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The fabrication of ceramic scintillators by laser sintering is briefly reviewed and current limitations discussed. The experimental work focused on
the fabrication and characterization of undoped and Pr-doped LuzAlsO+, (LUAG). X-ray diffraction (XRD) and Raman spectroscopy were used to
characterize the structure of the sintered ceramics, with XRD results suggesting the absence of residual thermal stresses. Collectively, Raman
results suggested the incorporation of Pr to affect the structure and its dynamics. Broadening the peaks of the ceramics in relation to those from the
single crystal revealed the presence of structural disorder. Scanning electron microscopy revealed intergrain porosity thus explaining the lack of

optical transparency. Energy-dispersive X-ray spectroscopy

(EDX)

measurements showed Pr to be homogeneously distributed.

Radioluminescence measurements under X-ray excitation as a function of the temperature were used to investigate intrinsic defects of the
host, including anti-sites and F-type defects. © 2022 The Japan Society of Applied Physics

1. Introduction

Laser sintering is a novel method first introduced in the late
1980s for the fabrication of dense ceramic bodies. It presents
significant advantages when compared to conventional sin-
tering, especially spatially localized sintering and high
heating and cooling rates, in addition to short sintering times
of minutes compared to several hours needed by conven-
tional sintering." Starting in the early 2000s, this method has
been applied to the fabrication of optical materials with a
particular focus on scintillators and persistent phosphors. The
intrinsic scintillator Bi;Ge;0;, (BGO) was the first to be
fabricated by laser sintering.”™ Later, doped phosphors were
also fabricated, including Y,05> and Y3AlsOs (YAG),*™'?
concomitant to an intense effort focused on aluminate-based
persistent phosphors.''™'> Overall, high densities, typically
295% of the theoretical density were obtained, the achieve-
ment of optical transparency remains a challenge.

In addition to optical transparency, another major concern
for optical materials is the distribution of dopants in the
sintered materials. The first in-depth investigations of dopant
homogeneity were carried out on the laser-sintered persistent
phosphors SrAlL,O4:Eu,Dy'" and CaAl,04:Eu,Dy.'> While
optical translucency in these materials was achieved, Eu and
Dy segregated in the grain boundaries as determined by
elemental mapping and line scans obtained by energy-
dispersive X-ray spectroscopy (EDX) measurements.
Considerable effort was also directed in the fabrication of
rare earth doped YAG, including phosphor and scintillator
YAG:Ce.™'” The detection of gamma-rays with a laser-
sintered YAG:Ce ceramic was demonstrated.'” While YAG:
Ce was the first laser-sintered garnet investigated as scintil-
lator, LuzAlsO, (LuAG) is an attractive option due to its
higher density and effective atomic number, and several rare
earths have been proposed as activators for this host.'®

In terms of activators among the rare earths, it is interesting
to note that the ionic radius can play an important role in the
fabrication of doped materials. For example, the incorpora-
tion of Tb ions into YAG can be considered straightforward
due to the small relative difference of 2% in ionic radii
between eightfold coordinated Y3 (Ry=1.019 A'”) and
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Tb>" (R, = 1.04 A'”). On the other hand, in the case of Pr
doping of LuAG, the relative difference in ionic radii
between eightfold coordinated Pr**™ (Rp, = 1.126 A'”) and
Lu*t (RLa=0977 A'”) is 15%. This relatively large
difference resulted in a large variation of the Pr concentration
along the boule and the formation of inclusions of a Pr-Al-O
phase at the end of the boule in Czochralski-grown LuAG:Pr
single crystals.'® Since materials fabricated by laser sintering
are affected by high heating and cooling rates that are far
from the thermodynamic equilibrium, it is conceivable that
higher levels of Pr incorporation into LuAG can be achieved.
Within this context, the effort to fabricate ceramic scintilla-
tors by laser sintering was expanded and a first attempt to
fabricate undoped and Pr-doped LuAG ceramics using laser
sintering was executed. The ceramic bodies were character-
ized by their structure and luminescence properties in
comparison to results from conventional sintering'®*” and
a Czochralski-grown LuAG:Pr single crystal.®” Since laser
sintering operates at such unique thermodynamic conditions,
special attention was paid to the identification of the defects
created in the ceramic host.

2. Experimental methods

Powders of (LuggoPrg0;)3Al50,, were obtained by a co-
precipitation method.'” Lutetium nitrate was obtained by
dissolving commercial Lu,O3 (99.995%, HEFA Rare Earth
Canada Co.) in excess of 70% nitric acid (Certified A.C.S.,
Spectrum) while stirring and heating. Aluminum nitrate
(98%, Alfa Aesar) and praseodymium nitrate (99.9%,
Acros Organics) were dissolved in ultrapure water at room
temperature (RT) in a separate beaker and added drop-wise to
the stirring lutetium nitrate solution after it cooled down to
RT. The mixed nitrate solution was added drop-wise to a 1:1
solution of ultrapure water and ammonium hydroxide
(Certified A.C.S Plus, Fisher Scientific) towards the precipi-
tation of LuAG:Pr. The precipitate was allowed to stir at RT
for 1 h and then washed three times with ultrapure water and
twice with ethanol before being dried at 60 °C overnight in
vacuum. X-ray diffraction (XRD) measurements revealed
that the precipitates were not LuAG:Pr, and calcination in air
at 1000 °C for 2 h in an alumina boat was carried out.'”

© 2022 The Japan Society of Applied Physics
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Energy-dispersive X-ray spectroscopy (EDX) measurements
revealed the Pr concentration to be 0.18 at% in relation to the
whole composition against the nominal value of 0.15 at%.'"
A LuAG:Pr single crystal grown by the Czochralski method
was used in Ref. 21. Laser sintering®” was done on 4 mm
diameter pellets obtained by uniaxially pressing the powders
at 100 MPa. The pellets were sintered using a CO, laser
(GEM-100L—Coherent) in continuous wave mode as the
heating source. The laser power was increased linearly to a
maximum power density of 2.8 W mm ™ with a dwell time of
90 s and this process was executed on both faces.

Scanning electron microscopy (SEM) imaging, EDX
mapping and EDX line scanning were executed using a
Hitachi SU5000 variable pressure scanning electron micro-
scope operating at 20 kV and 30 Pa in backscattered electron
(BSE) mode.

XRD measurements were executed using a Rigaku Ultima
IV X-ray diffractometer with non-filtered Cu K radiation with
a step size of 0.01°.

Raman scattering spectroscopy was executed with a
Horiba LabRAM HR Evolution Raman microscope equipped
with a 800 mm focal length spectrograph and a cooled (—60 °©
C) back-illuminated deep-depleted 1024 x 256 pixels CCD
detector using a frequency doubled YAG:Nd laser at 532 nm
and 600 groves mm ' diffraction gratings. Each spectrum
was corrected by the pre-recorded instrument-specific re-
sponse to a calibrated white light source, namely the intensity
correction system.

Radioluminescence (RL) measurements were carried out
using a customer-designed configuration of the Freiberg
Instruments Lexsyg spectrofluorometer equipped with a
Varian Medical Systems VF-50J X-ray tube with a tungsten
target. The X-ray source was coupled with a Crystal
Photonics CXD-S10 photodiode for continuous radiation
intensity monitoring. The light emitted by the sample was
collected by an Andor Technology SR-OPT-8024 optical
fiber connected to an Andor Technology Shamrock 163
spectrograph coupled to a cooled (—80 °C) Andor
Technology DU920P-BU Newton CCD camera (spectral
resolution of ~0.5 nm/pixel). RL was measured under
continuous X-ray irradiation (W lines and bremsstrahlung
radiation; 40 kV, 1 mA) with an integration time of 1 s.
Selected RL measurements as a function of the temperature
were executed under continuous heating with a 1 °C s’
heating rate up to 400 °C and a 5 s integration time. Thus,
temperature increased by 5 °C during the acquisition of each
spectrum. Spectra were labeled by the starting acquisition
temperature and were automatically corrected using the
spectral response of the system determined by the manufac-
turer.

3. Results and discussion

The ceramics were characterized on their morphology,
structure, and chemical homogeneity. The morphology of
both undoped and Pr-doped ceramics is illustrated in Fig. 1
where numerous polygonal grains with sizes ranging within
about 1-15 pm can be seen. No significant difference
between the undoped and Pr-doped ceramics was observed.
For comparison, average grain sizes of LuAG:Pr ceramics
prepared by conventional sintering from 1400 °C to 1700 °C
have grain sizes of about 0.4-2 pm.*” The formation of

010601-2

-0 Y LY . ¥
i D ey

50‘0pm(

SU5000 20.0kV 11.6mm x900 BSE-ALL 30Pa

Fig. 1.

ceramics.

SEM images of (a) undoped, and (b) Pr-doped laser-sintered LuAG

considerably large grains in the case of the laser-sintered
ceramics suggests a particularly fast growth mechanism and
intense atomic transport. The presence of intergrain porosity
was evident and that explained the lack of optical transpar-
ency of the ceramics.

The XRD diffractograms of the undoped and Pr-doped
ceramics were indexed to the cubic phase of LuzAlsO;, with
space group la 3d (230) according to the ICDD PDF Card
No.: 01-073-1368, and no additional phases were observed.
These results are illustrated in Fig. 2 for the undoped ceramic
together with the Lu3AlsO,, PDF card (bar plot). The
average lattice parameter was calculated based on the
(321), (420) and (532) diffraction peaks and matched the
value from the PDF file with relative difference better than
0.3% suggesting the absence of significant residual thermal
stresses originating from laser sintering.

The unit cell of cubic Lu3AlsO, contains eight molecular
units with the structure being composed of dodecahedral sites
occupied by Lu and Pr, and tetrahedral and octahedral sites
occupied by Al. Figure 3 shows a comparison of the Raman
spectra of the undoped and Pr-doped ceramics with that of
the LuAG:Pr single crystal. All the vibrational modes were
identified based on the work by Song et al.”* A systematic
shift of ~7 cm™" to lower wavenumbers was observed in the
spectra obtained in this work and attributed to the fact that
these measurements were obtained at RT while those from

© 2022 The Japan Society of Applied Physics
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Fig. 2. (Color online) Normalized XRD diffractograms of undoped and Pr-
doped laser-sintered ceramics indexed according to PDF file no. 01-073-
1368. The diffractograms were shifted vertically for visual clarity.
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Fig. 3. (Color online) Comparison between the Raman spectra of undoped
and Pr-doped LuAG ceramics with that of a LuAG:Pr single crystal. The
spectra were shifted vertically for visual clarity.

Ref. 22 were obtained at 80 K. Indeed, lower temperatures
are expected to cause a contraction of chemical bonds and
thus an increase of the corresponding vibrational frequencies.
Most vibrational peaks could be matched with the results
from Ref. 22, with the first three at 97, 120 and 151 cm ™!
attributed to the translational mode of Lu®" ions and the
peaks within 500-900 cm ™" to different vibrational modes of
the AlO, tetrahedra.>® Noticeably, the peak at 468 cm™' is
considerably more intense in the case of the ceramics than in
the single crystal. On the other hand, the peak at 627 cm ™'
observed in the Pr-doped ceramic and the single crystal, the
peak at 898 cm ™! observed in the Pr-doped ceramic, and the
peak at 957 cm ™! observed in the undoped ceramic could not
be identified. Moreover, the shape of the peak at 864 cm 'in
the Pr-doped ceramic is much broader than in the undoped
ceramic and the single crystal, and perhaps contains a lower
frequency shoulder. Collectively, these results suggest that
the incorporation of Pr affects the structure and its dynamics.

010601-3

LUAG Ayg E,
LUAG:Pr
—— Crystal

Normalized Raman intensity

300 320 340 360 380 400 420
Wavelength (nm)

Fig. 4. (Color online) Comparison of the width of several vibrational
modes at 323, 371, 388 and 408 cm ™' of the undoped and Pr-doped LuAG
ceramics with those of the LuAG:Pr single crystal. Spectra were normalized
to the intensity of the E, vibrational mode at 408 cm™ !

Comparison of the width of the peaks of the ceramics with
those of the single crystal revealed a systematic broadening,
as illustrated in Fig. 4, indicating the presence of structural
disorder in the laser-sintered ceramics.

The homogeneity of the Pr activator was investigated by
means of EDX mapping. The concentrations of Al, O and Pr
were determined by mapping several regions containing
numerous grains as illustrated in Fig. 5. Figure 5(a) presents
a SEM image obtained in BSE mode showing the mor-
phology of the laser-sintered ceramic. Figures 5(b) to 5(d)
show the corresponding elemental mapping results for Al
Kal, O Kal and Pr Lal lines, respectively. It was possible
to correlate Fig. 5(a) with Figs. 5(b) to 5(d), though in the
case of Pr the correlation was more difficult due to the lower
concentration of Pr and thus the lower intensity of its Lal
line. This correlation was an indication of the homogeneous
distribution of the activator concomitant to the absence of
indication of grain boundary segregation. This result was
further confirmed by line scans crossing from one grain into
another, as illustrated in Fig. 6. In Fig. 6, the Pr profile was
similar to those of the other elements, with the dip of the
concentrations occurring in the intergrain region being the
result of topographical features as revealed by the SEM
image [Fig. 6(a)].

RL spectra at RT of the undoped and Pr-doped ceramics
and of the LuAG:Pr single crystal are presented in Fig. 7. In
the case of the Pr-doped materials, spectra are dominated by a
double-band within 300—450 nm. This intense double-band is
due to the Pr’* 5d — 4f emission and is, in fact, composed by
four transitions from the 5d state to the 3F3(4), 3H6, 3H5, 3H4
4f states.>® Its intensity is justified by the relative positions of
the levels 4 f'5d' and 'S, to the conduction band.*
Additional emission at higher wavelengths was due to Pr’"
4f — 4f transitions.”® Interestingly, these bands have a better
defined shape and are relatively stronger in the ceramic than
in the single crystal. This difference was attributed to the
structural disorder observed in the ceramic that relaxed
Laporte selection rules and facilitated forbidden 4f— 4f
transitions. On the other hand, undoped LuAG presented
different bands than the Pr-doped materials, one within 300—
550 nm that comprised several bands, and another starting at

© 2022 The Japan Society of Applied Physics
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Pr Lal (d)

l‘IOum'

Fig. 5. (Color online) (a) SEM image obtained in BSE mode, and corresponding elemental mapping of (b) Al, (¢) O, and (d) Pr.

550 nm that presented four well-defined lines at 672, 685, Given the unique thermodynamic conditions in which laser
704, and 724 nm. These lines were attributed to Cr’"  sintering occurs, one of the goals of this work is to investigate
impurities due to the similarities with YAG:Cr spectra.”” how laser sintering affects the relative population of defects

010601-4 © 2022 The Japan Society of Applied Physics
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Fig. 6.
(b) Al Kal, (c) O Kal, and (d) Pr Lol lines.

in the LuAG host. Towards this goal, RL measurements as a
function of the temperature were executed. It is expected that
different defects have different thermal stabilities and that
these measurements will yield insight into the nature of the
individual bands composing the broad band observed at low
wavelengths. This approach was successfully employed in
another garnet-type material towards the understanding of
Ce*" luminescence in that host.”® Figure 8 shows spectra
within the 2-4.5 eV spectral region obtained at selected

010601-5

(Color online) (a) SEM image obtained in BSE mode of a grain boundary showing the path of the EDX linear scan and corresponding intensities of

temperatures from RT up to 148 °C after Jacobian transfor-
mation. Emission below 2.25 eV was due to Cr’" contribu-
tion. The superposition of several peaks composing the broad
emission band was evident from visual inspection and
spectral analysis was executed using Gaussian bands.
Different combinations of Gaussian bands were used, and
best results were obtained with four Gaussian bands (Fig. 9),
in agreement with visual inspection of RL spectra at high
temperatures. It is noted that at higher temperatures, the

© 2022 The Japan Society of Applied Physics
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Fig. 7. (Color online) RL spectra of (a) undoped and (b) Pr-doped LuAG
laser-sintered ceramics, and (c) LuAG:Pr single crystal.
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Fig. 8. (Color online) RL spectra of undoped laser-sintered ceramic at
selected temperatures.

contribution of the Cr*" tail into the spectra was relatively
stronger and thus expected to affect the fitting results,
especially of peak 1. Nevertheless, a coefficient of determi-
nation (R-squared) value of at least 0.99 was obtained in all
cases. At RT, the peak positions were 2.79 eV (444 nm; peak
1), 3.03 eV (409 nm; peak 2), 3.26 eV (peak 3), and 3.52 eV
(peak 4) with peak 1 shifting to lower energies while the
other peak positions remained essentially unchanged. All
peak intensities decreased for higher temperatures (Fig. 10).
With the exception of peak 1 that was not previously
reported, these emissions were in agreement with the
literature: emission around 3.0 eV (peak 2) was attributed to
F'-type defects/oxygen vacancies,”~” and around 3.26 eV
(peak 3) to Luy,; anti-sites.”” Emission around 3.5 eV (peak
4) was previously reported but not identified.*® Commonly,
the electron—phonon coupling of electrons in structural
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Fig. 9. (Color online) Gaussian fitting results illustrated for RL spectra
(black lines) obtained at (a) 27 °C, (b) 107 °C, and (c¢) 148 °C where blue
curves correspond to the individual Gaussian curves and the red line to the
cumulative best fit.
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Fig. 10. (Color online) (a) Peak position and (b) area of the individual
Gaussian bands as a function of the temperature.

defects with the vibrations of the structure yield full width
at half maximum (FWHM) values around 0.8 eV.?**® The
FWHM values of ~0.5 to 0.8 eV of peaks 1, 2 and 4 were
compatible with the proposed assignments discussed above.

4. Summary and conclusions

Laser sintering stands as a novel promising method for the
fabrication of optical ceramics, and especially scintillators.

© 2022 The Japan Society of Applied Physics
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Well-known scintillators like BGO and YAG:Ce have been
fabricated and investigated in their morphology, structure and
luminescence, including the demonstration of gamma-ray
detection.'® 1In this work, this investigative effort was
expanded to include LuAG:Pr. While single phase ceramics
were obtained with the Pr activator homogeneously distrib-
uted throughout the ceramic body, the lack of optical
transparency remains a major issue.
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