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a b s t r a c t

Yttrium pyrosilicate (Y2Si2O7, YPS) is an incongruent compound and has five (or possibly six) different
structural forms from 1535 to 1225 ◦C. It should be very difficult to grow YPS single crystal through
traditional pulling method. In this paper, cerium doped yttrium pyrosilicate (Y2Si2O7:Ce) single crystals
were successfully grown by Floating Zone (Fz) method through composition adjustment and relative
rapid growth speed and cooling rate. The crystal structure was confirmed to be orthorhombic with space
group Pna21 and density of 4.04 g/cm3. Typical Ce3+ luminescence was observed by photoluminescence
spectrum measurement. Some optical properties of YPS:Ce, such as transmittance and decay time, were
measured and compared with that of Lu2Si2O7:Ce crystal. Under 342 nm excitation and 360 nm emission,
8.58.Ay
8.55.−m

eywords:
loating zone technique
2Si2O7:Ce

the decay time of YPS:Ce crystal was 30 ns. This is the fastest value in the cerium doped silicate scintillators
up to the present. Its potential application prospect as scintillation material will be also evaluated in this
paper.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
ingle crystal
uminescent property

. Introduction

Scintillation crystals are widely used in the gamma rays
r X-ray detection fields like computerized tomography (CT),
osition emission tomography (PET) [1], nuclear and particle
hysics experiments [2] or geophysical exploration. [3,4] Cerium
oped orthosilicates Re2SiO5:Ce(Re = Lu,Y,Gd) scintillators have
een developed owe to their desired qualities for gamma detec-
ion: high density, relative high light yield (LY) and short decay
ime (less than 100 ns). Study on these crystals, such as Lu2SiO5:Ce
LSO:Ce) [5], Gd2SiO5:Ce (GSO:Ce) [6], Y2SiO5:Ce (YSO:Ce) [7] and
Lu1−xYx)2SiO5:Ce (LYSO:Ce) [8] is being widely carried out. How-
ver, research on cerium doped Re2Si2O7, which is another kind
f host material in Re2O3-SiO2 binary system (Re2O3:SiO2 = 1:2), is
ust on the threshold. The promising performance of Lu2Si2O7:Ce
LPS:Ce) scintillator [9,10] has attracted great attention on other
e2Si2O7:Ce scintillators. Trails of Fz growth of Gd2Si2O7:Ce crystal

ave been carried out and this scintillator shows much better scin-
illation performance than GSO:Ce crystal [11,12]. Powder samples
f YPS:Ce [13–15] and europium doped YPS [16] were obtained and
heir photoluminescence properties were also reported. In order to

∗ Corresponding author. Tel.: +86 21 6998 7740; fax: +86 21 5992 7184.
E-mail address: rgh@mail.sic.ac.cn (G. Ren).

925-8388/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2009.09.141
give a further study on the luminescent properties of YPS:Ce, it
is necessary to get YPS:Ce single crystal. However, single crystal
growth of Y2Si2O7 is very difficult because it melts incongruently
according to the Y2O3–SiO2 phase diagram [17] and the phase tran-
sition is quite easy to induce crack and polycrystalline due to the
five (or possibly six) different types of structure [18]. At present,
YPS single crystal is only obtained by flux method [19].

In this paper, YPS:Ce single crystal is firstly successfully
grown by Fz method. Its optical transmittance, photolumines-
cence (PL) and photoluminescence excitation (PLE), X-ray excited
luminescence (XEL) and decay time curves were measured and
investigated; these properties of YPS:Ce, were discussed and com-
pared with those of LPS:Ce crystal.

2. Experimental

2.1. Crystal growth

The rod for growing single crystal was made from the raw materials Y2O3, SiO2

and CeO2 with purity of 99.99%, they were weighted in composition according to the
molar ratio, Y2O3:Ce2O3:SiO2 = 0.995:0.005:2.02. The reason for SiO2 excess will be
given in discussion part. The raw materials were thoroughly mixed and then molded

into cylinder with about Ø10 mm under 200 MPa followed by sintering at 1400 ◦C
for 5 h under air condition. The crystal growth is carried out on a four-mirror optical
Fz furnace (FZ-T-4000-H; Crystal Systems Corporation), in which 1500 W halogen
lamps were used as heating source. The growth conditions were: atmosphere was
air; crystal growth rate was 3–5 mm/h; rotation rates of the upper and lower shaft
were both 15 rpm; growth speed was 4 mm/h. After growth procedure ended, 3 h

ghts reserved.
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as taken to cool down to room temperature. Small transparent and crack free
PS:Ce samples with dimension about 4 mm × 5 mm × 1 mm were obtained.

In order to give a clear characterization on luminescence and scintillation prop-
rties of YPS:Ce, the outstanding performance scintillator LPS:Ce crystal was grown
or comparison. LPS crystal was grown by Czochralski (Cz) method from an induc-
ively heated iridium crucible of 50 mm in diameter and 30 mm in height. Cerium
oncentration in the melt was 1 at% with respect to total rare earth sites. The starting
aterials are SiO2, Lu2O3 and CeO2 powder with at 99.99% purity. The powders were
eighed, mixed and iso-statically (200 MPa) pressed into tablets, then the tablets
ere sintered at 1500 ◦C for 6 h before they were loaded into the iridium crucible.
igh pure argon was used as the growth atmosphere. A LPS crystal was used as

eed. The pulling rate and the rotation rate of seed were 0.5 mm/h and 10–20 rpm,
espectively. LPS crystal boule about Ø20 × 30 mm3 was obtained.

.2. Material characterization

The X-ray diffraction (XRD) pattern of YPS crystal (in powder form) was recorded
n a Rigaku D/Max-2200PC X-ray diffractometer with Cu target (40 kV, 40 mA). The
easurement of XEL spectrum was performed by using a home made X-ray tube
ith copper target operating at 80 kV (peaking voltage) and 4 mA at room temper-

ture. A Hamamatsu R1306 PMT was used to collect the luminescence radiation of
he samples. Optical transmittance spectra were measured at room temperature
RT) by using a Shimadzu UV-2501 PC spectrophotometer. PL and PLE spectra were
ecorded on the PerkinElmer LS50B and FLS-920 spectrofluorometer, respectively.

. Results and discussion

Before measurement discussion, let’s give the reason for choos-
ng Fz method for YPS crystal growth. As mentioned previously,
PS single crystal preparation has to be confronted with two prob-

ems: one is incongruent melting problem [17], the stoichiometric
olid phase YPS is only obtained from peritectic reaction; the other
s the phase transformation of YPS [18], which will easily lead to
rack during the cooling process.

With regard to the incongruently problem, it is fortunately that
he temperature difference is only about 25 ◦C between the liquid
ine and the peritectic line at the YPS stoichiometric point accord-
ng to the Y2O3–SiO2 binary phase diagram [17]. So it is possible
hat YPS crystal can be obtained by avoiding the peritectic reac-
ion under a relative large degree of supercooling. As Fz method
an conveniently provide a large degree of supercooling through a
elative fast growth rate [20] and a relative long melting zone [21].
t has been successfully used to grow the incongruently melting
ompound KNbO3 single crystal [22]. Thanks to the large surface
ension and large viscosity of YPS, its melting zone will be stable
ven though its length is relative long. So a relative large degree of
upercooling can be obtained through a relative long YPS melting
one and a relative fast growth rate. What’s more, the actual compo-
ition is slightly enriched in SiO2 (in this paper, excess 2 at%), which
s in favor of avoiding the nucleation of 2Y2O3·3SiO2 (The same

ethod has been adopted in the crystal preparation of incongruent
ompound LiYF4:Nd in Santo’s work [23]).

As far as the phase transition problem, through there are five
r six phases [18], the high temperature � phase YPS must be the
rst phase appearing during the crystallization process. In order to
reserve the unique of crystal phase, it’s necessary to suppress the
hase transition during the subsequent process. In this paper, fast
ooling rate is taken to preserve the high temperature phase �-YPS.
owever, this will also induce thermal stress cracking due to the

apid cooling process. Hence it is important to set a proper cooling
ate to get balance between the suppression of phase transition and
hermal stress cracking. So we adopted a relative fast cooling rate
uring the cooling process (3 h to RT).

Next part is the discussion about the YPS:Ce properties. In order

o give a clear description of YPS:Ce, the corresponding properties
f LPS:Ce are measured and compared. LPS presents the thorveitite
tructure, with monoclinic symmetry, space group C2/m. It has a
ingle crystallographic site for lutetium ions, with six oxygen neigh-
ors. It is a distorted octahedral site, with C2 symmetry. [13]
Fig. 1. XRD pattern of as grown YPS:Ce crystal.

3.1. Crystal structure

YPS shows five (or possibly six) structural forms (y, �, �, �, � and
z). The low temperature phase y-YPS, is only stable up to 1200 ◦C
[24]. According to the study of Ito and Johnson [25], the transition
relationship between other four phases �, �, � and � is as follows:

�
1225◦C
� �

1445◦C
� �

1535◦C
� �

The crystal structure of as grown YPS:Ce crystal was examined
by XRD measurement. As shown in Fig. 1, the XRD pattern is in
agreement with the JCPDS 82-0732. However, relative intensity of
the reflection peaks between experimental and reference data is
not one to one correspondence: The strongest peak in the exper-
iment data is (4 0 0), while the strongest peak in the reference is
(2 1 2), etc. Considering that the powder sample is obtained from
single crystal YPS:Ce, this difference may be attributed to prefer-
ential orientation of the powder particles.

It is presented that YPS:Ce crystal belongs to orthorhombic
structure with space group of Pna21. This is the high temperature
phase: �-YPS. The unit cell parameters are a = 13.66 Å, b = 5.016 Å,
c = 8.15 Å, respectively. These values are close to the date published
in the de Mesquita’s work [13], since the cerium doping concentra-
tion is too low to affect the lattice constants. It is also found that
there are no other YPS phases detected in the sample. This result
shows that the supercooling degree during crystal growth is enough
to obtain single YPS phase and that the cooling rate is suitable for
preservation of the single high temperature �-YPS phase.

3.2. Transmittance spectrum

The as grown YPS:Ce crystal sample is colorless and transparent.
Optical transmittance spectrum was adopted to evaluate the optical
quality of grown YPS:Ce sample. Optical transmittance spectrum
of as-grown YPS:Ce was recorded on a two-sided polishing sam-
ple with 1 mm thickness and shown in Fig. 2. The transmittance
between 340 and 500 nm is about 85% and no observable absorption
peak can be detected, which indicates that the grown YPS:Ce crystal
is of high optical quality. The absorption in the region between 200
and 340 nm is regarded as the absorption of cerium ions: the elec-
tronic transition of Ce3+ ion from its 4f ground state to 5d excited
state. Two absorption peaks (centering at about 270 and 329 nm,

respectively) correspond to the excitation peaks on YPS:Ce UV-ray
PLE curve. The cut-off edge of YPS:Ce locates around 365 nm. The
dashed line is the transmittance curve of Cz grown LPS:Ce crystal
with same thickness. Similarly, the absorption band between 200
and 380 nm is attributed to the electronic transition of Ce3+ ion



H. Feng et al. / Journal of Alloys and Compounds 489 (2010) 645–649 647

i
r
P
p
t
t
T
t

3

p
s
p
t
C
r
i
t
c
s

T
c
a

F

In order to estimate the luminescence efficiency of YPS:Ce crys-
tal, the XEL spectra of YPS:Ce was compared with that of LPS:Ce
crystal with same dimension. Fig. 5 shows the XEL spectra of YPS:Ce
Fig. 2. The transmittance spectrum of YPS:Ce and LPS:Ce crystals at RT.

n LPS host; the absorption peaks (centering at 304 and 350 nm,
espectively) correspond to the excitation peaks of LPS:Ce UV-ray
LE curve. The cut-off edge of LPS:Ce locates around 380 nm. Com-
ared with LPS:Ce, the cut-off edge of YPS:Ce shifts about 15 nm
oward the shorter wavelength direction. This phenomenon means
hat the self absorption of YPS:Ce should be less than that of LPS:Ce.
he self absorption reduction is helpful for the LY improvement of
he scintillators.

.3. XEL, PL and PLE spectra

XEL spectrum of YPS:Ce crystal is shown in Fig. 3. The XEL curve
resents a typical Ce3+ ion emission shape. [26] Through the Guas-
ian multi-peaks fitting, the XEL curve can be decomposed into two
eaks (dashed green lines), centering at 361 and 381 nm, respec-
ively. The two peaks are attributed to the transitions from lowest
e3+–5d energy level to 4f ground state 2F7/2 and 2F5/2 sublevels,
espectively, the splitting energy value between the 2F7/2 and 2F5/2
s about 1531 cm−1. As shown in Fig. 3, the cut-off edge of transmit-
ance spectrum nearly matches together with the left side of XEL
urve. It is obvious that the asymmetry of the curve is due to the
elf absorption of YPS:Ce.
PL and PLE spectra of YPS:Ce crystal at RT are shown in Fig. 4(a).
hrough the Gaussian fitting, four excitation peaks can be obtained
entering at 274, 306, 331 and 348 nm, respectively, which can be
ttributed to the 4f–5d transitions of Ce3+. Considering YPS:Ce sam-

ig. 3. XEL spectrum and transmission spectrum of YPS:Ce crystals measured at RT.
Fig. 4. The PL and PLE spectra of YPS:Ce (a) and LPS:Ce (b) crystals at RT.

ple is obtained by Fz method, the complicated fitting result may due
to the actual relative high cerium concentration in sample. Under
274 nm excitation, the PL spectrum consists of a broad band with
maximum at 361 nm and a shoulder around 381 nm, which shows
a very similar shape to the XEL spectrum in Fig. 3.

Compared to PL and PLE spectra of LPS:Ce in Fig. 4(b), the peaks
of PLE and PL spectra of YPS:Ce both move towards the ultravi-
olet wavelength direction. It is reasonable to conclude that the
energy gap between the Ce3+ 4f and 5d level in YPS:Ce is larger
than that in LPS:Ce. As we know, the energy levels of Ce3+ in crys-
tals are strongly affected by the symmetry and strength of crystal
field where Ce3+ locates. [27] In addition, because the band gap of
LPS is larger than that of LSO (7.8 eV [28] and 6 eV [29], respectively)
while the PLE and PL peaks of LPS:Ce locate at shorter wavelength
direction compared with that of LSO:Ce [30], we infer that the band
gap of YPS is also larger than that of LPS. Further research such
as the energy level scheme of YPS:Ce is needed to confirm this
conjecture.
and LPS:Ce crystal under the same measurement conditions. The

Fig. 5. XEL spectra of LPS:Ce and YPS:Ce polycrystalline powder measured under
the identical conditions.
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ig. 6. Decay curves of YPS:Ce (a) and LPS:Ce (b) at RT under UV excitation. (The red
oints present the instrument response).

uminescent efficiency of YPS:Ce can be roughly estimated by com-
aring the integral intensity of XEL curves. The integral intensity of
PS:Ce sample is only about 1/5 of that of LPS:Ce. Considering the LY
f the LPS:Ce sample is 22,400 photons/MeV, the LY of YPS:Ce sam-
le is about 5800 photons/MeV. The phenomenon may be due to the
elative bigger forbidden gap of YPS: According to the theoretical
aximum LY expression [31], the LY shows an inverse proportion

elationship with the forbidden gap. As discussed previously, YPS
robably has a wider forbidden gap than that of LPS, that’s why
PS:Ce shows a relative low LY.

.4. The decay curve of YPS:Ce crystal

At this part, we discuss the decay characteristic of YPS:Ce com-
ared with the LPS:Ce. The decay process of the luminescence

ntensity I(t) after the termination of excitation at t = 0 is generally
epresented by an exponential function of the elapsed time after
he excitation. It should be noted that the emission decay curve
s not always represented in the exponential form but may con-
ain also a hyperbolic component. [26] Fig. 6(a) shows the decay
urve of YPS:Ce crystal under UV excitation at 340 nm and emis-
ion at 360 nm. The solid curve in the interval from 20 to 200 ns
an be well fitted with a single exponential decay, I(t) = I0exp(−t/�),
here I0 is initial spectral intensity and � is the decay time constant

f the emission. The extracted decay time of YPS:Ce is 30 ns with
2 = 1.053.

As shown in Fig. 6 (b), the LPS:Ce shows a single exponen-
ial decay time of 32 ns under the 366 nm excitation and 384 nm
mission, a little slower than that of YPS:Ce. This is a reasonable
henomenon because decay time is proportional to the square of
mission wavelength [32]. This phenomenon may be also explained
y the crystal field where Ce3+ locates. Generally speaking, if
e3+ ions locate at the site of the same symmetry in two com-
ounds (hosts) with different crystal fields at Ce3+ site, faster
ecay time will be obtained in the system with shorter emission
avelength (i.e. weaker crystal field). It is usually valid even for
ifferent site symmetries, e.g. decay times for Ce1 and Ce2 centers

n LSO [33]: The faster decay time is corresponding to the shorter
mission wavelength center. The YPS:Ce decay time is the fastest

ne among the cerium doped silicate scintillators up to now. An
mportant parameter for scintillation applications is the afterglow
henomenon, YPS:Ce crystal does not show any afterglow.

[

[
[
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4. Conclusions

Incongruent YPS:Ce single crystal is successfully obtained by Fz
method and optimization of the growth condition. YPS:Ce crystal
has a wide ultraviolet transmittance range compared with LPS:Ce
and cut-off edge at 340 nm. Its photoluminescence is characterized
of a broad band with maximum at 361 nm and a shoulder around
381 nm, these peaks are attributed to the transitions from Ce3+–5d
lowest energy level to 4f 2F7/2 and 2F5/2 sublevels, the splitting
energy value between the 2F7/2 and 2F5/2 is about 1531 cm−1. Under
UV excitation (�ex = 340 nm) and emission at 360 nm, decay time of
YPS:Ce is 30 ns and without any afterglow. Due to the relative big
forbidden gap of YPS, its LY is only about 5800 photons/MeV. In a
word, because of the not very high LY and relative low density (only
4.04 g/cm3), comprehensive scintillation performance of LYPS:Ce is
not good as the LPS:Ce does. However, it has a fastest decay time in
cerium doped silicate scintillators. Further study on the scintilla-
tion properties of YPS:Ce is worth carrying out. Work of preparing
YPS:Ce single crystal by Cz method is now in progress because Fz
method is difficult to growth large bulk crystal.
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