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bstract

igh brightness Y2SiO5:Ce phosphor powders with spherical shape and fine size were synthesized by melting salt assisted sol–gel method
MS&Sol–Gel). Commercial tetraethyl orthosilicate was used as the silica source and rare earth oxides were used as rare earth source. The
repared Y2SiO5:Ce powders were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), laser particle sizer, and
uorescentometer techniques. Y2SiO5:Ce powders were obtained at significantly lower temperature than that by conventional techniques. When
intered at 1200 ◦C for 2 h with 5 wt.% LiF and 2 wt.% KH2PO4 as fluxes, particles with spherical shape and narrow particle distribution could be

btained. Moreover, the grain size of the powders prepared through this process was in the range of 2–7 �m, strongly depending on the thermal
reatments and the species of fluxes. PL intensity of the prepared Y2SiO5:Ce phosphor using 5 wt.% LiF and 2 wt.% KH2PO4 as fluxes was similar
o that of commercial product.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

At the beginning of the 1990s, a new type of flat panel dis-
lay device, field emission display (FED) was developed. In this
evice, the phosphors are excited by the cathode rays with low
oltage (<5 kV) and high current density. Due to these excita-
ion conditions, the general requirements for FED phosphors
re more stringent than that for conventional cathode ray tube
CRT) phosphors. Besides good luminescent properties, perfect
ED phosphors should have ideal particle morphology: spheri-
al shape, small size (∼3 �m), narrow size distribution and well
ispersion.1,2 The good particle morphology is important for
btaining dense screen coating, which may reduce light scat-
ering, so that the emission efficiency and the resolution of the
evice would be improved. At present, Y2SiO5:Ce is selected as

blue phosphor candidate for this device.3 However, it is very
ifficult to prepare phosphor satisfying the requirements of FED
quipments until now.

∗ Corresponding author. Tel.: +86 10 62754188; fax: +86 29 85307774.
E-mail address: xpjing@pku.edu.cn (X. Jing).
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Structural studies show that Y2SiO5 contains isolated SiO4
etrahedral and non-silicon-bonded oxygen. Two different mon-
clinic structures have been found, low temperature phase
X1) and high temperature phase (X2). The luminescence of

2SiO5:Ce has been studied for several decades.4–7 Previous
tudies found that the luminescent intensity of X1-Y2SiO5:Ce
s much weaker than that of X2-Y2SiO5:Ce.8 In this paper, lumi-
escent properties for X2 phase are mainly considered, thus
ormula Y2SiO5:Ce is used for short to represent X2 phase
hosphor.

Y2SiO5:Ce phosphor can be prepared by solid-state reaction
etween Y2O3, SiO2 and Ce(NO3)3, but high temperature and
ong sintering duration are required.9 When the reactants are
eated below 1500 ◦C, a single phase cannot be obtained. It has
isadvantages in controlling the morphology and maintaining
niformity after the sample is sintered at high temperature for
long time.10 Y2SiO5:Ce also has been prepared by sol–gel
ethod.8 However, phosphor prepared by this method is blocked
or its poor quality.
Melting salt synthesis (MSS) method has been reported to be

ne of the simplest techniques to prepare pure, stoichiometric
xide powders,11–13 in which low melting, water-soluble salt

mailto:xpjing@pku.edu.cn
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r salt mixture is used as the reaction aid or medium.14 To our
nowledge, no research has been conducted on controlling the
haracteristics of melting salt synthesized phosphor powders.

In this work, a new kind of synthesis process named as melt-
ng salt assisted sol–gel method (MS&Sol–Gel) is proposed.
article morphology and photoluminescent intensity can be con-

rolled by adjusting species and ratio of fluxes. By this method,
hosphor particles with spherical shape, fine size, narrow size
istribution, nonaggregation, and high luminescent intensity can
e prepared.

. Experimental

(Y0.995Ce0.005)2SiO5 phosphors were synthesized by melting
alt assisted sol–gel method according to a scheme of the prepa-
ation method shown in Fig. 1. Rare earth oxides (Y2O3 and
eO2, 99.99%) and tetraethylorthosilicate (TEOS) were used as

aw materials. Y(NO3)3 and Ce(NO3)3 solutions were prepared
y dissolving stoichiometric Y2O3 and CeO2 into diluted HNO3.
hen Y(NO3)3 and Ce(NO3)3 aqueous solutions were mixed
ith TEOS, homogenous solutions were obtained, and then their
Hs were adjusted to neutral by adding NH4OH solution. When

he solutions were heated at 70 ◦C overnight, H2O was evapo-

ated and clear gels formed. After the gels were heated at 400 ◦C
or 6 h, amorphous powders were obtained. Subsequently, the as-
repared powders were ground into fine particles and sintered
t 700 ◦C for 6 h to remove organic components. Then suitable

Fig. 1. Schematic representation of the synthesis process.
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mount of fluxes were mixed with the powders homogeneously
y grindings, and the mixtures were fired at 1200 ◦C for 2 h. All
amples were fired in reductive atmospheres; spectrally pure
arbon rods were used as reductive agent. Residual fluxes were
emoved by washing the powder samples in diluted hot HNO3
olution and then in distilled water for several times.

The X-ray diffraction (XRD) patterns of the samples were
ecorded using a Rigaku D/max 2000 X-ray powder diffractome-
er with a wavelength of Cu K� (λ = 1.5406 Å). The scanning
peed was 8◦/min. The phases present were examined by analyz-
ng the XRD patterns of the samples using PowderX software.15

The as-prepared phosphor powders were examined with a
canning electron microscope (SEM, KYKY-2800) to investi-
ate the particle size, particle shape and surface morphology.
he phosphor powders were further examined with a Laser Par-

icle Sizer (Analysette 22, Fritsch) to evaluate the particle size
istribution. The photoluminescence (PL) was measured using
Hitachi F-4500 Fluorescentometer, and energy correction was
onducted for the spectrum data collection. The emission energy
n visible light range was integrated to represent the luminescent
ntensity.

. Results and discussion

Fig. 2 shows XRD patterns of Y2SiO5:Ce3+ blue phosphors
repared by different sol–gel methods. Fig. 2(a) shows XRD pat-
erns of samples sintered at 700 ◦C for 6 h and did not exhibit any
ragg lines, but a broad band centered at 31◦ (2θ). Therefore,

t was amorphous. Fig. 2(b) shows XRD pattern of Y2SiO5:Ce
owders sintered at 1200 ◦C for 2 h with 5 wt.% LiF and 2 wt.%
H2PO4 as fluxes, which matched well with JCPDS files of
onoclinic X2-Y2SiO5 (Card number: 36–1476). This indicated

hat the sample was fully crystallized and contained Y2SiO5 as
ingle phase. No other phases could be detected. Fig. 2(c) shows
RD pattern of Y2SiO5:Ce powders sintered at 1200 ◦C for 2 h
ithout flux as comparison, most peaks matched with JCPDS
les of monoclinic X1-Y2SiO5 (Card number: 52–1810). In
ddition to X1-Y2SiO5, Y2O3, X2-Y2SiO5, and Y2Si2O7 can
lso be detected in this sample. It is a mixture. It could be
educed that the phase of the samples were decided by whether
uxes were used or not.

Most previous synthesis of Y2SiO5 resulted in mixed
hases with the presence of X1-Y2SiO5, Y2O3, X2-Y2SiO5, or
2Si2O7 as impurities.4 Ref. 16 reported that by sol–gel method

intering temperature should be up to 1500 ◦C in order to get
igh purity X2-Y2SiO5. In our work, the synthesis temperature
n melting salt assisted sol–gel method was significantly lower
han that required by solid-state reaction (>1500 ◦C) and sol–gel

ethod. This indicated that the MS&Sol–Gel process was a suit-
ble way to prepare X2-Y2SiO5:Ce. On the other hand, sintering
uration was only 2 h, which was obviously shorter than that of
ther synthesis methods.

For the Y2SiO5:Ce phosphor fabricated by MS&Sol–Gel

ethod, the grain nucleation and growth were associated with

he fluxes at high temperatures. Species and ratio of fluxes
ecided particle morphology of Y2SiO5:Ce when other param-
ters such as temperature and sintering duration were fixed.
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Fig. 2. XRD patterns of Y2SiO5:Ce sintered (a) at 700 ◦C for 6 h, (b) at 1200 ◦C
for 2 h with 5 wt.% LiF and 2 wt.% KH2PO4 as fluxes, and (c) at 1200 ◦C for
2 h without flux.

Fig. 3. Morphology of Y2SiO5:Ce particles with and without flux: (a) sample
sintered at 700 ◦C for 6 h; (b) sample sintered at 1200 ◦C for 2 h using 5 wt.%
LiF and 2 wt.% KH2PO4 as fluxes; (c) sample sintered at 1200 ◦C for 2 h without
flux.
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Fig. 4. PL spectra of samples prepared with and without flux.

EM was used to study the morphology of Y2SiO5:Ce pow-
ers. Fig. 3 shows the morphology of Y2SiO5:Ce phosphor
intered at different stages. Fig. 3(a) shows the morphology
f the sample sintered at 700 ◦C. The particles were in irreg-
lar shape, with a flaky morphology. The particle size was in
ange of 10 �m. Fig. 3(b) shows the morphology of Y2SiO5:Ce
hosphor particles sintered at 1200 ◦C for 2 h with 5 wt.% LiF
nd 2 wt.% KH2PO4 as fluxes. As crystallization process had
ccurred and as a result, all particles were nearly spherical.
he particles size was distributed in range of 2–7 �m. For
ample sintered at 1200 ◦C for 2 h without flux, as shown in
ig. 3(c), the particles morphology was irregular, the grain size
as larger than 10 �m. These results indicated that the morphol-
gy of the formed Y2SiO5 crystals strongly depended on the
uxes.

Fig. 4 shows the PL spectra of the phosphors prepared with
nd without flux. Here, commercial product P47 (Y2SiO5:Ce)
as also measured for comparison. The phosphor particles were

xcited by UV light of 365 nm for measurement of PL spectra.
he spectral shape was not influenced by the fluxes, however,

he PL intensity varied. The PL intensity of the sample sin-
ered without flux was very low. However, the PL intensity of
he sample sintered with 5 wt.% LiF and 2 wt.% KH2PO4 was
everal times higher than that of the sample sintered without
ux. This result indicated that the fluxes can improve lumines-
ent intensity. The PL intensity of the sample sintered with
uxes was about 90% to that of commercial product. More
ork was needed to optimize fluxes composition in order to
btain phosphor with high luminescent intensity and perfect
orphology.
Fig. 5 shows the particle size distribution diagram of the sam-

les sintered with 5 wt.% LiF and 2 wt.% KH2PO4 as fluxes at
200 ◦C for 2 h. The sample exhibited a narrow distribution with

article size ranging from 2 to 7 �m without agglomeration or
ggregation. This indicated that using suitable species and ratio
f fluxes in xerogel was an effective way to control particle size
nd particle distribution.
ig. 5. Particle size distribution diagram of samples fired at 1200 ◦C for 2 h
sing 5 wt.% LiF and 2 wt.% KH2PO4 as fluxes.

. Conclusion

Different species and ratio of fluxes were used in sol–gel
ethod to synthesis Y2SiO5:Ce powders, and melting salt

ssisted sol–gel method was proposed. The results can be sum-
arized as follows:

. A new kind of synthesis method, melting salt assisted sol–gel
method was proposed, and high purity Y2SiO5:Ce phosphors
were fabricated.

. By MS&Sol–Gel method, the sintering temperature could be
lowered for several hundred degrees.

. By using 5 wt.% LiF and 2 wt.% KH2PO4 as fluxes, particles
with nearly spherical shape were obtained. The particle size
distribution was in the range of 2–7 �m.

. Photoluminescence properties of the as-prepared phosphor
were measured. PL intensity of the prepared Y2SiO5:Ce
phosphors using 5 wt.% LiF and 2 wt.% KH2PO4 as fluxes
was similar to that of commercial product.
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