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a b s t r a c t

The crystals of (Lu1−xCex)2Si2O7 (LPS) (x = 0.003, 0.005, 0.0075, 0.01 and 0.013) are grown by Czochralski
(Cz) method. The scintillation and optical properties of these LPS:Ce crystals were studied and compared
systematically, mainly focused on the absorption, photoluminescence (PL) and photoluminescence exci-
tation (PLE) and decay time. It is found that the self absorption of LPS:Ce is increased as the cerium doping
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concentration increases; the PLE curves of LPS:Ce samples are influenced by the both cerium doping con-
centrations and sample thickness. Specially, thicker and higher cerium doped LPS:Ce, i.e. the stronger
self absorption, will lead to incomplete PLE curves. The temperature dependence of luminescence of
LPS:0.3%Ce, including the decay time, PLE and PL properties, is investigated.

© 2010 Elsevier B.V. All rights reserved.

emperature dependence
cintillation properties

. Introduction

Cerium-doped lutetium pyrosilicate Lu2Si2O7:Ce (LPS:Ce) is a
igh performance scintillator found in 2000 [1], which exhibits
utstanding scintillation properties: high light yield (26,000 pho-
ons/MeV), short decay time (38 ns) without observable afterglow
nd high density (6.2 g/cm3). So it is a good candidate scintillator
sed for the X-ray and �-ray detection devices due to its outstand-

ng scintillation and physical performance. LPS has the thortveitite
tructure, with monoclinic symmetry, space group C2/m and only
ne single crystallographic site for lutetium ions [2]. The LPS:Ce
cintillator can be used for oil-well logging because of its high tem-
erature light yield (up to 450 K) [3]. Some meaningful research
esults have been obtained such as the energy level scheme [4]
nd EPR investigation of Ce3+ [5] in LPS. The crystal growth and
nnealing effects study on LPS:Ce scintillation crystal have also
een reported in Refs. [6,7].

Generally speaking, the cerium concentration and tempera-

ure play important impact on the scintillation performance of
erium doped luminescent materials, such as photoluminescence
PL), photoluminescence excitation (PLE), luminescence efficiency
nd decay time properties [8–13]. So it is meaningful to study
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the influence of cerium concentration and temperature on the
optical and scintillation properties of cerium-doped scintillators.
The temperature dependence research of LPS:Ce has been carried
out by Pidol et al. [3,14,15]. Up to now, there has been no paper
published related to the cerium doping concentration effect on
LPS:Ce.

In order to fill up this research gap, the cerium concentration
effect on the scintillation properties of LPS:Ce, including absorp-
tion, decay time, PL and PLE properties were analyzed and discussed
systematically in this paper. At the meantime, the temperature
dependence of LPS:0.3%Ce is investigated at different temperature
within the 77–500 K range, focused on the PLE, PL and decay time
properties.

2. Experimental

All the LPS:Ce crystals studied in this paper were grown by the Czochralski (Cz)
method. The starting powder materials are Lu2O3, SiO2 and CeO2 with 4N purity. The
preparation and crystal growth procedures are as follows: these starting materials
were dried at 200 ◦C for 10 h under air to drive away the moisture and weighted
and mixed with stoichiometry of (Lu1−xCex)2Si2O7 (x = 0.003, 0.005, 0.0075, 0.01
and 0.013, unit:molar concentration). Then these materials were shaped into cylin-
der rods under 200 MPa isostatic press. These rods were sintered at 1500 ◦C in air
for 10 h in order to obtain polycrystalline charge of LPS. The crystal growth was
carried out in an induction heating crystal growth furnace under high pure argon

atmosphere. These sintered rods were loaded into iridium crucible with 50 mm in
diameter and 30 mm in height. Single pure LPS crystal seeds were used. The rotation
and pulling rates were 5 rpm and 0.5 mm/h, respectively. The size of crystal boules
obtained was about 15 mm in diameter and 25 mm in length, through an automatic
up metage control system developed by Cyberstar Corporation. Each sample was
cut and polished from the neck position of boule to make sure the comparison of

dx.doi.org/10.1016/j.jallcom.2010.12.124
http://www.sciencedirect.com/science/journal/09258388
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he scintillation properties is under the same condition. All obtained samples are
olorless and transparent.

Optical absorption spectra were measured by using a Shimadzu UV-2501 PC
pectrophotometer. The decay time, PL and PLE curves at different temperature
ere recorded on the Edinburgh FLS-920 steady state and time resolved fluores-

ence spectrometers. In the PL and PLE curves measurement procedure, the 450W
e arc lamp was used as the excitation source. The excitation and emission slit
re both 0.25 nm and the step is 1 nm. In the decay time measurement, a nanosec-
nd flashlamp (900 nF) is used as the excitation source. The time-correlated single
hoton counting technology was adopted to record fluorescence decay curve. The
eal decay time data was obtained through the reconvolution fit, deducting the
nstrument response function and the noise influence.

. Results and discussion

.1. The absorption spectra of LPS:Ce crystals

Fig. 1 shows the absorption spectra of LPS:Ce samples with 2 mm
hickness. It is shown that the absorption spectra of the five samples
re similar; the absorption between 200 and 380 nm is regarded as
he role of Ce3+ ions. Two main absorption peaks center at 305 and
50 nm, corresponding to the Ce3+ electron transition from the 4f
round state to the two lowest 5d sublevels [16]. The absorption
elow 250 nm is attributed to the 4f ground state to the higher 5d
ublevels [17].

Of course, the variation of the cerium doping concentration
ill bring change to the absorption spectra. The spectra in the

50–380 nm range are magnified in the inset (i). From the inset,
e can see that the absorption edges of the LPS:Ce samples move

owards longer wavelength direction with increasing cerium dop-
ng concentration. This phenomenon means that the self absorption
ncreases with the cerium doping concentration increase. As we
now, the integral value of the absorption curve between 250 and
80 nm is a convincible index of cerium ion concentration. From the

ntegral values, we can compare the actual cerium ion concentra-
ions on the lutetium site in different LPS crystals, as shown in inset
ii). When cerium doping concentration is 0.3%, the actual cerium
s at the minimum level. When the cerium doping concentration is
elow 0.75%, the actual cerium concentration gradually increases

ith the increasing cerium doping concentration. When the cerium
oping concentration is over 0.75%, the actual cerium concentra-
ion only slightly increases as the doping concentration increases,
rriving at the maximum at 1.3% cerium doping concentration. The
henomenon means that the doping concentration under 0.75%

ig. 1. The absorption spectra of LPS:Ce with different cerium doping concentra-
ions.
Fig. 2. The PLE and PL curves of LPS:0.3%Ce with different sample thickness (0.5,
1.0, 2.0 and 10 mm)

should be preferred. Considering that there is only one single crys-
tallographic site for lutetium ions [2] and ions radius of Lu3+ in LPS
is much smaller than that of Ce3+ (Ce3+:1.034 Å, Lu3+:0.848 Å) [18],
this is a reasonable phenomenon.

3.2. PLE and PL spectra of LPS:Ce samples

Fig. 2 shows the PLE and PL curves of LPS:0.3%Ce with different
four sample thickness: 0.5, 1, 2 and 10 mm, respectively. All samples
are located at the same position to make sure that the same condi-
tion is kept during the measurement process. The PLE and PL curves
of the former three samples are normalized. It is presented that the
PLE peaks of them are similar with each other: there are two PLE
peaks peaking at 305 and 350 nm, corresponding to the electron
transition from 4f ground to 5d transition of Ce3+. It is noticed that
the PLE curve of 10 mm sample is obviously different from that of
the other three thinner samples: the two PLE peaks are incomplete.
Because the sample thickness is the only change condition during
the measurement, the incomplete PLE curve must be induced by the
sample thickness. Considering that the self-absorption increases
as the sample thickness increase in cerium doped scintillator [19],
this phenomenon is attributed to the strong absorption of the thick
sample. It is concluded that sample thickness is one of the factors
which should be taken into consideration in the PLE curve mea-
surement process. If possible, relative thin sample (may be thinner
than 1 mm) is preferred to avoid the incomplete PLE curves.

Fig. 3 displays the PLE and PL spectra of LPS:Ce crystals with
the five different cerium doping concentrations. It is shown that all
the PLE curves are composed of two PLE peaks centering at about
305 and 350 nm. As the cerium concentration increases, the relative
intensity of 305 nm peak also increases gradually. Let’s pay atten-
tion to the PLE curve of LPS:1.3%Ce, it is obvious that the PLE curve
is also incomplete as that of the LPS:0.3%Ce with 2 mm thickness.
As discussed above (the higher cerium concentration, the stronger
absorption intensity), we can also attribute this phenomenon to the
absorption increase, especially around the PLE peaks.

Through Gaussian fitting, all of the PL curves can be decomposed
into two peaks centering nearly at 376 and 400 nm, respectively,
corresponding to the Ce3+ electron transition from lowest 5d level
to the two spin–orbit split 4f sublevels, 2F5/2 and 2F7/2. With the

increasing cerium concentration or increasing sample thickness,
the PL curves move towards the longer wavelength direction. This
phenomenon is attributed to the red shift of absorption edge. Obvi-
ously, the PL curves are not so sensitive to the cerium doping
concentration and sample thickness as the PLE curves do.
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Fig. 4. The PLE (a) and PL (b) spectra of LPS:0.3%Ce from 77 K to 500 K
ig. 3. The PLE and PL spectra of LPS:Ce crystals with different cerium doping con-
entrations.

Fig. 4 shows the PLE (a) and PL (b) spectra of LPS:0.3%Ce from
7 K to 500 K. Under 77 K, there are two PLE peaks centering at
03 nm and 350 nm, respectively, called peak 1 and peak 2 for short.
he intensity ratio between the two peaks (peak 1 relative to peak
) is about 1.12. As the temperature increases, three obvious phe-
omena can be observed: (1) the intensity ratio decreases gradually
from 1.12 at 77 K to 0.72 at 400 K); (2) both peak 1 and peak 2 are
roadened; (3) the peak 1 moves towards the longer wavelength
irection, while the peak 2 locates at 350 nm up to 450 K, only mov-

ng to 353 nm at 500 K. Phenomenon (1) can be explained through
he thermalization of Ce3+ 5d electrons on different sublevels. In
PS host, five 5d sublevels of Ce3+ are located above the 4f ground
evel at 3.55 eV (5d(1)), 4.1 eV (5d(2)), 5.1 eV (5d(3)), 5.95 eV (5d(4))
nd 6.7 eV (5d(5)), respectively according to Pidol’s paper [4]. The
eak 1 is corresponding to the electron transition from 4f ground

evel to 5d(2) sublevel; peak 2 is corresponding to the electron
ransition from 4f ground level to 5d(1) sublevel. As the temper-
ture increases, the 5d electrons of Ce3+ will be thermalized into
onduction band [20]. Now that the energy level position of 5d(2)
ublevel is higher than that of 5d(1) sublevel, the electron on 5d(2)
ublevel will firstly thermalize into conduction band when temper-
ture increases. Those thermalized 5d electrons will not give the
d–4f Ce3+ emission, leading to the decrease of excitation inten-
ity of peak 1 and the ratio between the two peaks. Besides above
roblem, the increased temperature will also intensify the electron
ibration on 5d and 4f levels, resulting in the decrease of energy
ap between ground 4f level top and 5d(2) sublevel bottom, which
s corresponding to the red-shift of PLE peaks. At the meantime, the
ntensified electron vibration slightly increases the energy level dif-
erence between the 4f level bottom and the 5d(2) sublevel top. So
he PLE curves will also broaden towards the shorter wavelength
irection, as seen in Fig. 4(a). As for peak 2, because it is correspond-

ng to the electron transition from 4f to the lowest 5d(1) sublevel,
hich is shielded by 5d(2) sublevel, the thermal impact on it is
eaker than peak 1. As temperature increases, it mainly presents
slight thermal broadening effect. Its peak position stays stable up

o 450 K, and just moves to 353 nm at 500 K.
Fig. 4(b) shows the PL spectra of LPS:0.3%Ce crystal from 77 to

00 K (normalized intensity). At 77 K, the PL curve can be fitted into
wo peaks centering at 376 and 404 nm, respectively, as seen the
nset (i). As temperature increases, the curves gradually broaden

nd move to the longer wavelength direction. The peak position
f PL curves gradually moves from 377 nm at 77 K to 391 nm at
00 K. The PL curve at 500 K can be fitted into two peaks, peaking
t 385 and 410 nm, respectively, as seen in inset (ii). These fitted
(77–250 K:�ex = 303 nm, �em = 378 nm; 300 K: �ex = 304 nm, �em = 380 nm; 350 K:
�ex = 304 nm, �em = 383 nm; 400 K: �ex = 307 nm, �em = 383 nm; 450 K: �ex = 307 nm,
�em = 386 nm; 500 K: �ex = 311 nm, �em = 389 nm).

peaks are corresponding to the electron transition from lowest 5d
sublevel 5d(1) to two 4f sublevels, 2F5/2 and 2F7/2, respectively [21].
So these tendencies of PL curves can be attributed to the gradually
increasing thermalization and vibration of the electrons on 5d(1)
sublevel as the temperature increases. Meanwhile, the overlap part
between PL and PLE curves will also gradually increases as the PLE
and PL curves broaden. It means that the self absorption of LPS:Ce
will increase as the temperature increases [22,23].

3.3. The decay time curves

At this part we will discuss the cerium concentration and
temperature dependence of decay time. Fig. 5 shows the decay
time under different cerium doping concentrations of LPS:Ce. It
is noticed that all five curves of LPS:Ce can be fitted through the
single exponential function, so only the decay curve of LPS:0.3%Ce
is shown in the inset as an example. Through the single exponen-
tial fit, the decay time of LPS:0.3%Ce is 36 ns under excitation at

350 nm and emission at 380 nm. As we can see from the figure, the
decay time of the samples maintains between 36 and 41 ns. This
phenomenon means that the concentration quenching effect does
not occur below the 1.3% doping concentration.
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Fig. 5. The decay curves of LPS:Ce with different cerium concentrations (the open
dots are the decay curve, small dots are instrument response, line is the fitted line).
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Fig. 6. The decay time of LPS:0.3%Ce under different temperature.

Fig. 6 displays the decay time of LPS:0.3%Ce under different tem-
eratures, all the decay time curves show single exponent fitting
haracteristic. From 77 to 500 K, the curve presents two district
endencies. The dividing temperature point locates at about 400 K.
nder 400 K, the decay time increases slightly as the temperature

s raised. Above this temperature point, the decay time begins to
ecrease sharply, when the temperature comes to 500 K, the decay
ime of LPS:Ce is only 9 ns. From Fig. 4, we already know that the

elf absorption of LPS:Ce will increase gradually as the tempera-
ure increases. The increasing absorption will lead to the increasing
elayed Ce3+ emission [14]. So it is reasonably observed that the
ecay time slight increases below 400 K. Although the self absorp-
ion still increases above 400 K, the decay time sharply shortens

[

[
[
[
[

mpounds 509 (2011) 3855–3858

above this point. This is attributed to the thermal ionization of Ce3+

5d(1) electron into conduction band [14].

4. Conclusions

Cerium-doped lutetium pyrosilicate (Lu1−xCex)2Si2O7:Ce (LPS)
(x = 0.003, 0.005, 0.0075, 0.01, 0.013) crystals are grown by
Czochralski method. The scintillation and optical properties of
LPS:Ce crystals with different cerium doping concentrations were
studied and compared systematically, mainly focused on the
absorption, photoluminescence and photoluminescence excitation
and decay time. It is found that the self absorption of LPS:Ce
increases as the increase of cerium doping concentration and tem-
perature; the PLE curves of LPS:Ce samples are influenced by the
both cerium doping concentrations and sample thickness; the con-
centration quenching effect does not occur in the investigated
cerium doping range.
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