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A survey of Ce* activated yttrium aluminum garnet phosphors (YAG) is presented. This review includes the
historical development, crystal structure, electronic structure, optical properties and a variety of preparation
techniques of YAG. The challenges faced by the yellow phosphor are outlined, and the strategies for future

improvement are given.
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1. Introduction
Yttrium aluminum garnets, Y3AlssO12 (YAG), carry many
important technological uses as scintillators [1], magnetic
materials, popular laser host materials [2], phosphor
materials employed in television screens [3], computer
memories and in many devices as microwave optical
elements. It is well known that YAG is a material that can
be doped with rare earth ions in substitution for Y. Among
the doped YAG materials, Ce** doped YAG nanoparticles
are the subject of intensive research motivated essentially
by their use in white light emitting diodes (LEDs) [4]. In
such an application, the blue emission of a high
brightness GaN or InGaN LED is partially absorbed by
the Ce* ions in the YAG nanoparticles and then
converted by a photoluminescence (PL) process into
yellow light (peaked at 550 nm approximately). In spite
of the long history and a wide variety of applications,
there is a renewed interest in Ce*" doped YAG due to its
application in white LEDs.

In spite of the success of YAG:Ce®, the rapidly
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expanding market for solid-state lighting has an urgent
need for new phosphors with a higher conversion
efficiency, a better coverage of the spectrum (including
the orange/red spectral region), and an improved thermal
quenching behavior. This becomes even more evident
when one takes the fast development in the market of
high-power LEDs into account. Further, the garnet
structure provides a good model for crystal chemical
studies by substituting ions in the four, six and eight-fold
coordinated positions. In order to provide a pertinent
account that will lead to performance increases in the
future, here we give a review on the historical
development, crystal structures, electronic structures,
optical properties and preparation techniques of Ce’*
doped YAG. The challenges faced by Ce*" doped YAG
are also summarized in this review.

2. Historical development of YAG

2.1 YAG in ancient times

The story of the garnet dates back to ancient times due
to their beautiful colors and hardness. Garnets are a group
of silicate minerals that have been used since the Bronze
Age as gemstones and abrasives. Garnets, both natural
and synthetic, form in a wide range of groups which are
closely related by their structure, chemistry, and physical
properties. All species of garnets possess similar physical
properties and crystal forms, but differ in chemical
composition. Garnets are nesosilicates (i,e, orthosilicates,
Si04) having the general formula X3Y2(Si04)s. The X site
is usually occupied by divalent cations (Ca, Mg, Fe,
Mn)?* and the Y site by trivalent cations (Al, Fe, Cr)** in
an octahedral/tetrahedral framework with [SiO4]4
occupying the tetrahedra. Garnets are most often found in
the dodecahedral crystal habit, but are also commonly
found in the trapezohedron habit. They crystallize in the
cubic system, having three axes that are all of equal
length and perpendicular to each other. Garnets do not
show cleavage, so when they fracture under stress, sharp
irregular pieces are formed.

2.2 YAG in modern era

The scientific history starts in 1928 when Menzer
assigned the garnet structure to the space group Ia3d [5].
In 1967, Blasse and Bril were the first to report on
Ce**-doped YAG as a new phosphor for flying-spot
cathode ray tubes [6]. The combination of a high
luminescence efficiency, a short luminescence lifetime
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and a relatively long wavelength (visible) emission made
this material ideally suited for this application. The fast
emission was shown to be most efficiently excited in the
blue (at 460 nm) but it was not until later that this feature
was exploited. A good estimate of the luminescence decay
time was given (0.07-0.08 us) [3]. The use of the long
wavelength excitation band centered around 460 nm was
reported in 1980 [7]. They described the application of
YAG:Ce* in low-pressure mercury vapor discharge
lamps to absorb the Hg-plasma lines in the blue/violet
part of the spectrum, viz. 405 and 436 nm. The
conversion of the violet and blue emission lines into
yellow light adds to the white light emitted by the
halophosphate phosphor (the commonly used phosphor in
those days) to create a warmer white light. It is interesting
to note that in the late 1970s some excellent papers were
published by Robbins et al. on the fundamental aspects of
the luminescence and luminescence quenching for Ce*" in
YAG [8-10].
2.3 YAG in current days

In the 1990s YAG:Ce3* gained intensive investigations
since YAG:Ce*" was proposed as yellow light emitting
phosphor to fabricate white LEDs. White LEDs, the
so-called next generation solid-state lighting sources, are
gaining lots of attentions because of their numerous
advantages over the existing incandescent and fluorescent
lamps in energy saving, reliability, lifetime and
environment-amity. Although the white radiation can be
generated from many methods, the combination of a
GaN-based blue LED and a YAG:Ce*" phosphor is the
most popular and sophisticated method at present [11-16].
For example, Mueller-Mach et al. demonstrated a highly
efficient warm-white all-nitride phosphor-converted light
emitting diode (LED) utilizing a GaN based quantum
well blue LED and two novel nitrogen containing
luminescent materials, both of which are doped with Eu?*
[11]. The fundamental properties of YAG:Ce*" phosphors
are investigated [17-20].

3. Fundamental properties of YAG
3.1. Crystal structures of YAG

Fig. 1 Stick and ball representation of the primitive unit cell of
YAG. The red ball denotes O atom, the sky blue ball represents

Al atom while the juniper green ball represents the Y atom.

The YAG system crystallizes in the cubic garnet
structure with space group Ia3d (230). In the garnet, there
are eight molecules per unit cell but four molecules per
primitive cell. Fig. 1 represents the stick and ball
representation of the primitive unit cell of YAG. The red
ball denotes O atom, the sky blue ball represents Al atom
while the juniper green ball represents the Y atom. Since
the primitive cell contains four molecules, there are 12 Y
sites, 20 Al sites and 48 O sites in the primitive unit cell,
making the total number of atoms in the primitive unit
cell up to 80.

Fig. 2 Schematic illustration of one Al octahedron and six Al
tetrahedrons in the primitive unit cell of YAG. The red ball
denotes O atom, the sky blue ball represents Al atom while the
juniper green ball represents the Y atom.

Fig. 3 Stick and ball representation of the conventional unit cell
of YAG. The red ball denotes O atom, the sky blue ball
represents Al atom while the juniper green ball represents the Y
atom.

In this structure, there are two types of Al atoms, of
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which two Al atoms are octahedrally and three Al atoms
are tetrahedrally coordinated with the O atoms. Fig. 2
schematically illustrates one Al octahedron and six Al
tetrahedrons in the primitive unit cell of YAG. Our
essential idea of this illustration is to understand the role
of 4 and 6 coordinations of Al atoms in YAG. That is, the
Al atoms in YAG are either in the 4-fold coordination
positions or in 6-fold coordination positions.

Fig. 4 Stick and ball representation of Y dodecahedrons in the
conventional unit cell. The red ball denotes O atom, the sky blue
ball represents Al atom while the juniper green ball represents
the Y atom.

Fig. 5 Stick and ball representation of one Y dodecahedron in
the conventional unit cell. Eight oxygen atoms in a distorted
dodecahedron coordinate the Y atom, giving it D, symmetry.

In the garnet, there are eight molecules per
conventional unit cell. So the conventional unit cell
contains 24 Y sites, 40 Al sites and 96 O sites, making the
total number of atoms up to 160 in the unit cell. Fig. 3
shows the stick and ball representation of the
conventional unit cell of YAG. The red ball denotes O
atom, the sky blue ball represents Al atom while the
juniper green ball represents the Y atom. The tetrahedrons
(pink) and octahedrons (yellow) can be clearly

distinguished. In the structure of YAG, the Y atoms are
dodecahedrally coordinated. Fig. 4 illustrates the stick
and ball representation of six Y dodecahedrons in the
conventional unit cell. The red ball denotes O atom, the
sky blue ball represents Al atom while the juniper green
ball represents the Y atom. Eight oxygen atoms in a
distorted dodecahedron coordinate the Y atom, giving it
D2 symmetry. These dodecahedrons are connected with
each other by sharing edges.

In order to illustrate the coordination of Y to O atoms,
we show solely one Y dodecahedron in the conventional
unit cell of YAG. Fig. 5 represents the stick and ball
representation of one Y dodecahedron in the conventional
unit cell. It is obvious that one Y atom is coordinated with
8 O atoms.

3.2 Electronic structures of YAG

The band structure of a given semiconductor is pivotal
in determining its potential utility. Consequently, an
accurate knowledge of the band structure is critical if the
semiconductor in question is to be incorporated in the
family of materials considered for device applications.
Thus, the electronic structure of Ce** doped YAG is the
most important factor to determine the optical properties
of the phosphor. Several theoretical approaches of
varying degrees of complexity were employed to
calculate the band structure of YAG [21-23].
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Fig. 6 Band structures of YAG and TDOS of undoped YAG.
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For the pure and doped garnet systems, there are very

few theoretical electronic structure studies in the literature.

To our knowledge, no ab initio or first principles
electronic structure calculations of important garnets are
available except the works of D'Arco et al. [21] for
Mg3AlSizO12 and Pari et al. [22], and Xu et al.[23] for
YAG. The reason perhaps is the difficulty of dealing with
the rather large unit cell. For example, D'Arco et al.
calculated the electronic structures of Mg3Al>Si3012, the
total and projected density of states indicated that pyrope
is a highly ionic insulator with a large band gap of about
17 eV [21]. In order to study quantitatively and
systematically the electronic structural properties of the
R3Alss012 with R = Ce-Lu, where the R atoms are
substituted at the dodecahedrally coordinated Y sites in
YAG, Pari et al. performed first-principles electronic
structure calculations of R3Alss012 (R = Ce—Lu), using
the tight-binding linearized muffin-tin orbital method
within local density approximation [22]. Fig. 6 shows the
calculated band structures and total density of states
(TDOS) of undoped YAG. The fat bands in Fig. 6 indicate
the characters of a band. The fatness of the bands allows
us to determine which electronic states give rise to which
bands. The band gap value of undoped YAG is about 0.2
Ryd, which is equal to 2.72 eV. However, there are no
experimental results available to compare with the
calculated results. It is important to note that the
insulating gap of 3.75 eV for LuzAlssO12 (is direct at G
point) occurs between the O-2p and the empty R-5d.

Ning et al investigated geometric and electronic
structures of Ce3* and Si—N co-doped YAG with first
principles methods to gain microscopic insight into
effects of Si— N addition on electronic structures and
optical properties of Ce*" [24]. Hybrid density functional
theory (DFT) calculations reveal that the Si—N prefers to
be substituted for the tetrahedral Al(tet)—O sites with a
random distribution. Fig. 7 shows the total and
orbital-projected DOSs for the YAG unit cell calculated
by DFT with the PBEO hybrid functional containing 32%
HF exchange and a 2x2x2 k-point grid to sample the
Brillouin zone. Moreover, from the values of g(Ce*'/*")
and the band gap (E; = 7.68 eV) of the host, the energy
difference between the Ce*" 4f! ground-state level and the
host conduction band maximum is 3.85 eV, which is in
good agreement with that (3.8 eV) as estimated from
photoconductivity measurements on YAG:Ce?".
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Fig. 7 Total and orbital-projected DOSs for the YAG unit cell
calculated by DFT with the PBEO hybrid functional containing
32% HF exchange and a 2x2x2 k-point grid to sample the
Brillouin zone. The Fermi level is set at zero energy.

3.3 Optical properties of YAG:Ce**

The optical properties are the core of Ce*" doped YAG
for the desired application. Among the a variety of optical
properties, the PL and excitation spectra are the most
important ones [17-20].

3.3.1 Concentration dependent PL

It is naturally expected that the concentration of Ce3+
dopant generates significant effects on the optical
properties of the yellow phosphor. Masenelli et al
investigated the luminescence properties of 10 nm YAG
nanoparticles doped with Ce** ions at 0.2%, 4% and 13%
that are designed as active probes for scanning near-field
optical microscopy [14]. Fig. 8 shows the 5d — 4f Ce**
emission transitions probed by PL of the YAG
nanoparticles doped with Ce**" at 0.2%, 4% and 13% from
top to bottom, respectively. The nanoparticles were
produced by a physical method without any subsequent
treatment, which is imposed by the desired application.
The emission of the 13% doped Ce:YAG nanoparticles is
marginal and not representative of the samples, in which
most parts do not emit light. The relative intensities are
arbitrary and have been set only for the sake of clarity. In
contrast to the 0.2% and 4% doped nanoparticles, which
were excited at a 450 nm wavelength, the 13% doped
nanoparticles were excited at a 220 nm wavelength [14].
The structural analysis reveals the amorphous nature of
the particles, which we relate to some compositional
defects as indicated by the elemental analysis. The
optimum emission is obtained with a doping level of 4%.
The emission of the YAG nanoparticles doped at 0.2% is
strongly perturbed by the crystalline disorder whereas the
13% doped particles hardly exhibit any luminescence. In
the latter case, the presence of Ce*" ions is confirmed,
indicating that the Ce*" concentration is too high to be
incorporated efficiently in YAG nanoparticles in the trivalent
state.

PL yield (a.u.)
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Fig. 8 5d — 4f Ce*" emission transitions probed by PL of the
YAG nanoparticles doped with Ce*" at 0.2%, 4% and 13% from
top to bottom, respectively [14].

Fig. 9 represents the PL decay curves of the Ce:YAG
nanoparticles doped at 0.2% and 4%. The triangle and
square symbols are fits to the decay curves of the 0.2%
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and 4% doped nanoparticles, respectively. Time-resolved
PL reveals the presence of quenching centers likely
related to the crystalline disorder as well as the presence
of two distinct Ce*" ion populations. Eventually,
nano-cathodoluminescence indicates that the emission
and therefore the distribution of the doping Ce*" ions and
of the defects are homogeneous [14].

normalized intensity
f=
=

0,01L

decay time (ns)

Fig. 9 PL decay curves of the Ce:YAG nanoparticles doped at
0.2% and 4%. The triangle and square symbols are fits to the
decay curves of the 0.2% and 4% doped nanoparticles,
respectively.

3.3.2 Calcination temperature dependent PL

It is well known that annealing can significantly
changes the optical properties of a luminescent material.
Yuan and Ryu reported the PL of Ce-doped YAG
phosphor powders prepared by co-precipitation [25].
Ce-doped YAG phosphor powders were prepared by
co-precipitation methods using ammonium hydrogen
carbonate as precipitant. Pure Ce-doped YAG phase was
obtained by calcining the precipitate at 1200 °C. The
emission intensity of Ce-doped YAG phosphor was found
to increase with the increases in the calcining temperature,
and there was a clear shift of peaks to longer wavelengths.
Fig. 10 shows the XRD patterns of as-calcined Ce-doped
YAG powders
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Fig. 10 XRD patterns of as-calcined Ce-doped YAG powders.

at different temperatures. The XRD patterns indicate
YAG to be the only crystalline component at calcining
temperature over 1200 °C. There are three stable phases
in the Y203 — AlbO3 binary systems: YAG, YAIO3
(perovskite) and Y4Al:O9 (monoclinic structure). It is
reported that YAG phase can be obtained at higher
temperature over 1600 °C in the conventional solid-state

reaction for Y,03—AlO; binary systems. However, pure
YAG phase is produced for samples prepared by
precipitation methods at a calcining temperature at 1200
°C, which is near 400 °C lower than conventional
solid-state method. As the XRD pattern shows, moreover,
further calcining at higher temperatures leads to the
increases in the YAG diffraction peak intensity and
reduces in the full-width at half-maximum due to the
improvement of crystallinity and growth.

Fig. 11 shows the emission spectra of Ce-doped YAG
prepared by co-precipitation. It can be seen that emission
intensity increases with the increase in calcining
temperature for both samples. The emission of Ce’*
occurs from the lowest crystal field component of 5d!
configuration to the two levels of the ground state 2Fs»
and ?F7,, which is separated by some 2000 cm™! due to
spin—orbit coupling. The shift of peaks to longer
wavelength indicates that the lowest 5d has a shift to
higher energy level. The shift of peaks in Ce-doped YAG
phosphor has also been found in the samples prepared by
citrate gel and polyacrylamide methods. It is reported that
the change of unit cell affect the crystal field around Ce**,
and causes the blue-shift phenomena of spectra. As the
XRD data indicate, the 20 value has a little increase with
calcining temperature increase, as a result, the lattice
parameter decrease as well, thereby, it is reasonable that
the change of crystal field induces the shift of peaks.
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Fig. 11 Emission spectra of Ce-doped YAG prepared by
co-precipitation.

3.3.3 Temperature dependent PL

The temperature of the phosphor is another parameter
to influence its optical properties. The work of Robbins
was focused on the behavior between 4 and 400 K [9].
The wvariation of the light output was shown to be
complex and to involve changes in the absorption
strength of the (different) f-d absorption bands and the
(temperature-dependent) energy transfer to defects. After
this work, research on the fundamental understanding of
the temperature quenching of the luminescence in
YAG:Ce" is limited. Recently, Shao et al. published one
piece of paper on this subject. Fig. 12 shows the relative
luminance of the pure and Gd*" doped YAG phosphor at
varying temperature (25 — 200 °C) [26]. Gd*'-doped,
La’*-doped and Gd**/La** co-doped YAG:Ce*" phosphors
were prepared by high-temperature solid-state reaction.
Their crystal structure and PL properties at various
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temperatures (25 — 200 °C) were investigated. The
luminance of the samples at elevated temperature is
normalized to that at 25 °C. The pure YAG:Ce*" exhibits a
remarkable thermal quenching behavior. Its luminance
falls by 12% at 150 °C, and by 20% at 200 °C. The
introduction of Gd*" significantly increases the
temperature  sensitivity of YAG:Ce’*. The relative
luminance of Y0.43Gd25Als5012:Ceo.07 falls by 70% at 150
°C, and by 87% at 200 °C.
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Fig. 12 Normalized luminance of Y293Als012:Ceoo7 and

Y0.43Gd2.5A15012:Ceo.07 phosphors at various temperatures [26].

4. Preparation methods

The preparation method influences the morphology, phase,
optical properties and costs of Ce’* doped YAG.
Therefore it becomes necessary to know the preparation
techniques.

4.1 Solid state reaction method
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Fig. 13 Phase diagram of Y>203-Al,03 binary system.

YAG powders are conventionally prepared by a
solid-state reaction process at a high reaction temperature
(>1600 °C). In the solid-state reaction process,
agglomerated large particles (5-20 mm) of irregular
shapes and several intermediate phases such as YAIO;

and Y4Al,O9 are produced. Also, replacing Y>* ions by
larger ones in YAG:Ce’" is a tedious process in solid-state
reaction method. The synthesis of pure-phase YAG
powder by solid-state reaction process is documented in
the literature [27-30].

Fig. 13 illustrates the phase diagram of Y»03-Al,O;3
binary system. The molar ratio of Y203 in the starting
materials (Y203 and Al;O3) must be 0.375 in order to
synthesize  YAG. It is clear in Fig. 13 that high
temperature is required to synthesize YAG. In mass
production, solid state reaction method is widely used in
the synthesis of YAG:Ce** phosphors. However, this
method has a few inevitable disadvantages: it normally
requires high calcination temperature (1500 °C) and long
ball-milling time. High temperature leads to the formation
of coarse and heavily agglomerated particles, which need
further milling process or other procedures to make the
phosphor powders suitable for the use in LED packaging.
In addition, the extensive ball milling could lead to
impurity contamination and degeneration of the
luminescence properties of the phosphors.

4.2 Sol-gel method

In the synthesis of powders, hydrothermal method that
uses supercritical water as a reaction media exhibits great
advantages in synthesizing powders, such as low reaction
temperature, no organic contamination and so on. So, by
using the hydrothermal and solvothermal methods, these
garnet phosphors were obtained at low reaction
temperatures without being subject to additional heat
treatment [31-33]. The crystallization by this method has
faster growth rate compare to solvothermal synthesis. The
sol-gel method show advantages of high purity,
homogenous composition, fine grains and lower sintering
temperatures when compared to the solid-state reaction
method [31-33]. These methods require additional heat
treatment at higher temperatures (>800 °C) to get well
crystallized products. Using water and ethyleneglycol as
the solvent, Boukerika ef al. prepared the precursor for
subsequent annealing at 900 °C to synthesize YAG:Ce**
[31]. Katelnikovas et al. prepared the precursor for
subsequent annealing at 1000 °C to synthesize YAG:Ce**
[32]. With malic acid and polyethylene glycol in water,
Sun et al. prepared the precursor for subsequent annealing
at 900 °C to synthesize YAG:Ce*" [33].

4.3 Solvothermal method

Solvothermal method is another kind of technique to
synthesize YAG:Ce*" phosphor [34-38]. Park et al
prepared Ce*" doped YAG phosphors via the solvothermal
method [34]. The crystalline powders were prepared with
stoichiometry amounts of reagents. In a process, all
reagents were dissolved in 20 ml of 2-propanol at the
concentration of 5 mol%. The mixed solution was
vigorously stirred by using magnetic stirrer for 1 h until
the homogeneous solution was formed and transferred
into a glass vial (40 ml capacity and 50%) and this was
placed into a stainless steel autoclave. The mixture was
then heated to 300 °C at a rate of 10 °C min"! with
magnetic stirring to mix the solutes homogeneously and
the temperature was maintained at 300 °C for 48 h
without stirring to enable the crystallization of mixed
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solution. After 48 h, the autoclave allowed to cool room
temperature. The crystalline powders were collected by a
centrifugal separator with 4000 rpm for 5 min and then
washed with absolute ethanol several times to remove the
excess-reactants and by-products. Finally, the product
was dried at 60 °C for 5 h in ambient atmosphere.

The top panel in Fig.14 shows the XRD patterns of
Y3GaAl3012  sample obtained at various reaction
temperatures for 48 h [34]. As shown in Fig. 14, it was
observed that no diffraction peaks appeared up to 280 °C,
which indicate that the sample is in amorphous state at
280 °C and below. When the calcination temperature
reached to 300 °C, all the diffraction peaks were quite
consistent with the standard data from JCPDS card
89-6685 of Y3GaxAl;012. The bottom panel in Fig. 14
illustrates the normalized PL spectra of Ce** doped
Ln3AlbAlL3O2 crystalline powders: (a) Y3ALAIzOi, (b)
Tb3Alel3012, (C) Gd3Alel3012, and (d) Sm3ALALO1.
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Fig. 14 Top panel: the XRD patterns of Y3Ga;Al;012 sample

obtained at various reaction temperatures for 48 h. Bottom panel:

the normalized PL spectra of Ce** doped Ln3ALAILOi»
crystalline powders: (a) Y3ALALOpz, (b) TbsAlLALOr, (c)
Gd3ALAl3O12, and (d) SmzALALO1.

4.3 Co-precipitation method

Co-precipitation process can make the reaction
elements mix homogeneously in the precipitation,
whereas, heterogeneous precipitation process is almost
the same as solid-state process [35]. Generally,
co-precipitation is a good process for preparation of
homogeneous mixture, which has been widely used in
preparation of ultra-fine powders [31-33]. Although

heterogeneous precipitation is nearly the same as the
solid-state process, it can make a special unit for
precipitation precursor, which can make the core Al and
shell Y and Ce** compounds have a shorter distance and a
homogeneous unit distribution than that for solid-state
sample. Furthermore, the special unit can give some
advantages for distribution of doped cerium in the YAG
lattices, which can help to increase the emission intensity.
It is reported that the reaction between Y203 and Al,O3
occurs by the diffusion of Al into Y203 in the
conventional solid-state synthesis process. The reaction
between Y203 and ALOs for the powders prepared by
heterogeneous precipitation mentioned here is the same as
that in solid-state process, except that the reaction for
these powders is faster because of fine starting particles.
In this process, cerium and yttrium compounds are mixed
homogeneous, which can make the doped cerium diffuses
into the YAG lattice homogeneous, especially at high
temperature.

4.5 Microemulsion method

The synthesis of nanoparticles by microemulsion
method has been widely reported in the literature.
Microemulsion method can be utilized to synthesize
YAG:Ce3* [39]. Spherical nanopowder of YAG:Ce** was
prepared by the microemulsion method in a water / Triton
X—-100 / hexanol / (cyclohexan+n-hexane) system. Al, Y
and Ce chloride and nitrates were used as starting
materials, and ammonia was used as a precipitating agent.
The procedures of the microemulsion synthisis are
outlines as follows: (1) Stoichiometric amounts of yttrium
nitrate hexahydrate, aluminum chloride hexahydrate and
cerium nitrate hexahydrate, were dissolved in
deionized-distilled water in a crucible. The ratios of
n(Y)/n(Al)/n(Ce) were set as (3—x)/5/x (x=0.04-0.1)
according to Y3—xAlsO12:xCe*". The concentration of all
cations of the aqueous solution was 0.64 mol/L (reactant
solution), whereas the ammonia solution was diluted with
deionized-distilled water to 2.5 mol/L (precipitant
solution). (2) Two water / Triton X-100 / hexanol /
(cyclohexan+n-hexane) microemulsions, A and B,
differing only in the aqueous phase, were prepared. The
aqueous phase of microemulsion A was the reactant
solution, whereas the aqueous phase of microemulsion B
was the precipitant solution. The composition of the
four-component microemulsion is defined by the
water/surfactant (Triton X—100) molar ratio, R, and the co
surfactant (hexanol)/surfactant molar ratio, P (R=39.9,
and P=3.7). (3) Microemulsion B was added dropwise to
microemulsion A maintained under constant stirring at
room temperature until a pH value of 8 was reached. A
white hue sol was instantaneously observed, indicating
the formation of hydroxides. (4) Complete precipitation
occurred in 12 h. The mixed cerium—yttrium—aluminum
hydroxide precipitate was filtered and repeatedly washed
with water to remove residual ammonia, chloride ions,
nitrate ions, and surfactant molecules. (5) Finally the
precipitate was washed with ethanol to facilitate the
drying process. The obtained white precipitate was oven
dried at 60 °C, the residual carbon was eliminated and the
sample was calcined at 700900 °C for 2 h under mild
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reducing atmosphere [39].

The YAG:Ce** nanopowder was prepared successfully.
The top panel in Fig. 15 shows the XRD patterns of as-prepared
powders after carbon removal calcined at various temperatures
for 2 h. The bottom panel in Fig. 15 depicts the TEM
micrograph of the YAG:Ce*" phosphor powders. Experimental
results indicate that the pure YAG phase is synthesized at
the temperature of 800 °C, which is lower than that by
solid-state method (over 1500 °C). The results show that
the YAG:Ce* nanopowder consist of fairly uniform,
spherical particles. The particle size is distributed
uniformly at 50 nm. The excitation spectra show two
peaks, with the major one at 469 nm. The emission
spectra peak is at 532 nm, indicating that phosphor is
qualified for use in white light emitting diode.

{420}

L

200 nm_,

Fig. 15 Top panel: XRD patterns of as-prepared powders after
carbon removal calcined at various temperatures for 2 h. Bottom
panel: TEM micrograph of the YAG:Ce** phosphor powders.

4.6 Combustion method

Mukherjee et al. Prepared lanthanide ions (Ce’*, Eu’”,
Dy** and Tb*") doped YAG by glycine nitrate combustion
method followed by annealing at a relatively low
temperature of 800 °C [40]. For the preparation of
undoped and Eu’ doped YAG nanoparticles,
stoichiometric amounts of solid oxides of yttrium and
europium along with AI(NO3)3*9H>O were dissolved in
aqueous nitric acid. Required amount of glycine was

added by keeping the nitrate to glycine ratio 1.2. The
solution was slowly heated at 100 °C on a hot plate to get
a colourless gel. Temperature was then raised to 200 °C
so that combustion reaction took place to form a white
fluffy powder. The powder was initially heated to 600 °C
followed by heating to 800 and 1200 °C for 4 h each.
Their XRD pattern shows the product obtained after
combustion reaction followed by heat treatment at 600
and 800 °C. Samples annealed at 600 °C are found to be
amorphous. However on heating to 800 °C, crystalline
nanoparticles with YAG structure are formed. Naik et al.
Cr and Nd co-doped Ce:YAG compounds via the sol-gel
autocombustion technique. A reduction in the formation
temperature to 1000 °C is required [41].

4.7 Other methods

Other methods were also employed to synthesize Ce**
doped YAG. Examples include the microwave method
[42], micro-pulling down  technique  [43,44],
electrospinning method [45], Czochralski (CZ) method
[46], molten salt method [47].

5 Challenges and strategies

White LEDs become the next generation solid-state
lighting sources. YAG doped with Ce* is known as an
efficient yellow phosphor with high internal
luminescence quantum yield (>90%) and perfect
photostability. One of its broad absorption bands peaks at
450 nm and matches perfectly the blue-emitting LEDs for
the generation of white light [26,48]. However, this
strategy suffers from low color-rendering index (CRI) and
high color-temperature due to the weak emission intensity
in red spectral region [48].

The first challenge is that the emission wavelength
lacks a red component, producing a so-called “cold”
white light. A color rendering index (CRI) is a
quantitative measure of the ability of a light source to
reveal the colors of various objects faithfully in
comparison with an ideal or natural light source. Light
sources with a high CRI are desirable in color-critical
applications such as neonatal care and art restoration. The
CRI of a light source does not indicate the apparent color
of the light source. The CRI is determined by the light
source's spectrum. Numerically, the highest possible CIE
Ra value is 100, and would only be given to a source
identical to standardized daylight or a black body
(incandescent lamps are effectively black bodies),
dropping to negative values for some light sources. Using
a large rare earth ion, such as Gd*"and Tb*", to substitute
the dodecahedral site of the garnet structure can shift the
Ce’* emission band to a longer wavelength because of the
larger crystal splitting of the 5d energy level of Ce*" ions.
It is beneficial to improve the color-temperature and
color-rendering properties of w-LEDs based on YAG:Ce**
phosphor [49].

The second challenge is that the quantity of Ce*" ions
that can be incorporated into the YAG matrix is small due
to the mismatch between the Ce*" ionic radius (1.143 A
for a coordination number of 8) and the substituted Y3*
ionic radius (1.019 A for a coordination number of 8).
The maximum concentration is reported as 3 at.% when
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YAG:Ce*" is synthesized by solid state reaction. This
results in a small absorption of the blue light of the GaN
diode, and a large amount of powder or ceramics is
required to acquire the appropriate yellow component
from the device. Additional drawbacks include
re-absorption and strong scattering that reduces the
external quantum efficiency of these white LED devices.

The third challenge is that the synthetic temperature of
Ce’* activated YAG is as high as 900 °C. Although about
a dozen of techniques are employed to synthesize Ce**
doped YAG, a subsequent calcination is often necessary
to turn the precursor into YAG. It would be beneficial if
we can lower the synthesis temperature to 300 °C.

The fourth challenge is that the fundamental aspects of
Ce*" doped YAG are still not well understood. Example
include the accurately determined bandgap values of
YAG, the accurate calculation of the electronic structure
of Ce*" doped YAG, and the depths of a variety of defect
energy levels in YAG. On one hand, some workers
calculated the band structures of YAG, but those results
are hard to compare to experimental observation
[21-24,50]. As documented in the literature, several
groups explored the roles of intrinsic and extrinsic defects
in YAG [51-53]. In spite of these research activities, the
understanding of the roles of defects is limited. It is
obvious that thorough investigations on these
fundamental issues can provide insight into the optical
properties for Ce** in YAG.

The strategies to facing these chanllenges rest on the
wisdom and hard work of mankind. For example, in order
to increase the CRI of Ce** doped YAG, it is interesting to
note that some authors have turned to alternative host
materials [54-57]. For example, Krevel et al. observed
blue-green emission from Ce** activated Y-Si-O-N
materials [54]; Li et al. reported red emissions from Eu?"
activated M2SisNg (M = Ca, Sr, Ba) LED conversion
phosphors [55]; Lee et al. reported a novel reddish
orange-emitting BaLa»Si>Sg:Eu?" thiosilicate phosphor for
LED lighting [56]. Another example 1is that the
state-of-the-art DFT calculations may provide the most
accurate information on the band structures, bandgap
values and defect energy levels in YAG, as they did in
other ceramics such as ZnO [58], SrAlLOs [59] and
ZnMoO4 [60].

4. Conclusions

It is the aim of this paper to provide a survey of Ce**
activated YAG:Ce*" nanoparticles, which is especially
relevant for new comers to white LEDs. A survey of the
well-established and newly emerging yellow phosphor
Ce’* activated YAG is presented. The review includes the
historical development, the crystal structure, the
electronic structure, optical properties and preparation
techniques of YAG. Moreover, the challenges to the
yellow phosphor are outlined, and strategies for
improvement are given.
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