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Abstract

In this study, we used oxides (Y,0s3, CeO, and Al,Os) as the raw materials to fabricate YAG:Ce® ™" phosphors by a molten salt synthesis
(MSS) method. The formation of YAG phase strongly depends on the alumina source and firing temperature. Microstructure characterization
indicates that “dissolution-precipitation” mechanism dominates the formation process of YAG in the alkali chlorides melt. Thus, highly active
nano-Al,O; starting powders promote their solution in the melt and guarantee a solute stoichiometric of YAG phase rather than other Y-Al-O
compounds. The as-prepared YAG:Ce* ™ phosphors show typical yellow emission peaked at 535 nm under excitation of 460 nm blue light,
suggesting that MSS could be a promising method for the preparation of phosphor powders even though oxide raw materials are used.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Yttrium aluminum garnet (Y3Als01,,YAG) has been intensely
studied and widely used as a host for luminescent materials in
the past decades because of its good chemical and thermal
stability, high mechanical strength and excellent optical proper-
ties [1-2]. Recently, Ce® " -doped Y5_,Ce,AlsO;, (YAG:Ce® ™)
was exploited as an excellent phosphor applied in light-emitting
diodes (LEDs) [3]. Solid-state reaction is the conventional
method to synthesize YAG:Ce®" phosphor, in which oxide
raw materials are used. In order to achieve pure YAG phase
without the two coexisting but undesired intermediate phases,
YAIO; (YAP) and Y4 AL,Og9 (YAM), the raw materials need to
be mixed homogeneously and sintered at a high temperature
(> 1600 °C). Subsequently, time- and energy-consuming crush-
ing and grinding processes are required to obtain desired particle
size of the powders before further treatment [1,4]. However,
these additional processes would introduce impurities and defects
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which result in considerable loss of emission efficiency of the
phosphors.

In recent years, a series of wet chemical synthesis methods
including sol-gel [4], co-precipitation [1,5], spray pyrolysis [6]
and solvothermal [7] have been developed to synthesize YAG:
Ce® ™ phosphor powders at lower temperatures. However, these
methods still suffer from disadvantages of expensive equipments,
complicated synthesis processes and environment-unfriendly
precursors and solvents. As a newly arisen synthesis technique,
molten salt synthesis (MSS) has attracted increasing interest and
been successfully used in the synthesis of a number of ceramic
powders and phosphors, such as Eu’ " doped Y,05 and Lu,Os5
[8-11]. Very recently, Yang et al. [12] and Wu et al. [13]
reported MSS of YAG:Ce®* phosphor using nitrate hydrates or
chloride hydrates of Y, Ce and Al as starting materials. It has
been proved that the synthesis temperature can be efficiently
decreased by MSS than that of the conventional solid-state
reaction method. However, harmful gases including nitrogen
oxides or hydrogen chloride will be released during the heating
process. Therefore, it is necessary to explore new MSS methods
for the synthesis of YAG:Ce* ™ phosphors at low temperatures
but avoiding using harmful precursors.
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In this work, we tried to use conventional oxides of Y, Ce and
Al as raw materials in an MSS method to prepare YAG:Ce® "
phosphors. Influences of experimental factors including particle
size of Al,O3 powder and heating temperature on the formation
of YAG:Ce’* were investigated. The formation mechanism
of YAG was also discussed. It will be seen that the MSS method
using oxide raw materials could be a feasible way for the
synthesis of YAG:Ce*™ phosphors.

2. Experimental procedure

Nano-ALO; (purity 99.99%, D50=20nm, y phase) or
submicron-AL O3 (purity 99.99%, D50=0.29 um, o phase),
Y,03 (purity 99.99%, D50=6.1 pm) and CeO, (purity 99.99%,
D50=4.0 pm) were weighted according to the composition
Y5.04Ce006Als012, and mixed in an agate mortar using ethanol
as dispersant. After being dried, the mixed powder was combined
with NaCI-KCl (mole ratio=1:1, purity 99.99%) eutectic where
the salt/oxide weight ratio was kept as 3:1. The mixture was placed
in a corundum crucible with a lid and heated in a tube furnace for
3 h at various temperatures (900, 1000, 1100 and 1150 °C) under
flowing N,—H,(5%) atmosphere. After firing, the furnace cooled
down naturally to room temperature. Then the reacted mass was
washed in hot de-ionized water followed by filtration for five times
to remove the salts. Finally, the powders were oven-dried at 80 °C
before further characterization.

Phases of the synthesized powders were identified by X-ray
diffraction (XRD, AXS D8 Focus, Bruker, Germany) analysis
using Cu Ka radiation (A= 1.5406 A) at 40 kV, 40 mA with a
graphite monochromator. The step size of 0.02° was used with
a scan speed of 6°/min. The powder morphology was
examined by a scanning electron microscope (SEM, JSM-
6390, JEOL, Japan) and a transmission electron microscope
(TEM, JEM-2100F, JEOL, Japan) equipped with an energy
dispersive spectrometer (EDS, INCA Energy, Oxford instru-
ments, UK). Photoluminescence spectra were measured on a
fluorescence spectrophotometer (FluoroMax-4, Horiba, Japan).

3. Results and discussion

Fig. 1 (a) shows XRD patterns of the samples using nano-
Al,O5 as alumina source heated at different temperatures. Only
hexagonal YAIO; (YAH) and YAM phases are detected in the
sample synthesized at 900 °C where YAH dominates. With
increasing temperature to 1000 °C and higher, YAG is formed
as the dominant phase with small amounts of secondary phases
of YAM and/or YAP. However, when submicron-Al,O5 is
used as alumina source, no YAG is formed no matter of
heating temperatures as can be seen in Fig. 1(b). It should be
noted that either Y,05 or Al,O5 resides in the final products
with different heating temperatures, suggesting incomplete
dissolution of the starting powders.

Fig. 2 (a) and (b) show SEM images of the sample synthesized
at 1000 °C using nano-Al,O5 and submicron-Al,Os, respectively.
The sample using nano-Al,O; as alumina source consists of
agglomerates of fine particles with about 1 pm in diameters. They
appear in cubic or prismatic shapes, suggesting good crystallinity.

Unsurprisingly, the morphology of the particles obtained using
submicron Al,Oj is quite different and random in size and shape
owing to diverse phase compositions.

The TEM image (see Fig. 3(a)) clearly shows the grain
morphology of YAG agglomerates. High-resolution electron
microscopy (HREM) image and electron diffraction pattern
(see Fig. 3(b)) evince perfect crystallization of YAG particles.
Interplanar distances of 0.49 nm and 0.30 nm correlate well
with the spacing values of the (211) and (400) planes of the
YAG phase, respectively. EDS spectra (see Fig. 3(c)) obtained
from the framed region of Fig. 3(a) evidences that Ce ions
have been incorporated into the YAG structure. Additionally,
as shown in Fig. 3(d), some large agglomerates of residual
nano-Al,O5 particles can be observed in the sample, as
confirmed by the EDS analysis (see the inset of Fig. 3(d)).

Fig. 4 shows the excitation and emission spectra of the
synthesized powders heated at 1000, 1100 and 1150 °C using
nano-Al,O3 as raw material. The samples show typical emission
band of YAG:Ce’" in the range of 480650 nm with the
maximum intensity at 535 nm under 460 nm blue light excita-
tion. The emission is attributed to the electron transition from
the excited state of “Dy to the ground states of 2F5/2,7/2 of Ce3+
ions doped in YAG host material [6]. Emission intensity of
the sample obtained at 1100 and 1150 °C were weaker than the
sample obtained at 1000 °C, probably due to the increased
impurity phase content (see Fig. 1(a)).

The reaction between Y,O5; and Al,O3 was carried out after
heating the reactants in NaCl-KClI eutectic for 3 h at 900 °C
or higher temperatures no matter nano- or submicron-Al,O3
was used. All of the four phases (YAP, YAH, YAM and YAG)
could be formed in such synthetic method. In MSS, two
main mechanisms, ‘“dissolution—precipitation” and “‘template-
growth” can be involved [9,14]. In the former mechanism, all
reactants must be soluble in the molten salt. The product phases
are oversaturated in the melt and precipitate. In contrast, one of
the reactants should be less soluble or even insoluble in the
1 template-growth mechanism. It plays the role as a template and
reacts with the more soluble reactants which dissolve in the salt
and diffuse onto the surface of the template. Then it can be
anticipated that different formation mechanisms will give rise to
different morphologies of the products. When dissolution-
precipitation mechanism dominates the reaction, the product
powders do not follow the morphology of the starting powders
[15]. However, in the template mechanism, the product phase
retains the morphology and size of the template [14].

In the samples using nano-Al,O; as starting material and
heated no lower than 1000 °C, the morphology of YAG particles
does not resemble that of either nano-Al,O3 (D50=20 nm) or
coarse Y03 (D50=6.1 pm) starting powders. This suggests
that dissolution-precipitation mechanism dominates the forma-
tion of YAG. MSS can provide a liquid phase environment,
which can more accelerate mass transfer and diffusion than that
in a solid state reaction. Thus it promotes the reaction rate and
lowers the reaction temperature efficiently. According to the
results of Yang et al. [12], phase pure YAG can be obtained at
400 °C in NaNO;-KNOj3 melt by using nitrate hydrate raw
materials or at 1000 °C in NaCl-KCI melt by using chloride
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Fig. 1. XRD patterns of samples heated at different temperatures, (a) using nano-Al,O3, and (b) using submicron-Al,O;.
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Fig. 3. TEM micrographs and EDS spectra of the sample synthesized at 1000 °C using nano-Al,O;. (a) TEM image of the powder; (b) [01 — 1] projected HREM
image and the corresponding diffraction pattern in the inset of the framed region in (a); (c) EDS spectra of the framed region in (a); (d) TEM image of agglomerates
of residual nano-Al,O5 particles and corresponding EDS spectra in the inset (Cu and C peaks came from copper grid and carbon-coated supporting film,

respectively).
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Fig. 4. Excitation (left) and emission (right) spectra of YAG:Ce* " phosphors
synthesized at different temperatures using nano-Al,O; as raw material.

hydrate raw materials. The raw materials and molten salt media
they used are mutually soluble. So the ions of Y, Ce, Al and O
were mixed very homogeneously, and phase pure YAG
precipitated from the melt at certain temperatures. However, in
the present work, the oxide raw materials have very low
solubility in the chloride melt. In the group of samples using
submicron-Al,O5 as starting material, no YAG phase were
formed at all while small amount of unreacted Al,O; was
detected in each sample. This implies that Al,O5 is less soluble
or has a lower dissolution rate than Y,0s;. Therefore, the
dissolution rate is the key to the formation of YAG. Obviously,
submicron-Al,O3 is less soluble hence less active than nano-
A1203

It is widely known that chemical reaction and phase transfor-
mation in AlLO3-Y,0O; binary system are very complicated.
According to Medraj et al., in the synthesis of stoichiometric
YAG, YAP and YAM by solid state reaction, the formation of
these compounds started at around 1200 °C and finished by
1600 °C for YAG and by 1800 °C for both YAP and YAM [16].
Li et al. claimed that the formation of stoichiometric YAG using
crystallized Al,O; and Y,O; prefers the conventional YAM-
YAP-YAG route [17]. However, Hung et al. found that formation
of YAG can be facilitated by increasing the contact points
between the two oxides and using finer-sized Y,Os particles.
It is possible to produce pure YAG phase by a one-step thermal
treatment process using submicron-sized Y,03 and a-Al,Os, and
the reaction is completed by the interface-controlled mechanism
within minutes [18]. In the present work, MSS of YAG can be
realized by using nano-sized Al,O3 particles. The morphology of
the synthesized YAG grains suggests that they were formed by
“dissolution—precipitation” mechanism, i.e. the reaction was
finished by a one-step process. However, as mentioned before,
submicron-Al,Oz has a lower dissolution rate than nano-Al,Os.
When it is used as alumina source in the reaction, the concentra-
tion of dissolved Al,O5 in the molten salt would be too low to
form YAG (Y:Al=3:5) phase, which has a higher Al content
than that of YAP (Y:Al=1:1), YAH (Y:Al=1:1) and YAM

(Y:Al=4:2). Therefore, Y-rich phases of YAM and/or YAP are
formed, while certain amount of Al,O; remains undissolved
though Y,O; has been completely consumed in the reaction
(see Fig.1(b)). Apparently, YAM and YAP are stable with residual
AlL,O5 at various temperatures in the chloride melt and cannot
transfer to YAG. When nano-Al,O5 is used as alumina source, full
dissolution of Al,O3 guarantees the stoichiometry of YAG, hence
the dominant formation of YAG phase. However, small amount of
YAM and/or YAP particles have still been observed probably due
to agglomeration of nano-Al,Os3 particles (see Fig.3(d)), which
results in uneven distribution of Al,O5 in the melt. According to
the XRD results (see Fig.1(a)), the samples obtained at 1100 and
1150 °C seem to have more impurity phases than that of the
sample heated at 1000 °C. It is possibly due to more severe
agglomeration of nano-AlL,Oj particles at higher firing tempera-
tures. Therefore, it is possible to obtain YAG free of YAP and
YAM via mixing raw powders more homogeneously to remove
agglomerates of nano-Al,O; particles, or along with addition of
comparatively excessive nano-Al,O3 to the starting materials.

4. Conclusions

In summary, YAG:Ce® " phosphors were prepared by molten
salt synthesis method using nano-Al,O5, Y,05 and CeO, as raw
materials at temperatures (~ 1000 °C) lower than that of con-
ventional solid-state reaction (> 1600 °C). It is found that the
formation of YAG is strongly dependent on the morphology of
raw materials and firing temperatures. Highly active Al,O; and
proper reaction temperature are required to obtain YAG phase.
Morphologies of the synthesized YAG:Ce* ™ phosphor particles
are completely different from that of both Al,O5 and Y,O3 raw
materials, implying that “dissolution-precipitation” mechanism
dominates the formation process of YAG phase. Thus, nano-
Al,Oj5 starting powders promote their solution in the melt, giving
a solute stoichiometric of YAG, which guarantees the formation
of YAG phases. The as-prepared YAG:Ce* ™ phosphor powders
showed typical emission spectra under excitation of 460 nm blue
light, indicating feasibility of molten salt synthesis method for
the preparation of phosphors.
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