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Thermoluminescent Properties of Undoped and
Ce-Doped Lutetium Orthosilicate and Yttrium

Orthosilicate Single Crystals and Single Crystalline
Films Scintillators
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Abstract—In this work the comparative analysis of thermolu-
minescent properties of undoped and Ce-doped single crystals
(SC) and single crystalline films (SCF) of (LSO) and

(YSO) orthosilicates were performed. The SC samples
were prepared with the Czochralski method, and SCF were
grown by the liquid phase epitaxy technique. We show that such
different methods of material preparation resulted in different
thermoluminescent properties of undoped and doped LSO
and YSO SC and SCF caused by the presence host defects (first of
all, oxygen vacancies) as trapping centers in SC and formation of

- pair centers in SCF.

Index Terms—LSO, single crystalline films, single crystals, ther-
moluminescence, YSO.

I. INTRODUCTION

T HERMOLUMINESCENCE (TL) is a phenomenon of
light emission by an insulator or semiconductor, which

can be observed when previously irradiated material is ther-
mally stimulated. Trapping of charge carriers by electron traps
leading to TL phenomenon is competitive to their trapping by
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luminescence centers acting in scintillation process. For this
reason, the study of TL properties of materials is therefore
complementary for scintillation research. It can provide addi-
tional information on trapping centers and hence contribute to
a better characterization of a material.
The lutetium orthosilicate (LSO) and yttrium

orthosilicate (YSO) are well-known luminescent
materials [1]. They are commonly used as scintillators, i.e.,
in positron emission tomography (PET) [2]–[4]. Apart from
that, the LSO-based scintillating screens are competitive to
other scintillating materials such as garnets (LuAG and GGG)
and perovskites (LuAP) for X-ray imaging due to their host
parameters. LSO host density is high ( g/cm ), and
the same relates to its effective atomic number ( ). It
provides a good spatial resolution of X-ray images [5]–[7].
LSO and YSO scintillators can be grown in form of single

crystals (SC) using Czochralski method [2]–[4]. However, in-
teresting scintillation properties can be achieved by growing
them as single crystalline films (SCF) using liquid phase epi-
taxy (LPE) method [5]–[10]. Differences in conditions of SC
and SCF growth processes results in the different concentra-
tions of main type defects in them, first of all, oxygen vacan-
cies [9]. Moreover, the different distribution of ions over
positions of LSO and YSO host and influence of contami-
nation coming from the flux used for the film growth also caused
differences in luminescent properties of SC and SCF [8]–[10].
Existence of differences in thermoluminescent properties of

LSO SC and SCF counterparts was reported in our previous
work [11]. We showed that thermoluminescence glow curves
strongly depend on crystalline form of the SC and SCF sam-
ples. In this paper, we perform more detailed comparison of the
TSL properties of undoped and doped YSO and LSO SC
and SCF for the explanation of the mentioned differences in the
nature of their trapping centers.

II. MATERIALS AND METHODS

In this work, 25 different samples were investigated: 14 LSO-
based samples and 11 YSO-based samples (see Table I). In both
cases, samples in form of SCs and SCFs were available. The
vast majority of them were doped with cerium (21 samples).
SCs were grown from melt by the Czochralski method in Ar

atmosphere in the Institute for ScintillationMaterials (ISMA) in
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TABLE I
INVESTIGATED SINGLE CRYSTAL SAMPLES

TABLE II
INVESTIGATED SINGLE CRYSTALLINE FILM SAMPLES

Kharkiv (see table I). Two of YSO SC samples (samples 11 and
12) are identical to the substrates for growth of LSO:Ce SCF
samples (samples 8 and 9, respectively).
SCFs were crystallized using the liquid phase epitaxy (LPE)

method at the Electronic Department of National University of
Lviv from the super-cooled melt-solution (MS) based on the

- flux [5]–[7]. Both LSO and YSO-based SCFs were
grown onto undoped YSO substrates. The thicknesses of SCF
were from several up to several tens of micrometers (Table II).
For Ce-doped SCFs, the concentration of activator oxide
ions in melt solution was 5, 10, or 20 mole% for the set of
SCFs based on LSO and 5, 10, and 22 mole% for YSO-based
series. From microanalyses of the content of several LSO:Ce
and YSO:Ce SCF samples performed using a JEOL JXA-8612
MX electron microscope, we have found that the con-
tent, depending on the concentration in MS and temper-
ature of SCF growth, was varied in the 0.01-0.055 at.% range
for LSO:Ce SCFs and in the 0.01-0.06 at.% range for YSO:Ce
SCFs. Therefore, the segregation coefficient of in these
SCFswas very low and equal to about 0.002-0.0027 for YSO:Ce
SCFs and 0.002-0.00275 for LSO:Ce SCFs.
For comparison, samples of lithium fluoride doped with

magnesium, copper, and phosphorus LiF:Mg,Cu,P (MCP) were
used. MCP is commonly applied thermoluminescent material,
which is highly sensitive to ionizing radiation [12], [13].

Fig. 1. Glow curves of undoped and Ce-doped LSO SC and SCF after irra-
diation with alpha particles. All glow curves were normalized to unit mass of
alpha penetration layer (1 mg) and unit mean dose (1Gy). TL signal of LSO SCF
were multiplied by factor 5. (a) LSO SC (sample 16) and LSO SCF (sample 1).
(b) LSO:Ce SC (sample 19) and LSO:Ce SCF (sample 6).

The thermally stimulated luminescence was measured using
a Risoe DA-20 TL/OSL reader (Risoe DTU, Denmark). The
reader is equipped with bialkali EMI 9235QB photomultiplier
tube, which has maximum detection efficiency between 200 and
400 nm. The Shott BG39 band pass filter enabling luminescence
measurement in the range of 350–650 nm was used as the de-
tection filter. TL glow curves were registered from room tem-
perature up to 723 K (450 ) at heating rate of K - .
The samples under study were irradiated with various

doses of alpha (Am-241, fluence cm- - , energy
at sample surface 4.5 MeV) and beta particles (Sr-90/Y-90,

MeV). The penetration depths of alpha particles
in studied materials were calculated using SRIM software [14].
These depths for LSO, YSO, and LiF:Mg,Cu,P were m,

m, and m, respectively. They are comparable
with the thickness of SCFs (Table II). Beta particle dose is
approximately uniform over the whole volume of the samples.
Before each irradiation, samples were annealed for 240 s in
723 K (450 ) to erase any possible TL information. During
all stages of experiments, the samples under study were kept in
the darkness owing to their light sensitivity.
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III. RESULTS AND DISCUSSION

A. Single Crystals Versus Single Crystalline Films

As outlined in the introduction, a different crystalline form
causes notable differences in TL properties of examined mate-
rials. Fig. 1 presents the comparison of TL response between
SC and SCF LSO-based samples exposed to alpha particles.
Although all samples were irradiated with the same fluence of
alpha particles ( cm- ), the mean deposited doses were
not identical due to different penetration depth. For normaliza-
tion, depths of alpha particles penetration layers were estimated
and mean doses were calculated. The measured glow curves
were normalized to unit dose (1 Gy) and to unit mass (1 mg)
of irradiated volume. As shown in Fig. 1(a), the LSO SC pos-
sesses significant TL in the range above room temperature with
four clearly distinguishable peaks. The main peak position of
this sample is at 381 K (108 ). The glow curve of LSO SCF
does not possess the peak at 381 K. Its main peak is localized at
approximately 438 K (165 ) and has intensity over 10 times
lower than its SC counterpart.
The LSO:Ce SC has main peak at 374 K (101 ), whereas it

is not present in glow curve of its SCF analogue (Fig. 1b). The
Ce-doped LSO SC and SCF have similar main peak positions as
its undoped counterparts. The main difference between their TL
glow- curves is the proportion between intensities of their peaks.
It is important to note that the intensities of LSO:Ce SCF and
SC main peaks are very high. Namely, LSO:Ce SC main peak
is more than 4 times higher (1.4 times for LSO:Ce SCF) than
that of the well-known MCP dosimetric material. However, it
is important to mention that MCP efficiency for alpha radiation
(which was used in this comparison) is about 20 times lower
than for gamma or beta radiation.
The glow curves of undoped YSO SC and SCF (Fig. 2a)

under the same alpha particles excitation, as in the case of LSO
samples, show similar shape and main peak position (435 K,
162 ), but slightly different intensities. The intensity of these
peaks strongly increases under Ce doping, especially for SCF
samples (Fig. 2b). The TL intensities of Ce-doped SCF and SC
samples can be directly compared due to comparable content
of ions in SC and SCF counterparts (see Tables I and II).
The differences in intensities may be the result of both different
growth method and slightly different ion concentration.
The undoped LSO and YSO SC and SCF samples show very

different TL properties. The intensity of TL signal is signifi-
cantly higher for LSO SC (five times) and YSO SC (also five
times).
Above-mentioned results show that different methods of ma-

terial preparation resulted in the different thermo-luminescent
properties of undoped and doped YSO and LSO SC and
SCFs. In case of undoped YSO and LSO SC and SCF samples,
these differences can be caused by the presence or absence of
main host defects (first of all, oxygen vacancies) as trapping
centers. Namely, the low temperature method of LSO and YSO
SCF preparation by LPE in oxygen containing atmosphere (air)
usually results in the strong decreasing of the concentration of
oxygen vacancies in them in comparison with SC counterparts
[6], [15]. That correlates with the significantly lower intensity

Fig. 2. Glow curves of undoped and Ce-doped YSO SC and SCF irradiated
with alpha particles. All glow curves were normalized to unit mass of alpha
penetration layer (1 mg) and unit mean dose (1Gy). TL signal of YSO SCF
were multiplied by factor 5. (a) YSO SC (sample 25) and YSO SCF (sample
21). (b) YSO:Ce SC (sample 27) and YSO:Ce SCF (sample 24).

of TL of LSO and YSO SCFs with respect to SC analogues
[Figs. 1(a) and 2(a), respectively].
Another set of trapping centers can be formed in the

doped YSO and LSO based SCFs. Due to use of the PbO-based
flux for SCF preparation by LPE method, the ions are in-
corporated in these SCFs in concentration even up to tenth at.%
(see [8]–[10] for details). Recently we found the strong nega-
tive influence of the flux related dopant on the scintilla-
tion light yield (LY) of LSO:Ce and YSO:Ce SCFs [8], [10].
Namely, the YSO:Ce and LSO:Ce SCFs samples, grown from
the PbO-based flux, show the LY about 25–40% of that for ref-
erence LYSO:Ce SC under excitation by –particles of Pu-239
source. The absorption spectra of these SCF samples show the
strong wide band peaked approximately at 250–260 nm range
which most probably related to creation of the - pair
centers [16]. The presence of such centers was found also in

co-doped LuYSO:Ce SC [16]. Thus, the Ce doped YSO
and LSO SCFs can possess a large concentration of trapping
centers related to the mentioned - pairs. This as-
sumption explains the 1) strong increase of the TL intensity in
YSO:Ce and LSO:Ce SCFs with respect to their undoped SCF
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Fig. 3. Comparison of glow curves of undoped and Ce-doped LSO samples
after alpha and beta irradiation. All glow curves were normalized to 1. (a) LSO
SCF (sample 1). (b) LSO:Ce SCF (sample 3).

counterparts and 2) the completely different shape of the glow
curves for SC and SCF of these silicates (Figs. 1 and 2).
It is important to note here that nominally undoped YSO and

LSO SC samples can also contain the ions as trace impu-
rity, which can play the role of recombination centers for elec-
trons liberated from trapping centers, namely, from oxygen va-
cancies.

B. Alpha Versus Beta Irradiation

Fig. 3 presents the comparison of TL glow curves of LSO
SCFs after alpha and beta irradiation. Annealed samples were
irradiated with alpha and beta particles. The measured TL glow
curves were normalized to the range [0;1]. As already men-
tioned, the penetration depth of alpha particles in YSO and LSO
is comparable with SCF thickness. With good approximation, it
can be therefore assumed that signal after alpha irradiation orig-
inates only from SCF layer and not from a substrate, whereas
response after beta irradiation comes from the whole sample
( ). This way we can compare TL glow curves
from SCF and substrate.

Fig. 4. Comparison of glow curves of undoped and Ce-doped YSO samples
after alpha and beta irradiation. All glow curves were normalized to range [0;1].
(a) YSO SCF (sample 21). (b) YSO:Ce SCF (sample 57).

As can be seen in Fig. 3(a), the main difference in TL glow
curves of LSO SCF after beta and alpha irradiation is peak in-
tensities ratio. Ce-doped LSO SCF shows no clear differences
between the corresponding glow curves [Fig. 3(b)].
Comparison of undoped and Ce-doped YSO SCFs shows

some differences in TL glow curves excited with alpha and
beta particles (Fig. 4). In particular, the proportion between two
distinguishable peaks is different after alpha and beta irradia-
tion, although the trend is opposite when considering undoped
and doped samples. For undoped YSO samples, the intensity
of the second peak is higher after irradiation with beta particles
[Fig. 4(a)], and vice versa for Ce-doped YSO [Fig. 4(b)].

C. Single Crystalline Film Versus Substrate

To establish which part of TL signal originates from SCF
and which from the substrate, the comparison of TL behavior
of two SCF samples and their substrates was made. Samples
under study were irradiated with the same fluence of alpha par-
ticles and read out in the same conditions. For comparison, the
achieved results were normalized using the procedure presented
in Section A.
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Fig. 5. TL glow curves of LSO:Ce SCF samples compared with their sub-
strates. The results ware normalized unit mass (1 mg) and unit mean dose (1
Gy). TL signal of YSO 110 substrate were multiplied by factor 5. (a) LSO:Ce
SCF based on YSO 100 substrate (sample 9) and YSO 100 substrate (sample
11). (b) LSO:Ce SCF based on YSO 110 substrate (sample 10) and YSO 110
substrate (sample 12).

It can be clearly seen from Fig. 5 that TL behavior of SCFs
and their substrates are different. The TL intensity of LSO:Ce
SCF sample based on YSO 100 substrate is significantly higher
than that of its substrate (over 1.5 times). The difference is even
stronger in case of the high-temperature peak, which is almost
absent for the substrate [Fig. 5(a)]. In case of the second set of
the samples (LSO:Ce SCF based on 110 substrate and its sub-
strate), differences in intensities are significantly bigger (inten-
sity of the substrate is by more than 6 times lower). In addition,
as Fig. 5(b) shows, the disproportion of the high temperature
peak is stronger. In both cases (a,b), low temperature peak oc-
curred in TL glow curves. It can be observed that this peak orig-
inates from substrates.
Most probably, the difference in the TSL intensity of LSO:Ce

SCF with (100) and (110) orientation (Fig. 5) are caused by the
different concentration of the emission centers in them.

D. LSO and YSO-Based Orthosilicates Versus MCP

The intensities of luminescence of the studied samples were
compared with the luminescent output of the LiF:Mg,Cu,P

TABLE III
TL RESPONSE OF LSO AND YSO SAMPLES AFTER ALPHA AND
BETA IRRADIATION COMPARED TO THE STANDARD LITHIUM

FLUORIDE MCP TL DETECTORS

(MCP), which is, as previously mentioned, a standard TL
dosimetric material. The samples were irradiated with both
alpha and beta particles. To compensate differences of masses
shapes and sizes of investigated samples, the results had to
be normalized. In case of beta irradiation, TL signal was cal-
culated for 1 mg of whole sample. The results of TL readout
after excitation with alpha particles were as presented before.
The results were then normalized to MCP response. Results are
presented in Table III. The integral value was calculated as the
sum of TL signal in whole readout range. The peak height value
is the intensity of the highest peak in investigated glow curve.
As can be seen from Table III, the TL intensity of most of

LSO and YSO orthosilicates is comparable or even higher than
that of MCP. After beta irradiation, LSO:Ce SCF samples show
the highest intensity, both for integral and main peak height.
Larger differences between response of silicates and MCP can
be seen after exposure to alpha particles, but it should be noticed
that MCP alpha efficiency is only about 5% in comparison to its
efficiency for beta particles [12].

IV. CONCLUSIONS

We perform in this work the comparative analysis of ther-
moluminescent properties of undoped and Ce-doped
and single crystals and single crystalline films under
- and -particles excitation. The SCs were grown by the
Czochralski method, and SCFs were grown by the liquid phase
epitaxy method from PbO-based melt-solutions.
We show that differences in the methods of material prepa-

ration resulted in the different thermoluminescent properties
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of undoped YSO and LSO SC and SCF. Such differences are
caused by the presence or absence of main host defects (first
of all, oxygen vacancies) as trapping centers. Namely, the
undoped YSO and LSO SCs, possess large concentration of
oxygen vacancies, which can play the role of deep trapping
centers. On the contrary, the concentration of oxygen vacancies
is strongly reduced in SCF due to low temperature of SCF
crystallization by LPE method.
In doped YSO and LSO SCF we presume the creation

of the - pair centers. Such type of centers can be
responsible for the strong increasing of TL intensity of LSO:Ce
and YSO:Ce SCF in comparison with that for SC counterparts.
The intensity of TL of LSO:Ce andYSO:Ce SCFs is comparable
with conventional dosimetric material LiF:Mg,Cu,P (MCP).
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