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a b s t r a c t

The formation of Y3Al5O12:Ce3+ (YAG:Ce) powders from the corresponding submicrometer-sized oxides
and 5 wt% BaF2 flux is studied at different heating temperatures. The reaction powders are characterized
using XRD, SEM, and TEM-EDS. X-ray analysis reveals the sequential formation of the Y4Al2O9 (YAM),
YAlO3 (YAP), and Y3Al5O12 (YAG) phases in the temperature range of 1000–1300 ◦C. It is shown that
the nucleation process occurs via the dissolution–precipitation mechanism, whereas the grain growth
vailable online 30 November 2010

eywords:
xide materials
hosphors

process is controlled via the liquid-phase diffusion route. YAG:Ce phosphor particles prepared using
a proposed technique exhibit a spherical shape, high crystallinity, and an emission intensity that is
approximately 10–15% greater than that of commercial phosphor powder.

© 2010 Elsevier B.V. All rights reserved.

olid state reaction
uminescence
AG:Ce

. Introduction

Rare-earth-doped yttrium aluminum garnet (YAG) materials
re potential phosphor candidates for use in cathode-ray tubes
CRTs), field-emission displays (FEDs), and applications involving
cintillation and electroluminescence [1–3]. The development of
igh-resolution, high-efficiency displays is critically dependent on
he properties of the phosphor particles used in their fabrication.
enerally, phosphor powders that exhibit a spherical morphology
nd have uniform diameters of approximately 1–3 �m facilitate the
evelopment of high-brightness, high-resolution displays [4].

YAG particles have been produced using several techniques.
hese include solvothermal synthesis [5–7], hydrothermal syn-
hesis [8–12], metal-organic chemical vapor deposition (MOCVD)
13], co-precipitation [14], spray pyrolysis [15,16], spark-plasma
ynthesis [17], microwave irritation [18], and sol–gel combus-
ion [19,20]. These chemical processes achieve symmetrical mixing

f the precursor materials on the molecular level, lowering the
ynthesis temperature and promoting the formation of submi-
ron and/or nanosized particles having uniform grain morphology.
owever, phosphor particles produced using the abovementioned

∗ Corresponding author at: Practical Application Materials, Chungnam National
niversity, 220 Kung-Dong, Yuseong-gu, Daejeon 305-764, Republic of Korea.
el.: +82 42 821 6587; fax: +82 42 822 9401.

E-mail address: haykrasom@hotmail.com (H.H. Nersisyan).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.143
techniques exhibit low emission intensity; this is because the
luminescence efficiency of phosphors becomes seriously degraded
when the particle size is smaller than 1 �m. Moreover, most of these
techniques have inherent disadvantages. These include the require-
ment of controlling the solution pH, which is difficult; expensive
starting materials; and long reaction time. All these factors have
contributed to limiting the mass production of phosphors using
these techniques.

Powders with pure YAG phase are usually synthesized by a con-
ventional solid-state reaction method with Y2O3 and Al2O3 as the
raw materials [21–23]. This is a cost-effective, efficient method, as
compared with other synthesis methods. However, this method has
a few inherent disadvantages in that it requires a high calcination
temperature and long processing time. These factors contribute
to the formation of coarse agglomerated particles, necessitating
another process for grinding these agglomerates into particles of
sizes on the order of several microns. The resulting extensive
ball milling could lead to contamination and degeneration of the
luminescent property of the obtained powder. In light of these
issues, the present study mainly focuses on developing a solid-state
reaction to produce spherical, micrometer-sized YAG:Ce phosphor
particles with a low degree of agglomeration. To overcome the

drawbacks of the conventional solid-state reaction method and to
achieve the desired particle shape and phase purity, we prepare an
initial mixture using submicrometer-sized oxide powders (Y2O3,
Al2O3, and CeO2) combined with BaF2, which is known as a proper
flux in the synthesis of YAG powders [16,24,25]. This paper will also

dx.doi.org/10.1016/j.jallcom.2010.11.143
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:haykrasom@hotmail.com
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ig. 1. Laboratory box furnace with two alumina crucibles. The smaller crucible
ontains the reaction mixture, and the larger crucible contains charcoal.

iscuss the basic techniques used in this study to synthesize spher-
cal YAG:Ce phosphor micrometer-sized particles via a modified
olid-state reaction, the nucleation process, and the grain growth
echanism.

. Experimental

The sample used in the present study was prepared such that it had the following
verall composition: Y2.95Ce0.05Al5O12. The main starting materials used for prepar-
ng the YAG:Ce phosphor were aluminum oxide (Al2O3, particle size: 01–0.3 �m,
urity: 99.95%); yttrium oxide (Y2O3, particle size: <2 �m, purity: 99.99%); cerium
xide (CeO2, particle size: <1 �m, purity: 99.99%); and barium fluoride (BaF2, mean
article size: 0.5 �m, purity: 98%). All the starting materials were weighed according
o the stoichiometric ratio and mixed in an aqueous medium for several hours using
he ball-mill technique. After the powder mixture was dried, it was loosely com-
acted in an alumina crucible, which was then placed in a larger alumina crucible
artially filled with small pieces of charcoal; this created a reducing CO atmo-
phere to facilitate the Ce4+ → Ce3+ transition. The crucibles were sealed and loaded
nto a laboratory box furnace. The furnace was heated to the working temperature
1000–1500 ◦C) at the rate of 300 ◦C/h. Fig. 1 shows a schematic illustration of the
aboratory box furnace with the two alumina crucibles inside it. The reaction mix-
ure in the smaller crucible and charcoal in the larger one are also indicated. The
owder mixture sample was maintained at the maximum temperature for 10 min
nd then allowed to cool naturally. The yellow powder formed after the heat treat-
ent was washed thoroughly with hot water to eliminate BaF2 and then dried in an

ven at 100 ◦C.
Powder diffraction patterns were recorded using an X-ray diffractometer with

u K� radiation (Siemens D5000, Germany). Powder morphology was studied using
transmission electron microscope (TEM, JEM 2010, Japan) and a scanning elec-

ron microscope (SEM, JSM 5410, JEOL, Japan). The relative photoluminescent (PL)
mission intensities of the samples were measured using a fluorescence spectropho-
ometer (F-7000, Hitachi, Japan) equipped with a Xe lamp having an excitation
avelength of 450 nm at room temperature.

. Results and discussion

.1. Synthesis and characterization

Ce+3-doped YAG samples were prepared via high-temperature
alcination of a reaction mixture containing stoichiometric
mounts of metal oxides and 5 wt% BaF2 as a “proper flux”. The
xperiments were conducted at temperatures above and below

◦
he melting point of BaF2 (Tmelt = 1368 C). Fig. 2 shows the X-ray
iffraction (XRD) patterns of the YAG:Ce phosphors calcinated at
ifferent temperatures for 10 min. The XRD patterns of YAG:Ce
repared at 1300 ◦C without BaF2 are also provided for com-
arison. Fig. 2(a) shows that the multiphase product comprising
Fig. 2. XRD patterns of YAG:Ce phosphors: (a) 1000 ◦C, (b) 1150 ◦C, (c) 1300 ◦C. For
comparison, and (d) XRD patterns of YAG:Ce synthesized at 1300 ◦C (without BaF2)
are provided.

Y4Al2O9 (YAM), Al2O3, Y2O3, YO1.4 (yttrium suboxide), and BaF2
was formed at 1000 ◦C. No peaks corresponding to the Y3Al5O12
(YAG) phase were detected at this temperature. For samples cal-
cinated at 1150 ◦C (Fig. 2(b)), the diffraction peaks indicate the
formation of Y3Al5O12 (YAG), YAlO3 (YAP), and Y4Al2O9 (YAM)
phases. The concentration of YAG continuously increased with the
increase in temperature, leaving behind small amounts of YAM and
YAP. When the calcination temperature was increased to 1300 ◦C,
the diffraction peaks of YAM and YAP no longer appeared in the XRD
patterns, and phase-pure YAG was obtained (Fig. 2(c)). In the case of
the sample calcinated without BaF2 at 1300 ◦C, a noticeable amount
of YAP remained in the final product (Fig. 2(d)). Normally, YAG
is synthesized using coarse precursor powders (via the solid-state
route) in the temperature range of around 1500–1600 ◦C [21–23].
However, in the proposed synthesis route, YAG:Ce is synthesized
at a lower temperature because of the small size of the precursor
oxides and the addition of BaF2 as a flux.

TEM analysis of the YAG samples prepared at various temper-
atures (1250–1500 ◦C) was carried out to observe the nucleation
and growth of particles in the Y2O3–Al2O3–CeO2–BaF2 system.
The results of the analysis are shown in Fig. 3. Heat treatment
of the reaction mixture at 1250 ◦C resulted in the formation of a
powder having a complex morphology; it consists of a blend of
submicrometer-sized spherical particles (dark color) and irregular
white fragments, Fig. 3(a). The average diameter of the spheri-
cal particles is less than 500 nm, as estimated from a micrograph,
Fig. 3(b). The white fragments exhibit a layered texture and are
non-uniformly spread over the surface of the spherical particles.
To determine the chemical composition of the white fragments and
the spherical particles, shown in Fig. 3(a), we carried out transmis-
sion electron microscope-energy dispersion spectrum (TEM-EDS)
analysis. According to the results of the analysis, the spherical par-
ticles consist of Y, Al, and O (Fig. 3(b), point 1), and the white color
fragment consists of Ba and F, along with Y, Al, and O (Fig. 3(b),
point 2). This observation might possibly indicate the coexistence
of two or more phases: the dark phase (spherical particles), con-
sisting of only yttrium–aluminum oxides (most likely Y3Al5O12),
and the white phase, consisting of a mixture of yttrium–aluminum

oxides (most likely YAM and/or YAP) and BaF2. A further increase in
the temperature results in the formation micrometer-sized spheri-
cal particles with weak aggregation characteristics. Representative
TEM images of particles synthesized at 1300 and 1500 ◦C are shown
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Fig. 3. TEM micrographs of YAG:Ce particles prepared at various temperatures: (a) and (b) 1250 ◦C; (c) 1300 ◦C; and (d) 1500 ◦C. Here, (b) (points 1 and 2) are TEM-EDS
element patterns of YAG:Ce particles synthesized at 1250 ◦C.

Fig. 4. (a) YAG:Ce powder synthesized at 1500 ◦C and grinded for a short time, and (b) commercial YAG:Ce sample.
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Fig. 5. (a and b) SEM micrographs of Y2O3 and Al2O3 powd

n Fig. 3(c) and (d), respectively. The tendency of the particle size
o increase can be clearly observed in these micrographs. After the
ample was ground for a short duration, having a uniform size dis-
ribution was obtained (Fig. 4(a)). The diameter of the particles is
n the range of 1–5 �m. For comparison, the SEM image of a com-

ercial YAG sample (Nichia) is shown in Fig. 4(b). As can be seen,
majority of the particles in the commercial sample have an irreg-
lar shape because of the high calcination temperature (1600 ◦C
r above) used in their production and the subsequent extreme
illing carried out to decrease the subsequent agglomeration. In

ddition, these particles have a large size (10–25 �m) compared to
hose obtained using the proposed technique.

.2. Reaction pathway and mechanism of nucleation and
articles growth

From the XRD results, it can be deduced that first, the Al2O3-
ich Y4Al2O9 (YAM) phase is formed by a reaction between fine
articles of Y2O3 and Al2O3. Then, the YAlO3 (YAP) and Y3Al5O12
YAG) phases are formed. The formation of Y4Al2O9 was detected
etween 950 and 1000 ◦C, and this formation can be described as
esulting from the combination of Y2O3 and Al2O3:

Y2O3 + Al2O3 → Y4Al2O9 (1)

Increasing the temperature above 1000 ◦C facilitates the forma-
ion of the YAlO3 and Y3Al5O12 phases. The phase transitions in the
100–1300 ◦C temperature range can be expressed by the following
eactions:

l O + Y Al O → 4YAlO (2)
2 3 4 2 9 3

YAlO3 + Al2O3 → Y3Al5O12 (3)

It should be noted that the phase transitions in the Y2O3–Al2O3
ystem are not confined to only the reactions stated above. The
fore and (c and d) after calcination at 1250 ◦C with 5% BaF2.

following reactions can be also considered as a part of the given
mechanism:

Y2O3 + Al2O3 → 2YAlO3 (4)

1.5Y2O3 + 2.5Al2O3 → Y3Al5O12 (5)

Y4Al2O9 + Y2O3 + 4Al2O3 → 2Y3Al5O12 (6)

The XRD results also indicate that phase transitions occur at
1300 ◦C, leaving behind pure-phase YAG powder having spheri-
cal particles. A further increase in the temperature from 1300 to
1550 ◦C was found to cause an appreciable increase in the mean
particle diameter and enhance the emission intensity of the YAG:Ce
phosphor.

There can be two possible reasons for the formation of the YAG
phase at a relatively low temperature (1200–1300 ◦C). One is the
accelerated diffusion of Al3+ into the Y2O3 lattice because of the
small size and high reactivity of the initial particles and the other
is the liquid phase diffusion and/or dissolution–precipitation pro-
cesses, which could potentially occur during heat treatment. To
clarify this further, we investigated the morphology change in raw
oxides after heat treatment at 1250 ◦C in the presence of 5% BaF2.
The results are shown in Fig. 5. Most of the particles in the initial
Y2O3 powder are smaller than 1 �m; however, a sufficient number
of them are also micrometer-sized (Fig. 5(a)). The initial Al2O3 pow-
der consists of uniform particles with a mean diameter of 0.2 �m
(Fig. 5(b)). Heat treatment of these powders at 1250 ◦C causes a
significant change in the morphology of the individual oxides: the
Y2O3 particles appear to coarsen into irregular shapes or agglom-
erate (Fig. 5(c)), whereas the Al2O3 particles are spherical and have
diameters of 0.3–0.5 �m (Fig. 5(d)).
This observation indicates that during the heat treatment of
the 1.5Y2O3 + 2.5Al2O3 + 5% BaF2 + CeO2 reaction mixture, Y2O3 and
Al2O3 particles undergo morphological changes as a result of con-
tact with BaF2. As mentioned above, these particles may form in
the liquid phase by the so-called dissolution–precipitation route
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ig. 6. (a) Alumina crucibles with 1.5Al2O3–2.5Y2O3, Y2O3–BaF2, and Al2O3–BaF2 mix
ixtures heat-treated at 1250 ◦C; (e) XRD patterns of final products.

nd gradually become spherical in shape, as a result of the effect of
nterfacial tension in the liquid phase. Typically, because the melt-
ng points of all the raw materials (Al2O3, Y2O3, CeO2, and BaF2)
nd the final YAG powder are higher than 1250 ◦C, none of them
ill melt at 1250 ◦C. In fact, the observation and identification of a

iquid phase (if any) can be very useful for determining the reac-
ion mechanism. Unfortunately, the concentration of BaF2 in the
eaction mixture is only 5%, and thus, the portion of BaF2 that is
xpected to be in the liquid phase will be small and difficult to
etect by SEM analysis. Therefore, we prepared two binary mix-
ures with an Y2O3–BaF2 (1:1) and Al2O3–BaF2 (1:1) composition
nd heat-treated them at 1250 ◦C. In Fig. 6, the photographs of the
owders after the heat treatment are shown along with the corre-
ponding XRD and SEM analyses data. No shrinkage can be observed
or the Y2O3–Al2O3 powder after heat treatment (Fig. 6(a), left-

ide crucible). The Y2O3–BaF2 mixture shows significant shrinkage
middle crucible), but the shrinkage is almost twice as small as
hat in the case of the Al2O3–BaF2 mixture. The SEM micrograph in
ig. 6(b) shows a large molten fragment for the Al2O3–BaF2 mixture
selected area). Further, a crystallization process resulting from the
heat-treated at 1250 ◦C; (b, c, and d) SEM micrographs of Al2O3–BaF2 and Y2O3–BaF2

observed liquid phase is clearly seen in Fig. 6(c). After the heat treat-
ment, the Y2O3–BaF2 mixture consists of aggregated crystalline
particles and no liquid-phase fragments, as can be seen in Fig. 6(d).
According to the XRD analysis data, the product produced from
Y2O3–BaF2 mixture consists of Y2O3 and BaF2 phases (Fig. 6(e), line
b). Meanwhile, the product obtained from the Al2O3–BaF2 mixture
contains only BaF2 and an unidentified phase; no Al2O3 peaks are
detected in the XRD patterns. It is likely that the Al2O3 and BaF2
reacted together, to yield a product having a low melting point; the
unidentified peaks in the XRD patterns could be due to this product.
This product could possibly be a fluoride- and oxygen-containing
solid solution, fluoride glass, or a double metal fluoride. How-
ever, further studies must be conducted to satisfactorily clarify this
issue.

The above observations imply that a liquid phase forms at

an early stage of the calcination, and the formation of spherical
YAG particles occurs by the dissolution–precipitation route. After
the dissolution–precipitation process is complete, the grains start
interacting with one another; the interactions increase with tem-
perature, as shown in Fig. 3.
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Fig. 7. PL intensity of YAG:Ce powders prepared at different temperatures.

.3. Luminescence studies

The luminescent spectra of spherical YAG:Ce samples synthe-
ized at different temperatures are shown in Fig. 7. The PL spectra
f a commercial YAG:Ce3+ sample is provided for comparison. All
he emission spectra were detected at an excitation wavelength of
50 nm. The curves denote emissions in the range of 450–800 nm,
ith a luminescent maximum at 556 nm, attributed to the Ce3+

nter-shell transition (5d → 4f) in the YAG lattice. Higher-intensity
missions were detected in the case of powders treated at 1500 ◦C.
hen the firing temperature is below 1500 ◦C (e.g., 1400 ◦C and

300 ◦C), the obtained phosphor samples exhibit relatively low-
ntensity emission because of the low crystallinity of the particles
nd inadequate doping with Ce+3. Remarkably, when the firing
emperature is 1500 ◦C, YAG:Ce is completely synthesized, and
he sample emission intensity is 10–15% higher than that of the
ommercial (reference) sample. Thus, it appears that the proposed
ethod can be adopted to synthesize highly crystalline YAG hav-

ng small-sized particles with uniformly distributed Ce+3 ions in the
rystal lattice, and hence, good PL characteristics.

. Conclusions

3+
Spherical, micrometer-sized polycrystalline Y3Al5O12:Ce
YAG:Ce) particles having good luminescence properties were syn-
hesized via a solid-state processing route from the corresponding
ubmicrometer-sized oxides and 5 wt% BaF2 flux. The reaction mix-
ure was heat-treated in the temperature range of 1000–1500 ◦C

[
[
[
[
[

ompounds 509 (2011) 2621–2626

to enhance the crystallinity of the yttrium–aluminum garnet
phase. SEM and TEM examinations and subsequent morphological
analysis using TEM-EDS were carried out to study the nucleation
and the grain growth process of the YAG particles in the presence
of flux. It was shown that the nucleation of spherical YAG particles
occurs via the dissolution–precipitation mechanism, whereas the
grain growth process is controlled via the liquid-phase diffusion
route. The YAG:Ce phosphor powder prepared at 1500 ◦C had
an emission intensity approximately 10–15% higher than that of
commercial phosphor powder.
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