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We present an investigation of defects acting as electron traps in Lu2SiO5 �LSO� and LuxY2−xSiO5 �LYSO�
performed by wavelength-resolved thermally stimulated luminescence �TSL� measurements from 20 to 400 °C
after room-temperature �RT� x-ray irradiation. Single crystals doped with several rare-earth ions such as Ce,
Tb, Tm, and Sm were considered. A comparison between TSL and RT radio-luminescence �RL� emission
spectra is also presented. The glow curves for both LSO and LYSO are similar, showing a series of TSL peaks
at 78, 135, 181, and 236 °C. In addition, a further peak at about 300 °C is observed only in LYSO. Our results
confirm the role of oxygen vacancies as electron traps in the material; the presence of several glow peaks with
a unique trap depth �0.99 eV�0.07 eV� for the 78, 135, 181, and 236 °C peaks is explained by suggesting
that electrons stored in oxygen vacancies recombine through a thermally assisted tunneling mechanism with
holes localized at Ce3+ or Tb3+ centers residing on Lu sites at different crystallographic distances from the
traps. This model is supported by the very good correlation among O-Lu distances in the monoclinic C2 /c
structure of LSO and LYSO and the frequency factors of the traps containing the transmission coefficients of
the potential barriers between traps and centers, evaluated in the framework of the thermally assisted tunneling
process. Tm and Sm ions do not act as TSL recombination centers possibly due to their tendency to trap
electrons during irradiation with ionizing radiation.
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I. INTRODUCTION

Ce-doped oxyorthosilicate single crystals have already
been candidates for scintillator applications 25 years ago,1

but systematic research has only increased in the past few
years after a particularly promising compound, namely,
Lu2SiO5:Ce �LSO:Ce�, was identified.2 A preferable combi-
nation of high density �7.4 g /cm3�, high light yield �
�30 000 photons /MeV�, and fast scintillation decay gov-
erned by the 40–45 ns decay time, just slightly longer with
respect to the photoluminescence one of the Ce3+ center �35
ns�, was found in LSO:Ce. Additionally, the scintillation
emission is favorably placed in the violet region of the spec-
trum. Among the drawbacks are a worse-than-expected en-
ergy resolution of 7.75% �Ref. 3� and an expensive and de-
manding synthesis procedure �Czochralski crystal-growth
method requiring an iridium crucible� due to the high melt-
ing point ��2150 °C� of this compound.4,5 The mentioned
advantages further combined with the mechanical and
chemical stabilities of the oxide structure led to the introduc-
tion of this material in commercial applications, especially in
the medical imaging field,6 after solving the initial problems
concerning crystal growth and reproducibility.3 Later, the
yttrium-admixed �5%–10% of total Lu+Y content� LSO
�LuxY2−xSiO5 �LYSO�� host was also proposed,7 which
seems to be even more advantageous due to less problematic
crystal growth and a more favorable Ce segregation coeffi-
cient, even though the structure and scintillation mechanisms
in both LSO and LYSO are analogous.8,9 An apparent advan-
tage of LSO:Ce with respect to aluminum perovskite and
garnet scintillators consists in the lower concentration of

shallow traps which delay the radiative recombination at
Ce3+ emission centers in the scintillation mechanism and
which are responsible for slow scintillation decay compo-
nents and light yield decrease in the latter materials. This fact
is proved by a comparably lower thermally stimulated lumi-
nescence �TSL� signal observed below room temperature
�RT�.10,11 Nonradiative losses can occur due to the existence
of two cerium centers as Ce3+ is substituting to both lutetium
sites in LSO structure,12 and at one of them �Lu2 with six
oxygen neighbors� the Ce3+ emission is quenched above 80
K.2 However, the scintillation efficiency decrease due to this
fact should not be dramatic since it was found by EPR and
Raman measurements that the relative occupancy of the Ce2
site is about 5%–10%.9,13

In the study of energy transfer and storage processes in
the scintillation mechanism of LSO:Ce and LYSO:Ce, a con-
siderable and pronounced sample-dependent afterglow at RT
was noticed.14 TSL measurements above RT were reported
also by other groups,15–17 and oxygen vacancies were pro-
posed as possible electron traps. As many as six peaks were
observed in the glow curve above RT. Their spectral emis-
sion coincides with Ce3+ 5d-4f transition; the related trap
depths were calculated to be about 1 eV even if some differ-
ences in values were reported in different studies. The pres-
ence of oxygen vacancies was also studied by means of the-
oretical calculations which revealed that the vacancy related
to the Si-unbound oxygen site should be energetically more
favorable with respect to other oxygen sites.18

The aim of this paper is to provide a more detailed expla-
nation of the recombination mechanism between electrons
and holes localized at deep electron traps and Ce3+ ions,
respectively. For this purpose, wavelength-resolved TSL
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studies from 20 to 400 °C were performed and coupled with
radio-luminescence �RL� and phosphorescence measure-
ments on LSO and LYSO single crystals. For LSO, different
rare-earth ion dopants such as and Ce, Tb, Sm, and Tm were
also considered. The results are interpreted, taking into ac-
count a thermally assisted tunneling process between oxygen
vacancy electron traps and rare-earth ion recombination cen-
ters.

II. EXPERIMENTAL CONDITIONS

The investigated samples were single crystals grown in
two different institutions. Lu2SiO5:0.5 mol % Ce �LSO:Ce�
and Lu1.96Y0.04SiO5:0.5 mol % Ce �LYSO:Ce� grown by
Czochralski technique with 99.95% purity starting materials
were prepared at the Shanghai Institute of Ceramics �SIC�,
Shanghai, China. Undoped LSO, as well as LSO doped with
Ce, Tb, Tm, and Sm with concentrations in the melt of
0.2 at. % with respect to rare-earth elements, were grown by
the Czochralski technique at the Los Alamos National Labo-
ratory, Los Alamos, USA. All Starting rare-earth oxide pow-
ders were at least 99.99% pure with respect to other rare-
earth elements. True dopant concentrations in these crystals
were evaluated by x-ray electron probe microanalysis �JEOL
JXA 733�, and they turned out to be 0.04 at. % for Ce,
0.19 at. % for Tb, 0.20 at. % for Tm, and 0.12 at. % for
Sm. The concentrations of Ce3+ and Tb3+ present as trace
impurities in Ce or Tb nondoped samples were evaluated by
comparing their room-temperature optical absorption spectra
with those of Ce- and Tb-doped crystals featuring
Ce3+ 4f-5d and Tb3+ 4f-4f transitions and were less than 1
ppm in all cases. From an analogous comparison, the Ce
concentration in Ce-doped crystals from SIC was
0.30–0.40 at. %. The crystals were cut into 7�7�1 mm3

samples, and the surfaces were polished to an optical grade.
TSL measurements after RT x-ray irradiation �by a

Machlett OEG 50 x-ray tube operated at 20 kV� were per-
formed from RT up to 400 °C with a linear heating rate of
1 °C /s using two different apparatuses. The first apparatus
used was a homemade high sensitivity TSL spectrometer
measuring the TSL intensity as a function of both tempera-
ture and emission wavelength; the detector was a double
stage microchannel plate followed by a 512 diode array; the
dispersive element was a 140 lines/mm holographic grating,
the detection range being 200–800 nm. In the second TSL
apparatus the total emitted light was detected as a function of
temperature by photon counting using an EMI 9635 QB pho-
tomultiplier tube. The spectral resolution was approximately
15 nm; in some cases, TSL glow curves were corrected for
the temperature dependence �TD� of the 5d1-4f radiative
transition of Ce3+.

RT radio-luminescence spectra were recorded under con-
tinuous x-ray excitation with a Philips 2274 x-ray source
�operated at 20 kV� using a monochromator �Triax Jobin-
Yvon� coupled to a Jobin-Yvon Spectrum One charge-
coupled device �CCD�. In this case the detection range was
200–1050 nm and the spectral resolution was 5 nm. The
same experimental setup also allowed to perform phospho-
rescence measurements at RT, lasting 30 s just after the end
of irradiation.

Measurements of PL characteristics were performed from
295 to 500 K using a liquid nitrogen bath optical cryostat
�Oxford Instruments� working in the 80–500 K range. A
199S spectrofluorometer �Edinburgh Instruments� was used.
A single grating emission monochromator and Peltier-cooled
TBX-04 detection module �IBH, Scotland� working in pho-
ton counting mode were used for the detection. Emission
spectra were measured in steady-state and time-resolved
mode �0–500 ns time gate� using a steady-state hydrogen
lamp and a nanosecond-pulsed hydrogen-filled flashlamp as
the excitation sources, respectively. The measured spectra
were corrected for the spectral response of the detection sys-
tem �emission monochromator with TBX-04 detection mod-
ule�.

III. RESULTS AND DISCUSSION

A. Glow peaks and recombination centers

Wavelength-resolved TSL measurements from 20 to
400 °C were performed for all samples; the contour plot of
the TSL measurement of LSO:Ce is presented in Fig. 1 as an
example. It features several peaks up to 250 °C with an
emission spectrum characteristic of the 5d1-4f transition of
Ce3+ at 410 nm �3.02 eV�, clearly revealing the role of this
dopant as recombination center. The long wavelength emis-
sion above 300 °C is due to the blackbody radiation of the
system. Moreover, information concerning the shape and
temperature position of glow peaks was also obtained by
TSL measurements performed in a classical TSL apparatus
where light was collected with a photomultiplier. Figure 2
displays data for LSO:Ce and for LYSO:Ce. The curves are
similar for both samples; they show a series of TSL peaks,
namely, at 78, 135, 181, and 236 °C. In addition, a further
peak at about 300 °C is observed only in LYSO:Ce. No
variation in glow peak temperature positions was observed

FIG. 1. Contour plot of a wavelength-resolved TSL measure-
ment performed on LSO:Ce following x-ray irradiation at RT. Heat-
ing rate=1 °C /s.
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by varying the irradiation dose �and thus the TSL signal in-
tensity� by more than 2 orders of magnitude, suggesting that
the recombination process corresponding to each peak fol-
lows first-order kinetics. The glow curves have a general
similarity with those observed previously,14–16 though the
peaks above 250 °C were clearly also detected in
LSO:Ce.14,15

Wavelength-resolved data provide important information
regarding the nature of traps involved in the TSL process. In
fact, since during ionizing irradiation Ce3+ ions are expected
to trap holes �temporarily becoming Ce4+� and thus act as
hole centers, according to a classical TSL picture defects
responsible for TSL traps should have an electronic nature;
i.e., they should act as electron traps. The TSL recombination
process should be the following:

Ce4+ + e�freed from the electron trap�

→ Ce3+��excited state� → Ce3+

+ h��TSL emitted light� . �1�

Interesting results confirming the electronic nature of traps
were also found by considering, together with Ce-doped
crystals, LSO samples doped with other rare-earth ions such
as Tb, Tm, and Sm and an undoped sample. Glow curves
very similar to those observed in Ce-doped LSO and LYSO
were obtained, but they are not reported for the sake of brev-
ity. In Fig. 3 we report the TSL emission spectra obtained by
integration of the glow curves from 50 to 300 °C, together
with the RL spectra of the same samples measured at RT. We
remark that Ce- and Tb-doped crystals have TSL spectra
similar to RL ones. The slight shift between RL and TSL

spectra in the case of Ce doping might be an instrumental
effect; alternatively, it could be due to the involvement, in
TSL, of Ce ions close to point defects �electronic traps� giv-
ing rise to a different surrounding affecting the position of
5d-4f transition. A close similarity between TSL and RL
spectra occurs also for the undoped sample, where the com-
posite emission in the 360–560 nm range is most probably
composed by the spectra of both Ce3+ and Tb3+ present as
trace impurities even if in very low concentration. Significant
differences occur for the other dopants: while Tm3+ and
Sm3+ 4f-4f lines dominate RL spectra of the corresponding
doped samples, no clear presence of Tm3+ emission is evi-
denced from the TSL emission spectrum, which is rather
characterized by a broad and composite emission similar to
that of the undoped crystal �mix of Ce3+ and Tb3+ spectra�. A
similar situation is observed for Sm-doped sample. Even if in
this case Sm3+ lines are also detected at 600 and 650 nm,
their intensities are comparable to that of the broad 360–560
nm structure in spite of the much higher content of Sm with
respect to Tb and Ce �see Sec. II�. Such results demonstrate
that different recombination mechanisms occur during RL
and TSL; in the latter case the nature of trapped carriers
�whether electrons or holes� freed during heating and under-
going radiative recombination selects the dominant recombi-
nation centers which appear in the TSL spectrum. The elec-
tronic nature of trapped charges responsible for the
investigated glow peaks is here well evidenced. The differ-

FIG. 2. �Color online� TSL glow curves of LSO:Ce �continuous
line� and of LYSO:Ce �dashed line� following x-ray irradiation at
RT. Heating rate=1 °C /s. The inset shows the glow curve of
LSO:Ce �full circles� corrected for the thermal decay of the
Ce3+ 5d-4f transition, together with its numerical reconstruction
�continuous red line� in the framework of first-order kinetics. The
parameters of the fit are the following ones: E1=0.97 eV, where
s1�1013 s−1; E2=0.97 eV, where s2�1011 s−1; E3=0.96 eV,
where s3�109 s−1; and E4=0.96 eV, where s4�1013 s−1.

FIG. 3. Room-temperature RL �dashed lines� and TSL �continu-
ous lines� emission spectra of LSO samples doped with different
rare-earth ions. The TSL spectra were obtained by integration of
wavelength-resolved TSL measurements in the 50–300 °C tem-
perature region.
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ences between RL and TSL spectra can be interpreted by
considering that, due to their electronic configuration, both
Tm3+ and Sm3+ ions trap preferably electrons during irradia-
tion �becoming temporarily divalent� and thus cannot act as
partners in the TSL recombination process with electrons
freed from the investigated electron traps. This phenomenon
is of course different from that of Ce3+ and Tb3+, which will
not form divalent cations. Because the TSL glow curves of
the Tm- and Sm-doped samples do not show any essential
differences, the related electron traps �becoming temporarily
Tm2+ and Sm2+� should have thermal depths not suitable for
identification in the investigated temperature regime. There-
fore, TSL recombination in these samples must still involve
the few Ce and Tb ions present as trace impurities in very
low concentration. This is reflected by the intensities of the
glow curves of these samples, which are at least 2 orders of
magnitude lower with respect to those of Ce- and Tb-doped
crystals for the same irradiation conditions. Moreover, such a
difference in the emission spectra between prompt and de-
layed �i.e., governed by traps� recombinations is also evident
in phosphorescence measurements performed at RT immedi-
ately after irradiation. Finally, the rather weak Sm3+ emission
in Sm-doped LSO could be due to an energy-transfer mecha-
nism involving partial reabsorption of Tb3+ and Ce3+ emis-
sions by Sm3+ 4f levels in the 20.000–30.000 cm−1 range
followed by nonradiative de-excitation to the 4G5/2 state and
by radiative transitions to 6Hj ground levels.

B. Trap-to-center recombination mechanism

In this section, the trap depths of the TSL peaks and the
kind of recombination mechanism are addressed by consid-
ering especially Ce-doped crystals. To this purpose, first of
all we investigated the TD of the 5d1-4f transition of Ce3+

responsible for the TSL emission in order to correct the TSL
glow curves accordingly.

Such a correction was already applied in two previous
papers.14,15 In the latter one the temperature dependence data
reported in Ref. 19 were used. In Ref. 14, the correction
curve was constructed based on the TD of nanosecond decay
times of Ce3+ emission; in Ref. 19 nearly coincident TD
curves for emission intensities and nanosecond decay times
are reported. The thermal ionization of the 5d1 excited state
of Ce3+ was evidenced by photoconductivity measurement20

with an onset around RT. The ionization process leads to the
nanosecond decay time shortening as it occurs from the re-
laxed 5d1 state. However, electrons are promoted to the con-
duction band. Such electrons can still radiatively recombine
with Ce4+ hole centers at later times �and contribute to the
luminescence output� in contrast to a classical nonradiative
quenching process ending at the Ce3+ ground state. To cor-
rect our TSL results for the temperature dependence of Ce3+

emission intensity and to discuss the approach of the correc-
tion construction, we performed the measurements of Ce3+

emission spectra in LSO and LYSO hosts above RT up to
500 K �instrumental limit of the 199S machine� in the
steady-state and time-resolved �0–500 ns time gate� modes.
In Fig. 4 we display the temperature dependence of the inte-
grated emission spectra normalized to 1 at RT. Steady-state

integrated spectra show a rather mild decrease above 380 K
since the relative intensity at 500 K is about 0.4 with respect
to RT. In contrast, the time-resolved integrated emission
spectrum decreases much more sharply. Such a difference
can be explained by a thermally induced escape of electrons
from the relaxed 5d1 state of Ce3+ to the conduction band
and their radiative recombination at Ce4+ centers at later
times �after 500 ns gate end�. Apparently, the delayed recom-
bination of electrons released into the conduction band from
the 5d1 state of excited Ce3+ centers with the Ce4+ centers
left behind is responsible for the much higher emission in-
tensity in the steady-state detection mode. This is perfectly
consistent with the 5d1 state ionization above RT evidenced
by photoconductivity measurements.20

To correct the TSL measurement for the TD of Ce3+ emis-
sion intensity, one has to consider the steady-state �rather
than time-resolved� TD from Fig. 4 due to the steady-state
mode of the detector used which allows the detection of both
the prompt and delayed recombination processes occurring
in the nanosecond and millisecond time scales,
respectively.21 From this point of view the correction curves
applied in Refs. 14 and 15 are probably not appropriate as
they are closer to that of time-resolved spectra integral in
Fig. 4. In fact, the reported relative emission intensities at
400 K with respect to RT are 0.11 in Fig. 4, 0.23 in Ref. 14,
and 0.21 in Ref. 15. In the case of the present TSL measure-
ments one can even consider the measured steady-state TDs
in Fig. 4 as an upper limit of the temperature quenching of
Ce3+ emission due to the following reason: in PL measure-
ments electrons thermally released from the 5d1 state into the
CB can escape from parent Ce4+, migrate in the CB, and get
stored/lost in any kind of deep electron trap in the crystal
before reaching other Ce4+ hole centers. In the present TSL
process, however, electrons which escape from Ce3+ ions are

FIG. 4. �Color online� Temperature dependence of the integrated
steady-state PL spectra for LSO:Ce and LYSO:Ce samples from
SIC, China �filled squares and crosses� and that of integrated time-
resolved PL emission spectra �filled circles; emission collected
within 0–500 ns after nanosecond pulse excitation� of LSO:Ce.
�exc=355 nm.
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spatially correlated with oxygen vacancies nearby �see fur-
ther�. Such electrons can be easily retrapped by such oxygen
vacancies and tunnel again to the same Ce4+; this means that
the probability for them to migrate elsewhere and eventually
get lost for the TSL radiative recombination process is
smaller.

The thermal depth of electron traps was investigated by
partial-cleaning TSL measurements followed by the analysis
of glow curves with the initial rise method.22 LSO:Ce and
LYSO:Ce samples were first irradiated at RT, then heated at
a fixed temperature �Tstop�, cooled to RT again, and further
heated up to 400 °C to record the glow curve. In each case,
the trap depth could be evaluated by the fit of the initial
portion of the glow curve with the following relation:

I�T� = n0s exp�− E

kT
� , �2�

where n0 is the initial number of trapped electrons after irra-
diation, s is the frequency factor, E is the trap depth, k is
Boltzmann’s constant, and T is the absolute temperature. The
Arrhenius plots of selected measurements of LSO:Ce with
partial cleanings at 65, 130, 175, and 240 °C are reported in
Fig. 5 where the exponential fits are also displayed. Figure 6
reports the trap depth values obtained for all partial cleanings
performed on both LSO:Ce and LYSO:Ce in the 40–320 °C
extended temperature range; a constant value of E
=0.99�0.07 eV was obtained, which is thus representative
of the thermal depths of the whole series of peaks at 78, 135,
181, and 236 °C. The 0.99 eV energy value is similar to
those evaluated elsewhere14 even if in this previous work a
constant trap depth was not really evidenced. A significantly
different and higher energy �1.4 eV� is found for the highest-
temperature peak detected at 300 °C only in LYSO:Ce.
However we remark that TSL curves were not corrected
above 250 °C for the TD of Ce3+ emission so that the true

energy value of the 300 °C peak could be slightly higher.
Based on these experimental results, we suggest the oc-

currence of a thermally stimulated tunneling recombination
process between electrons stored in traps and holes stored in
hole centers �Ce ions at Lu sites� in order to explain the
existence of a common trap depth relative to different glow
peaks. In this framework, a single trap can give rise to dif-
ferent glow peaks according to its distance to the recombi-
nation center.

In fact, according to first-order recombination process, the
temperature maximum Tm of a peak is related to the trap
depth E, to the frequency factor s, and to the heating rate �
by the following relation:22

�E

kTm
2 = s exp� − E

kTm
� . �3�

For a thermally assisted tunneling process, the trap depth E
represents the energy difference between the ground level of
the trap and the thermally reached excited level from which
electrons tunnel toward the recombination center. The physi-
cal meaning of the frequency factor s, which is often disre-
garded, must be considered in this process. It can be ex-
pressed as23

s = x�T exp��S

k
� , �4�

where x is the transmission coefficient of the barrier, �t is the
thermal vibration frequency, and �S /k is an entropy factor.
The transmission coefficient x takes the form22

x = exp�− �r� , �5�

where 	 is a constant and r is the trap-to-center distance. So,
according to Eqs. �3�–�5�, in a thermally stimulated tunneling
process the frequency factor s depends exponentially on the
trap-to-center distance r, thereby justifying the presence of
several glow peaks produced by a single trap located at dif-
ferent discrete distances with respect to the recombination
center. This type of recombination mechanism does not im-

FIG. 5. Arrhenius plots of the TSL of LSO:Ce following x-ray
irradiation at RT and partial cleaning at different Tstop temperatures.
Curve A, 65 °C; curve B, 130 °C; curve C, 175 °C; and curve D,
240 °C. The curves are corrected for the thermal decay of Ce3+

emission and normalized to their maximum. Continuous lines are fit
of the data according to a single exponential function.

FIG. 6. Trap depths of LSO:Ce and LYSO:Ce evaluated with the
initial rise method as a function of Tstop temperature. The Tstop re-
gions concerning the different glow peaks are marked.
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ply any thermal carrier delocalization in the conduction band
prior to radiative recombination.

To analyze this process more completely, we first make
the assumption that oxygen vacancies act as electron traps in
the material and are responsible for the investigated glow
peaks. This assumption is reasonable because the presence of
oxygen vacancies in LSO and their involvement in TSL have
already been thoroughly examined in the literature. It was
first reported that the TSL intensity of LSO:Ce increases fol-
lowing annealing treatments in reducing atmosphere,15 and
subsequently the role of oxygen vacancies acting as TSL
traps responsible for glow peaks below and above RT was
suggested.16,24 Very recently, an electron trapped in oxygen
vacancy �F+ center� was evidenced by EPR and related to the
first TSL peak observed above RT.25 To better understand the
effect of oxygen vacancies, we must consider the distances
between oxygen sites �and oxygen vacancies� and Lu sites,
where substitutional Ce dopant ions are incorporated. Be-
tween the two unequal low �C1� symmetry Lu sites, it is
expected that the majority of Ce ions will reside on the larger
Lu1 site, which has 6+1 oxygen nearest neighbors.9,13 This is
of course because Ce3+ is larger than Lu3+ �sixfold-
coordinated ionic radii are 1.01 and 0.861 Å, respectively26�.
Moreover, the emission of Ce3+ at the Lu2 site is quenched at
RT.2 Figure 7 illustrates the LSO structure. Oxygen-Lu1 dis-
tances in monoclinic C2 /c LSO �and LYSO� were calculated
from structural data.27 In Fig. 8, the frequency factors ob-
tained by Eq. �3� substituting the energies reported in Fig. 6
and the measured Tm of the peaks are plotted versus
oxygen-Lu1 nearest-neighbor distances. Furthermore, the
distance associated with the frequency factor of the lowest-T
peak at 78 °C is the shortest among the first six very similar
distances that differ by less than 0.2 Å from one another.

Since this site is related to the Si-unbound oxygen nearest
neighbor, vacancy formation could be energetically more fa-
vorable than in other oxygen sites.18 For completeness, the
inset of Fig. 8 reports Lu1 distances considered in the LSO
�LYSO� structure. The data reported in Fig. 8 show that with
a good approximation, the frequency factor is an exponential
function of Lu1-O distances; we thus consider this result,
together with the constant value of the trap depths and with
the occurrence of first-order recombination, as experimental
proof that TSL recombination below 250 °C in LSO and
LYSO is governed by thermally assisted tunneling recombi-
nation processes between spatially correlated electrons stored
in oxygen vacancies and holes stored in Ce sites. The cor-
rectness of our evaluation is also demonstrated by the satis-
factory reconstruction of the glow curves with parameters
similar to those obtained by the initial rise, as displayed in
the inset of Fig. 2 in the case of LSO:Ce. For tunneling to
occur, the excited state of the trap thermally reached by the
electron should have a similar energy as that of 5d1 Ce state.
Since the energy positions of 5d states of different rare-earth
ions in the band gap are similar �as demonstrated in several
compounds28�, the same should apply to the case of Tb3+,
where tunneling transfer in the 5d1 state should be followed
by nonradiative de-excitation to excited 4f states and final
radiative recombination to 4f ground state. The Lu-O dis-
tances here considered refer to the perfect lattice and do not
take into account any possible distortion due to the presence
of Ce ions. However, any variation in such distances in the
presence of Ce should be of the order of the difference in the
ionic radii between Lu and Ce, which is approximately
0.15 Å �Ref. 26�; so, it should not significantly change the
dependence on the frequency factors shown in Fig. 8.

Our explanation is valid for the four peaks at 78, 135,
181, and 236 °C but does not apply to the highest-
temperature peak at approximately 300 °C observed only in
LYSO which should have a different nature. It is possible
that this peak is due to the classical thermal escape of elec-

FIG. 7. �Color online� Crystallographic structure of LSO show-
ing two Lu sites �Lu1 and Lu2�, Si-unbound oxygen, and surround-
ing SiO4 tetrahedra.

FIG. 8. �Color online� Frequency factors of peaks at 78, 135,
181, and 236 °C vs O-Lu1 distance in LSO �full circles� and in
LYSO �full squares�. The continuous line is the exponential fit of all
the data. The inset displays the nine nearest O-Lu1 distances.
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trons stored in oxygen vacancies into the conduction band,
followed by trapping at Ce4+ sites and radiative recombina-
tion. The probability of this mechanism is supported by the
coincidence between the difference in trap depths of this
peak and lower-T peaks �0.4 eV�, and the thermal ionization
energy of the first Ce 5d state in LSO as evaluated by photo-
ionization studies.20 We recall however that TSL curves were
not corrected above 250 °C for the TD of Ce3+ emission so
that the true energy value of the 300 °C peak could be
slightly higher. Interestingly, this high-T peak was observed
only in LYSO �and not in LSO� so a different nature cannot
be excluded. However, the percentage of oxygen vacancies
not spatially correlated with Ce ions should be highly depen-
dent on the concentrations of both oxygen vacancies and Ce
ions, as well as on growth conditions. Therefore, it is pos-
sible that the relative probability of classical thermal escape
through the conduction band of the crystal is strongly sample
dependent. A schematic representation of the recombination
processes for Ce recombination centers operating in LSO
and LYSO including thermal escape through the conduction
band is presented in Fig. 9: depending on the distance r
between oxygen vacancies and Ce ions, different glow peaks
can occur �blue path�. The escape path through the conduc-
tion band is marked red. Considering that the LSO forbidden
gap is Eg�6.5–6.8 eV �Ref. 29� and that the energy of the
4f-5d1 absorption transition is 3.5 eV, one can estimate that
the position of the Ce3+ 4f ground state is about 2.6–2.9 eV
above the valence band, ensuring the stability of Ce4+ �i.e., a
hole trapped at a Ce3+ ion� as considered in the TSL mecha-
nism. A similar model has been considered in the case of
thermostimulated and photostimulated luminescence of
Y2SiO5:Ce �Ref. 30� where a detailed interpretation of the
nature of electron-hole recombination processes was not pro-
vided.

Thermally stimulated tunneling recombination processes
were already observed and are common in other materials,

such as mixed perovskites, �LuxY1−xAlO3:Ce�,31 calcite,32

Zn2SiO4:Mn,33 or RbBr:Tl.34 The present model is in agree-
ment with general considerations already proposed in the
recent literature concerning the existence of a close spatial
relation between traps and recombination centers,14 and of a
direct role of metal ion–ligand configurations in tuning the
temperature positions in different oxyorthosilicates.17

IV. CONCLUSIONS

The nature of traps responsible for afterglow phenomena
in LSO and LYSO was addressed by detailed wavelength-
resolved TSL measurements above room temperature. We
interpret the presence of four glow peaks with the same trap
depth as being due to the presence of a single electron trap
located at different distances with respect to recombination
centers �Ce3+ and Tb3+ rare-earth dopants�; the radiative re-
combination between electrons and holes occurs through a
thermally stimulated tunneling mechanism. We identified
oxygen vacancies as the predominant electron trap in LSO
and LYSO. The ascription of traps to oxygen vacancies is
based on the very good correlation of O-Lu distances �corre-
sponding to distances between oxygen vacancies and substi-
tutional rare-earth ions� in the monoclinic C2 /c structure of
LSO and LYSO to the frequency factors of the traps which
contain the transmission coefficients of the potential barriers
between trap and centers.

In summary, our interpretation is grounded on the possi-
bility of explaining the existence of several peaks in the TSL
glow curve of a crystal with the same trap depth and differ-
ent frequency factors by assuming localized recombinations
through thermally assisted tunneling. In such process, the
parameter that determines the variation in the frequency fac-
tors is the trap-to-center distance. The interpretation is sup-
ported by �i� the fact that all glow peaks are due to electron
traps, evidenced from the comparison between TSL and RL
data; �ii� the common nature of the emission centers for all
glow peaks; �iii� the similarity of the trap depths of all peaks
�E=0.99 eV�; and �iv� the exponential dependence of the
frequency factors on the oxygen-lutetiun distances �corre-
sponding to the distances between oxygen vacancy traps and
cerium recombination centers� as expected in a tunneling
process. Our interpretation could be further verified by the
extension of similar analyses to other silicates with the C2 /c
structure such as YSO, YbSO, and ErSO which manifest
similar glow curves.16,17

TSL experiments can provide a detailed picture about the
thermal stability of trapping levels and their recombination
processes but are usually not able to provide information
about the structural nature of defects responsible for such
levels. As we have shown, the situation with LSO and LYSO
is one of the very rare cases in which, due to the occurrence
of a specific localized recombination mechanism, the TSL
technique can also provide insight to the structural nature of
traps. Finally, our results provide useful information also
from the technological point of view since the reduction in
afterglow phenomena could be pursued by a careful control
of oxygen vacancy formations during crystal-growth and
postgrowth annealing procedures.

FIG. 9. �Color online� Schematic diagram illustrating the
detrapping-recombination processes in LSO and LYSO in the case
of Ce doping. In blue �continuous lines�, thermally assisted tunnel-
ing recombination; in red �dotted lines�, detrapping through the con-
duction band. The position of the 4f ground state of Ce3+ with
respect to the valence band is estimated from literature data �see
text�.
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