
APPLIED PHYSICS LETTERS 88, 141916 �2006�
Antisite defect-free Lu3„GaxAl1−x…5O12:Pr scintillator
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Pr-doped Lu3�GaxAl1−x�5O12:Pr, x=0–1, single crystals were grown by the micro-pulling-down
method. We study luminescence and scintillation characteristics of the sample set focusing on their
dependence on the gallium content. For x=0.4 we obtain the high figure-of-merit material with
elevated density, high efficiency, and very fast scintillation response below 20 ns without any slower
components. Improvement of scintillation performance is explained as due to the absence of the
antisite LuAl defects that was for the first time realized in such bulk garnet single crystals grown
from the high temperature melt. © 2006 American Institute of Physics. �DOI: 10.1063/1.2191741�
Research and development of high density, fast, and ef-
ficient scintillator materials within the last 10–15 years was
mainly triggered by the need of modern imaging techniques
in medicine, namely, the positron emission tomography
�PET�. The performance of PET was limited by the use of
Bi4Ge3O12 �BGO� scintillator. As a result, Ce-doped sili-
cates, namely, the Gd2SiO5 �GSO�, Lu2SiO5 �LSO�, and
most recently �Lu1−xYx�2SiO5 �LYSO� single crystal hosts
�see Refs. 1–3� were developed. A need for another scintil-
lator material with similar performance appeared due to con-
sidered depth-of-interaction problem in PET,4 since the us-
age of two somewhat different materials in a suitable
detector geometry can further enhance the precision of space
resolution in three-dimensional �3D� imaging in PET
method. Ce-doped perovskite LuAlO3 �LuAP� or
�Lu1−xYx�AlO3 �LuYAP� single crystals have been consid-
ered and widely studied candidates for this purpose �see Ref.
5 for a review�. As reported recently,6 the latter is reaching
the prototype industrial production stage. However, with re-
spect to YAP:Ce, Lu-rich perovskites show the light yield
lower by a factor of 1.5–2 and their scintillation decay con-
tain intense and noticeably slower component. Apart from
perovskites, Ce-doped Lu3Al5O12 �LuAG� single crystals
with very similar figure of merit in comparison with GSO:Ce
scintillator were reported in the literature.7,8 After a few in-
troductory studies in the 1990s �Ref. 9� a renewed interest in
the Pr3+ doping of some of the hosts above mentioned ap-
peared recently. Namely, the Pr-doped yttrium aluminum
garnet �YAG�,10 LuAG,11 LuAP,12 and LSO13,14 single crys-
tals have been reported and especially the LuAG host ap-
peared interesting because of absence of the 5d−4f emission
quenching and/or ionization of the 5d1 state at room
temperature.15 It is well known, however, that temporal char-
acteristics in aluminum garnet-based fast scintillators are de-
graded due to the occurrence of the antisite defects �Y or Lu
ions at the octahedral Al site�.16 Recently, electron traps as-
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sociated with such defects were identified in LuAG:Ce �Ref.
17� with the help of thermoluminescence measurements. En-
hanced retrapping of migrating electrons at such shallow
traps before their radiative recombination with holes at the
Ce3+ centers results in very slow scintillation decay compo-
nents that are technically unexploitable. Consequently, the
light yield and scintillation response of such material are
degraded.18 While antisite defect-free thin films of Ce-doped
YAG or LuAG scintillators prepared from a flux by the liq-
uid phase epitaxy method were reported,19 so far no such
achievement was accomplished in the bulk crystal prepared
from the high temperature melt.

The aim of this letter is to present an antisite defect-free
Pr-doped garnet scintillator. Admixture of Ga3+ ions in the
Lu garnet host structure remarkably reduced the above men-
tioned antisite defect-associated electron traps. As a result, an
energy transfer to Pr3+ centers was significantly accelerated.
We study the optical and scintillator characteristics and we
discuss the figure of merit of such new bulky scintillator.

The single crystals of Lu3�GaxAl1−x�5O12, x=0–1, doped
by Pr3+ �0.3%–1% in the melt� were grown by the micro-
pulling-down technique, the details will be published else-
where. Crackless, transparent, a few centimeter long rods
with a diameter of about 4 mm were obtained. Plates of di-
mensions about 3.5�8�1 mm3 were cut and polished for
the experiments. Absorption spectra were measured by UV/
Vis/NIR Shimadzu absorption spectrometer UV-3101PC. Ra-
dioluminescence �RL� spectra and scintillation decays were
measured with a modified Spectrofluorometer 199S, Edin-
burgh Instrument, using excitation by an x-ray tube and 22Na
radioisotope, respectively. Emission spectra were corrected
for experimental distortions and true decay times were ex-
tracted from the decay curves using a deconvolution proce-
dure �SpectraSolve software of LASTEK Ltd.�. Wavelength-
resolved thermally stimulated luminescence �TSL�
measurements were performed in the 10–310 K range after
x-ray irradiation at 10 K �by a Philips 2274 x-ray tube oper-

ated at 20 kV�, with a homemade apparatus allowing the
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detection of the TSL signal both as a function of temperature
and wavelength in the 280–710 nm interval. Light yield
�LY� was measured by a hybrid photomultiplier tube
�HPMT�-based detector using 662 keV line of 137Cs radio-
isotope �for other experimental details see Refs. 7, 8, 11, and
14�.

Absorption spectra of the samples for x=0 and x=0.6
are given in Fig. 1. The observed absorption bands in the
ultraviolet �UV� spectral range can be ascribed to the absorp-
tion transitions to the 5d1 and 5d2 states in agreement with
Ref. 11. It is worth noting that the admixture of Ga3+ results
in high-energy shift of the 5d1 band and lesser energy sepa-
ration between 5d1 and 5d2 bands. Such a tendency can be
explained by the decrease of both the crystalline field at the
Lu3+ site and its interaction with the lattice due to increased
covalent bonding between the Ga3+ and O2− ions in the lat-
tice, which effectively takes further away O2− outer electrons
around the Lu3+ lattice site �see the sketch of yttrium gallium
garnet �YGG� structure in Ref. 20�.

Radioluminescence spectra for x=0, 0.4, 0.6, and 1.0 are
given in Fig. 2 in an absolute comparison with the BGO
standard sample of the same shape. With increasing Ga con-
tent the emission intensity decreases in a similar manner as
observed for Pr3+-doped YAG-YGG ceramic samples.21 It is
interesting to note that emission lines belonging to the
4f −4f transitions of Pr3+ are getting stronger with increasing
Ga content, which point to a different mechanism of the
corresponding level population and interaction with the sur-
roundings with respect to 5d1 level. Increased value of
Stokes shift was noticed: while in LuAG:Pr it is about
0.35 eV, in Lu3�Ga0.6Al0.4�5O12:Pr it exceeds 0.40 eV. In-
creased Stokes shift decreases reabsorption losses in bulky
scintillator segments.

FIG. 1. Absorption spectra of Pr-doped garnets at room temperature. Com-
position is given in the legend.

FIG. 2. Radioluminescence spectra of Pr-doped garnets at room temperature
�x-ray tube, 35 kV�. Spectra are mutually comparable in an absolute scale

and are compared also to a BGO reference sample.
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The acceleration of the scintillation decay curve within
the first 100 ns was observed with increasing Ga concentra-
tion in a very similar manner as in photoluminescence de-
cays for the same samples. Moreover, an increased ratio be-
tween the decay amplitude and signal level before the rising
edge of the decay curve was obtained, see Fig. 3. The latter
tendency can be explained as due to the decreased retrapping
of charge carriers during their migration and consequently
faster energy transfer from the host lattice to Pr3+ ions, see
also Ref. 18. Acceleration of the decay curve within the first
100 ns in both photoluminescence and scintillation decay
can be explained by a nonradiative transfer of electron away
from the 5d1 relaxed excited state. Two mechanisms can be
considered: �i� due to enhanced ability of Ga3+ ions to cap-
ture electron, there can be an electron transfer from 5d1 level
towards Ga3+ followed by nonradiative relaxation of created
Pr4+–Ga2+ complex back to the ground state of the lattice.
Such processes were considered, e.g., in CeF3, see Ref. 5 for
the review; �ii� Ga3+ wave functions will lower the edge of
the conduction band22 and allow for the ionization of relaxed
5d1 level, i.e., an escape of electron to the conduction band.

Light yield was measured under 662 keV excitation for
several Lu3�Ga0.4Al0.6�5O12:Pr samples within the 500 and
1000 ns time gate using HPMT detector and compared with
that of BGO measured with the latter gate. Values of light
yield between 110% and 160% of �spectrally corrected�
BGO were evaluated from the energy spectra and position of
the photopeak. There is no difference in the values obtained
within the 500 and 1000 ns time gate, which also confirms
the absence of slower decay components.

To further verify the situation regarding shallow trapping
states in these samples, thermoluminescence glow curves
and spectra were measured after x-ray irradiation at 10 K
�see Fig. 4� for Lu3Al5O12:Pr and Lu3�Ga0.4Al0.6�5O12:Pr
samples, and compared with high quality Czochralski-grown
Lu3Al5O12:Ce single crystal with similar Ce concentration in
the crystal, see also Ref. 17. While below 260 K TSL glow
curves for the Ce3+ and Pr3+-doped LuAG host crystal appear
rather similar, their TSL emission spectra are completely dif-
ferent �see the inset of Fig. 4� and coincide with lumines-
cence characteristics of Ce3+ and Pr3+ ions, respectively.
Such result can be explained as that TSL glow curves are
determined by the same electron traps in both samples, while
holes are captured at the Ce3+ or Pr3+ ions. Liberation of
electrons from traps and their recombination with temporary

4+ 4+

FIG. 3. Spectrally unresolved normalized scintillation decay curves mea-
sured in the same conditions at room temperature. The decay of
Lu3Ga2Al3O12:Pr1% is approximated by the function I�t� displayed in the
figure. The fit is given by a solid line, obtained by convolution of the in-
strumental response �not in the figure� and the function I�t�.
Ce or Pr hole centers is then obtained in the TSL run and
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determine the glow curve and the shape of emission spectra.
Similarity of glow curves within 120–200 K in both samples
provides additional support for the conclusion of Ref. 17 that
related electron traps are associated with the antisite LuAl
defects as these defects are expected to occur in the same
manner in both samples. However, striking reduction of TSL
signal is obtained in the glow curves of
Lu3�Ga0.4Al0.6�5O12:Pr sample, while emission spectrum is
the same with respect to that already described LuAG:Pr.
Complete disappearance of the glow curve structure within
120–200 K can be explained by the disappearance of antisite
defects and is fully coherent with the speedup of the scintil-
lation response described above. It is worth noting that in
Ga-containing samples there is no shoulder in the radiolumi-
nescence spectra around 260–270 nm observed in the Ga-
free sample, see Fig. 2. This shoulder belongs to the host
emission ascribed to the exciton trapped around the antisite
defect23 or to the radiative recombination of an electron with
the hole trapped around the antisite defect.19 In either case
this emission center includes the LuA1 defect and its disap-
pearance further supports the conclusion that these defects
disappeared in the Al–Ga intermediate compositions.

There is no straightforward explanation of such efficient
suppression of the LuAl antisite defects in the studied
Pr-doped Lu3�GaxAl1−x�5O12 �x=0.4–0.6� single crystals
grown from the high temperature melt, because their concen-
tration was found several times higher in Y3Ga5O12
�Lu3Al5O12� single crystals with respect to their aluminum
counterparts.24 It can be suggested that such effect arises due
to the selective occupation of the Al sites by Ga ions in the
mixed compositions. Namely, the ratio of ionic radiuses of
the Ga3+ and Al3+ ions at the four- and six-coordinated sites
is calculated as �1.21 and �1.15, respectively, which points
to the preferential replacement/occupation of the octahedral
Al sites by the Ga3+ ions. It can limit an incorporation of the
Lu ions in the AlO6 octahedra, and consequently the LuAl
defect creation in such intermediate �x=0.4–0.6�
compositions.

To summarize, the admixture of Ga3+ in LuAG:Pr scin-
tillator enhances its scintillation performance even if the
overall scintillation efficiency �radioluminescence intensity�
with increasing concentration of Ga is gradually decreasing.
Single crystal of Lu3�Ga0.4Al0.6�5O12:Pr has the density
about 7.0 g/cm3, emission maximum around 302 nm, scin-
tillation 1/e decay time about 18 ns, there are no slower

FIG. 4. Thermoluminescence glow curves after x-ray irradiation at 10 K. In
the inset the TSL emission spectra within 120–180 K are given for
Lu3Al5O12:Ce �a� and Lu3Al5O12:Pr �b� samples.
decay processes, and its light yield is between 110% and
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160% of BGO. For the first time, in the melt-grown bulky
gallium-aluminum garnet the antisite defects were sup-
pressed and consequently the energy transfer from the host to
the Pr3+ emission centers significantly accelerated. All these
features characterize a scintillation material, in which 90% of
the scintillation response is collected within the 100 ns time
gate. This material appears a highly competitive candidate
for becoming a partner of LYSO:Ce in the depth-of-
interaction corrected PET machine.
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