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h i g h l i g h t s
< TSL and OSL properties of Lu2SiO5 (LSO) in various crystalline forms were studied.
< The LSO emission spectrum exhibits maximum near 430 nm.
< Intense TSL/OSL of some samples indicates a potential for dosimetric applications.
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a b s t r a c t

This paper presents comparative analysis of thermally (TL) and optically (OSL) stimulated luminescence
of a number of lutetium orthosilicates (LSO) single crystals and single crystalline films. Samples under
study were prepared with two techniques: Czochralski method for single crystals and liquid phase
epitaxy method for single crystalline films. This work describes in particular similarities and differences
in OSL and TL response for alpha and beta particles between samples with different crystal form. The
emission spectrum of LSO was found to extend from 350 nm to 500 nm, with a maximum near 430 nm.
Intensity of TL and OSL of some samples to beta radiation was found to be quite high, indicating a po-
tential of LSO for applications in dosimetry.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The lutetium orthosilicate Lu2SiO5 (LSO) is a well-known lumi-
nescent material (Melcher et al., 1993; Suzuki et al., 1992). Single
crystals of Ce-doped LSO are commonly used as scintillators in
Positron Emission Tomography (PET). This is due to its host density
(r ¼ 7.4 g/cm2) and effective atomic number (Zeff ¼ 66) which are
significantly high and allow to achieve good spatial resolution of X-
ray images. In recent years more and more attention is paid to
create single crystalline films of oxide compounds such as garnets,
tungstates or silicates. Such films are used as laser media, scintil-
lators and cathodoluminescent screens. One of the methods of
developing single crystalline films of luminescent materials is
liquid phase epitaxy (LPE). Recently, growing some crystalline films
of different scintillating materials was reported (Zorenko et al.,
ak).

All rights reserved.
2012a). It is also known that methods and conditions of crystals
preparation may influence theirs thermoluminescent properties.
Differences on such properties were submitted for example for Ce-
doped yttrium aluminum garnets (Zorenko et al., 2012b). The
purpose of this study is to describe and examine differences in
thermoluminescent (TL) and optically stimulated luminescent
(OSL) properties of different crystalline forms (single crystals - SC,
single crystalline films e SCF) of undoped and Ce-doped LSO pre-
pared using Czochralski and LPE method. Such differences are
caused by different dominating types, concentrations and distri-
butions of intrinsic defects. For instance concentration of some
defects (vacancies) can be reduced using methods which require
low temperature of preparation, such as the LPE method.
2. Material and methods

In these work eleven LSO-based samples were investigated:
seven Ce-doped LSO single crystalline films, two Ce-doped single
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Table 1
Investigated samples.

Sample
content

Sample
number

Physical
form

CeO2 content
(mol%)

SCF thickness
(mm)

LSO SCF 1 SCF e 8.7
LSO:Ce SCF 2 SCF 5 15
LSO:Ce SCF 3 SCF 5 21
LSO:Ce SCF 4 SCF 10 22
LSO:Ce SCF 5 SCF 10 10e12
LSO:Ce SCF 6 SCF 10 10
LSO:Ce SCF 7 SCF 10 11
LSO:Ce SCF 15 SCF 20 37
LSO SC 17 SC e e

LSO:Ce SC 21 SC NDA e

LSO:Ce SC 5B SC NDA e

Fig. 1. Glow curves of undoped (a) and Ce-doped (b) single crystals (dashed line) and
single crystalline films (solid line) after irradiationwith beta particle dose of 0.7 Gy (Sr-
90/Y-90). All glow curves were normalized to range [0,1].
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crystals and undoped LSO SC and SCF, see Table 1. The LSO-based
crystals were grown from melt by the Czochralski method in Ar
atmosphere at the ISMA in Kharkiv. The single crystalline films
were crystallized using the liquid phase epitaxy method from a
super-cooled melt-solution based on the PbOeB2O3 flux (Zorenko
et al., 2011). The single crystalline films were prepared onto
yttrium orthosilicate Y2SiO5 (YSO) substrates in LOM, Lviv Univer-
sity. A set of LSO:Ce single crystalline films were doped using CeO2
activator oxide ions. The concentration of activators in melt solu-
tion was between 5 and 20 mol%. Thicknesses of received crystal-
line films were between 8.7 and 37 mm (see Table 1). For
comparative purposes well-known luminescent materials were
used: LiF:Mg,Cu,P (manufactured at IFJ Krakow) for TL and Al2O3:C
(obtained from Landauer, USA) for OSL.

The measurements of thermally and optically stimulated lumi-
nescence were realized using a Risoe DA-20 TL/OSL reader (Risoe
DTU, Denmark). Thermoluminescence was measured up to 400 �C
at the rate of 5 K s�1. OSL was measured under continuous wave
stimulation using blue light. The reader was equipped with a U-340
band pass filter as standard, enabling luminescence measurement
in the range of 300e400 nm. Before each irradiation the samples
were heated up at 450 �C in the reader to erase any possible TL
information. During all stages of measurement procedures the
samples were kept in the darkness due to light sensitivity. The ir-
radiations of the samples with alpha and beta doses were per-
formed using Am-241 and Sr-90/Y-90 sources built-in the DA-20
reader.

The TL emission spectra were measured using modified Hama-
matsu H7360 photon counting bialkaline module with quartz
window and M266 automated monochromator controlled by
computer. The dispersion was 17.5 nm. The measurements were
carried out in a vacuum cryostat that enables the sample temper-
ature to be controlled between 78 and 700 K. The samples were
heated with the rate of b ¼ 0.8 K s�1.
Fig. 2. Deconvolution of LSO:Ce SCF glow curve (sample 5) after irradiation with alpha
particles (Am-241, fluence 4$107 1/cm2, dose 10.8 Gy). Circles e measurement results,
solid line e deconvolution result.
3. Results and discussion

The intercomparison between SC and SCF LSO glow-curves is
presented in the Fig. 1. The samples under study were irradiated
with beta particles (dose 0.7 Gy) and received results were
normalized to range [0;1]. The most apparent difference caused by
the crystalline form is that the most intensive peak in the glow-
curves of LSO single crystals is located at 115 �C and it is absent
in the glow curve of its SCF counterpart. This peak is observed both
in undoped and Ce-doped SC crystals. The SCF samples doped with
cerium possess the main TL peak at about 170 �C. It should be noted
that the nominally undoped SC sample shows very strong lumi-
nescence. The glow curve of the undoped LSO single crystal shows
also additional peak at 280 �C. Theses suggest that the Ce may be



Table 2
Results of the glow-curve deconvolution. For each peak are shown: the temperature of peak maximum (Tmax), the activation energy (E) and peak height ratio (R), defined as
the ratio between a selected peak height and the highest peak height.

Sample Peak 1 Peak 2 Peak 3 Peak 4

Tmax (K) E (eV) R a.u. Tmax (K) E (eV) R a.u Tmax (K) E (eV) R a.u Tmax (K) E (eV) R a.u

1 e e e 445 0.71 1 478 0.68 0.51 e e e

2 e e e 445 1.02 1 483 0.73 0.22 e e e

3 e e e 435 1.19 1 478 0.77 0.07 e e e

4 e e e 430 1.14 1 482 0.96 0.06 e e e

5 e e e 430 1.14 1 482 1.02 0.06 e e e

6 388 0.66 0.04 442 0.99 1 484 0.86 0.19 e e e

7 e e e 430 1.17 1 484 1.15 0.06 e e e

15 e e e 433 1.19 1 488 1.15 0.04 e e e

17 384 0.92 1 442 1.50 0.33 479 0.70 0.60 558 1.36 0.15
5B 376 0.75 1 430 0.80 0.10 487 0.85 0.04 e e e

Table 3
Optically and thermally stimulated luminescence after alpha and beta irradiation (integrals). Results were normalized to samples mass (for beta irradiation) and to penetration
layer (for alpha irradiation).

Sample Thermally stimulated luminescence Optically stimulated luminescence

Alpha response* Beta response* Beta/alpha ratio Alpha response** Beta response** Beta/alpha ratio

1 0.005 1.04 208 0.0021 0.91 433
2 0.005 0.84 168 0.0039 0.44 113
3 0.005 0.72 144 0.0012 0.20 167
4 0.003 0.64 213 0.0021 0.41 195
5 0.008 0.76 95 0.0012 0.26 217
6 0.007 0.76 109 0.0049 0.28 57
7 0.004 0.71 178 0.0009 0.23 256
15 0.002 0.24 120 0.0002 0.12 600
17 0.058 1.85 32 0.0277 0.57 21
21 0.000 0.00 0.0024 0.01
5B 0.004 0.05 13 0.0037 0.12 32
LiF:Mg.Cu.P 1 1.00 1 e e e

Al2O3:C e e e 1.00 1.00 1

(*)results normalized to LiF:Mg,Cu,P response, (**) results normalized to Al2O3:C response.

Fig. 3. Spectrally resolved thermoluminescence of LSO SCF doped with 10% Ce after
irradiation by alpha particles. Thickness of the sample was 10 mm.
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not the most important dopant and other, unknown impurities
and/or intrinsic defects are actually more effective in producing
luminescence.

To quantify previously mentioned differences, the glow curves
after alpha (dose 10.8 Gy) and beta irradiation (dose 0.7 Gy) of the
investigated samples were deconvoluted into single peaks using
the computer software GlowFit (Puchalska and Bilski, 2006). An
example of the deconvolution for one of the investigated samples
(sample number 5) is shown in Fig. 2. Analytical results of decon-
volution, such as intensity, position of main peak and activation
energy are presented in Table 2 and 3. As can be seen from Table 2
temperatures of peak maximum are similar for peaks 2, 3 and 4.

Fig. 3 presents TL spectrum of a LSO:Ce SCF which appears to
consist of a broad peak extending from about 350 nm to 500 nm,
with maximum near 430 nm. Such shape of the spectrum was
typical for all the samples. It should be noted that the spectral
sensitivity of the used DA-20 TL/OSL reader coincides only partly
with the emission spectrum, so only a smaller part extending below
400 nm was measured.

Fig. 4 shows examples of OSL decay curves of SC and SCF sam-
ples after exposure with alpha (dose 10.8 Gy) and beta particles
(dose 0.7 Gy). It is interesting, that in contrast to thermally stim-
ulated luminescence there is a significant difference in the shape of
the OSL decay curves after alpha and beta irradiation. The OSL
curves following alpha irradiation show higher decay rate. Similar
influence of ionization density was described previously for Al2O3:C
(Yukihara et al., 2004).

The intensity of luminescence of the studied samples was
compared with the luminescent output of the standard dosimetric
materials. Both these materials are considered as the most sensitive
of their kind. The results are presented in the Table 2. The samples
had various sizes, therefore the results had to be normalized to a
unit mass. For beta exposures this was done by dividing the signal
intensity by the bulk mass of the sample. In case of SCF this
approach may seem to be not correct, as one might expect that
most of the signal originates from the surface layer. However, the
YSO substrates produce also quite strong luminescence and as they
mass is much larger than that of the SCF layer, the normalization to
the estimated mass of a layer would produce even more incorrect
results. For the alpha irradiation the signal was normalized to the
mass of the surface layer of thickness equal to the penetration
depth of alpha particles.

It is apparent, that comparing to the high-sensitive dosimetric
materials, the alpha response e both TL and OSL e is quite low.
Oppositely, the beta response for nearly all samples is at the same



Fig. 4. Comparison of OSL decay curves after alpha (solid line) and beta (dashed line) irradiation of LSO SCF (sample 1) and LSO:Ce SCF (sample 5). Results were normalized to range
[0; 1].
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level as for the reference materials. In particular TL of several LSO
samples is similar to that of LiF:Mg,Cu,P. Moreover, such results
were obtained in spite of the fact that the spectral sensitivity of the
used configuration of the DA-20 reader fits better to the LiF:Mg,-
Cu,P emission spectrum, which shows maximum near 360 nm
(Mandowska et al., 2010), while LSO peaks above 400 nm. The
lower response to alpha than to beta particles, may be explained in
case of SCF by the mentioned high luminescence of the YSO sub-
strate. Unfortunately samples of the actual YSO substrates were not
available for measurement, but some test performed with other
YSO single crystals confirmed that they indeed exhibit strong TL
and OSL. Still more difficult to explain is the presence of higher beta
than alpha response also in case of single crystals (however, for
these samples the difference is smaller). It is unlikely to attribute
this effect to the intrinsic low efficiency to densely ionizing radia-
tion, as LiF:Mg,Cu,P is known to be a material with exceptionally
low response to alphas (Bilski et al., 1994). The properties of the
undoped single crystal (#17) are particularly intriguing, as it shows
beta induced TL nearly twice higher than LiF:Mg,Cu,P and also very
strong OSL signal. It would be very interesting to identify defects
(impurities) responsible for such strong signal, as this sample
demonstrates a potential of LSO for applications in dosimetry.

No apparent dependence of intensity of SCF TL and OSL signal on
amount of added cerium ions was observed. This may be an effect
of the discussed luminescence of substrates, but on the other hand
this may be also a result of the presence of other non-intentionally
introduced impurities. One possible candidate are Pb ions, coming
from the PbO flux used for liquid-phase epitaxy.

4. Conclusions

The comparative analysis of the thermoluminescent properties
of undoped and Ceedoped LSO single crystals and single crystalline
films shows that emission spectra of all samples are similar, with a
broad peak extending from about 350 nm to 500 nm, with the
maximum near 430 nm. TL glowecurves exhibit a difference be-
tween SCF and SC samples, as the latter possess an additional
dominant peak at c.a. 170 �C. Intensity of TL and OSL of some
samples to beta radiation was found to be quite high, indicating a
potential of LSO for applications in dosimetry, e.g. in monitoring of
personal doses or in environmental measurements. No apparent
dependence of intensity of SCF TL and OSL signal on amount of
added cerium ions was observed. This may be an effect of the
luminescence of YSO substrates and/or a result of the presence of
other non-intentionally introduced impurities. Identification of
defects responsible for bright TL and OSL in LSO crystals requires
further work, which is under way.
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