminescent defect appeared to be partially responsible for an optical absorption observed
between 200-300 nm [44]. The group also showed how the absorption peak of this
nonluminescent defect would decrease with an increase in the partial pressure of oxygen while
the emission spectrum for a luminescent defect and the cerium ion both increased with a decrease
in the partial pressure of oxygen. They demonstrated this by performing a series of
photoluminescence tests on YAG:Ce samples that were annealed in oxygen and reducing
atmospheres. From analyzing the spectral data, they accounted for three nonexclusive
mechanisms that were resulting in the increase in the defect luminescence which supported the
model of luminescent doubly ionized oxygen vacancies
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2.3.3 Anti-site defects
Along with oxygen vacancies, another type of defect found in YAG:Ce is the YAl and AlY antisite
defect (AD). This defect is the most dominant of the intrinsic defects found in YAG [45]. In
single crystal form, these ADs, in which the yttrium and aluminum ions switch sites, lower the
real symmetry of the pure garnet from cubic to trigonal. These defects are known to be present in
all forms of YAG and their concentrations are strongly dependent on the preparation method,
mostly on the temperature used.
In a first principles study by Munoz-Garcia et al., they showed the interactions between
Cey substitutional defects and YAl-AlY antisite defects in YAG [45]. The calculations showed
attractive interactions between Cey and the ADs. The presence of the antisite defects cause a
strong anisotropic expansion of the atomic structure around the doped Ce ions, as well as a strong
distortion of the YAG unit cell. They also showed that the formation of a second AD is less
favourable than the formation of a single AD in a YAG:Ce unit cell meaning that the presence of
Ce tends to lower the concentration of AD in YAG.
As mentioned above, the preparation method used to make YAG:Ce can greatly influence
the concentration of anitsite defects in the material. In a comparative investigation by Zorenko et
al., it was concluded that the luminescent behavior of optical YAG:Ce more closely resembled
the luminescent behavior of single crystal film YAG:Ce as opposed to single crystal YAG:Ce
[46]. One of the reasons for this was that optical YAG, ceramics made using nano-powders and
low-temperature solid state reactions, had a lower concentration of antisite defects with respect to
single crystal YAG:Ce. In single crystal YAG:Ce, the role of these antisite defects as emission
and trapping centers during the process of excitation of Ce3+ is very significant [47]. In the optical
ceramic YAG:Ce, it was found that the luminescent properties were a result of antisite defects
and charged oxygen vacancies located on the boundaries of grains. These defects were acting as
trapping centers, interfering with the transfer of energy from the host to the Ce3+ ions.
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2.4 Effects of Sintering
The purpose of sintering is to densify a precursor powder into a solid ceramic. This is achieved by
heating the powder to high temperatures and dwelling the powder at said temperature in order to
provide enough thermal energy for the process of densification. In some cases, the sintering
process also brings about a phase change. If using the solid state reaction method, the precursor
oxides need to be sintered to first create the YAG phase before densifying.
This is a crucial stage in the synthesis of YAG:Ce and has a key role in determining the
luminescent properties of the ceramic produced. Therefore it is beneficial to investigate factors of
the sintering process and see how they affect the luminescence. The main factors involved during
sintering are the temperature the powder is sintered at, the duration of the sintering, and the effect
of using sintering aids such as a flux to improve sinterability.

2.4.1 Sintering Temperature
The activation energy for sintering is very high and the driving force for the process is very low.
Therefore a high temperature is needed to achieve the proper formation of YAG:Ce and high
emission intensity. Depending on the temperature used, different reactions of the precursor
powder will take place. The possible reactions for YAG:Ce are shown below [48]. During the
sintering process many phases may form. These include YAlO3 (perovskite structure, also known
as YAP), CeAlO3, Y4Al2O9 (monoclinic structure, also known as YAM), and the desired phase
Y3Al5O12 (garnet structure, also known as YAG). In the Y2O3-Al2O3 system, the ions diffuse to
first form YAM, then YAP, and then finally YAG. The formation of YAM first occurs between
approximately 900-1100°C, and consists of the combination of Y2O3 and Al2O3.
2𝑌2 𝑂3 + 𝐴𝑙2 𝑂3 → 𝑌4 𝐴𝑙2 𝑂9

(9)

As the temperature is increased to between 1100-1400°C, the formation of the YAP phase begins
from the combination of Y2O3 and Al2O3.
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𝑌2 𝑂3 + 𝐴𝑙2 𝑂3 → 2𝑌𝐴𝑙𝑂3

(10)

Also occurring during this temperature range is the phase transition of the YAM phase into the
YAP phase as shown below.
𝑌4 𝐴𝑙2 𝑂9 + 𝐴𝑙2 𝑂3 → 4𝑌𝐴𝑙𝑂3

(11)

Finally, at the temperature range of approximately 1300/1400-1600°C, the transition of the YAP
and YAM phases to the YAG phase begins.
3𝑌𝐴𝑙𝑂3 + 𝐴𝑙2 𝑂3 → 𝑌3 𝐴𝑙5 𝑂12

(12)

𝑌4 𝐴𝑙2 𝑂9 + 𝑌2 𝑂3 + 4𝐴𝑙2 𝑂3 → 2𝑌3 𝐴𝑙5 𝑂12

(13)

By performing X-ray diffraction analysis of the prepared YAG:Ce, it is possible to determine
whether the crystal structure is pure YAG at a specific temperature. Many papers show the X-ray
diffraction results and how the structure transitions over the change in temperature for YAG [18],
[23], [24],
The emission intensity is also influenced by the sintering temperature. With the increase
in sintering temperature, the emission intensity will increase. This is can be explained in two
ways. The first being that the cerium originally introduced into the precursor powder is of the
form Ce4+. This form of Cerium does not result in any luminescence so is undesirable. Therefore
high sintering temperatures can allow for the removal of oxygen from the precursor powder and
create a small reducing atmosphere. This reducing atmosphere is what allows for the Ce4+ to be
reduced to Ce3+. The second reason involves the solubility of cerium in YAG. At low
temperatures, the large cerium ions cannot enter the host lattice easily and can be present on the
surface or at grain boundaries [49]. When the sintering temperature rises, the solubility of cerium
increases due to the host lattice expanding. This allows for a greater number of ions to become
luminescent centers.
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The increase in emission intensity will happen up until a peak temperature is reached.
After this peak, the intensity will begin to decrease. As the sintering temperature increases, the
crystallinity of YAG:Ce is improved and the grain size beings to increase. As the grain size
becomes too large, propagation direction of light is slightly changed because these large grains
scatter light. This increases the trapping efficiency of the emitted phosphor light and results in
absorption loss [50]. Another explanation for this decrease in emission intensity would be the
increase in cross-relaxation between the luminescent Ce3+ centers [51]. The higher sintering
temperature causes the cell parameter to further decrease, resulting in an increase in the resonance
between the cerium ions. This interaction between the ions results in the crystal surface acting as
a quenching center, thereby reducing the emission intensity [52]. The effect can be seen in Figure
8 below.
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Figure 8: Emission spectra of YAG:Ce showing the influence of sintering temperature on
intensity. Reproduced from [52]

2.4.2 Sintering Time
Along with the sintering temperature, the sintering duration is an important parameter in
determining the emission intensity of the synthesized YAG:Ce. The main effect of increasing the
sintering duration is the evolution of the microstructure [25]. The longer the material is held at a
high temperature, the larger the grain size becomes. A long duration can also improve the
crystallinity and the homogeneity of the sample as it allows more time for the Ce3+ to enter the
lattice. However, this method is not as effective for producing a more complete reaction such as
changing the sintering temperature. This is because the sintering time only contributes to the
morphology of the material. It allows for a homogenous distribution of grains with large size and
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fewer defects. Sintering temperature is more efficient as it not only improves crystallization, but
allows for the Ce3+ ions to enter the YAG lattice [21]. The sintering time determines how large
the grains will be, as well as determines how much cerium can enter the host lattice. Figure 9
below shows the effect of sintering time on the emission intensity. At low times, only a small
portion of the doped cerium ions have entered the lattice, resulting in the low emission intensity.
As the time is increased, the crystallinity of the material has improved and enough cerium has
entered the lattice to create a peak intensity. Once the time goes beyond this peak, the grain size
and doped cerium concentration become too large. This brings about the concentration quenching
effects where the luminescent centers are competing for activation energy, resulting in an
intraionic non-radiative relaxation between Ce ions [20].

30

Figure 9: Effect of sintering time on emission intensity of YAG:Ce. reproduced from [34]
2.4.3 Sintering Additives
Sintering additives, or fluxes, are used to enhance the sintering ability of YAG:Ce ceramics. By
adding in small amounts of these compounds, the morphology of the YAG:Ce lattice can be
improved while reducing the sintering temperature. Additives such as NaOH, BaF2, YF3, Li2CO3,
NaF, SiO2, etc., can be added to obtain greater crystallinity and to decrease grain size [53]. In a
paper by Li et al.[54], the effects of adding both SiO2 and MgO to YAG during sintering were
examined. It was found that the silica additives can have beneficial effects during sintering such
as increasing the grain boundary diffusion coefficient. It was also found that the MgO can help
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promote the formation of oxygen vacancies as well as segregate at the grain boundaries to impede
the continuous growth of grains during the final stages of sintering [54]. Papers by C.W. Wonget
al. and Liang et al. presented the use BaF2 as a flux and how it affected the emission intensity of
YAG:Ce [48], [55]. The BaF2 flux melts at high temperature into an ionic liquid which helps
promote nucleation and growth. This growth produces large particles which provide efficient
light emission. However, if too much BaF2 is added, the excess flux will not be able to evaporate
from the phosphor and the impurities will decrease the emission intensity [55].
To further expand on silica (SiO2), the effects of silica during the sintering of YAG:Ce
were studied by Nien et al. They found through photoluminescence analysis that the samples with
an increased silica content demonstrated a higher emission intensity. Nien et al. put forth two
explanations for this conclusion. First the Si replaced the tetrahedral Al sties and induced a
homogenous diffusion as well as a uniform distribution of the Ce dopant in YAG [56]. This is due
to the smaller ionic radius of Si (0.026 nm) than that of Al (0.039 nm). The second reason was
that during sintering, a liquid phase would occur due to the addition of silica which enhanced the
early stages of sintering and impeded abnormal grain growth in the later stages [57].This allowed
for a more homogenous distribution of Ce ions which inhibited the concentration quenching
effect. The results of this testing can be seen in Figure 10 below. The plot shows the increase in
normalized intensity for each of the temperatures (980°C (a), 1200°C (b), and 1400°C (c)) as well
as the increase in intensity for YAG:Ce with different silica content (0 wt% at 980°C (d), 0 wt%
at 1400°C (e), and 5 wt% at 1400°C (f)).
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Figure 10: Increase in emission intensity due to the addition of silica. (a), (b), and (c)
represents a sintering temperature of 980°C, 1200°C, and 1400°C, respectively. (d), (e), and
(f) represents 0 wt% silica at 980°C, 0 wt% silica at 1400°C, and 5 wt% silica at 1400°C,
respectively. Reproduced from [56]
The benefits of adding silica to YAG were further studied by Wang et al., in which they
discussed the induced valence state variation of cerium brought about by the silica [58], [59]. An
emission spectra plot from their results can be seen in Figure 11 below. The group suggested the
imbalance of charge between the Si4+ and the Al3+ ion promotes the formation of defects in the
host crystal and enhances the reduction degree of Ce4+ to Ce3+[59], [60]. In the figure below,
Wang et al., showed how the addition of silica helps improve the emission intensity by promoting
the reduction of cerium. However, the risks with adding impurities into the lattice also present
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itself. The excess silica can result in the decrease of emission intensity [39], thermal quenching,
instability of valence state of cerium, and the formation of impurity phases of YAP and YAM
[59].

Figure 11: Emission spectra showing the effect of silica addition on the luminescent
intensity. Reproduced from [59]
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Chapter 3
Research Objectives
3.1 Objectives
Currently, YAG:Ce is a widely used ceramic phosphor for commercial application in scintillators,
afterglow materials, and most notably as color converters in white light emitting diodes. There are
many ways in which this phosphor material can be produced as discussed in Section 2.2, which
starts to raise many questions. Which method produces the best PL intensity? Some comparative
and optimization papers have been written [20]–[22], [34], but considering how widely used this
phosphor is, there should be more. This research was designed to investigate important effects on
the synthesis of YAG:Ce and tweak the parameters to find the best conditions to produce the
phosphors. The main synthesis route used today is the solid state method as it produces high
quality phosphors with low concentrations of impurities. Therefore this research will optimize
around the parameters involved with this method. By optimizing the synthesis conditions,
phosphors with higher emission intensities can be produced.

3.2 Conditions to optimize
The method of synthesis chosen for this research was the solid state (SS) method, which is
discussed in detail in Section 2.2.2. The reason for selecting this method was due to the high
purity of the raw materials. The use of newer wet chemical methods can introduce impurities into
the crystal structure which would decrease PL intensity. With the method chosen for producing
the YAG:Ce optical ceramics, the optimizing conditions were selected next. Due to a strong
effect of sintering conditions on photoluminescence, particular attention was given to each
parameter. The parameters chosen for the SS method are the dopant concentration, the sintering
temperature, sintering time and thermal treatment. In Section 2.4, various papers were discussed
that investigated the effects of controlling some of these parameters. However, these papers
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didn’t fully optimize the conditions required for maximum emission. For example, in the paper by
Michalik et al., only the effect of sintering temperature on emission intensity was studied in detail
[49]. Figure 12 below shows the results from this paper. The paper presents a temperature of
1650°C as producing the highest emission intensity but the results show no testing done at higher
temperatures. Therefore it isn’t clear whether they found the optimal temperature for intensity, as
going to a higher temperature could have possibly produced better results.

Figure 12: Influence of sintering temperature on PL intensity of YAG:Ce. Reproduced from
[49]
The optimizing condition that was rarely discussed was the sintering time. In most papers
on the synthesis of YAG:Ce, a single sintering time was chosen for the experiments [23], [61],
[62]. This time may have been selected from previous literature, but the reader has no way of
knowing why this specific sintering duration was chosen. The sintering time, though not as
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critical as compared to the sintering temperature, can still influence the optical properties of
YAG:Ce.
Out of the four parameters chosen for this research, the influence of the dopant
concentration was the most commonly discussed condition in the literature [13], [17], [18], [23],
[32], [62]. Dopant concentration is very important for the optical properties for YAG:Ce, because
it is the Ce3+ ion that forms the luminescent center in the YAG lattice. By increasing the doping
concentration of the Ce3+ ion, more luminescent centers will be formed in the host lattice
resulting in higher emission. However, if the concentration surpasses a critical amount, negative
effects begin to dampen the intensity. This can be seen in Figure 13 below from a paper by Wei et
al. [17] where the emission intensity increases with dopant concentration up to a certain amount.
With more Ce added, the emission intensity begins to decrease from this maximum. One of the
main effects is concentration quenching. The quenching effect is caused by the presence of nonradiative de-excitation pathways brought about by Ce3+ ion interactions. Activator ions excited by
photons will share their energy with an activator ion in the ground state causing both ions to shift
to an energy level between the two states. This cross-relaxation will not result in a photon being
emitted, effectively lowering the quantum efficiency of the phosphor. At higher Ce3+
concentrations, more Y3+ ions are being replaced in the lattice. Since the size of a cerium atom is
larger than an yttrium atom, the distortion in the host lattice will increase with the higher dopant
concentration. The larger distortion will result in the presence of more defects which can also
provide pathways for non-radiative recombination. The effects of these defects are described in
more detail in Section 2.3.
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Figure 13: PL excitation and emission spectra of YAG:Ce ceramics with different Ce
concentrations. x=0.2%(solid black line), x=0.1% (dashed red line), and x=0.05% (dotted
blue line). Inset shows relative intensity of the excitation bands centered around 450 and
339 nm as a function of Ce concentration. Reproduced from [17].
The sintering temperature, sintering time, and dopant concentration greatly influence the
luminescent properties of YAG:Ce. By being able to understand and control the effects they have
on the luminescence, the optimal conditions for producing YAG:Ce with high luminous intensity
can be achieved.

3.3 Materials Selected
In the present work high purity yttrium oxide (Y2O3, yttria) and aluminum oxide (Al2O3, alumina)
were chosen as the raw materials for this work. In order to achieve satisfactory mixing and
homogenization of the mix, extremely fine particle sizes on the nano-scale were chosen. The
material selected for doping the cerium was cerium nitrate hexahydrate (Ce(NO3)3.6H2O). This
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nitrate was selected so that during the mixing of the reagents, the nitrate would dissolve in the
aqueous solution and provide more homogenous mixing of cerium in YAG. The stoichiometric
mixing of these three precursor materials is the first step in synthesizing YAG:Ce. For the rest of
this paper, the powder produced by the SS method will be referred to as the In-house synthesized
samples.
In order to provide valid results on the intensity, a comparison to commercial phosphors
will be made. The reference samples were produced from the purchased commercial-grade
YAG:Ce powder that was ready for sintering. Using this powder, it will be possible to compare
the optimized results from the In-house produced samples to the optimized results of the
commercial powder.

3.4 Goals
The goals of this research were to optimize the sintering parameters (sintering temperature,
sintering time and dopant concentration) for YAG:Ce in order to produce a phosphor with high
PL intensity. By providing useful information on the process used to achieve this optimization, a
YAG:Ce phosphor ceramic can be produced with a luminescent intensity that meets or exceeds
phosphors currently produced on the industrial level.
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Chapter 4
Experimental Approach
4.1 Preparation of YAG:Ce
4.1.1 Mixing of Reagents
To begin the process of synthesizing YAG:Ce via the SS method, the precursor compounds need
to be well mixed to produce a homogenous crystal structure. This process was only conducted
with the in-house samples as the commercial powder purchased is already pure YAG:Ce. The inhouse mixture was made using high purity (99.99%), nano-sized Y2O3 and Al2O3 from Baikowski
Malakoff Inc. The cerium dopant used was Alfa Aesar Cerium (III) nitrate hexahydrate with a
purity of 99.99%. For the commercial powders, 0.3 and 0.1 mole% YAG:Ce was purchased from
Baikowski Malakoff Inc. The mixing begins by first weighing stroichiometric amounts of the
precursors. The chemical formula of YAG:Ce is Y3Al5O12, where Ce3+ replaces Y3+ as shown in
the formula (14) below.
(𝑌1−𝑥 𝐶𝑒𝑥 )3 𝐴𝑙5 𝑂12

(14)

In this formula, “x” is the mol percent of cerium doped into the lattice. For the testing of the inhouse samples, 15g of 5 different doping concentrations were produced. The concentrations
ranged from 0.1-0.5 mol% Ce. Knowing this, an Excel chart was made to assist in calculating the
proper amounts of precursors needed for each sample. An excerpt of this Excel sheet can be seen
below in Table 2. In order to make 15g of 0.1 mol% cerium, plugging in 0.001 into Equation (9)
above yields 2.997 mole of yttrium, 0.003 mole of cerium, 5 mole of aluminum, and 12 mole of
oxygen. The precursor oxides yttria and alumina used in the mixture have chemical formula of
Y2O3 and Al2O3 respectively. Since the precursors used have different mole ratios, these need to
be taken into account in the calculations. As seen in Table 2, the 2 moles in yttria and alumina
mean that 2 times less mole was needed in the calculations. Dividing the mole of Y and Al by 2
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resulted in mole of 1.4985 and 2.5 respectively. For cerium, the initial calculations involve using
the chemical formula of ceria, CeO2. Even though cerium nitrate hexahydrate was used, this
nitrate decomposed into CeO2 at high temperatures. The concentration of CeO2 in the nitrate was
approximately 39.5% which is close to results from literature [63]. Using this ratio, the mole of
cerium needed was calculated and then later divided by this ratio to determine the amount of
nitrate to add to the precursor mixture. Since the mole ratio in Equation (9) and in ceria are the
same, no changes were made to the mole of ceria needed. Once all the mole of precursor were
accounted for, the weight percentages were calculated in order to later find the mass of each
powder needed. To calculate the mass ratio, each mole amount was multiplied by the molar mass
of each element. The molar mass of yttrium, aluminum, and cerium are 225.8099, 101.9613, and
172.1148 g/mol respectively. Taking these multiplied values dividing them by the total of all
three allowed for the calculation of the weight percent. The values can be seen in Table 2 below.
Finally, the mass of the oxides needed for yttria, alumina, and ceria was determined by
multiplying the weight percent by the 15g of the total mixture. The amount of nitrate needed for
the amount of ceria was then found by dividing by the mass ratio mentioned earlier.
Table 2: Data used to determine the amount of precursor materials needed for the synthesis
of 0.1 mole% YAG:Ce.
Total Mass (g)
Mole Percent (%)
Stoichiometry
Mole
Mole of Oxides

15
0.1
Y
2.997
1.499

Ce
0.003
0.003

Al
5
2.5

O
12

Mass Amount (g)

Yttria
338.4

Ceria
0.5163

Alumina
254.9

Total
593.8

Weight Percent (%)

56.99

0.086

42.93

Mass Needed (g)
Mass Nitrate (g)

8.548

0.013
0.033

6.439
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These calculations were carried out for each dopant percentage and the full Excel sheet
can be found in the appendix (A.1.).Once the mass values were found, the correct amounts were
weighed out on a Sartorius BP2215 scale. Once the measurements were done, the powders and
nitrate were added into a plastic mixing bottle having a volume of 250 ml. 150g of alumina balls
were added to the contents of the bottle to help provide homogenous mixing. In order to allow for
proper mixing of the precursors, approximately 20 ml of water was added to the mixture to
provide an aqueous medium. With contents added, the bottle was sealed and placed on a ball
milling machine for 6 hours to allow for complete mixing of the slurry. Figure 14 below shows
the ball milling machine. During the initial stages of ball milling, the slurry was checked to make
sure there was a proper amount of water in the mixture. The viscosity of the mixture was to be
almost mud-like, so having the mixture being too dry or too watery was avoided. Water was
either added or the mixture was set to evaporate in order to find that optimal viscosity. On
average there was about 20 ml of water added to each mixture.

Figure 14: Ball milling machine used for the mixing of precursor materials.
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After the 6 hours of mixing, the slurry was emptied out into a glass beaker, and placed in
an oven at 80°C for several hours until the mixture dried completely. Once dry, the mixture was
sieved using 200 µm mesh to obtain a fine white powder. The powders were then emptied into
labeled bags indicating the dopant concentration. The powders were now ready to be pressed.
4.1.2 Pressing of Powders
After in-house powder synthesis and characterization, green compacts were produced by first
uniaxial mechanical pressing followed by isostatic pressing. The process for this involved
measuring out approximately 0.6g of the selected powder on the scale mentioned earlier. For each
powder (both in-house and commercial) 5-10 samples were pressed under pressure of
approximately 139 MPa. This pressure was used to allow the compressed powder to densify
enough so as to not break apart when transferring the compacts to the isostatic press. Once this
was performed on every measured powder sample, the next phase of pressing could begin.
In order to eliminate the uneven distribution of density in the course of uniaxial
mechanical pressing, the green samples were pressed isostatically under pressure of 180 MPa.
Before pressing the samples needed to be labelled and vacuum sealed in a plastic bag to prevent
penetration of liquid in the green compacts. Once sealed the plastic sleeves were then placed in a
sample holder that was to be placed into the pressure chamber of the Fluitron Isostatic Press seen
in Figure 15 below.
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Figure 15: Cold isostatic press machine used for the pressing of samples before sintering.
Following the instructions for the machine, the samples were submerged in the
compressing fluid inside the chamber before activating the pressurizing pump. The pressure was
then monitored and slowly raised to a pressure of 185 MPa. Once this pressure was reached, the
pump was turned off and the pressure was held for approximately 2 minutes. After this time, the
pressure was slowly released so as not to break the plastic sleeves containing the samples. This
whole process lasted around 30 minutes to complete. Once the pressure was fully released, the
samples were removed from the packaging and were ready for sintering.
4.1.3 Sintering and Density Measurements
The sintering process began by outlining what samples were going to be sintered and at what
temperature and time. Depending on the test, multiple samples could be sintered at the same time,
or only one sample. The samples selected for sintering were placed inside a ceramic crucible on a
powder bed of alumina. The samples were then covered with the alumina powder to allow for the
sample to be evenly surrounded for more improved heat distribution. The crucible was also
covered with a lid to provide a more confined atmosphere to assist in the reduction process of
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cerium. With the crucible ready for sintering, the furnace was turned on and warmed for firing.
The furnace used was a CM Inc. Rapid Temp Furnace as shown in Figure 16. A program was
created to set the heating rate, dwelling temperature, dwelling time, cooling rate, and end
temperature. For all sintering runs the heating rate was 3°C/min, a cooling rate of 8°C/min, and an
end temperature of 0°C was used. Depending on the test being conducted, the dwelling
temperature and duration were adjusted to the desired values.

Figure 16: Furnace used to sinter samples up to 1640°C.
A table of the temperatures used for the tests is presented in Section 4.3.3. Since most of
the temperatures used were 1480°C and above, the sintering process took upwards of 15 hours to
complete. Since most tests involved sintering a few samples at a time, the time to complete the
sintering of samples took many days to complete. The testing for the in-house powders and
commercial powders began with a temperature comparison. Samples were heated to different
temperatures before being characterized and having their PL intensity measured. The optimal
temperature was then chosen based on the best results provided from these test. A sintering time
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test was then conducted by sintering new samples at this optimal temperature for a range of times.
The same characterization and PL tests were performed on these new samples to optimize the
sintering conditions of the sample. For the in-house powders, these tests were done for each
dopant concentration to understand how the dopant affected the PL intensity. From these tests, an
optimal dopant concentration was determined. For the commercial powder, two concentrations
were used as suggested by the manufacturer. These two concentrations were YAG with 0.1% Ce
and YAG with 0.3% Ce. In Figure below, a comparison of the colour between a pre-sintered
compact and the sintered compact is demonstrated. The sintering has allowed for the cerium ions
to enter the lattice as Ce3+ and this is what produces the yellow-green colour.

Figure 17: Image demonstrates the colour change of the YAG:Ce phosphor after sintering.
The diameter of the compacts is 9.5 mm
After sintering the samples were removed from the crucible and cleaned of any residue
alumina powder. The density of the sintered samples was measured using the water displacement
method which is based on measuring the mass of a dry sample and a mass of a sample immersed
in water. The density was calculated using the following Equation (10):
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𝜌=

𝑀𝜌𝑤
(𝑀 − 𝑀𝑤 )

(15)

where ρ is the density of sample, M is the mass of the dry sample, ρw is the density of water, and
Mw is the mass of the sample fully submerged in water. Using the same scale used for weighing
the precursor powder, an apparatus is set up to allow for measuring of the samples submerged in
water. This apparatus is shown in Figure 18. Each sample is also tapped against the side of the
cup before placing on the wire to get rid of any air pockets from forming on the sample which
would result in inaccurate density measurements.

Figure 18: Apparatus set up for measuring the density of the sintered samples.

4.2 Characterization of YAG:Ce
4.2.1 X-Ray Diffraction
X-ray diffraction was used to determine the crystal structure of the samples prepared and
determine if pure YAG was formed. The samples were ground to a small thickness and stuck to a
glass slide with isopropanol. The glass slide was then placed on to the X-ray diffraction sample
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holder and the cover closed. The X-ray machine used was a Riguku MiniFlex and can be seen in
Figure 19 below. The radiation used for the testing was copper radiation. The X-Rays and
databox were turned on and a computer was used to record the diffraction results. The radiation
source sweeps in an arc from 10° to 80° in steps of 0.05° with a dwell time of 1 second. After
approximately 30 minutes the arc of the radiation source completed and the radiation could be
turned off. The sample was then switched out for the next sample being characterized. This
characterization tool was used first to compare the commercial powder with an industry reference
sample. This was followed by the temperature tests to see how the temperature affected the
formation of pure phase YAG and see if there were any secondary phases present such as YAM
or YAP. Plots of the data recorded were made to compare the peaks between samples. The
software used to plot the data for comparison was X’Pert Highscore toolbox for XRD.

Figure 19: X-ray machine used for XRD analysis
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4.2.2 Particle Size Analysis
The as-synthesized and purchased powders were characterized on particle size and size
distribution using the Horiba LA910 Partile Size Analyzer as shown in Figure 20. Before loading
the samples, a small amount of the sample powders were mixed in a 125ml beaker filled with
water. The solution was mixed well and then placed in an ultrasonic bath for 30 minutes to break
up agglomerates. While the ultrasonic bath was running, the Horiba LA910 was turned on and
allowed to warm up. Figure 20 below shows the machine used for the analysis. After the
ultrasonic bath was finished, the beaker with the solution was brought to the machine and the
testing was prepared. To set up the Horiba to be able to detect the YAG:Ce powder, a refractive
index of 1.35 was chosen as found from the database. Once this was chosen, the detection
chamber was washed out multiple times with de-ionized water to clean out possible contaminants.
After rinsing, the chamber was filled ¾ of the volume with the de-ionized water. A baseline
detection test was run with water only to eliminate possible contamination with particles from the
water. After this blank measurement was completed, the powder solution was added with a
dropper. While adding the solution the transmittance of the water decreases. The ideal
transmittance settings for the machine are between 85-70%. Solution is added until the
transmittance reaches a value in that range. This provides the best detection of the powder’s
particle size. Once this transmittance value is reached, a few drops of Darvan-C is added to the
container to further break up agglomerates that might have formed once the ultrasonic bath
finished. Furthermore, the container has a stirrer and ultrasonic device as well to assist in the
breaking of agglomerates. The ultrasonic is activated for 2 minutes before taking a measurement
of the solution. Once this has finished, the program displays a plot of the particle size distribution.
Due to the formation of agglomerates, the first measurement will not be accurate so further
measurements after using the ultrasonic should provide a more accurate representation of the
particle size. The displayed plot was then printed and the data re-entered into excel to plot the
graph.
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Figure 20: Machine used for the particle size analysis.
4.2.3 Scanning Electron Microscopy
A scanning electron microscope was used to observe the morphology and microstructure of the
YAG:Ce ceramic after sintering. Being able to observe the morphology of the ceramic allows for
a better understanding of the influence it has on the optical properties. Samples sintered at the
same temperature for different times were brought to the SEM lab in Miller Hall to have the
testing done. The purpose of this was to see the evolution of the microstructure over the duration
of sintering. From theory, it is known that the grain size will grow over the duration of sintering.
Being able to observe this in the SEM will assist in the explanation of the effect of the sintering
time on the luminescent properties of this phosphor material. Prior to the testing, the samples
were ground to small thicknesses and polished to remove markings from grinding. This will be
further explained in section 4.3.1. Following this the samples were then polished as explained in
4.3.1 before being thermally etched to reveal the grain boundaries. The thermal etching was done
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at 1450°C for 30 minutes. The samples were then plated in gold to allow for a conductive surface
which is necessary for the SEM detection to work. The samples were tested using an FEI Quanta
650 environmental SEM and images were taken at magnifications of 5k, 10k, 15k, and 50k. The
accelerated voltage used was 20.00 kV. These SEM images were then brought over to a computer
to measure the average grain size of the samples. Using Motic Images Plus 2.0 ML, horizontal
and vertical grain size measurements were done. For each measurement, calibrated ruler lines
were drawn across the grains. After drawing the line, the number of grains that intersected with
this line were counted. This was repeated 5 times for lines drawn vertically and horizontally
through the grains. The length of the line and the counted grains were then tabulated to determine
the average grain size.

4.3 Photoluminescence Testing
4.3.1 Grinding and Polishing
In order to compare the photoluminescence properties of our samples with the commercial one,
the sintered samples were ground using a horizontal grinding machine. The purpose of grinding
was to bring the thickness of the samples down to approximately 0.25-0.35mm. After grinding,
multiple measurements were taken of the thickness of the plate and samples to determine how
much of the material needs to be removed. The equipment used for grinding is the DCM IG 180
SD CNC surface grinder and is shown in Figure 21.
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Figure 21: Surface grinder used to thin the samples for PL testing
Due to the probability that more defects are populated on the surface of the ceramic after
grinding, both sides of the samples were ground to have the final samples be close to the center of
the bulk material. This was achieved by first measuring and grinding until approximately half the
thickness had been obtained. This was followed by then removing the samples from the grinding
machine, removing the glue, and flipping the samples over to grind the opposite side. The
grinding process was repeated in multiple phases until the desired thickness was reached. Since
there were many samples being ground at once, there were slight variations in the thickness of the
samples. After grinding, acetone was used to clean off any glue residue left on the samples.
The purpose of polishing samples was to remove scratches left from grinding and provide
a more reflective surface for PL measurements. The process began with manually sanding down
the samples moving from lower grit to higher grit paper. The sanding table had the various grit
paper lined up with a water source running over top of the abrasive surface. This provided
lubricant for better polishing. The samples were moved over the abrasive for a length of time and
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then observed under a microscope. Once a desired polish had been achieved at the lowest grit, the
polishing proceeded with higher grit abrasives. In order to achieve a mirror-like surface, the
samples were brought to a polishing wheel and polished using various sizes of diamond particles.
The polishing began first with 0.5µm (size of diamond particles) and finished in 0.1µm diamond
polish. The end result produced a highly reflective surface that was free of defects brought about
from grinding.

4.3.2 Photoluminescence Measurements
The testing apparatus used for the PL testing is similar to the design of an apparatus used in a
paper by Alan Lenef et al. [64]. A schematic of the apparatus used for the testing can be seen
below in Figure 22. A laser pump source that is composed of an array bank of 8 blue laser diodes
is used to provide a pump source that can be focused on to the ceramic material being tested. The
pump source first reaches a dichroic beam splitter which allows for the separation of the short
wavelength blue light and the long wavelength converted light from the phosphor. In the
schematic below, the dichroic filter reflects the blue light towards the ceramic and is focused with
a short focal length, very high numerical aperture lens. When the focused light reaches the
phosphor material, converted light is emitted in all directions. In order to allow for more emission
to be detected, a highly reflective surface attached to the sample is used to redirect the forward
radiation back through the ceramic into the desired direction. This converted radiation is then
collimated by the high numerical aperture lens. This process makes the converted light parallel
which allows for minimal spreading of the light as it propagates towards the detector. After the
collimating lens, the converted light passes through the dichroic filter as it is now of a longer
wavelength. This light is then refocused by the focusing lens onto a white board. An Ocean
Optics spectrometer is then pointed at the luminescent spot on the board for detection of the
intensity. The detector was placed away from the direct path of the emitting source as the detector
would be over-saturated by incident radiation. There were no issues with the white board
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affecting the measurements as blank measurements of the white board prior to illuminating the
phosphor showed no detection from the PL spectrometer. For each testing of a sample, an initial
test with the amps provided were 0.5 amps. This low power setting allowed for the adjustment of
the sample to provide the pump light to be focused fully on the entire material. During set-up, the
sample might not be fully in front of the focused pump beam, so this low power setting allows for
the adjustments. Once the beam is fully focused on the sample, the higher power setting of 2.2
amps is used. This produces a larger emission spectra than the low power setting which provides
greater detail into the shape of the emission curve. The detector is then paused and the integration
steps moved forward incrementally until a peak intensity is found. The data for this emission peak
is then copied and moved over to an excel spreadsheet for analysis. This process was repeated for
each sample. An industry reference sample supplied by Christie Digital Co. is also tested after
each new sitting of measurements. This is to be able to compare the measured spectra of the
samples with the measured spectra of the industry reference. Due to variances in the PL data,
having this reference allows for a relative comparison of emission intensities.

Figure 22: Schematic of apparatus used for testing the PL intensity of the phosphor
samples.
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4.3.3 Sintering Procedure
All test samples used for PL measurements were produced by heating the green compacts to
temperatures ranging from 1480°C to 1600°C. There are three different factors which control the
densification process. These are dwell time at sintering temperature, sintering temperature, and
dopant (Ce) concentration. The sintering/densification runs were performed with both the inhouse produced powders and with the commercial powders. Table 2shows the layout of the tests
performed on the samples and the variables used. The temperature test was performed at 10 hours
of sintering time. The temperature with the best PL results was then selected for use in the next
set of sintering involving the effect of sintering time (dwell time) on PL intensity. The optimal
sintering time was found once the emission intensity begin to decrease gradually as the time
increased. The PL testing was performed on the samples and then the data was analyzed to find
the optimal sintering conditions.
Table 3: This table shows the three conditions that were tested to observe the effect on the
PL intensity of YAG:Ce. The three testing effects also show the variables changed during
testing.
Sintering Temperature (°C) Dwell Times (hours)
Concentrations Used (mole% Ce)
In-house Commercial
In-house Commercial In-house
Commercial
1520
1480
10
4
0.1
0.1
1560
1500
11
6
0.2
0.3
1600
1540
13
7
0.3
0.5
1640
1580
15
8
0.4
1600
17
10
0.5

4.3.4 Data Evaluation
Once the PL data had been obtained, it was brought into an Excel spreadsheet to analyze. The
data would always consist of two columns, the first being the wavelength that the emitted
radiation was measured at and the second being the counts of emitted photons being detected by
the spectrometer. Taking this data, the emission spectrum of the sample was plotted using the
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scatter plot function in Excel. The scatter plots were connected with straight lines to show the
Gaussian shape of the emission spectrum. For each test, the emission lines were plotted on one
plot to compare them. The reference sample was also plotted for comparison purposes.
Comparing the results of the sintered powders to the reference sample would show how they
compare to YAG:Ce phosphors currently used in the industry. In order to avoid overlapping the
test data from many samples, only the peak intensity was extracted. This was accomplished by
using Excel to find the maximum count for each spectrum. However, knowing the max intensity
is not very useful when the counts are arbitrary units. That is why the industry reference sample
was used. By dividing the peak intensity count of the samples by the peak intensity count of the
reference sample, a relative percentage of the intensity was calculated. By having this relative
value, all the samples across all tests can be compared. This helps in determining which sample
has the optimal sintering conditions.
For error analysis in the PL data, three measurements of the reference sample were taken
to see how the emission spectrum data changes. The data was then taken into Excel to compare
the curves and find the average percentage change. Once the data was on Excel, an average was
taken of the intensity counts for the three measurements. Once this column was calculated the
standard deviation was found for this average based on the three columns of data. With this
standard deviation, the percentage of difference from the data was found by dividing this number
by the average that was calculated. This is known as the coefficient of variation and is defined by
Equation (11) below.
𝑐𝑣 =

𝜎
|𝜇|

(16)

Then an average of these percentages was taken in the range of wavelengths around the
peak of ~540nm. This was done since the counts were highest at that part of the emission
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spectrum. The error values were more volatile on the tail ends of the spectrum as the lower
intensity counts caused massive values to be calculated.

Chapter 5
Results and Discussion
5.1 Characterization of YAG:Ce
5.1.1 X-Ray Diffraction
In order to follow the evolution of the microstructure and phase content in the sintered samples,
the as-received powders were analyzed with an X-ray machine and compared with a sintered
reference sample. In the plot it is labelled as “Yellow ring- Reference”. This is used as the
comparison as this sample is pure YAG:Ce. Figure 23below shows the XRD data plot for the 0.3
mole% Ce commercial powder before sintering (red) and the sintered reference sample (blue).
Examination of the plots for both samples reveals that both materials are in the pure YAG phase.
Once this was completed, X-Ray diffraction tests were performed on samples used for the
sintering temperature test. The results for the commercial powder can be seen in Figure 24 below.
Samples of 0.3 mole% Ce sintered at 1480, 1500, 1520, 1540, 1560, 1580, and 1600°C for 10
hours had X-Ray diffraction testing done to compare the crystallographic structure. The reference
sample from the previous X-Ray diffraction test was used as well for comparison. As seen from
the results below, the peaks of all samples match with the reference sample. This confirms that
the sintered samples are all pure phase YAG. The XRD plots also show that the patterns of the
commercial powder are identical before and after sintering. Pure YAG phase is necessary to
allow for the formation of luminescent centers. Since the samples for the temperature test all have
pure YAG phase, the focus was then shifted to the effect of sintering temperature on
luminescence. Knowing there is no occurrence of a second phase helps in understanding what
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affects the emission intensity in these samples. Small shifts in the peaks of the samples compared
to the reference sample is due to the calibration of the machine.
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Figure 23: XRD profile comparison of the commercial powder before sintering and the reference sample.

59

Figure 24: XRD profiles of commercial samples at various temperatures. Red is sintered at 1480°C, blue at 1500°C, green at 1520°C, grey
at 1560°C, brown at 1580°C, cyan at 1600°C, and magenta is the reference sample.
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The X-Ray diffraction tests were also performed on the in-house samples used for the
temperature testing. Since these powders were synthesized by the SS method, the powders were not pure
phase YAG pre-sintering like the commercial powder. These powders needed to undergo the phase
transformations explained in Chapter 2. For this testing, only the 0.4 mole% Ce samples were used. This
was done since it is known that the dopant concentration does not affect the crystal structure of the host
YAG. Therefore the testing was simplified by reducing the amount of samples needed for testing from 16
to 4. The results are shown below in Figure 25 and these plots were again compared with the reference
sample. Starting from the top of the figure and working down, the temperature corresponding to the XRD
profile is 1560, 1600, and 1640°C respectively. The bottom plot in the figure is the reference sample.
Inspection of Figure 24 shows that the peaks are shifted for the three in-house produced samples
compared to the reference. This is due to the XRD machine not being calibrated after repeated use. As the
temperature is increased, the crystallinity of the YAG phase is improved with the peaks becoming more
defined and sharper. Comparing 1560°C to 1640°C, there are a few peaks that become more distinguished
at the higher temperature. However, when the in-house samples are compared to the reference sample, the
intensities of the peaks are lower than that of the reference sample. This served as an indication that the
in-house samples did not fully crystalize and required high temperatures for crystallization to complete.
To fully form YAG via the SS method, higher temperatures were needed. When comparing the height of
the peaks it becomes evident that the commercial powder was more completely crystallized than the inhouse samples. What is also noticed is the slight curve of the background at the beginning of the plots.
This is due to some amorphous phase present in the samples which shows the lack of full crystallization
for the in-house samples.
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Figure 25: XRD profiles of the in-house 0.4 mole% Ce powder sintered at different temperatures. The red is sintered at 1560°C, blue at
1600°C, and green at 1640°C. The grey profile is the reference sample.
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5.1.2 Particle Size Analysis
The particle size and size distribution of the powder are the key factors which control the
sintering process of the green compacts. For this reason, both commercial and in-house produced
powders were characterized on particle size and size distribution. The results for the commercial
powders can be seen below in Figure 26 and Figure 27. The plots are a cumulative distribution
plot showing the frequency of the particles measured at each particle size, with the red line
corresponding to the cumulative percentage of the particles at a specific particle size.

Figure 26: Particle size analysis of the commercial 0.1mole% Ce powder.
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Figure 27: Particle size analysis of the commercial 0.3 mole% Ce powder.
The mean particle size for the 0.1 and 0.3 mole% Ce powders was 0.301µm and 0.108µm
respectively. The difference in mean particle size between the 0.1% and 0.3% powders could be
due to the presence of agglomerates in the 0.1% powder. The small particle size of the powder
provides a large surface area of the powder and ensures its high sinterability [65]. This can allow
for lower sintering temperatures to be used while producing dense phosphors with a high
luminescent intensity. If the specific surface is too high, as in the case of nano-powders, then
negative effects can begin to occur. These can include a higher concentration of surface defects
and higher light scattering losses which both lower the quantum efficiency of the phosphor [51],
[66], [67].
The particle size analysis for the in-house powders is shown below in Figure 28, Figure
29, Figure 30, and Figure 31.
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Figure 28: Particle size analysis for the in-house 0.1 mole% Ce powder

Figure 29: Particle size analysis for the in-house 0.2 mole% Ce powder
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Figure 30: Particle size analysis for the in-house 0.3 mole% Ce powder
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Figure 31: Particle size analysis for the in-house 0.4 mole% Ce powder

The mean particle size for the 0.1, 0.2, 0.3, and 0.4 mole% Ce powders was 1.952, 1.579, 1.401,
and 1.521 µm respectively. Due to all of the powders starting from identical precursor powders,
theoretically the particle sizes should be very similar. The 0.2, 0.3, and 0.4 powders are relatively
close but the 0.1 sample is nearly 2 µm in particle size. The difference in particle size of
commercial and in-house synthesized powder reflects different methods of powder preparation
and de-agglomeration. Despite the somewhat larger particle sizes of the in-house produced
powder, their sinterability was sufficiently high to result in samples with sintered densities close
to that of the commercial samples.

5.1.3 SEM Results
SEM analysis was done to observe the morphology and microstructure of the YAG:Ce ceramics.
The key microstructural features that can affect PL intensity are the phase content and grain size.
The objective in this work was to find processing conditions under which the phase content
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(mainly YAG phase) and the average grain size of the sintered samples are as close to those of
sintered commercial samples as possible. For this study, 0.3 mole% Ce commercial powder
samples sintered at 1540°C for a time of 4, 7, and 10 hours were selected. The sample preparation
method is described in Section 4.2.3. Figure 32, Figure 33, and Figure 34 show the polished and
etched sections (at a magnification of 5000x) of the samples sintered at the three different
temperatures. These figures serve to show the larger area of the samples containing some number
of pores ranging in size from 2 to 5 µm, along with some percentage of a separate phase (darker
colour grains) among the YAG grains. Based on the density of the sintered sample and SEM
observations, the level of porosity in the samples range from 2-3vol%. The first three images are
the 4, 7, and 10 hour samples shown at 5,000x magnification. Figure 35, Figure 36, and Figure 37
are the 4, 7, and 10 hour samples shown at 50,000x magnification.
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EDS
location
Alumina
grains
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Figure 32: SEM image of the 0.3 mole% Ce commercial powder sample sintered at 1540°C
for 4 hours. Magnification is at 5,000x. Image shows location of some pores, alumina grains
and EDS location.
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Figure 33: SEM image of the 0.3% Ce sample sintered at 1540°C for 7 hours. Magnification
is 5,000x.
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Figure 34: SEM image of the sample sintered at 1540°C for 10 hours. Magnification is 5,000
x
As the sintering time increases, the sintering process should cause the grain size to grow.
This is somewhat apparent but is more noticeable in the following images at 50000 x
magnification. As is common with sintering, the later stages of sintering tend to bring about more
intense grain growth in which a limited number of grains are growing much faster than the rest.
This is seen in Figure 35 and Figure 36 for the samples sintered for 4 and 7 hours. In the same
time the average grain size increased from ~0.6 µm for 4 hours to ~0.9 µm for 7 hours. Once the
sintering time has reached 10 hours, the number of pores has decreased significantly as seen in
Figure 34. In Figure 37, there are no pores found within the grains which shows that the samples
sintered efficiently without trapping any pores in the grains. This is also reflected in the sintered
density measurements of the samples which was nearly 99% dense. Another interesting part of
the images was the occurrence of secondary phases. This is clearly visible in Figure 37 where the
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second phase appears in the form of a well-defined hexagon originating from the pure alumina
phase. X-ray diffraction analysis revealed that these are indeed alumina grains that have not been
consumed by the YAG phase in the course of the synthesis process.

Figure 35: SEM image of the sample sintered at 1540°C for 4 hours. Magnification is 50,000
x
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Figure 36: SEM image of sample sintered at 1540°C for 7 hours. Magnification is 50,000 x
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Alumina phase
and EDS location

Figure 37: SEM image of sample sintered at 1540°C for 10 hours. Magnification is 50,000x.
Image also shows an alumina grain used for EDS.
At 4 hours of dwelling, there appears to be no pores located within the grains or at the
grain boundaries. As the dwell time increases from 7 to 10 hours, the grain growth also increases.
However the average grain size appears to have plateaued and was measured to be ~1.1 microns.
Once the grains reach a certain size, the surface energy of the grains has decreased immensely to
the point where there is no longer a driving force for sintering. Table 4 shows the change of the
average grain size as a function of sintering dwell time. The process used for measuring the grain
size is explained in Section 4.2.3 and a sample of the data sheet can be seen in the appendix
(A.2.). Inspection of Table 4 shows that there is a noticeable increase in the grain size from 4 to 7
hours but a minor increase from 7 to 10 hours.
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Table 4: Average grain size measurement results for the samples sintered at various times.
Sample
0.3% Ce, 4 hrs 1540 °C
0.3% Ce, 7 hrs 1540 °C
0.3% Ce, 10 hrs 1540 °C

Avg. Grain Size (µm)
0.649
0.963
1.001

Energy-dispersive X-ray spectroscopy (EDS) analysis was done in the SEM lab to
determine the nature of the secondary phases. Figure 38 and Figure 39 show the EDS results for
the samples dwelled for 4 and 10 hours. The spot where the EDS was taken for the 4 and 10 hour
sample is shown in Figure 35 and Figure 37 respectively. The EDS data was taken from the
center of the grains from the images above. The first plot shows the secondary phase consists of a
large amount of aluminum with small quantities of yttrium and oxygen. The second plot shows a
decrease in the amount of oxygen and aluminum while there is an apparent increase in the amount
of yttrium. These secondary phases could be phases of YAM, YAP, or a mixture of unreacted raw
materials such as alumina or yttria. However, when the same samples were characterized by
XRD, the peaks showed no relation to these phases. This could be due to the extremely small
volume fraction of these phases present, preventing XRD detection. If these secondary phases
were in fact YAM or YAP, the formation of these phases would have occurred during the
commercial synthesis of these powders.

Figure 38: EDS image of the sample sintered at 1540°C for 4 hours. Red colour indicates the
element composition of the secondary phase.
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Figure 39: EDS image of the sample sintered at 1540°C for 10 hours. Red colour indicates
the element composition of the secondary phase.

5.2 PL Testing with Commercial Powder
5.2.1 Effect of Sintering Temperature on PL
The main objective in this set of experiments was to optimize the sintering conditions so as to
achieve the maximum colour emission intensity. A series of experiments were performed in
which the sintering temperature was varied from 1480°C to 1600°C and the colour emission
measured for each temperature. Figure 40 and Figure 41 show the density and PL results
respectively. The PL results in Figure 41 are presented in terms of intensity of the emission
spectra instead of the whole spectrum as the main focus of this research was maximum intensity.
This was done to avoid overlapping of the spectra for different samples. The full spectra plots can
be found in the appendix (A.3.).
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Figure 40: Density measurement results for the commercial samples sintered for 10 hours at
various temperatures. The red line with the squares represents the 0.1 mole% Ce powder
while the blue line with triangles represents the 0.3 mole% Ce powder.
Figure 40 shows the change of densities of the samples with sintering temperature. The
lowest density recorded was 91.5 and 94.8 % relative for the 0.1 and 0.3 mole% Ce samples,
respectively. Even though these samples were sintered at 1480°C, those relative density values
are still very high. For samples sintered at 1500°C and beyond, the densities approach 99% dense.
These high densities are attributed to the small particle size and high surface area of the initial
powders. As Figure 40 shows, once a specific density is reached (in this case it seems to be
>98%), the values plateau for all sintering temperatures. It is expected this high density will have
a positive effect on the PL properties of the samples.
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Figure 41: PL intensity results for the commercial powders sintered for 10 hours at various
temperatures. The red line with squares represents the 0.1 mole% Ce powder and the blue
line with triangles represents the 0.3 mole% Ce powder.
Figure 41 above shows the peak PL intensity for the two commercial powders. The PL
intensity is displayed as a relative percentage of the reference sample discussed in Section 4.3.4.
The percentages are in relation to the measured intensity of the reference sample showing how
the results match up against an industry product. The error bars for the intensity have also been
plotted and the method for determining the error can be found in Section 4.3.4. The results show
that the 0.3 mole% Ce samples have a higher intensity than the 0.1 mole% Ce samples. The 0.1
mole% Ce samples have a smaller dopant concentration and therefore the number of luminescent
centers will be less than the 0.3 mole% Ce samples. As a result, the intensity of the light will be
lower which explains the smaller intensity at each temperature. The general trend of the two plots
in Figure 41 is an increase in intensity from 1480 to 1540°C and then afterwards a decrease from
1540 to 1600°C. As the sintering temperature increases, the cell parameter of the sample will
further decrease. This will lead to an increase in the resonance between the cerium ions. The
interaction between these activator ions result in the cross-relaxation phenomena which leads to
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concentration quenching of the cerium ions [51], [52]. This will cause the emission intensity to
decrease. Based on the results in Figure 41, it was determined that 1540°C was the optimal
temperature for both commercial powders. For the remainder of the research, the 0.1 mole% Ce
samples were not tested as the 0.3 mole% Ce samples outperformed them at every temperature.
5.2.2 Effect of Sintering Time on PL
With the best performing temperature chosen, the next test was to determine the optimal sintering
time. Samples were sintered at 1540°C for 4, 5, 6, 7, 8, and 10 hours before measuring the density
and PL intensity. Figure 42 and Figure 43 below show the plots of the density and PL intensity
against the sintering time. For this experiment, only the 0.3 mole% Ce data was included as this
concentration was found to give the highest intensity. The full emission spectrum plots can be
found in the appendix (A.3.).
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Figure 42: Relative density measurements for the commercial 0.3 mole% Ce powders
sintered at 1540°C for various times.
Figure 42 shows the measured densities of the samples sintered at various times. This
plot shows a general increase in density from 4-6 hours and then a slight decrease in density from
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7-10 hours. What should be noted about this plot is that the lowest density measured was 97.2%
and the highest was 98.4%. This difference is almost negligible in terms of relative density and
can again be contributed to the fine particle size of the commercial powder. It now seems that
when comparing the density measurements to the corresponding PL intensity, the density does
not play a critical role as long as it is over 95-96%. There seems to be a type of cut-off density
near the theoretical density where the amount of porosity is so minimal that other factors during
sintering contribute more heavily to the luminescent properties of the material.
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Figure 43: PL intensity results for the commercial 0.3 mole% Ce powder sintered at 1540°C
for various times.
Figure 43 above shows the PL intensity results for the samples sintered at the specified
times. The trend of this plot is an increase in PL intensity from 4-7 hours and a decrease from 810 hours. This plot reveals that the best intensity was achieved for the samples sintered at 1540°C
for 7 hours. Figure 43 shows that the sintering time has a strong effect on intensity resulting in an
increase of 6% as the sintering time increases from 4 to 7 hours. After reaching a maximum, the
intensity starts to decrease until it reaches the lowest value at 10 hours of sintering. The
explanation for the increase and then decrease in PL intensity can be explained using information
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from Section 2.4.2. As the time increases from 4-7 hours, there are a multiple factors affecting the
PL properties. At 4 hours it is known from the SEM images that almost no pores remain in the
sample. At this point, the sample has begun the final stage of sintering and the grain size has
begun to grow at an accelerated rate. At 7 hours, the grain size has reached an optimal size where
the trapping efficiency has been reduced to allow for a high intensity. However, as the sintering
time reaches 10 hours, the grain size has not grown much larger, but the PL intensity has been
greatly reduced. The possible reason for this behavior could be the oxidation of Ce3+ to Ce4+. As
the sintering time increased from 4 hours to 7 hours of sintering, the solubility of Ce3+ ions in the
lattice increased, providing an increasing number of emission centers responsible for an increase
in intensity. The reasons for a drop in intensity after 7 hours of sintering is not clear at this point.
One possible explanation for this behavior could be the loss of cerium ions.
Although the optimized sintering conditions resulted in a relative intensity of ~95%, there
was still one major difference between the commercial samples and the reference sample. The
reference sample had a polished surface while the samples tested were not polished. To eliminate
this difference, one sample sintered for 7 hours was polished as described in Section 4.3.1. After
polishing, the sample was brought to the laser lab for PL testing again. The plot of the emission
spectrum for the polished sample and the reference is presented in Figure 44. As shown in the
plot, the spectra are nearly identical with the peak emission intensity reaching above 99% relative
intensity to the reference. The percentage increase from polishing the sample was almost 5%. As
explained in Section 4.3.1, polishing helps create a more reflective surface and removes surface
defects which greatly improve the luminescent properties of the material.
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Figure 44: PL intensity results for the commercial 0.3 mole% Ce powder sintered at 1540°C
for 7 hours before being polished.

5.2.3 Effect of Ce Concentration on PL
After determining the optimal temperature and time for the commercial powders, the effect of Ce
concentration was investigated. To determine how the increase in dopant concertation affects the
PL intensity, the commercial powder containing 0.3 mole% Ce was mixed with additional 0.2
mole% Ce and processed the same way as previous samples. After synthesizing this new powder,
the powder was pressed and sintered at 1540°C for 4, 5, 6, 7, 8, and 10 hours. Figure 45 shows
that further addition (above 0.3 %) of Ce dopant to the YAG phosphor reduces the intensity
confirming that there is an optimum amount of Ce for achieving the highest intensity. The reason
for the overall lowering of intensity could be a result of concentration quenching. The increased
amount of cerium results in interactions between the cerium ions and leads to the sharing of
energy. An excited cerium ion will transfer energy to an ion in the ground state so that both ions
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move to an intermediate state that results in non-radiative pathways. This is known as crossrelaxation and these non-radiative pathways do not result in any emission of light [14], [51].
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Figure 45: PL intensity comparison between the different concentrations of the commercial
powder. The red line with squares represents the 0.1 mole% Ce powder, the green line with
triangles represents the 0.3 mole% Ce powder, and the blue line with diamonds represents
the 0.5 mole% Ce powder.
5.2.4 Effect of Annealing on PL
The last test with the commercial powders centered on understanding the effects of annealing on
PL intensity. There have been studies published describing the effects of annealing on the optical
properties of YAG:Ce [28], [44], [68]. The outcome of these studies have shown that the
annealing of YAG:Ce in air reduced the intensity due to an increase of the Ce4+ concentration.
For this test, 0.3 mole% Ce samples were sintered at the optimized temperature and time
(1540°C, 7 hours) and then annealed at 1400°C for various times (0, 5, 10, and 20 hours). The
results of the PL testing are shown in Figure 46. As the annealing time is increased, there is an
almost linear decrease in the PL intensity. The explanation for this revolves around the
annihilation of oxygen vacancies, a crystal structure defect that is described in detail in Section
83

2.3.2. When the samples are annealed in oxygen, the O2 molecules in the atmosphere begin to
saturate free bonds created from the oxygen vacancies. In order to complete the bond, two
electrons are required which need to be obtained from the crystal structure. The main source of
these electron donors are the activator ions of Ce3+. These ions can capture holes from the valence
band which naturally arise from the oxygen anions being embedded into the lattice structure
during the annealing. Therefore during annealing, the concentration of Ce4+ is increased at the
expense of Ce3+, which produce no luminescence. At longer annealing times, the amount of Ce3+
being converted to Ce4+ is increased which steadily lowers the PL intensity. Since these samples
were sintered in air originally, there would not be as many oxygen vacancies as compared to
samples sintered under a vacuum. When samples are sintered under such conditions, oxidation
annealing is performed to remove the higher concentration of oxygen vacancies [62]. The
annealing process can therefore be beneficial for samples sintered under vacuum and detrimental
to samples sintered in air.
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Figure 46: PL intensity measurements for samples annealed for various times at 1400°C.
The samples were sintered at 1540°C for 7 hours before annealing.
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5.3 PL Testing with Commercial Powder
5.3.1 Effect of Sintering Temperature on PL
In this set of experiments, powders synthesized in-house containing different levels of Ce (0.1,
0.2, 0.3, and 0.4 mole %), were tested on PL. Both the effect of sintering temperature and dopant
concentration on PL intensity was determined. After the powders were synthesized, samples were
pressed and sintered at 1520, 1560, 1600, and 1640°C for 10 hours. The densities and PL
intensity were then measured for each dopant concentration at each temperature and the results
are shown in Figure 47.
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Figure 47: PL intensity comparison for the in-house powders sintered for 10 hours at
various temperatures. The red line with squares represents the 0.1 mole% Ce powder, the
yellow line with diamonds represents 0.2 mole% Ce, the green line with triangles represents
0.3 mole% Ce, and the blue line with circles represents 0.4 mole% Ce.
The sample with the highest emission intensity measured was the 0.4 mole% Ce sample
sintered at 1560°C. The 0.4 mole% Ce powder produced the best results at every temperature
except at 1640°C. At this temperature the PL intensity begins to decrease. The reason for this is
believed to be due to concentration quenching effects becoming more effective at the higher
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temperatures. At higher temperatures the probability of Ce-Ce interactions is higher leading to a
reduction in luminescence. Unlike 0.4 mole% Ce, samples with 0.2 mole% Ce and 0.1 mole% Ce
show the opposite behavior. Their intensity continues to increase. The reason for this behavior is
associated with the concentration effects. Smaller dopant concentration in the 0.1% and 0.2%
powders requires higher temperatures to allow for a higher solubility of the Ce ions. With the
higher solubility of ions into the YAG lattice, the higher number of luminescent centers there will
be. There were no tests above 1640°C as the furnace used could not go above this temperature.
Therefore, it is not possible to tell how much higher the intensity can increase or whether that
temperature was the peak. The PL behavior of the 0.3 mole% Ce sample is not clear and could be
the result of an error in the processing steps.
With the optimal temperature chosen, a more detailed plot of the comparison between the
emission intensities and densities of the various concentrations can be seen. In order to determine
if the 0.4 mole% Ce sample was the peak concentration at this temperature, a fifth sample of 0.5
mole% Ce was made and its intensity was measured. The results of all the samples at 1560°C can
be seen in Figure 48. Plots comparing the density and PL intensity data for each dopant
concentration can be found in the appendix (A.4.) As can be seen, the 0.5 sample had a much
lower intensity than the 0.4 sample. However, the density for this sample was also fairly low
which could attribute to some absorption losses in the sample discussed earlier. This same
reasoning goes for the 0.3 sample as its smaller density could attribute to the small decrease in PL
when compared to the 0.2 sample. Knowing this peak intensity, the optimal temperature chosen
was 1560°C.

86

Data for Samples at 1560°C
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Figure 48: PL intensity and density measurements for the in-house powders sintered at
1560C for 10 hours. The red line with circles represents the PL data while the blue line with
squares represents the relative density measurements.
5.3.2 Effect of Sintering Time on PL
With the optimal temperature determined, the 0.4 mole% Ce samples were sintered for different
times at 1560°C to determine the optimal sintering time. For this testing, the initial times were
similar to those used with the commercial powder. The times used were 4, 5, 7, and 9 hours and
the plot of the PL results with each dopant concentration is shown in Figure 49. As shown, the
sintering time of 9 hours is the best of this group but it is unclear whether this is the peak
intensity. The intensities steadily increase as the time increases. For the 0.4 mole% sample, the
change in sintering time from 7-9 hours results in an approximately 7% increase in PL intensity.
The large increase in intensity with time could be attributed to the synthesis conditions of the
powders. The SS method produced larger particles than the commercial powders which then
required higher temperatures and longer sintering times to fully densify. The presence of a higher
level of porosity can increase absorption losses and lower the PL intensity. Another reason for
this behavior could be that the precursor powder is not a pure YAG phase. At low sintering times,
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there will not be enough time for the YAG phase to fully form. If the material is not fully
converted into the YAG phase, secondary phases will form and thus cause a lowering of the PL
intensity. For this testing, the 0.3 mole% Ce powder was re-made and the benefits of the changes
can be seen in Figure 49. The intensities of the powder now are in between that of the 0.2 mole%
and 0.4 mole% Ce samples as is expected. There are only two samples of the 0.5 mole% Ce as
they were tested to see if they would out-perform the 0.4 samples at a given time. Figure 49
shows that they did not just as the 0.5 sample did not in the previous test.
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Figure 49: PL intensity comparison between the in-house powders sintered at 1560°C for
various times.
Once this testing was done, more samples were made and the sintering time was
lengthened to 11, 13, 15, and 17 hours. This was done to see where the peak temperature is
located. The plot of the PL results is shown in Figure 50. The plot shows a peak sintering time at
10 hours with an intensity of 93.6%. This value is only slightly lower than the previous 10 hour
sample which produced an intensity of around 94%. After 10 hours of sintering, the intensity
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dropped to the high 80s where it plateaued until 17 hours. The best result for the in-house sample
reached almost the same intensity as the commercial powder, albeit at a higher temperature and
longer time.
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Figure 50: PL intensity results for in-house 0.4 mole% Ce powder sintered at 1560°C for
various times.
In order to further increase the intensity, the samples were polished and tested again.
Figure 51 shows the PL versus wavelength for samples sintered at 1560°C for 10 hours.
Examination of Figure 51 reveals that the polishing allowed for an increase of 5% compared to
the reference sample. The peak intensity increased from 93.6% to 98.5%.
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Figure 51: Polished PL intensity for the in-house 0.4 mole% Ce powder sintered at 1560°C
for 10 hours.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
The objective of this research was to optimize the sintering conditions during the formation of
cerium-doped yttrium aluminum garnet under which maximum intensity of the YAG:Ce
phosphor could be achieved. The optimization process was conducted on samples fabricated
using commercial powder and with the samples fabricated using in-house synthesized powders.
The PL data generated from the sintered samples were compared with the solid YAG:Ce plates
supplied by Christie Digital Co. These samples were at the time of testing, industry-leading
phosphors in terms of PL intensity.
The optimum concentration of Ce ions, sintering temperature, sintering time and
maximum intensity data are given in the table below. It was found that the in-house synthesized
powders needed a higher dopant concentration, sintering temperature, and sintering time
compared to the commercial powders. The particle size analysis showed that the in-house
powders had a larger particle size than the commercial powder. The larger particle size needed a
higher temperature and longer sintering time to achieve high densities.
It was also found that the surface quality (roughness) of the sintered samples had an
important role in generating high intensity. Samples which were polished after grinding exhibited
consistently higher PL intensity. All polished samples exhibited close to 5% higher intensity
compared to unpolished samples.
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Powder Samples

Optimized

Optimized

Optimized

Relative

Concentration

Sintering

Sintering Time

Intensity/Polished

(Mole% Ce)

Temperature

(hours)

relative intesnity
(%)

(°C)
Commercial

0.3

1540

7

95.28/99.55

In-house

0.4

1560

10

94.2/97.56

Somewhat lower PL intensities of the samples produced from the commercial powders
and in-house synthesized powders are believed to be due to higher purity of the commercial
powders. The contamination of the sintered powders (both commercial and in-house synthesized)
comes from the lower purity raw materials and from the milling process.

6.2 Future Work
One of the reasons for the lower PL intensity of the sintered samples compared to the reference
sample was the lower purity of raw materials. For future studies, the effects of using higher purity
raw materials on the PL intensity could be investigated. Perhaps with higher purity materials,
intensities could be achieved that are higher than the industry samples provided to us.
A limiting factor during this research was having no access to a vacuum furnace. Many
YAG:Ce phosphors synthesized using the SS method are sintered in a reducing atmosphere.
Being able to conduct research on the effects of this atmosphere on the PL properties would be
beneficial to this research. The effect of annealing the sintered samples would be more apparent
on samples sintered in a reduced atmosphere compared to one sintered in an oxidizing one.
One of the main components of determining the PL intensity was the concentration of
activator ions present in the phosphor. The ratio of the luminescent Ce3+ to the non-luminescent
Ce4+ could assist in understanding what is affecting the intensity of the sintered samples. X-ray
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photoelectron spectroscopy (XPS) surface measurements would be able to determine this ratio of
the cerium ions. This analysis would allow for a better understanding of the annealing process on
the phosphor material.
There are also new advances in phosphors being introduced every year which all have
uses in WLEDs. Some of these phosphors are made using different activator ions and different
host crystals. Being able to compare these novel phosphors to YAG:Ce would be beneficial to the
LED industry. Since these phosphors are producing different colours of light, the relative
intensities would no longer be a useful comparison. Instead other factors such as the colour
rendering index (CRI) or the CIE colour coordinates would be ideal in determining the whether
the spectrum of light is suitable for LED lighting.
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Appendix A

A.1. Stoichiometry Data

Table 5: Stoichiometry for 0.1 mole% Ce
Total Mass (g)
Mole Percent (%)
Stoichiometry
Mole
Mole of Oxides

15
0.2
Y
2.994
1.497

Ce
0.006
0.006

Al
5
2.5

O
12

Mass Amount (g)

Yttria
338.0374

Ceria
1.032689

Alumina
254.9032

Total
593.9733

Weight Percent (%)

56.91121

0.173861

42.914925

Mass Needed (g)
Mass Nitrate (g)

8.536682

0.026079
0.065896

6.43723875

Table 6: Stoichiometry for 0.3 mole% Ce
Total Mass (g)
Mole Percent (%)
Stoichiometry
Mole
Mole of Oxides

15
0.3
Y
2.991
1.4955

B
0.009
0.009

Al
5
2.5

O
12

Mass Amount (g)

Yttria
337.6987

Ceria
1.549033

Alumina
254.9032

Total
594.1509

Weight Percent (%)

56.83719

0.260714

42.902095

Mass Needed (g)
Mass Nitrate (g)

8.525579

0.039107
0.098815

6.43531425
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Table 7: Stoichiometry for 0.4 mole% Ce
Total Mass (g)
Mole Percent (%)
Stoichiometry
Mole
Mole of Oxides

15
0.4
Y
2.988
1.494

B
0.012
0.012

Al
5
2.5

O
12

Mass Amount (g)

Yttria
337.36

Ceria
2.065378

Alumina
254.9032

Total
594.3286

Weight Percent (%)

56.76321

0.347514

42.8892726

Mass Needed (g)
Mass Nitrate (g)

8.514482

0.052127
0.131713

6.4333909

Table 8: Stoichiometry for 0.5 mole% Ce
Total Mass (g)
Mole Percent (%)
Stoichiometry
Mole
Mole of Oxides

15
0.5
Y
2.985
1.4925

B
0.015
0.015

Al
5
2.5

O
12

Mass Amount (g)

Yttria
337.0213

Ceria
2.581722

Alumina
254.9032

Total
594.5062

Weight Percent (%)

56.68928

0.434263

42.876458

Mass Needed (g)
Mass Nitrate (g)

8.503392

0.065139
0.164593

6.4314687
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A.2. Grain Size Sample Data
Table 9: Grain size data for 0.3 mole% Ce sintered at 1540°C for 10 hours
0.3 10 hrs 1540
Measure #

Length (µm)

# Grains

Avg Size

1 Hor

14.2

15

0.946667

2 Hor

14.2

15

0.946667

3 Hor

14.2

16

0.8875

4 Hor

14.2

14

1.014286

5 Hor

14.2

15

0.946667

1 Ver

6.2

6

1.033333

2 Ver

6.2

5

1.24

3 Ver

6.2

5

1.24

4 Ver

6.2

7

0.885714

5 Ver

6.1

7

0.871429
1.001226

A.3. PL Spectral Plots

Figure 52: Commercial 0.1 mole% Ce PL spectra for temperature test
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Figure 53: Commercial 0.3 mole% Ce PL spectra for temperature test

Figure 54: Commercial 0.3 mole% Ce PL spectra for sintering dwell time test

A.4. In-house density and PL comparison

104

Comparison of PL and Density for 0.1% Ce
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Figure 55: Comparison of PL and density for in-house 0.1 mole% Ce
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Figure 56: Comparison of PL and density for in-house 0.2 mole% Ce
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Comparison of PL and Density for 0.4% Ce
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Figure 57: Comparison of PL and density for in-house 0.4 mole% Ce
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