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In this study, Ce-doped La,03;—Al,0; glasses were prepared by the levitation method, a
containerless glass-making method, and their optical and radiation-induced luminescence
properties were investigated. From the Raman spectral analysis, it was observed that an increase
in La,0O5 content correlates with an increase in the number of non-bridging oxygen (NBO) atoms
arising from the reduction in the number of AlO, units, and a decrease in the number of high-
coordination aluminum species such as AlOs5 and AlOg4. Variations in glass composition also
affect the luminescent properties. In samples with lower La,O5 content, two types of emission
were observed: one from typical Ce>" ions and the other from Ce—O associates. However, as the
La,05; content increased, the emission from Ce—O associates diminished and ultimately
disappeared. In the scintillation spectra, the luminescence from Ce—O associates was barely
observed, whereas that from the 5d—4f transition of Ce*" was dominant. Since the emission
intensity is affected by the number of carrier traps, the Ce-doped La,0;—Al,0; glass can
function as both a scintillator and a dosimeter material by optimizing the glass composition.

1. Introduction

Radiation detectors have an extensive range of applications in modern society: nuclear
medicine,(!3 high-energy astronomy,*© environmental dose monitoring,®) personal dose
monitoring,®>19 security,"!3 and well logging.14-1©) In most of these applications, radiation
detectors using phosphors (scintillators and dosimeter materials) are employed. Scintillators are
materials that exhibit prompt luminescence upon radiation exposure,17-2) making them suitable
for real-time measurements in devices such as positron emission tomography and computed
tomography scanners in medical settings and baggage inspection systems at airports. On the
other hand, dosimeter materials accumulate radiation energy once as carriers and read it out later
as photoluminescence (PL). There are two types of dosimeter classified by different ways

(energies) to stimulate carriers: the thermally stimulated luminescence (TSL) dosimeter using
*Corresponding author: e-mail: shiratori@rs.tus.ac jp
https://doi.org/10.18494/SAM5439

ISSN 0914-4935 © MYU K K.
https:/myukk.org/


mailto:shiratori@rs.tus.ac.jp
https://doi.org/10.18494/SAM5439
https://myukk.org/

498 Sensors and Materials, Vol. 37, No. 2 (2025)

thermal stimulation®>~27) and the optically stimulated luminescence (OSL) dosimeter utilizing
light stimulation.?832 Various materials have been developed for radiation detection, with
aluminates recognized as relatively effective radiation-induced luminescent materials. Notable
examples of scintillators include Ce:Y;Al50;,,33 Ce:Lu;Als0;,,3% and Ce:LuAlO;.3%) As
dosimeter materials, Ce,Dy:LaAlO; and C:LaAlO; are representative examples.3°3% On the
other hand, these are all reports on crystalline or ceramic materials, and there have been no
studies in glass form. Glass phosphors offer advantages such as high transparency, ease of
processing, and high luminescence efficiency, making them highly industrially valuable.
Recently, they have attracted significant attention for use as color converters in white light
emitting diodes (WLEDs).(-4D) Naturally, interest in glass phosphors extends to radiation
detection as well, where extensive research is focused on developing high-performance glass
scintillators and glass dosimeters. The extensive applications of glass materials across various
fields are indeed due to recent rapid advancements in glass synthesis and analysis techniques.
Notably, the containerless glass-making method, known as the crucible-free technique, has
opened possibilities for new materials by enabling the vitrification of compositions without
glass-forming oxides, which were previously deemed unachievable.*>*3) This approach has
significantly expanded the potential applications for glass materials. Our research interest lies in
examining the properties of aluminate-based materials, traditionally challenging to vitrify and
previously explored only in crystalline form for radiation-induced luminescence. As a first step,
we focused on the La,0;—Al,05 binary system and investigated its scintillation and dosimeter
properties.

2. Materials and Methods
2.1 Preparation method

Ce:La,03;—-Al,0; glasses were prepared by a levitation technique using an aerodynamic
levitation (ADL) furnace.®?) The starting materials of La,O5 (4N, Rare Metallic), Al,O; (4N,
Taimei Chemicals), and CeO, (4N, Furuuchi Chemical) powders were mixed at the molar ratio as
shown in Table 1. The raw powder materials were uniformly mixed using an agate mortar, then
pressed into 1-cm-diameter pellets by applying a pressure of 20 kN for 10 min using a press
machine (Mini-Lab-Press, Labnect Co., Ltd.). The obtained pellets were sintered at 1200 °C for 8
h in the air using an electric furnace to be made into ceramic pellets. After sufficient cooling,
the obtained pellets were ground to pieces as targets for an ADL furnace. Targets were placed on
the nozzle of the ADL furnace and levitated by O, gas flow, and a CO, laser was applied to melt

Table 1

Composition ratios of the synthesized e-doped La;O3—Al,03 glass samples.

Sample code Lay03 (mol.%) Al>,03 (mol.%) CeO; (mol.%)
35La65Al 35 65 1.0
40La60Al 40 60 1.0
45La55Al 45 55 1.0

50La50A1 50 50 1.0
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the levitated targets. The melt was rapidly cooled to room temperature by turning off the laser
power and then solidified. Optical and scintillation spectra were measured using glasses in their
as-synthesized state, while glass samples were ground and processed into pellets for the TSL
spectrum measurements. A mortar and pestle was used to grind the glass, and 1-cm-diameter
pellets were obtained by pressurizing at 10 kN for 10 min using the press machine.

2.2 Analysis method

X-ray diffraction (XRD) patterns of the glass samples were obtained by powder X-ray
diffractometry (MiniFlex600, Rigaku) with a Cu Ko source, while the operation voltage and
current were set as 40 kV and 15 Ma, respectively. The Raman spectra measurements were
carried out by Raman spectroscopy (RMP-500, JASCO), and the laser condition was a 532.1 nm
line of a coherent laser as an excitation source operating at 20 + 0.5 mW power. The diffuse
transmission spectra were measured using a spectrophotometer (SolidSpec-3700, Shimadzu)
across a spectral range from 200 to 800 nm with 1 nm intervals. We measured the optical
properties of the glass samples to determine the luminescence characteristics. The PL excitation/
emission spectra were obtained using a spectrofluorometer (FP-8600, JASCO) equipped with an
Xe-lamp as an excitation source. PL decay curve measurements were performed using a PL
lifetime measurement system Quantaurus-Tau (C11367, Hamamatsu Photonics). Scintillation
spectra were measured using the original setup.”) An X-ray generator (XRBSON100/CB,
Spellman) equipped with a conventional X-ray tube was used as the X-ray source, and the
operation current and tube voltage of the X-ray tube were 1.2 mA and 80 kV, respectively. The
scintillation obtained by the irradiation of X-rays was guided through an optical fiber to a
monochromator equipped with a charge coupled device (CCD)-based detector (163
monochromator, Shamrock and DU-420-BU2 CCD, Andor). TSL glow curves were measured
using TL-2000 (Nanogray Inc.), and we set up the temperature range and heating rate to 50—
490 °C and 1 °C/s, respectively.

3. Results and Discussion
Figure 1 shows photographs of the Ce-doped glass samples under WLED light. Owing to the

nature of the synthesis method, the obtained glass samples are spherical and have a diameter of
about 1-5 mm. All the glass samples are transparent with a slight yellowish tint.
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Fig. 1. (Color online) Photographs of Ce-doped La,05;—Al,05 glasses under white LED light: (a) 35La65Al, (b)
40La60Al, (c) 45La55Al, and (d)50La50AL.
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Figure 2 shows the XRD pattern results of each Ce-doped La,05;—Al,05 glass powder. All
samples have a broad peak around 26 = 30 deg. The broad diffraction pattern is a halo peak
unique to glass materials based on the structure of Al,O;, and this result suggests that the glass
samples have a typical Al,05-based glass network structure with shared AlO, units. Moreover,
no diffraction peaks suggesting the presence of crystals or impurities were observed in the XRD
patterns of any of the samples, indicating that La,0;—Al,0; glasses were successfully
synthesized.

Figure 3 shows Raman spectra of Ce-doped La,0;—Al,0O5 glass samples. The intense bands
are observed in three regions: (i) the highest wavenumber region (700-950 cm™), (ii) the middle
region (500-700 cm™"), and (iii) the lowest region (200-500 cm™"). The intensity of band iii tends
to increase with the La,0O; content relatively. In addition, the shoulders at 900 and 630 cm™! are
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Fig.2. XRD patterns of Ce-doped La,05-Al,05 glasses: (a) 35La65Al, (b) 40La60Al, (c) 45La55Al, and
(d) S0LaS0Al.
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Fig. 3. (Color online) Raman spectra of Ce-doped La,03;—Al,0; glasses.
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more pronounced in samples with lower La,O; content, and their intensity increases with
decreasing La,0; content. The main three bands at around 790, 590, and 350 are assigned to the
symmetric stretching of Al-O~ with two pairs of non-bridging oxygen (NBO) atoms bonded in
AlO,,“* the transverse motion of bridged oxygen with the A1-O—Al linkage,*> and La-related
vibrations, respectively. Band iii is a composite band made up of multiple vibrational modes. On
the basis of the reported Raman spectra of La,O; and La,0;—-GeO,—Ga,05 glasses, which were
obtained from thin films and polycrystalline powders, these vibrational bands are attributed to
the La—O bond vibrations.46-4®) Moreover, the shoulders at around 900 and 630 cm™! are
attributed to the AI-O stretching vibration of the fully polymerized AlO, group and the
vibration related to AlO5 or higher coordinated A1.4>) Previous studies on La,0;-Al,05 glasses
have shown that with increasing La,O; content, the AlO, network is depolymerized, which
increases the number of NBO atoms.*>) The same trend was observed in these samples,
suggesting that the number of NBO atoms increased with La,05 content.

Figure 4 shows the diffuse transmission spectra of Ce-doped La,0;—Al,0; glass samples.
The inset highlights an enlarged view of the transmission spectrum within the 380—470 nm
range. All samples exhibit high transmittance, approximately 80-90%, in the visible region
between 450 and 800 nm. Variations in transmittance among the glass samples likely stem not
from intrinsic glass properties, but rather from differences in sample size and measurement
error. Additionally, these glasses exhibit a characteristic absorption band in the region below 400
nm. Given that the optical band gap of 28La,0;—72A1,05 glass is reported to be approximately
5.14 eV (~240 nm),*) the observed decrease in transmittance near 400 nm is more reasonably
attributed not to the optical absorption edge, but to an absorption band within the 300—400 nm
range, likely associated with Ce ions. Ce ions exist in glass in either the trivalent or tetravalent
state, with trivalent Ce particularly known to exhibit absorption in the UV-VIS region due to
electronic transitions from the 4f ground state to excited 5d levels.®°=% On the basis of these
observations, it is reasonable to attribute the broad absorption band observed in the ultraviolet to
blue regions to the 4f-5d transition of Ce*" ions. In addition, no significant shift trend in
absorption wavelengths with changing composition ratios was observed.

100 T T T T T T T T " A
— 80 o W—J
o\o ?

E‘ 60 i 100 T T T T |
=] B i{ ] N
£ I G
E 40} £« 72 R
g - 40 3 2 1]
b i ::::: 35Lz;65All
= 20} Y gl B
y & =-#--50La50Al
N o
300 400 500 600 700 800
Wavelength [nm)]

Fig. 4. (Color online) Diffuse transmission spectra of Ce-doped La,03;—Al,05 glasses.
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Figure 5 shows the PL excitation and emission spectra for each La,03;—Al,0; glass sample.
All samples exhibit broad visible emission under excitation at ~370 nm, with emission bands
varying by glass composition. The 35La65Al and 40La60Al samples exhibited emission
extending from 400 to 700 nm, while in the 45La55Al1 and 50La50Al samples, emission bands
on the longer-wavelength side beyond 550 nm disappeared. To clarify the origin of these
emissions, we measured PL decay curves with excitation and observation wavelengths set to 365
and 470 nm, respectively as shown in Fig. 6. The decay curves of the samples were approximated
by a sum of two exponential decay functions. The approximated PL lifetimes of the glass
samples from measured decay curves are summarized in Table 2. The two deduced PL lifetimes
were approximately several and several tens of nanoseconds in all the samples. These findings
imply that the broad emission observed in the PL spectra arises from at least two distinct
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Fig. 5. (Color online) PL excitation/emission spectra of Ce-doped La,0;—Al,05 glasses.
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Fig. 6. (Color online) PL decay curves of Ce-doped La,0;-Al,0; glasses. (a) 35La65Al, (b) 40La60Al, (c)
45La55Al, and (d) S0La50Al.
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Table 2
PL lifetimes of Ce-doped La;O3—-Al,O3 glasses. Percentages in parentheses indicate component ratios at each
lifetime.

Sample code Lifetimes 7; (ns) Lifetimes 7 (ns)
35La65Al 9.1 (62%) 41.2 (38%)
40La60Al 6.1 (72%) 35.9 (28%)
45La55Al 2.0 (88%) 12.8 (12%)
50La50Al1 1.6 >99%) 8.3 (<1%)

luminescent centers. The lifetimes with several tens of nanoseconds (41.2—8.3 ns) are consistent
with the typical values for the 5d—4f transition of Ce?", indicating that at least a portion of the
observed emission originates from Ce ions. On the other hand, regarding the origin of the
emission with a short lifetime of approximately 9.1-1.6 ns, it is plausible that this emission arises
from Ce>" ions in different coordination environments, given that both its emission wavelength
and PL lifetime values are relatively close to those typical of Ce**. Here, on the basis of the
results of Raman spectra in Fig. 3 and reports on the structure of La,0;—Al,05 glasses, an
increase in La,05 content causes an increase in the number of NBO atoms and changes in the
glass network (decrease in the number of highly coordinated Al species such as AlO5 and AlO).
With these structural changes, the coordination environment of Ce ions may have changed.
Several reports have indicated that, in certain aluminates, including lanthanum aluminates,
some of the trivalent cations are replaced by oxygen, leading to the formation of Ce—O
associates.5436) Ce—O associates have been observed in lanthanum aluminates at Al-rich
compositions such as LaAl;;O,5, where the emission energy is lower than that of Ce*
substituting for the typical La3" sites.5®) From the above findings, it is reasonable to conclude
that the emission in the 400-500 nm range is attributed to typical Ce>* ions with coordination
environments similar to La ions, while the longer-wavelength emission (500—600 nm) is likely
associated with Ce*" ions in Ce—O associates. It has been shown that the oxygen coordination
number of La in the 23La,0;-77A1,05 glass is approximately 6-9,07) and there are reports
indicating that the coordination number of Eu in the 50La,05;-50A1,05 glass is around 8.5% On
the basis of this, it is assumed that the coordination number of Ce ions is likely to be similar.
However, the precise coordination environment of Ce ions will need to be clarified in future
studies. The fact that the emission components on the longer wavelengths are more pronounced
in compositions with high Al,O5 content also suggests the presence of Ce—O associates. The PL
lifetime 7, assigned as the emission from Ce—O associates being considerably shorter than the
typical lifetime of the Ce®" ion is likely due to the lower radiative transition probability of the
emission. Furthermore, the emission intensity and lifetimes ¢#; and ¢, decreased with increasing
La,0; content, indicating that the radiative transition probability of emission due to Ce** most
likely decreased with increasing La,0O; content.

Figure 7 shows the X-ray-induced scintillation spectra of Ce-doped La,0;—Al,0;5 glasses. All
samples exhibit broad emission from 400—600 nm, with an emission peak around ~450 nm. This
is in contrast to the results observed in PL, where the scintillation emission is mainly due to the
5d—4f transition of Ce*" ions. The variation in scintillation intensity for each sample generally
aligns with the trends observed in the PL spectra, showing a decrease as La,O; content increases,
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Fig. 7. (Color online) X-ray-induced scintillation spectra of Ce-doped La,0;—Al,05 glasses.

with the exception of the S0La50Al sample. Note that the scintillation intensity of the S0LaS0Al
sample, for which almost no emission was observed in the PL spectrum, was comparable to that
of the 35La65A1 sample. To further discuss these results, we measured the TSL glow curve and
evaluated the number of trapping centers. Figure 8 shows the TSL glow curves of Ce-doped
La,0;—Al,0;5 glasses before and after X-ray irradiation. All the samples have TSL peaks at ~60
and ~350 °C, and the peak positions do not change with the composition ratio. In other words, it
is suggested that the trapping centers contributing to TSL are the same in all of the glasses.
Figure 9 shows the correlation of the integrated PL, scintillation, and TSL intensities as functions
of La,0O5 content of Ce-doped La,0;—Al,05 glasses. In the 35La65Al and 40La60Al samples,
scintillation and TSL intensities decrease proportionally to PL intensity, but this is not the case
in the 45La55A1 and 50LaS0AIl samples. In other words, the effect of the PL quantum yield is
prominent in the 35La65A1 and 40La60Al samples, while the effect of the energy transport
process may be dominant in the 45La55A1 and 50La50Al samples. The luminescence process in
radiation-induced fluorescent materials can be broadly classified into three categories: the
energy conversion process, in which electrons are generated by absorbing radiation energy; the
energy transport process, in which the generated electrons are transported to the emission
center; and the luminescence process, in which scintillation, TSL, and OSL occur at the emission
center. Whether a material exhibits scintillation or storage-type luminescence depends on the
bifurcation of whether electrons are captured or not during the energy transport process, and it is
known that there is an anti-correlation between them. As suggested by the Raman spectra shown
in Fig. 3 and the analysis results from previous nuclear magnetic resonance (NMR) and Raman
spectroscopic studies,*) changes in glass composition lead to significant structural changes in
the glass network. These structural changes may result in a substantial increase in the number of
electron trapping centers owing to the formation of defects and other related factors. However,
further investigation is required to elucidate the actual underlying causes. On the other hand, as
the La,05 ratio rises from 45 to 50, the number of trapping centers appears to decrease, thereby
enhancing energy transfer efficiency within the scintillation process and consequently increasing
scintillation intensity. One factor that may contribute to the reduction in the number of defects in
the 50La50Al sample is that its stoichiometric ratio matches that of LaAlO;. It is known that
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Fig. 8.  (Color online) TSL glow curves of Ce-doped La,03;—Al,0; glasses before/after 20 Gy of X-ray irradiation:
(a) 35La65Al, (b) 40La60Al, (c) 45La55Al, and (d) S0LaS50Al.
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Fig. 9. (Color online) Correlation of PL intensity (open circles), scintillation intensity (open triangles), and TSL
intensity (crosses) as a function of La,0O5 content of Ce-doped La,0;—Al,05 glasses.

when a glass composition has the same stoichiometry as an existing crystal, the arrangement of
cations and oxygen ions tends to be highly similar.®® In other words, the structure is relatively
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close to a thermally equilibrated state, like that of a crystal, and is thus likely to have fewer
structural defects. Consequently, we believe that the scintillation intensity increased, while the
TSL intensity decreased, in the 50La50Al sample. The results suggest that this material can
function as both a scintillator and a dosimeter material through structural control by precise
composition design.

4. Conclusions

In this study, Ce-doped La,0;-Al,0; glasses were prepared by the levitation method, a
containerless glass-making method, and their optical and radiation-induced luminescence
properties were investigated. The Raman spectra reveal that as La,O; content increases, there is
a notable increase in the number of NBO atoms owing to the reduction in the number of AlO,
species, accompanied by a decline in the number of higher-coordination aluminum species,
including AlO5 and AlOg4. These results demonstrate alterations in the local structure of La,O5—
Al,O;5 glass induced by compositional changes. From the PL excitation and emission spectra, all
samples exhibit broad visible emission under excitation at ~370 nm, with emission bands varying
by glass composition. The 35La65A1 and 40La60Al samples exhibited emission extending from
400 to 700 nm, while in the 45La55Al1 and 50La50Al samples, emission bands on the longer-
wavelength side beyond 550 nm disappeared. On the basis of the results and PL lifetime
measurements, the presence of at least two distinct emission species within this luminescence
was revealed: one attributed to the 5d—4f transition of typical Ce* ions and the other associated
with Ce—O associates. In the scintillation spectra, the luminescence from Ce—O associates was
barely observed and the luminescence from the 5d-4f transition of Ce3" was dominant.
Furthermore, the scintillation spectra and TSL glow curve measurements indicated that the
variations in glass composition had a significant effect on the transport efficiency of carriers
generated by radiation. Therefore, the Ce-doped La,0;—Al,05 glass can function as both a
scintillator and a dosimeter material by optimizing the glass composition.
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