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a b s t r a c t

(Y0.9−xGd0.1Cex)2SiO5 with various Ce concentration, x, was prepared by calcination of spray pyrolysis
precursor obtained from a mixture of nitrates and TEOS under H2/N2 atmosphere. Cerium could be doped
up to 3 at.% into the high-temperature form (X2) of Y2SiO5. The unit cell volume linearly expanded with
the x-value. Its structural refinement suggested that the doped Ce3+ ions were almost equally distributed
vailable online 1 February 2010

eywords:
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into two kinds of rare earth sites in the X2 phase. The PL spectra showed a peak shift toward significantly
longer wavelength (red-shift) with increasing x-value. The PL red-shift might be caused by an energy
transfer among the Ce3+ ions distributed in the two sites having slightly different 5d excited energy
levels with different coordination numbers.

© 2010 Elsevier B.V. All rights reserved.

-ray diffraction
ptical spectroscopy

. Introduction

Field emission displays (FEDs) have been developed as one of
he new type of flat panel displays. The improvement of the phos-
hor materials is required to keep developments in the applications
1]. Silver-doped ZnS (ZnS:Ag) blue phosphor with high lumines-
ence efficiency and good chromaticity has been widely used for
athode-ray tube televisions (CRTs). It gradually degrades releasing
orrosive gases, H2S and SOx, under the FEDs electron beam irradia-
ion [2]. The gases damage the FED tips to cause the eventual failure
f the FEDs screen. Ce-doped Y2SiO5 (YSO:Ce) has been used as a
lue phosphor for projection televisions (PTVs) because of its stabil-

ty against high-current density electron beam [3,4]. This can also
e an alternative for the ZnS:Ag phosphor in the FED application.
he chromaticity of YSO:Ce is inferior to that of ZnS:Ag, because
he emission band of YSO:Ce has a large tail extending into the red

ortion of the visual spectrum.

Y2SiO5 has two monoclinic polymorphs: low-temperature (X1)
hase with the space group P21/c (No. 14) and high-temperature
X2) phase with the space group B2/b (No. 15). The X1 phase is

∗ Corresponding author at: New Applied Materials R&D Center, Hitachi Chemical
o., Ltd., 1380-1 Tarasaki, Hitachinaka, Ibaraki 312-0003, Japan.
el.: +81 29 285 1153; fax: +81 29 285 7101.

E-mail address: hiro-yokota@hitachi-chem.co.jp (H. Yokota).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.01.112
completely transformed into the X2 phase at around 1573 K [5,6].
The usage of X2 phase in the PTVs application was realized because
of its higher luminescence efficiency and less non-radiative relax-
ation than the X1 phase [7]. It has two different crystallographical
sites, Y1 and Y2, with C1 symmetry for rare earth ions [5]. The Y1
site has a coordination number (CN) of 7, with 5 oxide ions bonded
to silicon and 2 free oxide ions. The Y2 site has a CN of 6, with 4
oxide ions bonded to silicon and 2 free oxide ions. As shown in
Fig. 1, they form infinite chains of edge-sharing O–Y4

3+ tetrahedra
along the monoclinic b-axis. They interact each other through SiO4
tetrahedra sharing their edges.

The emission of doped Ce3+ ions is attributed to the transition
from the lowest 5d level to the 2F5/2 and 2F7/2 ground states hav-
ing with their respective coordination environments. Suzuki et al.
reported that the Ce3+ in Y1 and Y2 sites exhibited two independent
peaks both in excitation and emission spectra at very low temper-
ature (11 K) [8]. Additionally, Wang et al. suggested that the Ce3+ in
Y1 site (Ce1) had lower 5d excited level than that in Y2 site (Ce2) due
to the nephelauxetic effect [9,10]. The Cel showed an emission band
at longer wavelength region than Ce2. Shin et al. reported that the
PL spectra shifted toward longer wavelength (PL red-shift) with the

increasing Ce3+ concentration [11]. They assumed that Ce3+ occu-
pied the Y1 site more preferentially than the Y2 site with increasing
Ce3+ concentration causing the PL red-shift. However, none of them
reported any structural analysis data which could explain these
luminescence properties [8–11]. It is very important to study the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hiro-yokota@hitachi-chem.co.jp
dx.doi.org/10.1016/j.jallcom.2010.01.112
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The GYSOx products in x = 0–0.05 were mainly the X2 phase, and
the monoclinic lattice parameters were refined. The refinements
were well converged on the product without cerium. The structural
parameters of GYSO0 are summarized in Table 1. The reliability fac-
Fig. 1. Sketch of unit cell for Y2SiO5 high-temperature (X2) phase.

orrelation between luminescence properties and structural details
uch as lattice constants, site occupancy fractions, and bond length
o improve a chromaticity of the YSO:Ce. However, there have been
o studies concerning the correlation between structural and lumi-
escent properties, to the best of our knowledge.

In this research, the precursors of (Y0.9−xGd0.1Cex)2SiO5
GYSOxs) were prepared by spray pyrolysis applying a two-fluid
ozzle spray generator to prepare homogeneous particles both

n size and composition in large scale [12]. The Y2SiO5 particles
ontaining both Gd3+ and Ce3+ have not been prepared by spray
yrolysis yet. Morphology, crystalline phases and structural details
ere studied on the GYSOxs calcined in H2/N2 reductive atmo-

phere to avoid the oxidation of Ce3+. The luminescence properties
ere discussed in relation to the structural details.

. Experimental

The precursors of GYSOxs were prepared by spray pyrolysis using a two-fluid
ozzle spray generator (Ohkawara Kakohki, RH-2) [12]. The mixed solution of
(NO3)3, Gd(NO3)3, Ce(NO3)3 and Si(OC2H5)4 was sprayed into a quartz reactor
893 K) to obtain precursor particles. The reagents were purchased from Wako
hemicals, and their purity was 99.99%. Ce was doped in concentration value of
against total rare earth amount up to 20 at.%. The Gd in 10 at.% was necessary to
nhance cathodoluminescence intensity in practical uses. The enhanced cathodolu-
inescence of Ce has been expected by the addition of Gd through energy transfer

rom Gd3+ to Ce3+ [13]. The excess amount of Si(OC2H5)4 in 102.5 at.% was necessary
o prevent forming Y2O3 impurity due to the high volatility of Si(OC2H5)4 during
he preparation [14]. These precursors were then calcinated at 1573 K under 0.5%
2/N2 reductive atmosphere to avoid oxidation of Ce3+ [11].

The pyrolysis product was observed with scanning electron microscope (SEM,
itachi S-4500) to study the morphology and the average particle size was estimated
y measuring 200 particles.

Powder X-ray diffraction (XRD) was measured by using X-ray diffractometer
Mac Science, MXP18) at 40 kV and 250 mA with monochromatized Cu K� radiation.
ata were collected in 2� = 10–110◦ with a step scan of 0.05◦ (2�) and a dwell time of
s at the temperature of 293 K. Cellulose resin was mixed with the samples to elimi-
ate the preferred orientation [12]. Powdered Si (NIST 640c) was used as the external
tandard for the diffractometer calibration. Lattice constants and site occupancies
f rare earth elements were refined by the Rietveld refinement program (RIETAN-
000) [15]. The pseudo-Voigt function was adopted as the symmetric profile shape
unction in the Rietveld refinement. Photoluminescence (PL) and excitation (PLE)
pectra were measured with a fluorescence spectrometer (Hitachi, F-4500).

. Results and discussion

.1. Morphology and crystal structure
Well-dispersed spherical particles were obtained in GYSO0.01 as
hown in Fig. 2. A mean particle size of 2.5 �m and the spherical
hape were observed independently on the Ce doping level x in
YSOxs.
Fig. 2. SEM images of GYSO0.01 particles.

In the case for GYSO0.01, almost pure high-temperature (X2)
phase of Y2SiO5 (JCPDS # 21-1458) was obtained with a very small
amount of apatite Y4.67(SiO4)3O (JCPDS # 30-1457) impurity as
depicted in Fig. 3(a). The similar XRD patterns were also observed
in the case for GYSO0, GYSO0.03, GYSO0.04, and GYSO0.05. On the
other hand, the low-temperature (X1) phase of Y2SiO5 (JCPDS #
21-1456) appeared above x = 0.10, and became significant at x = 0.20
as depicted Fig. 3(b). The X1 phase formation can be attributed to
the reported preference of Ce3+ with remarkably larger ionic size
in higher coordination number of 9 and 7 in the X1 phase in rare
earth sites rather than Gd3+ [5,9].
Fig. 3. XRD patterns of GYSOxs (x denotes Ce doping level): (a) GYSO0.01 and (b)
GYSO0.20.
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Table 1
Refined structural parameters of GYSO0 obtained from the Rietveld refinementa.

Atom Position x y z gb B (10−2 nm2)c

Y1 8f 0.2883(3) −0.0348(5) 0.9968(5) 0.901(3) 0.67(8)
Gd1 8f 0.2883(3) −0.0348(5) 0.9968(5) 0.099(3) 0.67(8)
Y2 8f 0.1083(3) −0.3352(5) 0.6283(5) 0.899(3) 0.79(9)
Gd2 8f 0.1083(3) −0.3352(5) 0.6283(5) 0.101(3) 0.79(9)
O1 8f 0.1265(13) −0.3096(21) −0.0318(24) 1.0 0.59
O2 8f 0.1524(15) −0.1543(24) 0.2474(26) 1.0 0.60
O3 8f 0.9524(16) −0.3288(22) 0.0952(27) 1.0 0.41
O4 8f 0.0504(14) −0.4276(23) 0.3092(26) 1.0 0.89
O5 8f 0.2673(15) −0.1008(21) 0.6400(25) 1.0 0.42
Si 8f 0.0692(9) −0.3060(13) 0.1620(17) 1.0 0.10(4)

-of-fit indicators S(Rwp/Re) = 1.9.

r the single crystal refinement [5].

t
p
s
l
i
l
u
o
c
t
t
Y
a
q
p
t
b

o
t
s
t
s

T
B

a Space group: B2/b (No. 15). The analysis reliabilities RI = 3.6%, and the goodness
b Occupation factor.
c Isotropic atomic displacement factor. The value for O1–O5 was fixed the data fo

ors RI and the goodness-of-fit indicators S(Rwp/Re) for the refined
roducts were 3.4–5.3%, and 1.6–2.5, respectively. Its lattice con-
tants a, b, c, V, and the most of the Y–O distances were slightly
arger than those reported for Y2SiO5 without cerium and gadolin-
um as represented in Table 2 [16], due to the Gd3+ doping with
arger ionic radius than Y3+. The lattice constants a and c increased
p to x = 0.03, and became constant because of the solubility limit
f Ce3+ in a range of x = 0.03 to 0.05 as depicted in Fig. 4. The unit
ell volume also expanded with the value of x up to x = 0.03. Lat-
ice constant b expanded with the cerium amount, but there was no
endency on �-value. As shown in Fig. 1, the rare earth sites (Y1 and
2) form infinite chains of edge-sharing O–Y4

3+ tetrahedra running
long the monoclinic b-axis together with free oxide ions. Conse-
uently, it was found that GYSOxs crystal lattice tends to expand
referentially along with b-axis in twice with the value of x. Addi-
ionally, the unit cell volume data also suggest that cerium could
e doped up to x = 0.03 into the X2 phase of Y2SiO5.

Both Gd3+ and Ce3+ ions were doped together into Y2SiO5. Their
ccupancy fractions in Y1 and Y2 sites were refined assuming that

he doped Gd3+ and Ce3+ independently occupied these sites, as
ummarized in Table 3. The Ce and Gd occupancies were almost
he same between Y1 and Y2 sites and the values were also the
ame with the total amount of the doped ones. Consequently, the

able 2
ond distances and unit cell parameters of the Y2SiO5 (refs) and GYSO0.

GYSO0 Y2SiO5
a

Unit cell parameters
a (nm) 1.4410(1) 1.4371(3)
b (nm) 1.0433(1) 1.0388(3)
c (nm) 0.6731(1) 0.6710(4)
� (◦) 122.18(1) 122.17(4)

V (nm3) 0.856(1) 0.848(1)

Main bond distances (10−1 nm)
Y1–O1 2.51(1) 2.374
Y1–O1 2.56(1) 2.604
Y1–O2 2.37(2) 2.299
Y1–O2 2.41(2) 2.317
Y1–O3 2.28(1) 2.319
Y1–O5 2.17(1) 2.199
Y1–O5 2.47(2) 2.373
Y2–O1 2.30(2) 2.283
Y2–O3 2.31(1) 2.275
Y2–O4 2.32(2) 2.280
Y2–O4 2.35(2) 2.287
Y2–O5 2.22(2) 2.203
Y2–O5 2.29(2) 2.279
Si–O1 1.56(2) 1.628
Si–O2 1.50(2) 1.636
Si–O3 1.63(3) 1.602
Si–O4 1.52(2) 1.605

a Ref. [16].

Fig. 4. Lattice constants of GYSOxs (from x = 0 to 0.05) refined by XRD-Rietveld
refinement: (a) lattice constants a, c, and unit cell volume, and (b) lattice constants
b and � .
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Table 3
Site occupancy fractions of Gd and Ce for GYSOxs. Gd1 and Ce1 denote site occupancy fractions substituted of Y1 site, Gd2 and Ce2 denote that of Y2 site.

Site occupancy fraction Y1 Gd1 Ce1 Y2 Gd2 Ce2

– 0.899(3) 0.101(3) –
0.010(3) 0.894(3) 0.096(3) 0.010(3)
0.030(3) 0.882(3) 0.088(3) 0.030(3)
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Table 4
Yttrium–yttrium distances in GYSO0 according to the refined structural dataa.

Neighbor number 1 2 3 4 5
H-GYSO0 0.901(3) 0.099(3)
H-GYSO0.01 0.886(3) 0.104(3)
H-GYSO0.03 0.858(3) 0.112(3)

e3+ occupied both the Y1 and Y2 sites in almost the equal fraction
s in the cases of Y3+ and Gd3+.

.2. Luminescence properties

Both GYSO0.01 and GYSO0.03 showed the excitation maxima at
round 360 nm with shoulders at 310 nm as shown in Fig. 5. The
pectra were very similar to each other. PL spectrum of GYSO0.01
howed a broad band with maximum intensities at around 424 nm
ith a shoulder at around 410 nm and a tailing to longer wave-

ength. GYSO0.03 showed a significant red-shift with maximum
ntensities at around 472 nm in the similar broad band. In addition,
full width at half maximum of the asymmetric luminescence peak

or GYSO0.03 was broader than for GYSO0.01.
Shin et al. reported that the PL spectra shifted toward longer

avelength with increasing Ce3+ concentration. The shift toward
onger wavelength (red-shift) was explained by the Ce3+ prefer-
ntial occupation of the Y1 site than the Y2 site in the increased
e3+ concentration. However, structural analysis data were never
hown in their report [11]. The present result indicated that the
referential site occupation was not observed for Ce3+. The present
L red-shift with x-value was not caused by the preferential Y1 or
2 sites occupation of Ce3+. The Ce3+ ions in two different rare earth
ites transfer the energy in the respective 5d excited level to each
ther.

The theory of energy transfer has been elucidated by Dexter
17,18]. The energy transfer occurs in electric dipole in the case
f Ce3+. Its transfer probability, PDA, from one (donor) to the other
accepter) is given as follows:

DA = 3c4h̄4

4�n4R6
× �A

�A
×

∫
fD(E)FA(E)

E4
dE (1)
ere, R is the separation between the donor (D) and the accepter
A), n is the refractive index of the crystal, �A is the absorption
ross-section of A, and �A is the radiative lifetime of A. The Ce3+

n the Y1 site (Ce1) had lower 5d excited level than that in the Y2

ig. 5. PL (�ex = 356 nm) and PLE (�em = 472 nm) spectra of GYSO0.01 and GYSO0.03.

[
[
[

[

[

Type of neighbor Y1–Y2 Y2–Y2 Y1–Y2 Y1–Y1 Y1–Y2
Distance (10−1 nm) 3.42(1) 3.48(1) 3.52(1) 3.69(1) 3.75(1)

a GYSO0.01 and GYSO0.03 also had the same type of neighbor as GYSO0.

site (Ce2) due to the nephelauxetic effect in their respective coor-
dination numbers of 7 and 6 in the present case [10]. The Cel and
Ce2 can be regarded as the accepter and the donor, respectively.
fD(E) and FA(E) represent the shape of the D emission and A absorp-
tion (excitation) spectra, respectively. They have been normalized
as

∫
f (E)dE = 1 and

∫
F(E)dE = 1. Therefore, the integrals in Eq.

(1) corresponding to the overlapping of these spectra are neces-
sary for energy transfers to occur. Both the PLE (�em = 472 nm) and
PL (�ex = 356 nm) spectra (Fig. 5) overlap each other at the wave-
length around 380 nm to satisfy the integrals in Eq. (1). In addition,
the term R−6 in Eq. (1) means that the energy transfer probabil-
ity increases significantly with decreasing D–A distances, i.e., the
increase of cerium concentration. Furthermore, the Y1 and Y2 sites
in GYSOxs are comparatively close to each other as shown in Table 4,
for the energy transfer between them to occur easily. For these rea-
son, energy transfers (Ce2 → Ce1) between the two independent
Ce3+ ions in the Y1 and Y2 sites increase with the x-value, to cause
PL red-shift. The similar phenomena have been reported on Eu2+-
and Mn2+-doped phosphors, in their f–d and d–d type transitions,
respectively [19–22].

4. Conclusions

The effect of the doped Ce3+ ions was studied on structural and
luminescent properties of (Y0.9−xGd0.1Cex)2SiO5. The refined site
occupancy indicated that Ce3+ ions distributed in both Y1 with
CN = 7 and Y2 with CN = 6 sites in GYSOs almost equally, regard-
less of x-value. On the other hand, PL spectra were shifted toward
a longer wavelength with increasing cerium amount. The PL red-
shift with x-value might be caused by the energy transfer between
two independent Ce3+ ions in Y1 and Y2 sites.
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