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Abstract−Phosphor yttrium aluminum garnet (Y3Al5O12, YAG) doped with Eu (10 at%) was synthesized by supercrit-

ical water (SCW) and solid-state methods in a batch reactor. The crystals, morphologies and luminescent properties

of the phosphors obtained from different pH conditions in the SCW were studied. Pure YAG phase was successfully

synthesized at the alkaline condition in the SCW without formation of intermediate phases, while the size and lumi-

nescent property of YAG : Eu were strongly affected by pH condition. The luminescent intensity of YAG : Eu by the

SCW method without further thermal treatment is stronger than that by the solid-state method with thermal treatment.
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INTRODUCTION

Recently, inorganic phosphors have been extensively investigated

for use in display panel applications of various types, such as the

plasma display panels (PDP), vacuum fluorescent displays (VFD),

and field emission displays (FED) [Kang et al., 1999]. Yttrium alu-

minum garnet (YAG) is a well known inorganic compound which

has excellent chemical, physical and optical properties. In addition,

YAG is often used as the host material of full color phosphors by

doping materials such as Eu, Tb, Cr, Dy, Ce, Sm and Tm [Van der

Weg et al., 1981, 1985]. Therefore, YAG based phosphors have been

used widely in the field of luminescence [Lopez et al., 1997] because

of their stability at conditions of high irradiance with an electron

beam [Li et al., 2004].

Generally, YAG phosphors are prepared at high temperatures for

an extended time period via a solid-state reaction process [Jia et al.,

1994]. However, the traditional process has some disadvantages,

such as the high temperature firing over an extended time period

required for crystallization and the repeated grinding and milling

process. In addition, phosphor particles prepared through conven-

tional solid-state reactions have large size on the order of 5-20 µm

[Li et al., 2004].

To overcome the drawbacks, various synthesis methods have been

applied extensively. These include hydrothermal synthesis [Hakuta

et al., 2003], sol-gel method [Yamaguchi et al., 1990; Gowada, 1986;

Hay, 1993], spray-pyrolysis synthesis [Nyman et al., 1997; Jung et

al., 2004], combustion process [Shea et al., 1996; Kingsley and Patil,

1988; Shikao and Jiye, 2001], and co-precipitation method [Zhou

et al., 2004].

Recently, SCW has gained attention to synthesize functional inor-

ganic materials as an excellent media. It is well known that the prop-

erties of water, such as its density, viscosity, diffusivity and static

dielectric constant, are changed dramatically with slight variations

of temperature and pressure at its near critical point. However, the

static dielectric constant of SCW is close to that of non-polar sol-

vents because of its minuscule value (supercritical condition <2;

atmospheric condition ≈80) [Lee et al., 2004]. At the near-critical

point of water, the rate of hydration (hydrothermal reaction) of metal

salts increases as its dielectric constants decrease, while the solubil-

ity of metal oxide decreases rapidly as well [Hakuta et al., 2003;

Nam and Kim, 2004].

In this study, YAG:Eu phosphor particles were synthesized by

using batch-type SCW method (>374 oC, and >221 bar) at various

pH conditions. The photoluminescence characteristics of YAG : Eu

particles prepared by SCW method were measured and compared

with those by a conventional solid-state method.

EXPERIMENTAL

1. Materials

Yttrium nitrate hexahydrate (Y(NO3)3·6H2O : Strem Chemicals :

99.9% purity), aluminum nitrate nonahydrate (Al(NO3)3·9H2O : Wako

Chemicals : 99.9% purity) and europium nitrate hexahydrate (Eu

(NO3)3·6H2O : Strem Chemicals : 99.9% purity) were used as raw

materials in the study. Deionized water was used after purging the

solution with N2 to remove dissolved O2. The starting solution was

prepared by dissolving these metal nitrates in the deionized water

at room temperature. The yttrium nitrate hexahydrate, aluminum

nitrate nonahydrate and europium nitrate hexahydrate were combined

to yield a composition with the general formula (Y1−xEu
x
)3Al5O12 at

x=0.1. An aqueous potassium hydroxide solution (KOH : Aldrich

Chemicals : 99.99% purity) was then added to the starting solution,

which led to alkaline conditions. The pH conditions of solution were

7.16, 9.41, and 11.21. An amount of potassium hydroxide was add-

ed to satisfy the pH conditions of solution. As the solubility of the

metal hydroxide increased with temperature under basic conditions,

the nucleation of YAG could begin taking place at high levels of

supersaturation until reaching SCW conditions [Yamaguchi et al.,

1990]. Thus, resulting particles were formed simply in this solution

with the SCW.

2. Synthesis of YAG : Eu

The synthesis of YAG : Eu was performed at 300 bar and 400 oC

in a batch-type SCW reactor without a mixer, as shown in Fig. 1.
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The diameter of the cylindrical reactor is 6 cm i.d., 14 cm o.d. and

the length of the reactor is about 13.7 cm. Stoichiometric amounts

(YAG : 0.1Eu) of the starting solution and potassium hydroxide solu-

tion were mixed with deionized water of 200 ml at ambient tem-

perature. The concentration of yttrium nitrate and aluminum nitrate

was 0.015 M and 0.25 M, respectively. The pH values of resulting

suspension were measured by pH meter. Then, the resulting sus-

pension in the batch reactor was heated to the desired temperature

(400 oC) and kept at that temperature for 2 h. During the reaction

period, the pressure gradually increased up to 300 bar. When the

reaction was finished, it was cooled to room temperature. The re-

sulting suspension was filtered by using suction filtration and the

particles were dried in an oven at 105 oC for one day.

In the solid-state method, the starting materials were mixed with

a few drops of ethanol. After the mixture was milled thoroughly in

an agate mortar, it was kept in a furnace for crystallization firstly at

400 oC for 2 h in air. Then, it was calcined at 1,000 oC for 4 h in air

to enhance both the degree of crystallization and the luminescence

intensity of the products. Repeated milling was needed between

the two treatments for higher homogeneity.

A flow diagram of SCW and solid-state methods is shown in Table

1.

3. Characterization

Generally, the luminescent properties of phosphor depend on the

characteristics of the particles such as crystallinity, size, shape, num-

ber of defects, and so on. The crystalline properties of the particles

were identified by using X-ray diffraction (XRD, Rigaku D/max-

Ш) analysis with CuKα radiation in the range of 2θ=10-80o. The

size and morphology of the particles were analyzed with a scan-

ning electronic microscope (SEM, Hitachi Corp., S-4200). Excita-

tion and luminescence spectra were measured with a luminescence

spectrometer (PERKIN-ELMER LS50-B) under ultraviolet (UV)

light with an Xe flash lamp.

RESULTS AND DISCUSSION

1. Effect of pH Condition on YAG:Eu Phosphor in SCW Meth-

od

YAG : Eu phosphors were synthesized under three different pH

conditions: 7.16, 9.41, and 11.21.

The XRD pattern of YAG : Eu phosphors synthesized under each

pH condition in the batch-type SCW method was compared with

the YAG standard peak in Fig. 2. The XRD peak of the synthesized

phosphor in the SCW agreed well with the YAG standard peak. In

addition, the difference in intensity among the particles was negli-

gible. This implies that pure crystalline YAG can be formed success-

fully in the SCW method regardless of the applied pH conditions.

The SEM images of YAG : Eu phosphor under each pH condi-

tion are shown in Fig. 3. The particle size and shape of YAG : Eu

phosphor synthesized at pH of 7.16 under SCW condition were wide-

ly dispersed and irregular, respectively, in Fig. 3(a). However, as

Fig. 1. Schematic diagram of experimental batch SCW apparatus.
1. High pressure pump 6. H2O
2. Safety valve 7. Raw material
3. Reactor PI. Pressure Indicator
4. Heater controller TI. Temperature Indicator
5. Data recorder PG. Pressure Gauge

Fig. 2. XRD patterns of YAG : Eu phosphor at different pH val-
ues of SCW.

Table 1. Flow diagram for formation of phosphors by SCW and solid-state methods

SCW (batch type) Solid-state method

1 step Stoichiometric amount of raw materials[Al(NO3)3·9H2O,

Y(NO3)3·6H2O, Eu(NO3)3·6H2O] in batch reactor+potassium

hydroxide solution

Stoichiometric amount of raw materials[Al(NO3)3·9H2O,

Y(NO3)3·6H2O, Eu(NO3)3·6H2O] in an agate mortar+A few

drops of ethanol

2 step Reaction at 400 oC and 300 bar Reaction during 2 h at 400 oC in air

3 step Filtering of resulting suspension and drying Calcination at 1,000 oC for 4 h in air

YAG : Eu phosphor
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shown in Figs.3(b) and 3(c), with an increase in pH, the size of YAG :

Eu phosphors in the batch-type SCW method was decreased and

the phosphors were changed to needle-type and elliptical-like in

shape. As observed in sol-gel [Yamaguchi et al., 1990; Gowada, 1986;

Hay, 1993] and combustion [Shikao and Jiye, 2001] processes, the

prepared phosphors seem to be agglomerated at high pH conditions

as shown in the SEM images. However, the agglomeration at pH

of 9.41 was relatively smaller than that at pH of 11.4.

The photoluminescence spectrum of YAG : Eu phosphor was

measured with a luminescence spectrometer. Fig. 4 shows the emis-

sion spectra of synthesized YAG : Eu particles without further treat-

ment. The synthesized YAG : Eu under the SCW method showed

the highest excitation at 235 nm UV light, and the emission spec-

trum was observed in the red spectral area. Three major emission

peaks were observed at 590, 608, and 628 nm, corresponding to

the 5D0→
7F1 (590 nm) and 5D0→

7F2 (608 and 628 nm) transitions,

which are the typical emission properties of Eu3+ activators. It is

also noted that the 5D0→
7F0 transition for a linear crystal field at

the Eu3+ site is not observed in the spectra. The prominent peak at

590 nm implies that the magnetic dipole transition is predominant

and the Eu3+ ions lie in centro-symmetrical sites. And the forbid-

den transition of 5D0→
7F2 (608 and 628 nm) is secondary.

It is note worthy that the photoluminescence spectra of the YAG

phosphors were different under each pH condition. For phosphor

materials, fine particle sizes of chemical purity give high resolution,

optimum chromaticity and brightness. As the solubility of the hy-

droxide sols increases with the temperature at basic condition, nucle-

ation of YAG might take place at high degree of supersaturation and

thus, fine particles could be more easily formed. With an increas-

ing concentration of coexisting ions, the solubility of metal hydrox-

ide will increase because of the decreased ion activity by an enhance-

ment of ion strength. Since an enhancement of coexisting ions plays

a role similar to that of increasing pH, fine particles could be syn-

thesized [Hakuta et al., 2003]. The effect of pH and coexisting ions

concentration on particle size could be explained by reaction equi-

librium theory [Lencka and Riman, 1993]. The alkaline conditions

contributed to improve the emission intensity of the YAG : Eu phos-

phor. However, the YAG : Eu phosphor synthesized at the pH of

9.41 showed the highest luminescent intensity. In this study, YAG :

Eu phosphors prepared at the pH of 9.41 by the SCW method were

compared with those by the solid-state method.

2. Comparison of YAG : Eu Phosphors Between SCW and

Solid-state Methods

The XRD patterns of YAG : Eu phosphors synthesized by the

Fig. 4. Luminescence intensity (emission λ
ex
=235 nm) of YAG : Eu

phosphor at different pH values of SCW.
Fig. 5. XRD patterns of synthesized YAG : Eu phosphor at SCW

(Conc.=Eu 10 at%, pH=9.41) and solid-state methods.

Fig. 3. SEM photographs of YAG : Eu phosphor at different pH values of SCW.
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batch-type SCW and solid-state methods were compared in Fig. 5.

In both methods, pure YAG phase appeared without formation of

intermediate phases (YAP; Y4Al2O9 and YAM; YAlO3) and the in-

tensity of both phosphors was similar to each other. However, repeat

milling and additional heat treatment at high temperature are nec-

essary to obtain pure YAG phase from solid-state method, whereas

in the batch-type SCW method, pure YAG phase is obtained from

relatively mild temperature condition without further thermal treat-

ment.

It has been reported that phosphor materials should have a fine

(<3µm) and narrow size distribution to display strong luminescent

properties [Vecht et al., 1999]. In Fig. 6, SEM images of YAG : Eu

phosphors prepared by both methods were compared. The particle

size of YAG : Eu phosphors sintered at 1,000 oC in the solid-state

method is in the range of 5-20 µm, and their shape appears to be

irregularly spherical or elliptical. From the figure, it is clearly shown

that the particle size of YAG : Eu phosphors at the batch-type SCW

method is much smaller. However, their needle-like or elliptical-like

shape stemmed from the experimental operating condition. In the

batch-type SCW method, it took time to reach from ambient con-

dition to SCW condition. In other words, even though crystalliza-

tion starts at near critical condition of water, the reaction condition

still slowly changes to the desired condition without mixing. There-

fore, it is expected that the spherical shape of phosphors can be syn-

thesized in the injecting continuous system under SCW condition

[In et al., 2005] because the nuclei can be immersed in the SCW in

an instant.

The emission spectra of YAG : Eu prepared by the batch-type

SCW and solid-state methods were observed in the red spectral area.

As shown in Fig. 7, the emission intensity of YAG : Eu by the SCW

method is stronger than that by the solid-state method. From the

emission intensity of YAG : Eu phosphors, it is concluded that SCW

method can be successfully applied to synthesize phosphors with

good luminescence properties even though no further thermal treat-

ment is used.

CONCLUSION

In this study, YAG : Eu phosphors were synthesized by batch-

type SCW and solid-state method.

Pure YAG phase was successfully synthesized at the alkaline con-

dition in the SCW without formation of intermediate phases. In gen-

eral, solubility of metal oxide and methal hydroxide in neutral and

alkali aqueous solutions increases with temperature. As the tem-

perature is elevated, near the critical point of water (374 oC, 22.1

MPa), however, the solubility of metal oxides and hydroxides dras-

tically decreases [Sue et al., 1999]. Hakuta and coworkers reported

the dissolving recrystallization process. They reported that, after

the starting hydroxide sol is miscible in water during the heating

period, the particles are decomposed in supercritical water where

metal oxide solubility decreases drastically through hydrothermal

reaction. Then, the particles are recrystallized in supercritical water

[Hakuta et al., 2003]. Therefore, in this study, it is expected that the

particles started to be formed from 374 oC to 400 oC.
Fig. 6. SEM photographs of synthesized YAG : Eu phosphor at

SCW (Conc.=Eu 10 at%, pH=9.01) and solid-state methods.

Fig. 7. Luminescence intensity (emission λ
ex

=235 nm) of synthe-
sized YAG : Eu phosphor at SCW (Conc.=Eu 10 at%, pH=
9.41) and solid-state methods.
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The synthesized YAG : Eu under the SCW method showed that

the emission spectrum was observed in the red spectral area. Three

major emission peaks were observed at the 5D0→
7F1 (590 nm) and

5D0→
7F2 (608 and 628 nm) transitions.

The size and luminescent property of YAG : Eu were strongly

affected by the pH condition. The particle size was decreased with

an increase in pH condition, while maximum luminescent intensity

of YAG : Eu was obtained at pH of 9.41.

The emission intensity of YAG : Eu by SCW method without

further thermal treatment is stronger than that by solid-state method

with thermal treatment, which is normally treated at higher than

1,000 oC. In addition, the particle size and distribution in SCW meth-

od were smaller and narrower than those in solid-state method.

It is concluded that the SCW method can be successfully applied

to synthesize phosphors with good luminescence properties. In ad-

dition, the SCW method can reduce production time for phosphors

because the product does not need post-treatment and long time

reactions.
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