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Here, we report on the effect of BaF, powder addition on the mechanical synthesis of Ce>*-doped Y3Al501,
(Y2.97A15015:Cedls, YAG:Ce®") phosphors for white light emitting diodes. The YAG phosphors were synthe-
sized by the mechanical method using an attrition-type mill. When BaF, was added at 6 wt% to the raw
powder materials and milled, the synthesis of YAG:Ce>* was favorably achieved at the vessel temperature
of 255 °C, which was about 1200 °C lower than the YAG phosphor synthesis temperature by solid-state
reaction. The synthesized YAG:Ce3* phosphor revealed the maximum internal quantum yield of 57%.

© 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

White light emitting diodes (LEDs) have been attracted much
attention because they promise excellent high brightness, compact
size, low-power consumption and long lifetime. They are com-
posed of a blue chip (InGaN) and Ce3*-doped Y3Al504, (yttrium alu-
minum garnet, YAG) phosphor. When the electron transition of
Ce3* ions from 5d state to the ground state 4f is done, YAG phos-
phor can be efficiently converted from blue light to yellow light
due to the excitation by the blue chip [1]. Furthermore, the emis-
sion wavelength can be easily controlled by changing the crystal
field of host materials [2,3]. Conventionally, YAG:Ce*" phosphor
was prepared by solid-state reaction at high temperatures. The
raw powders such as Y,03, Al,03, and CeO, were mixed by ball
milling, and then the mixed powder was calcined for several hours
over 1600 °C to obtain YAG:Ce>" [4]. To achieve more energy saving
process and lower manufacturing cost, drastic decrease of the cal-
cination temperature is very effective.

To decrease the synthetic temperature, the addition of BaF, as a
flux has been reported [5,6]. A single phase YAG:Ce>* was obtained
at 1500 °C. BaF, reacts with raw materials to form eutectic compo-
sitions with lower melting point, and the subsequent solid-liquid
reaction proceeds to the formation of YAG:Ce3'. However, the
phosphor synthesis needs multi-step processes including still high
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temperature calcination, thus leads to high manufacturing cost
with huge heating energy.

According to the previous reports, YAG powder synthesis has
been attempted by using a planetary ball mill without extra-heat
assistance. But the synthesis of high crystalline YAG has not been
done by only the milling process [7,8]. It is still unclear the reason,
but the small power (about 0.8 kW) applied to the planetary ball
mill [8] may the insufficient for the synthesis. On the other hand,
mechanical method has achieved the synthesis of many kinds of
composite oxides such as LiCoO, [9], LiIMnPO,4 [10], LiFePO4 [11]
and LiNigsMn; 504 [12] by applying an attrition-type mill without
any extra-heat assistance. Therefore, if the synthesis of the YAG
phosphor is achieved by using this approach, a new energy-
saving and low-cost process will be developed.

In this paper, we focused on the direct synthesis of the YAG:Ce3*
phosphor by applying attrition-type mill. The raw materials of
YAG:Ce>* were processed with addition of BaF, by using
attrition-type mill. BaF, was added for the purpose of the lower
temperature synthesis of YAG:Ce3*. The fluorescent properties of
the obtained YAG:Ce>* phosphors were then evaluated.

2. Experimental
2.1. Raw materials

Commercially available Y,05, Al;03 and CeO, were used as raw
materials. Micron size powder of BaF, was used as the raw material
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of flux. These high-purity powders were purchased from Kojundo
Chemical Laboratory (Japan). Some characteristics of these pow-
ders are summarized in Table 1. The median size (Dsg) of the raw
powder was calculated by the particle size distribution, measured
by the laser diffraction-scattering method (MICROTRAC
MT3300EXII, NIKKISO, JAPAN). The specific surface area (S,) of
raw powders was measured by a N, adsorption instrument
(MICROMERITICS ASAP2010, SHIMADZU, JAPAN) based on the
BET method. The primary particle size (dger) was calculated from
the BET specific surface area by using the following equation:
dger = 6/(p-Sw), where p is a theoretical density. The primary parti-
cle sizes of Y,03, Al,05, CeO, and BaF, were 72 nm, 134 nm, 5 nm
and 137 nm, respectively.

2.2. Mechanical synthesis and solid-state reaction

In this study, we selected the chemical composition of
Y,.97A15012:Ced5s as YAG:Ce®*. Stoichiometric quantities of Y,0s3,
Al,03, and CeO, were 16.90, 12.84 g and 0.26 g, respectively. Then
the mixture (total amount of 30 g) was put into the vessel of the
attrition-type mill. 4, 6 and 10 wt% of BaF, for the weight of raw
materials were selected to discuss the role of flux for the mechan-
ical synthesis. The milling apparatus has been illustrated else-
where [9]. The main parts of this mill are a fixed chamber (inner
diameter of 80 mm, depth of 50 mm) and an oval rotor, which
was made by a stainless steel. The gap between the chamber and
the rotor was fixed at 1 mm. The powder processing by using this
attrition-type mill was carried out while cooling the chamber wall
by water. The milling was conducted at electric power of 3 kW for
10 min, where this electric power is defined as the load power
applied to the motor shaft. For the sake of simplicity, the mixed
powders obtained at BaF, of 4, 6, and 10 wt% are denoted as sample
A, B and C, respectively. In order to compare the solid-state reac-
tion and the mechanical method, mixing of raw materials by con-
ventional ball milling was also conducted. The same amount of raw
materials with 6 wt% BaF, was put into ethanol in a ZrO, pot (inner
diameter of 100 mm, depth of 120 mm) together with ZrO, balls of
5 mm diameter. The ball milling was performed at a rotation speed
of 60 rpm for 6 h. The ball milled powder is denoted as sample D.
Then, YAG:Ce3* phosphor was synthesized by solid-state reaction.
Each mixed sample D was calcined at 1400 °C and 1500 °C for 3 h
in a N, atmosphere, respectively. After calcining, the synthesized
YAG:Ce>* products were pulverized to obtain powders. Then, the
YAG phosphor powders were washed thoroughly with diluted
hydrochloric acid and pure water to eliminate BaF, in the powders
and dried in an oven at 120 °C.

2.3. Characterization

The particle morphology and microstructure was observed by
scanning electron microscopy (SEM, CARLZEISS, ULTRA PLUS).
The crystalline phases of the YAG:Ce®** products were identified
by a powder X-ray diffraction measurement system (XRD, RIGAKU,
ULTIMA V).

The crystallite size (D) was estimated from the Scherrer equa-
tion by using the following equation: D, = 0.91/(3-cos0), where / is
the employed X-ray wavelength, 0 is the diffraction angle, and g is
defined as the half-width. Crystallite size was estimated by using
(400) peak of YAG phase.

Table 1

Powder properties of the starting materials used in this study.
Materials Purity (%) Dso (m) Sy (m?/g) dger (Nm)
BaF, 99.99 2.6 9.0 137

The fluorescent properties of YAG:Ce>* phosphors were evalu-
ated by using the obtained powders. The photoluminescence (PL)
properties were measured by a fluorescence spectrophotometer
(HITACHLI, F-7000). The internal quantum yield (QY) and absorptiv-
ity (Abs) were measured by a quantum yield measurement device
(HAMAMATSU PHOTONICS QUANTAURUS-QY C11347-01).

3. Results and discussion
3.1. Mechanical synthesis of YAG:Ce>* phosphors

YAG:Ce3* phosphors were synthesized by mechanical method.
Fig. 1 shows the XRD patterns of the products obtained from
mechanical synthesis by using different content of BaF,. The pow-
ders were processed by the attrition-type mill at electric power of
3 kW for 10 min. Fig. 1 shows that sample A (4 wt% of BaF;) has the
diffraction peaks of almost raw material (Y,03 and Al,03) phases.
However, in the sample B (6 wt% of BaF,), the diffraction peaks of
YAG phase appeared, and they were almost same as those of sam-
ple C (10 wt% of BaF,). During the processing by the attrition-type
mill, the maximum vessel temperature was kept 255 °C. The reduc-
tion of Ce™ occurs in the range from 1300 °C to 1500 °C, where
YAG is synthesized [4]. By mechanical method, the local tempera-
ture of particle surface reaches almost ten times higher than the
vessel temperature (255°C) [13], Therefore, the reduction is
thought to occur during the mechanical processing. It means that
YAG:Ce>* phase was successfully synthesized by only mechanical
processing at low temperature without any extra-heat assistance.

3.2. Solid-state synthesis of YAG:Ce®* phosphors

YAG:Ce>" phosphors were synthesized by calcining sample D.
Fig. 2 shows the XRD patterns of the products obtained from two
samples D by calcining at different temperatures. When the mixed
powder prepared by the ball milling was calcined at 1400 °C, the
yttrium aluminum oxide and barium aluminate (YAIO3 and BaAl,-
0,4) were formed as an intermediate phase. However, the diffrac-
tion peaks of these intermediate phases decreased with elevated
calcination temperature. As a result, the YAG:Ce®" single phase
was obtained at 1500 °C.

3.3. Microstructure of YAG:Ce>* phosphors by mechanical synthesis

Fig. 3 shows the SEM image of sample B, and Fig. 4(a) shows the
SEM image of the cross section view of sample B. As shown in
Fig. 3, the sample B was composed of granules.
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Fig. 1. XRD patterns of the products obtained by mechanical method of (a) sample
A, (b) sample B and (c) sample C.
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Fig. 2. XRD patterns of the products obtained by solid state reaction of sample D:
(a) calcined at 1400 °C, (b) 1500 °C.

The surface of the granule at high magnification as shown in the
inset of Fig. 1 shows that the surface is composed of fine particles.
However, densely packed structure is observed inside of the gran-
ules although the surface structure forms fine particles layer as
shown in Fig. 4(a). Fig. 4(b) shows the EDX map of Ba (orange)
and Fig. 4(c) shows that of F (purple). Both figures indicate that
both elements are dispersed uniformly inside of granules, although
some parts are observed as BaF, agglomerates.

Fig. 5(a) shows the SEM images of the cross section view of den-
sely packed structure of the granule in sample B. It is observed that
very fine particles are dispersed inside of the sintered structure as
indicated by arrows. The size of fine particles is almost consistent
with the primary particle size (dggr) of BaF,. On the other hand,
Fig. 5(b) and (c) shows the EDX maps of Ba and F, respectively. Both
maps show that fine particles of BaF, are apparently dispersed in
the sintered structure.

Higher magnification image of the cross section as shown in the
inset of Fig. 5(a) suggests that particles sinter each other and form
YAG:Ce3* phosphor. It is supposed that BaF, was finely dispersed in
the granule by the mechanical processing, and then contributed to
the synthesis of YAG:Ce** phosphor through the liquid-solid reac-
tion at lower temperature [5,6]. Nogi et al reported that the local
temperature of particle surface reaches about ten times higher
than the average temperature of the powder processed by mechan-

Fig. 3. SEM image of sample B.

(b)

5 pm

Fig. 4. Cross section views of sample B: (a) SEM image, (b) EDX elemental map of Ba
(orange), (c) F element (purple). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

ical method [13]. The synthesis of YAG:Ce>" phosphor is done with
BaF, at 1500 °C [5,6]. On the other hand, the maximum tempera-
ture of the vessel during the milling reached 255 °C. Therefore, it
is discussed that fine particle of BaF, can be easily melted by the
mechanical method, thus led to the solid liquid phase reaction.
As a result, it is concluded that YAG phase is easily obtained with-
out any extra-heat assistance.

3.4. Fluorescence property

Fig. 6 shows an example of the photoluminescence (PL) spectra
of YAG:Ce>* phosphors prepared from sample B. The peak of exci-
tation wavelength (Ex) was 460 nm and the peak of the emission
spectrum (Em) was 540 nm.
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(a)

(b)

Fig. 5. Cross section views of densely packed structure of the granule in sample B.
(a) SEM image, (b) EDX elemental map of Ba (orange), (c) F element (purple). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 2 shows the internal quantum yield (QY) and absorption
(Abs) of synthesized YAG:Ce*" phosphors which were measured
at Ex = 460 nm and Em = 540 nm. The QY of 57% was obtained from
sample B. However, both QY and Abs of sample B were lower than
those obtained by the sample D calcined at 1500 °C. Table 2 also
shows the crystallite size of sample B and sample C. The crystallite
size was calculated by the Scherrer equation. The crystallite size
decreased a little with the increase of BaF, amount in the case of
mechanical processing. It is reported the QY of YAG:Ce®* phosphors
increases with the increase of crystallite size [14]. It may be the
reason why the QY of sample B was a little bit higher than that
of sample C. On the other hand, the crystallite size of sample D cal-
cined at 1500 °C was apparently larger than those of the mechan-
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Fig. 6. Excitation and emission spectra of YAG phosphor of sample B.

Table 2

Internal quantum yield (QY), absorption (Abs) and crystallite size (D.) of samples.
Sample QY (%) Abs (%) D, (nm) BaF, (wt%)
B 57 45 39 6
C 55 34 37 10
D (calcined at 1500 °C) 75 63 47 6

Ex =460 nm, Em = 540 nm.

ically processed samples. It suggests that the synthesis of YAG:Ce>*
phosphor with larger crystallite size is important for exhibiting a
more favorable fluorescent property of mechanically processed
samples.

As shown in Table 2, the Abs of mechanically processed samples
are lower than that of sample D processed by solid-state reaction.
It is still unclear the reason, but the surface roughness of particles
may decrease the Abs [15] Further analysis including the detail
observation of the microstructure of the samples must be done
for improving the Abs and QY as future works.

4. Conclusions

(1) The YAG phosphors were successfully synthesized by the
mechanical method using an attrition-type mill with the
addition of BaF, as a flux. The YAG:Ce®" phase was obtained
at the maximum vessel temperature of 255 °C. It was about
1200 °C lower than the synthesis temperature by solid-
state-reaction of the ball milled sample.

(2) The BaF, was effective for the liquid-solid phase reaction of
YAG phosphor at lower temperature, thus led to the synthe-
sis of YAG phosphor at the interface between particles dur-
ing the mechanical processing without any extra-heat
assistance.

(3) The YAG phosphor obtained by mechanical method revealed
the maximum internal quantum yield of 57% in the case of
the sample processed at 6 wt% addition of BaF,.
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