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The growth of Ce:(Lu;_«Y«)2SiOs single crystals by the hydrothermal technique is demonstrated. Crystallographic defects are suppressed thanks
to the growth at much lower temperatures, and therefore, the complete incorporation of cerium in the Ce®* valence state is obtained. The growth
under supercritical water lowers the temperature to less than half the melting point. In contrast, crystals grown from melt by the standard
Czochralski technique possess intrinsic defects and undesirable Ce** ions as charge compensators. The growth of large-size single crystals with
improved scintillation properties at a low cost is envisaged. © 2024 The Author(s). Published on behalf of The Japan Society of Applied Physics by

IOP Publishing Ltd

e-doped lutetium oxyorthosilicate crystals, Lu,SiOs

(LSO) and (Lu;_4Y,),Si0s (x>0) (LYSO), are

considered to be the best scintillators for gamma-ray
detection in positron emission tomography (PET) of nuclear
medicine and in high-energy physics."™ They compromise
relevant properties: a high density (p ~7g cm ) and an
effective atomic number (Z.g ~66), resulting in a high
stopping power (p - Zeg' ~140 x 10°), a high light yield
(LY) > 30,000 ph MeV ', a short decay time (~35 ns), and a
high energy resolution (~8% @ 662 nm). Commercialization
of these crystals started in the late 1990s, and since then, large
efforts have been made to improve their performance
further.”” Nowadays, mass production of 3- to 4-inch
crystals is carried out by the Czochralski (Cz) technique,
despite the expensive Lu,O; raw material and, more particu-
larly, the ultra-high cost of Ir crucibles.

The development of Ce:(Lu;_Y4)»SiOs (x20) (Ce:L(Y)
SO) single crystals has been closely bound from the beginning
with investigating the oxygen vacancies and the valence state
of Ce, and subsequent co-doping approaches. Soon, it was
found that annealing under an oxidizing atmosphere improves
the scintillation LY, shortens the decay time, and decreases
both the afterglow and the thermoluminescence, suggesting
the presence of oxygen vacancies in as-grown crystals.”' %
While reducing the oxygen vacancy concentration, this
oxidation process promotes a partial Ce valence change
from trivalent to tetravalent, as the absorbance spectra
indicate.”**> Therefore, a positive trade-off was assumed
between less deep traps, causing non-radiative recombination,
and a slight decrease in activator Ce*" concentration. Ce*"
cations have been considered undesirable because they lead to
a broad charge transfer band (CTB) between oxygen 2p-
orbitals of the valence band and Ce*" 4f-orbitals within the
bandgap (peaking at ~4.9eV) that does not contribute to
luminescence in UV excitation spectra of Ce:L(Y)SO crystals.
However, this is not always the case, as demonstrated for
Sr,CeO, with Ce in the tetravalent state.’®>” Furthermore,
Ce radioluminescence has been reported for 100%
Ce*"-doped silica glasses”® and annealed Ce*™:LisY(B;0)5
single crystals.””

By X-ray absorption near edge spectroscopy (XANES),
the direct evidence of the Ce*" presence has been pursued
in Ce:L(Y)SO* 3% as well as in Ce:Gd;GazAlLO;,
(Ce:GGAG)*'? scintillators. Assuming a detection limit
of 5%, the existence of Ce*" in as-grown and annealed Ce:L
(Y)SO crystals could not be found by XANES despite
observing the CTB in absorbance spectra. Annealing can
drastically increase the photo- and radioluminescence by
40% and 20%, respectively, while the CTB slightly
enhances.>? In contrast, in the case of Ce:GGAG crystals, the
Ce*" concentrations estimated by XANES differ from non-
detectable to 50%.'?

Beyond annealing, co-doping with divalent alkaline earth
Ca’" and Mg?" cations has been demonstrated to improve
the scintillation properties of Ce:L(Y)SO crystals signifi-
cantly, even though it favors the incorporation of Ce in the
tetravalent state.*>>3% Ce*" concentrations as high as
20% for Ce,Mg:LYSO and 35% for Ce,Ca:LYSO have been
estimated by XANES upon small nominal codopant
concentrations.”” It is assumed that Ce*" jons act as charge
compensators of intrinsic point defects, possibly the above-
mentioned oxygen vacancies, so that original deep traps
that lead to non-radiative recombination are suppressed.
Furthermore, Ce*' ions are suggested to contribute to
radioluminescence in the same way as Ce’" emitters upon
gamma excitation when they capture relaxing electrons from
the upper conduction bands. Actually, prior to emission,
Ce®" centers are required to be excited while Ce*" ones are
not. Instead, after emission, Ce*t centers need to capture a
hole while Ce®>" do not. Co-doping improves LY, decay time,
and afterglow, but it has drawbacks such as spiral growth, the
tendency of crystals to crack, uncontrolled doping, etc.,
which lead to a low production yield.>” As a solution, triple
co-doping with divalent Zn** "> and tetravalent Si*" and
Zr*" ions™® has been proposed.

To summarize, though Ce** is the ideal isovalent activator
for L(Y)SO on Lu*" sites,**™*" non-isovalent Ce*" ions are
always present since the CTB is systematically observed in
Cz-grown crystals. These ions are a part of the charge
compensators for intrinsic crystal defects, possibly oxygen
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vacancies, that appear during the growth of oxides from melt
at high temperatures. Though co-doping aids in suppressing
non-radiative recombination centers, improving the general
scintillation performance, it is not the ideal solution. The
growth of defect-free crystals with Ce in the trivalent state is
desirable. For this, a decrease in the growth temperature
seems to be a prerequisite. Flux growth is a promising
alternative to lower the growth temperature to avoid intrinsic
defects created at high temperatures. The solvothermal one,
particularly the hydrothermal (HT) under supercritical water,
is proper for the growth of oxide crystals with higher melting
points like Ce:L(Y)SO. As with quartz, large scaling could
drastically reduce production costs while avoiding at the
same time the use of expensive Ir crucibles.

In this study, we demonstrate the growth of undoped and
Ce-doped LSO and Ce:LYSO single crystals by the HT
technique. The optical characterization of grown crystals
shows that the HT technique provides additional advantages
beyond production costs, such as fewer crystal defects and
full incorporation of Ce in the desired trivalent state.
Furthermore, though the direct measurement of Ce in the
tetravalent state has been elusive, the way to discriminate the
presence of Ce*" in low concentrations is elucidated.

Undoped and Ce-doped LSO and LYSO single crystals
were grown with the HT technique using an autoclave.
High-purity (4 N) Lu,03, SiO,, Y,03 and CeO, were used
as raw materials. The nominal concentration of Y relative
to Lu was chosen as 10%, while the nominal concentration
of Ce-doped crystals was fixed at 0.15% relative to (Lu
+Y). Potassium hydroxide (KOH) was used as a minera-
lizer with a concentration in the water of approximately
20 M. Relatively high growth temperatures, in the range

(a) \.f!" %«

(b)

30 40 50 60 70

630 °C to 730 °C, were needed to properly dissolve the raw
materials in the supercritical fluid state. The reactor was
heated for 12 hs, kept for 24 hs at the maximum
temperature, and then cooled, first for several hours at
1°C/h, then for 12 hs down to room temperature.
Correspondingly, the used pressures were relatively high,
typically ranging between 100 and 200 MPa. The reactions
took place within sealed Ag-ampoules of 10 mm in length
and 5Smm in diameter under a temperature gradient of
about 50 °C.

To compare the new hydrothermal crystals with standard
ones, an undoped LSO crystal was grown by the Cz-
technique with a 30kW generator. 4 N raw materials of
Lu,0O5 and SiO, (1 mol% enriched from the stoichiometric
ratio to compensate for evaporation losses) were mixed and
loaded in an Ir crucible. A 1-inch single crystal was grown
under an Ar + 0.2% O, flow of 1 1 min~—'. The rotation and
pulling rates were 10rpm and 1 mm h™', respectively.
Furthermore, to investigate the Ce incorporation from the
valence point of view a Ce:LYSO single crystal from Saint-
Gobain was used for comparison.

The crystals’ composition was measured by electron-
probe-microanalysis (EPMA) using a JEOL JXA-8500F
operated at 15 kV. Powder X-ray diffraction (XRD) measure-
ments were carried out using a Rigaku Smartlab3 diffract-
ometer with Cu Ko radiation (1.54059 A). Transmittance
spectra were recorded with a JASCO UV-vis-NIR spectro-
meter V-570. Excitation and photoluminescence (PL) spectra
were acquired with a JASCO FP-8600DS fluorescence
spectrometer.

By spontaneous nucleation single crystals of few mm in
size were obtained reproducibly by the HT technique.

80 90 100 110 120 130

Undoped Lu,SiO.

Fig. 1. (a) As-grown Ce*":LSO & Ce*":LYSO single crystals by the HT technique, and (b) 1-inch LSO single crystal grown by the Cz-technique.
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As-grown Ce:LSO and Ce:LYSO single crystals are shown
in Fig. 1(a) as an example. Through the smooth and faceted
surfaces, it can be seen that the crystals are transparent,
colorless, and without inclusions. On the contrary, the 1-inch
undoped LSO single crystal grown by the Cz-technique
exhibits a very rough surface, as can be seen in Fig. 1(b).
Only after cutting and polishing, it could be confirmed that
the crystal is transparent and colorless, free of cracks and
inclusions from top to bottom.

The composition of all crystals was evaluated by EPMA.
The results are given in Table I. The measured concentrations
of Y and Ce in HT-grown crystals are very close to the
nominal ones, suggesting that the segregation coefficients are
very close to one for both cations. Instead, the Y and Ce
concentrations in reference Ce:LYSO crystal grown by
the Cz-technique are lower by approximately 1/2 and 1/3,
respectively. The content of other elements within
the experimental error is comparable for both growth
techniques.

The crystallographic phase of grown crystals was evalu-
ated by powder XRD. All grown crystals exhibit the
monoclinic phase with space group C12/cl. For example,
the diffraction pattern of HT LSO is depicted in Fig. 2,
together with the corresponding simulation. The difference
between HT- and Cz-grown crystals becomes evident during
the optical characterization in the ultraviolet UV wavelength
region, first by comparing the undoped crystals, and then the
doped ones.

The UV transmittance spectra of undoped LSO crystals
grown by HT- and Cz-technique are shown in Fig. 3. Both
crystals exhibit a high transparency above 250 nm. Below,
towards the absorption cutoff, the Cz-grown crystal presents
an obvious, though shallow, broad absorption band. The
origin of this band is assumed to be related to point defects,
caused by growth at high temperatures (the melting point of
LSO is 2047 °C), when SiO, evaporates strongly from the
melt and some oxygen deficiency can be expected. On the
contrary, as the HT crystal was grown at a much lower
temperature, less than half, the formation of such intrinsic
defects could be entirely suppressed. Therefore, no optical
losses are observed in the whole transparent region. This
advantage of HT growth can be extrapolated to Ce-doped
crystals, though it is not evident due to the overlap of Ce
absorption bands in the UV wavelength region.

For doped crystals, the UV transmittance spectra of HT-
grown Ce:LSO and Ce:LYSO are shown together with the
spectrum of Cz-grown Ce:LYSO reference in Fig. 4(a). Both
HT-grown crystals present four well-defined absorption
bands ascribed to the parity-allowed electric dipole 4f' —
5d (j=1-4) intraatomic Ce®" transitions. The absorption
intensities are very close for both HT-grown crystals, in good

Table I. Relative cationic concentrations of single crystals measured by
EPMA; recalculated to a total sum of three, like in the chemical formula.

——HT LSO

LSO-simulation
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Fig. 2. Powder XRD pattern of HT-grown LSO single crystal compared
with LSO simulation.
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Fig. 3. Transmittance of undoped HT- and Cz-grown LSO single crystals
in the UV wavelength region.

accordance with the nominally equal Ce concentration. In
contrast, the Cz-grown Ce:LYSO crystal exhibits a lower 4f!
— 5d" absorption, due to the lower Ce concentration as found
by EPMA, and not well-resolved higher energy absorption
bands. The absorption spectra were calculated using the well-
known Bouguer-Lambert—Beer law and deconvoluted to
gain more insight. The absorption spectra of HT-grown
crystals are described very well by the five Gaussian curves,
as shown for the case of Ce:LSO in Fig. 4(b), with peak
maxima at 3.47, 3.80, 4.20, 4.69, and 5.90eV (i.e. 357, 326,
295, 264, and 210 nm), in good accordance with the reported
deconvolution.*” This result suggests that all Ce is incorpo-
rated as Ce®" in HT crystals, and is further supported by the
deconvolution of Cz crystal in Fig. 4(c). Taking into account
the relative intensities of Ce*" absorption bands in HT
crystals, the absorption of Cz-grown Ce:LYSO is composed

ca LCSZO . Eiso LHSTO . PLTSO Lsgo . Ilgso of the Ce® " intraatomic absorption bands, with a 1/3 intensity
adon ¢ . ¢ of that of HT-grown Ce:LSO, in good agreement with EPMA
Lu 1.920 1.820 1.903 1.921 1.729 1.744 results, and a very broad absorption band starting at about
Si 1.080 1.098 1.097 1.076 1.100 1.095 3.5eV (354 nm) and going beyond 6 eV, overlapping with
z - 8'83} - 0&)2 0.171 8'(1)(5)2 the conduction band. This absorption, with the maximum at
° — . — . — . ~4.9 ¢V, is generally attributed to the CTB of the Ce*™-0*
© 2024 The Author(s). Published on behalf of
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Fig. 4.
spectra of (b) HT-grown Ce:LSO and (c) Cz-grown Ce:LYSO single crystals.

centers. The location of the CTB varies with the host material
and is non-symmetric, consisting of at least three absorption
bands.””** Additionally, in contrast to Ce®", the absorption
cross-section of the Ce*™ CTB is unknown in scintillator
crystals. As the estimated absorption cross-section ratio
Ce*"/Ce®™ for Ce-doped glasses points out a significant
difference, ~5* and ~16,45) it is reasonable to assume that
this ratio could be approximately one order of magnitude
larger in scintillators. This would explain why the presence of
Ce*" can be easily detected by transmittance measurements
in scintillator crystals with low Ce*t concentrations, and
observing and quantifying Ce*" in the XANES measure-
ments, that are used as standard, is difficult. Furthermore, the
influence of CTB absorption is also observed in the PL
measurements.

Figure 5 shows the excitation and emission PL spectra of
Ce-doped crystals and the photograph of HT-grown Ce:LSO
upon UV excitation. Both HT-grown crystals exhibit almost
overlapping curves due to similar Ce concentrations, as with
the transmittance curves of Fig. 4(a). The intensity ratios at
the wavelength maxima 354:294:264 are as high as
1:0.84:0.61 and 1:0.77:0.60 for HT-grown Ce:LSO and Ce:
LYSO, respectively, which contrasts with the low
1:0.31:0.22 ratios in Cz-grown Ce:LYSO. The excitation
spectra of HT crystals look like the absorption spectra,
indicating that all the UV absorption occurs only on Ce®"
ions. On the contrary, the excitation and absorption spectra of

122007-4

(a) Transmittance of Ce-doped single crystals: HT-grown Ce:LSO & Ce:LYSO and Cz-grown Ce:LYSO reference. Deconvolution of absorbance

the Cz-grown Ce:LYSO crystal barely resemble each other
below 350 nm, where the CTB occurs. Photons absorbed at
the Ce**-O% centers do not contribute to PL emission, and
therefore, the 4f! — 5d (j =2,3) excitation peaks are much
smaller than the main 4f' — 5d' one. This phenomenon is
observed systematically in the reported PL spectra of
commercial scintillators.” Therefore, lower intensities in
the upper excitation bands can be used as an additional
signature of the presence of undesirable Ce*™ ions. At last, it
should be noted that all crystals present approximately the
same emission spectra, except for the small differences
caused by Y mixing. The spectra are characterized by a
double peak broad emission from the lowest upper state to
the ground states of Ce’™, namely 5d" = 4f' (°Fs), and °F5)).
The PL of HT-grown crystals upon UV excitation is
homogeneous and bright, as shown in the photograph of
Fig. 5(b). Larger-sized crystals will be grown for the light
yield determination in the near future.

The growth of undoped and Ce-doped LSO and LYSO
crystals by the HT technique is demonstrated. The advan-
tages over the standard Cz-technique are, on the one hand,
higher crystal perfection due to a much lower growth
temperature and, on the other hand, complete incorporation
of Ce in the trivalent state Ce’", thus paving the way for a
breakthrough in scintillation performance. The elimination of
various defects is of crucial importance for the suppression of

non-radiative recombination processes and, therefore, for the
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 5. (a) Normalized excitation and emission PL spectra of Ce-doped crystals: HT-grown Ce:LSO & Ce:LYSO and Cz-grown Ce:LYSO reference. (b)

Photograph of the HT-grown Ce:LSO crystals upon 365 nm lamp excitation.

improvement of scintillation properties in terms of light yield,
decay time, and afterglow. Currently applied co-doping
approaches become superfluous, and instead, a revision of
the optimal Ce concentration is necessary. Furthermore, as
expensive Ir crucibles are no longer needed and upscaling
autoclaves for the growth of large-size single crystals is
straightforward, the production cost can be drastically
reduced. Therefore, this study lets us envisage the develop-
ment of Ce’":LSO & Ce’":LYSO single crystals with an
improved scintillation performance at a much lower cost.
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