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Scintillator Materials—Achievements,
Opportunities, and Puzzles

M. Nikl, E. Mihokova, J. Pejchal, A. Vedda, M. Fasoli, I. Fontana, V. V. Laguta, V. Babin, K. Nejezchleb,
A. Yoshikawa, H. Ogino, and G. Ren

Abstract—Participation of shallow and deep traps in the pro-
cesses of energy transfer and capture is studied by means of time-
resolved emission spectroscopy and thermoluminescence in several
groups of theCe3+ andPr3+-doped complex oxide single crystal
scintillators. Tunnelling-driven recombination processes are dis-
tinguished in all the groups of examined materials: closely spaced
electron and hole traps give rise to the 1 phosphorescence decays
at low temperatures in the Ce-doped aluminum garnets and per-
ovskites, while thermally assisted tunneling process is proposed to
explain temperature independent trap depth in glow curve peaks
within 50–250 C in Ce-doped lutetium orthosilicates.

Index Terms—LuAG:Ce, LuAG:Pr, LuYAP:Ce and LYSO:Ce
single crystals, points defects and traps, scintillators.

I. INTRODUCTION

DESPITE the relatively long history of the development of
scintillator and phosphor materials started at the end of

19th century, within the last two decades the scintillator charac-
teristics and figure-of-merit of a number of new materials were
studied and some of the materials were successfully industri-
alized. In particular, Ce-doped silicates, aluminum perovskites
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and garnets, trivalent-ion-doped and Ce-doped binary
rare earth halides are worth mentioning, for recent reviews see
[1]–[4]. An interest in new scintillator materials is pushed by
increasing number of medical, industrial or scientific applica-
tions, requiring higher material performance. To optimize ma-
terials towards their intrinsic limits, understanding of energy
transfer and storage processes, specific defects and their relation
to the manufacturing technology appear of crucial importance
[1], [4]. Deep electron traps and their role in the afterglow of the
Ce-doped silicates, shallow electron traps related to antisite de-
fects in aluminum garnets or appearance of slower scintillation
components and drop of the light yield in mixed (Y-Lu) alu-
minum perovskites are just a few examples of current problems
in the field. These problems should be studied and appropriate
technological solutions should be found to further improve the
material performance.

The aim of this paper is to review the current understanding
of the role of selected defects in the processes of energy transfer
and carrier capture in the above mentioned materials belonging
to complex oxide scintillators.

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

Ce- doped single crystals of , - and
were grown in some of the institutions where the coau-

thors belong, namely: CRYTUR (perovskites (YAP),
- (LuYAP) and garnets (LuAG)) or

SIC (silicates (LSO), , -
(LYSO)) by Czochralski method from the high temperature
melt from the raw materials with at least 4N purity. Pr-doped
and Ga-admixed aluminum garnets were grown in IMRAM
from the raw materials of the same purity using the microp-
ulling-down (m-PD) and Czochralski methods. Plates up to
7 7 1 mm, polished to an optical grade, were prepared for
luminescence experiments.

Measurements of photoluminescence (PL) and radiolumines-
cence (RL) spectra as well as the PL and scintillation decays,
were performed with the Spectrofluorometer 199S (Edinburgh
Instruments) equipped with pulsed UV flashlamps, steady-state
H2-lamp and X-ray tube (35–40 kV, Mo-anticathode) and
radioisotope (511 keV photons) excitation sources. Emission
spectra were corrected for the spectral response of the system.
Convolution of the multi-exponential function with the instru-
mental response was used to find the correct decay-time values
in the decays extended to ns time scales. TSL measurements
were performed after X-irradiation at 10 K (by a Philips 2274
X-ray tube operated at 20 kV) or at RT (by a Machlett OEG50
X-ray tube operated at 30 kV). In the low-T range (10–300 K)
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Fig. 1. Spectrally unresolved scintillation decay of the 0.12%Ce-doped sample
excited at RT by 511 keV photons from Na radioisotope.

we performed wavelength resolved measurements with a detec-
tion system using a monochromator coupled to a CCD detector
(Jobin-Yvon Spectrum One 3000) operating in the 280–710 nm
interval. A heating rate of 0.1 K/s was adopted. High-T mea-
surements (from RT to 400 ) were performed with a heating
rate of 1 and TSL emission was detected by a photomulti-
plier (EMI9635QB).

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Ce- and Pr-doped Aluminum Garnets

-doped (YAG) single crystal for fast scintil-
lator applications was reported in the literature already in the
seventies [5]. The first comprehensive description of YAG:Ce
scintillator characteristics was reported by Moszynski et al. [6],
who included this material in the high figure-of-merit oxide
scintillators. Isostructural LuAG has a higher density (6.67

) than YAG (4.56 ), which is advantageous in
the case of hard X- and -ray detection. LuAG:Ce scintillator
became of interest relatively recently [7], [8]. The m-PD grown
Pr-doped LuAG scintillator was for the first time mentioned
in the literature in 2005 [9] and further improved using the
Czochralski technique [10]: light yield approaching 300% of

(BGO), spectrally uncorrected, and the dominant
decay time of about 20 ns include this material in the group of
the fastest, high light yield and high density materials available
today.

Recent studies revealed a considerable percentage of slow,
technically unexploitable light in the scintillation response of
aluminum garnet scintillators, especially in those LuAG-based
[11]. Typical scintillation decay of LuAG:Ce is given in Fig. 1.
While the dominant component has a decay time very similar to
that of PL decay (54 ns), a slower decay process that can be fit
by an exponential with 600–1000 ns decay time is always found.

Moreover, the signal increase before the rising edge of the
decay (with respect to the true experimental background level
given essentially by the detector electronic noise) points to the
presence of very slow decay processes the time constant of
which is comparable with the time interval between two sub-
sequent excitation events (tens-to-hundreds of microseconds)

Fig. 2. TSL glow curve of LuAG:Ce after X-irradiation at 10 K.

[11]. The low temperature TSL glow curve reveals a number of
trapping states and three typical regions can be distinguished
(so far more than twenty different single crystals of and

doped LuAG have been measured), see Fig. 2. Region 2
is related to the shallow electron trap due to an antisite
defect (AD) [12], [13], responsible also for the intrinsic lumi-
nescence of undoped LuAG, see Fig. 3. ADs in isostructural
YAG were already evidenced by Ashurov et al. a time ago
[14]. Recent theoretical calculations show that creation of these
defects in aluminum garnets is relatively easy [15]. The trap
depth related to two dominant peaks at about 140 K and 165
K in LuAG:Ce was calculated to be about 0.31 eV and 0.38
eV, respectively. The dose dependence of the TSL glow curve
confirmed the first order recombination process. Therefore de-
trapping times for both traps at RT could have been calculated
and the values of about 50 and 450 , respectively, were
obtained. Apparently, thermally induced detrapping from these
traps into the conduction band followed by delayed radiative
recombination at ions cannot explain the slower, sub-
microsecond component in the scintillation decay (Fig. 1). As
spatially-correlated AD- pairs were found with the help of
EPR and tunneling recombination between related electron and
hole trapped at such pairs was suggested at least within 10–40
K (region 1 in Fig. 2) [16], it seems reasonable to consider
tunneling recombination process to explain also slower, submi-
crosecond decay component in the RT scintillation decay.

In the search for further optimization of LuAG-based scintil-
lator a systematic attention was paid to reduce the trapping ef-
fects related to the AD electron trap. We found that Ga-ad-
mixed LuAG with the formula shows
considerably lower TSL intensity and rather structureless TSL
pattern shifted to lower temperatures with respect to LuAG:Pr
[12]. Furthermore, its scintillation decay was significantly ac-
celerated. Another set of samples with Ga relative content 0.05,
0.1 and 0.2 was prepared to study Ga-concentration dependence
of trapping phenomena in Pr-doped Lu(Ga,Al)G host. While
the host luminescence due to the AD defect was efficiently sup-
pressed already at the lowest Ga concentration [17], TSL glow
curve shows smooth shift to lower temperatures and lower in-
tensities, Fig. 4. VUV excitation spectra measured for some of
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Fig. 3. The Lu antisite defect in the LuAG structure. Resulting electron trap in the material forbidden gap is sketched on the left. Emission band within 300–350
nm due to antisite defect and its competition with that of the Ce center can be derived from radioluminescence spectra at RT—upper left. Emission lines around
312 nm and 615 nm in the undoped sample are due to Gd and Eu accidental impurities, respectively.

Fig. 4. TSL glow curves after x-irradiation at 10 K for Ga-admixed LuAG.

these samples show a host band-edge shift towards lower ener-
gies. For the concentration it is of about 0.4 eV, which is
comparable with the trap depth mentioned before, Fig. 5.
TSL gradual change in Fig. 4 does not point to a 1:1 suppression
of the defects due to the Ga admixture. Given the value of
the band edge shift it rather seems that the levels of defects
become gradually buried in the lowered bottom of the conduc-
tion band, which becomes dominated by the Ga wave functions.

Additional shift of the band edge towards lower energies for
Ga admixture greater than 0.4 can be related to increasing oc-
cupancy of tetrahedral Al sites by Ga. Their energy levels are
expected to be lower with respect to the garnet octahedral sites
[18]. Despite the gradual acceleration of scintillation decay with
increasing Ga content the light yield does not increase with re-
spect to the Ga-free LuAG:Pr and overall radioluminescence in-
tensity gets even lower, Fig. 6. This may indicate that Ga admix-
ture induces additional nonradiative losses. Further systematic
studies are needed to explain the observed characteristics.

Fig. 5. Excitation spectra of undoped and Pr-doped Lu (Ga Al - ) O
single crystals at 10 K.

B. Ce-Doped Aluminum Perovskites

Luminescence of (YAP:Ce) was reported by
Weber [19], while the favourable properties of this material for
scintillation applications were described later by Takeda et al.
[20] and Autrata [21]. became of interest in the mid
nineties due to its higher density and effective atomic number
[7], [22], [23] and later on also the mixed -
crystals were prepared and characterized [24], [25]. A review
paper devoted to this group of scintillation materials has been
published recently [1].

The 370 nm emission of center in YAP shows a single-
exponential fast PL decay with the decay time of about 17 ns.
Somewhat longer scintillation decay time between 22 and 38
ns followed by a minor slower component with a decay time



1038 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 55, NO. 3, JUNE 2008

Fig. 6. Radioluminescence spectra at RT. Excitation by an X-ray tube, 40 kV.

Fig. 7. Spectrally unresolved scintillation decays of LuAP:Ce (a) and
LuYAP:Ce (b) excited by 511 keV of Na radioisotope at RT.

of a few hundreds of nanoseconds is evaluated in the scintilla-
tion decay [26], [27]. The latter component can be explained by
delayed recombination of charge carriers at centres (simi-
larly as in aluminum garnets). The scintillation response of pure
LuAP:Ce is dominated of the overall intensity) by a fast
decay component of about 17–19 ns, while the rest of the inten-
sity is released with a decay time of 160–180 ns.

In the case of Lu-rich mixed crystals,
the intensity of the fast component is considerably reduced
(40–54%) and, accordingly, the second slower component

Fig. 8. TSL glow curves after irradiation at 10 K of YAP:Ce and LuYAP:Ce.

with the decay time of about 190 ns becomes more intense
[28]. A comparison of scintillation decays of YAP:Ce and

is given in Fig. 7(a) and (b). Apparently,
there is an increase of the slower scintillation process and
similar situation as in the Lu-rich - occurs.
Thus, while the limit YAP:Ce and LuAP:Ce compositions show
dominating fast emission component with the decay time of
about 20 ns, the relative content of slower processes in the
mixed compounds considerably increases. Fig. 8 displays the
TSL glow curves of the above mentioned two samples after
X-irradiation at 10 K. One can distinguish three typical regions
in YAP:Ce (more than ten different YAP:Ce single crystals
have been studied for TSL characteristics so far). Regions 1 and
2 resemble those found in YAG:Ce and within the region 1 the
YAP:Ce phosphorescence decay exactly follows the form
as shown in detail in [29]. It is interesting to note that based on
comparison with the optical ceramics the 92 K glow curve peak
in YAG:Ce was interpreted as due to the AD-related electron
trap [30]. In the undoped and Ce-doped YAP the glow curve
peak at around 150 K has been ascribed to the thermal decay
of an center [16]. The dose dependence of glow curves
confirmed the first order TSL recombination kinetics of both
105 K and 150 K peaks. Therefore corresponding detrapping
times at RT were easily calculated, yielding the values of
about 100–200 [29]. Consequently, retrapping of migrating
carriers at RT due to the traps related to the 105 K and 150
K glow-curve-peaks induces similar delays with respect to
LuAG:Ce decribed earlier. However, one has to point out that
relative intensity of TSL peaks in region 3 is much higher in
LuAG:Ce, (see Fig. 2), than in YAP:Ce (Fig. 8). Much longer
corresponding detrapping times at RT are expected, i.e., related
traps in region 3 would have more detrimental effect on the
time characteristics and light yield (LY) of such a scintillator.

Admixture of Lu into YAP:Ce results in the shift of the posi-
tion of the dominant TSL peak up to about 125 K and to peak
broadening, Fig. 8. Furthermore, relative intensity of TSL peaks
in region 3 is enhanced. Whatever is the nature of related elec-
tron traps, the admixture of Lu into YAP:Ce is thus expected to
slow down retrapping processes due to these traps, which may
show a detrimental influence on the value of LY.
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Fig. 9. Spectrally unresolved scintillation decay at RT. Solid line is the convo-
lution of instrumental response (also in the figure) with the function I(t) given
in the figure.

C. Ce-Doped Orthosilicates

Scintillation characteristics of Ce-doped rare-earth (RE) oxy-
orthosilicates were for (GSO) reported more than
20 years ago [31]. Optical studies of Ce-doped samples showed
two emission bands related to two different crys-
tallographic sites in GSO, LSO, and YSO [32]. In LSO:Ce the
doublet emission peaking at 393 nm and 427 nm was ascribed to
“ ” center, the luminescence of which is not quenched up to
RT. On the other hand, the composite emission peaking at 460
nm, well detected only below 80 K, was ascribed to the “ ”
center. The presence of two distinct emissions is in accor-
dance with the existence of two crystallographic sites and
with the incorporation of Ce as a substitute for Lu. ESR mea-
surements support this assumption since ions are found
at both lutetium sites. As the ESR intensity is directly linked to
the concentration of paramagnetic ions, the relative con-
centration in each site could have been determined. The values
are: and . The most substituted site is at-
tributed to the larger site with oxygen neighbors [33].

In contrast to aluminum perovskites and garnets the scintilla-
tion decay of Ce-doped LSO or LYSO shows the only compo-
nent with the decay time somewhat longer with respect to the
PL one (35 ns), Fig. 9. Moreover, there is practically no differ-
ence between the decays of Ce-doped LSO and LYSO (with a
typical 5–10% of admixing).

TSL glow curve of LYSO:Ce with a relatively high LY (Pho-
tonics Material, see ref. 34 for LY measurements) is displayed
in Fig. 10 together with those of LuAG:Ce and YAP:Ce. Con-
centration of in these YAP, LYSO and LuAG samples
is determined from the optical absorption spectra and using an
ICP chemical analysis of about 8000 ppm, 1300 ppm and 2400
ppm, respectively. One can immediately see that the amplitude
of TSL signal in LYSO:Ce is 1–2 orders of magnitude lower
with respect to that of the other two samples indicating the lack
of shallow electron traps in silicates with respect to aluminum
perovskite and garnet hosts. This is consistent with the absence
of slower decay components in LYSO:Ce scintillation response
(Fig. 10).

Fig. 10. TSL glow curves of YAP:Ce, LuAG:Ce and LYSO:Ce after X-irradi-
ation at 10 K. Curves can be compared quantitatively.

Another advantage of LSO host consists in low thermal sta-
bility of intrinsic emission centres based on self-trapped exci-
tons or holes, which persist only up to about 50 K, and then
are thermally disintegrated [35]. Thus host-related slower emis-
sions do not delay an energy transfer towards in any no-
ticeable manner, while emission related to the presence of AD
in YAG/LuAG host survives up to RT and is in competition with
that of under high energy excitation [36].

In the case of LSO, it was soon recognized that it presents a
fairly strong afterglow at RT [37]. Fundamental studies focusing
on the comprehension of the microscopic physical mechanism
governing afterglow were carried out in order to find possible
technological solutions. The activation energy of the process
was found to be approximately 1 eV [37]; it is in accordance
with the calculated trap depth of the leading TSL peak situated
at 375 K and 340 K (using a heating rate of 6 K/s and 0.24K/s,
respectively). Hence, mentioned afterglow appears to be due to
RT carrier detrapping from the trap responsible for this TSL
peak followed by radiative recombination at luminescent
centers. Actually the 340 K peak (heating rate 0.24 K/s) is the
first one of a series of as many as 6 peaks observed in the glow
curve above RT, Fig. 11. Its spectral emission coincides with the

5d-4f transition [37]. Annealing experiments in reducing
or oxidizing atmosphere led to the suggestion that traps could
be related to oxygen vacancies [38]. Indeed, TSL glow curves
above RT show a very similar pattern for both LSO and LYSO
samples coming from different manufacturers, Fig. 11. Evalu-
ation of the trap depth for all of the glow peaks in LYSO:Ce
(G.Ren) sample in Fig. 11 was made using the partial cleaning
method, see e.g., [39], [40] for details, and the obtained values
are reported in Fig. 12. Interestingly, with the exception of the
305 peak of the trap depth of about 1.5 eV, the trap depth
within 30–260 is very little temperature dependent in con-
trast to usual situation, in which a step-like dependence of the
trap-depth on increasing temperature is obtained (for LuAG:Ce
see [40]). A very similar situation was found in YAP:Ce and
LuYAP:Ce [39] and was explained as due to a thermally as-
sisted tunnelling of electrons trapped at oxygen vacancies to-
wards holes trapped at Ce ions at discrete distances (given by
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Fig. 11. TSL glow curves after X-irradiation at RT at LSO:Ce and LYSO:Ce.

Fig. 12. Temperature dependence of the trap depth on T in the partial
cleaning procedure, for details see [39].

the crystal structure), followed by their radiative recombination.
The same consideration can be done in LSO(LYSO):Ce so that it
is tentatively proposed that such thermally assisted tunneling be-
tween an oxygen vacancy-based electron trap and hole trap
is responsible for the observed TSL glow curve pattern above
RT up to some 260 .

IV. CONCLUSIONS

Participation of various trapping states in the aluminum per-
ovskites and garnets and in the orthosilicate scintillators was
studied by correlated experiments using time-resolved lumines-
cence spectroscopy and thermoluminescence.

Dominating shallow electron trap in aluminum garnets is as-
cribed to the and antisite defects, which gives rise to
the 92 K and triple 142–165-190 K TSL glow curve peaks, re-
spectively. At RT the calculated detrapping times from related
traps to conduction band for LuAG:Ce are longer than ,
so that this mechanism cannot be responsible for the existence
of slower submicrosecond component in LuAG:Ce scintillation
decay. Due to the evidence of tunneling-driven radiative recom-
bination in the spatially correlated -AD pairs at low tem-
peratures, this mechanism is proposed to explain the observed
scintillation decay pattern at RT as well.

At RT the detrapping times related to the 105 K and 150 K
TSL peaks in YAP:Ce are of the same order as those related
to the antisite-defect related trap in LuAG:Ce and the absolute
intensity of peaks is comparable as well. However, relative am-
plitude of the glow curve peaks within 200–300 K is noticeably
higher in LuAG:Ce, which might be the reason for its lower LY.

Admixture of Lu into YAP host results in the high tempera-
ture shift and amplitude increase of the dominant 105 K peak.
TSL intensity between 200–300 K is enhanced as well. All these
phenomena can increase detrapping times at RT and effectively
lower the light yield values. However, consistent TSL study over
the full concentration range of the YAP-LuAP solid solution is
necessary to understand in detail particular features of energy
transfer and capture in the mixed systems.

Quantitative comparison of low temperature TSL glow
curves among the Ce-doped aluminum perovskites, garnets
and orthosilicates points to the lack of shallow electron traps in
orthosilicates resulting in faster energy transfer from the host
towards the ions. Another advantage of orthosilicate host
is due to comparatively lower thermal stability of self-trapped
exciton and hole states. These states become thermally disin-
tegrated above 50 K and enable faster energy migration to the

ions in comparison with aluminum garnets. These two
factors are recognized as crucial in explanation of higher light
yield values obtained at LSO:Ce and LYSO:Ce.

Temperature independence of trap depth corresponding to
the TSL glow curve peaks within 40–260 in LSO:Ce and
LYSO:Ce cannot be explained by usual detrapping mechanism
via conduction band. Instead, thermally assisted tunneling
mechanism is proposed to explain the observed features simi-
larly as earlier reported in the literature for YAP:Ce.

Obtained results point to possible space correlation and rela-
tive vicinity between the emission center ( , ) and an
electron trap (antisite defect, oxygen vacancy or other) in most
of the material studied. The mechanism of such impurity ion-de-
fect aggregation is not clear and is worth further investigation.
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