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Undoped and Tb-doped single crystals of Sr;Y(PO,); were synthesized by the floating zone
method, and the dosimetric properties of the obtained single crystals were investigated. The
undoped crystal displayed a luminescence peak at 360 nm due to self-trapped excitons in both
thermally and optically stimulated luminescence (TSL and OSL) spectra. The Tb-doped crystals
showed luminescence peaks originating from 4f-4f transitions of Tb>" in both TSL and OSL
spectra. The 1% Tb-doped sample had the highest TSL and OSL intensities. The lower detection
limits of TSL and OSL signals of the 1% Tb-doped sample were 0.01 and 0.1 mGy, respectively.

1. Introduction

Storage luminescence materials are used in imaging plates and personal and environmental
monitoring.!-3) Phosphor-type dosimetric materials are primarily divided into three categories
depending on each luminescence mechanism. The first one is thermally stimulated luminescence
(TSL), which occurs by the recombination of electrons and holes that are stimulated with heat
and released from trapping centers.) The second one is optically stimulated luminescence
(OSL), in which trapped electrons and holes are stimulated with light unlike TSL.() The third
one is radio-photoluminescence (RPL), a phenomenon that creates photoluminescence (PL)
centers through interactions with radiation.® In general, high luminescence intensity, low
fading, good thermal and chemical stabilities of a host material, and wide measurable dose range
are necessary for dosimetric materials. Until now, various dosimetric materials have been
explored.®~19 However, there is still a need to study novel dosimetric materials because no
dosimetric materials meet all of the above requirements.

Sr;Y(POy); (SYPO) has recently attracted considerable interest as the host material of
phosphors because of its large band gap, strong chemical stability, ease of adding rare-earth
elements, and low synthetic sintering temperature.!7) With these attractive properties, some
studies on the optical characteristics of SYPO doped with rare-earth elements have been
conducted.(18-2D
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To our best knowledge, the radiation-induced luminescence properties of SYPO have not
been reported. Therefore, there is room for research into the dosimetric properties of SYPO as
well as activator effects. In this investigation, undoped and Tb-doped SYPO single crystals were
synthesized, and their dosimetric properties were assessed. For dosimetric materials, Tb may
serve as a luminescence center. The sensitivity wavelengths of common photodetectors such as a
photomultiplier tube and a Si photodiode overlap with the emission wavelengths of Tb3".
Therefore, many Tb-doped dosimetric materials including Mg,SiO, (TORECK, MSO-S), a
commercial dosimeter, have been studied.(?2-2%)

2. Materials and Methods

Undoped and Tb-doped single crystals of SYPO were grown by the floating zone (FZ)
method. The starting materials, namely, SrCO; (4N, Wako Pure Chemical), Y,05 (4N, Furuuchi
Chemical), H{NO4P (4N, SIGMA-ALDRICH), and Tb4O; (4N, Furuuchi Chemical), were
uniformly mixed. To account for the evaporation of P, 10% more HyNO4P was added to the
stoichiometric ratio. Tb concentrations in relation to Y were 0.1, 0.5, 1, 5, and 10%. After mixing,
the powders were calcined at 1100 °C for 8 h. The calcined samples were made into bars and
heated at 1150 °C for 8 h. The single crystalline rod samples were synthesized using an FZ
furnace (Crystal Systems Corporation, FZ-T-12000-X-VPO-PC-YH) in air atmosphere with
rotation and pull-down rates of 20 rpm and 10 mm/h, respectively.

A portion of the crystals were polished using a polishing device (Buehler, MetaServ 250). For
powder X-ray diffraction (XRD) measurements, another portion were ground into a powder. An
X-ray diffractometer (Rigaku, MiniFlex600) with a TI-doped Nal scintillation counter was used
to measure the XRD patterns.

In the TSL measurement, the samples were irradiated with X-rays using an X-ray generator
(Spellman XRB80ON100/CB). With the use of a TSL reader (NanoGray Inc., TL-2000),29 TSL
glow curves were measured. The temperature range was from 50 to 490 °C, and the heating rate
was 1 °C/s. An electric heater and a Si CCD-based spectrometer (Ocean Optics, QE Pro)?”) were
used to investigate the TSL spectra. TSL dose response functions were computed from the
highest peak height of the TSL glow curves at each irradiation dose. The irradiation dose range
of X-rays was from 0.0l to 1000 mGy. For the fading property, the TSL glow curves were
measured immediately or after keeping the sample for 1, 5, 24, and 48 h at room temperature.

A spectrofluorometer (JASCO, FP-8600) was used to evaluate the OSL properties. The OSL
properties of the undoped sample were evaluated using an optical 510 nm shortcut filter (ASAHI
SPECTRA, SCF510) and an optical 450 nm longcut filter (ASAHI SPECTRA, LCF450) to
separate the stimulation and emitting photons. For the Tb-doped samples, an optical bandpass
filter of 530 nm (ASAHI SPECTRA, PB0530) and an optical shortcut filter of 590 nm (ASAHI
SPECTRA, SCF590) were utilized. OSL dose response functions were computed from the
integrated intensity of OSL decay curves at various doses ranging from 0.01 mGy to 10 Gy. This
integration time for the OSL dose response was 0—500 s. In the fading property, the OSL decay
curves were measured immediately or after keeping the sample for 0.5, 1, and 2 h at room
temperature.
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3. Results and Discussion

Single crystalline rods of average size (5 mmg x 20 mm) were successfully formed after the
crystal growth. Since some cracks were present in the samples, portions containing relatively
fewer cracks were chosen for cutting and polishing. Figure 1 shows photographs of the undoped
and Tb-doped samples under room light (bottom) and 254 nm UV light (top). All the samples
were clearly transparent and colorless under room light. The undoped, 0.1, 0.5, and 1% Tb-doped
samples visibly exhibited no luminescence when exposed to UV light at 254 nm. The 5 and 10%
Tb-doped samples displayed green fluorescence that was a typical color observed in Tb-doped
phosphors.(28:29)

Figure 2 shows the XRD patterns of each sample, which closely matched the SYPO reference
data (JCPDS 44-0320). In SYPO, Tb*" will be replaced into Y3' sites owing to their ionic radii
(r) and valence.(!® No peak shifts were observed within the limits of the instrumental accuracy
because the  values of Y3* (coordination number (CN) = 6, » = 0.90 A) and Tb>" (CN =6, r =
0.92 A) are close.30

Figure 3 shows the TSL glow curves of the undoped and Tb-doped samples after X-ray
irradiation of 10 mGy. The undoped, 0.1% Tb-doped, and other Tb-doped samples showed a
glow peak at 55, 70, and 90 °C, respectively. The results indicate that Tb doping can generate
new trapping centers with different energy levels. The integrated TSL intensity of the Tb-doped
samples was higher in the order of the 1, 0.5, 5, 10, and 0.1% Tb-doped samples.
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Fig. 1.  (Color online) Photographs of the crystals under room light (bottom) and UV light (top).
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Fig.2. (Color online) XRD patterns of the Fig. 3. (Color online) TSL glow curves of undoped
synthesized samples and reference pattern of SYPO and Tb-doped SYPO samples after X-ray irradiation

(JCPDS 44-0320). of 10 mGy.



468 Sensors and Materials, Vol. 36, No. 2 (2024)

Figure 4 shows the TSL spectra of Tb-doped SYPO after X-ray irradiation of 10 Gy. The
inset shows the TSL spectra of undoped SYPO after X-ray irradiation of 10 Gy. The undoped,
0.1% Tb-doped, and other Tb-doped samples were heated at 55, 70, and 90 °C, respectively,
during measurements. In the undoped sample, two emission peaks were observed at around 360
and 600 nm. Some phosphate materials displayed similar luminescence caused by self-trapped
excitons (STEs),3!33 and the result of the undoped sample matched those of previous studies in
terms of the emission wavelength at 360 nm. Therefore, the 360 nm emission peak would be
ascribed to STEs. The peak at 600 nm was assumed to result from some defects. The Tb-doped
samples showed emission peaks at 380, 420, 440, 460, 475, 490, 550, 590, and 620 nm, and the
peaks were attributed to the 4f-4f transitions of Tb>".3438) Although the emission wavelengths
were the same, the intensity ratios of emission lines were different, and the difference could be
explained by the cross-relaxation process.39-4)

Figure 5 shows the TSL dose response functions of the undoped and Tb-doped samples. The
maximum peak height of the glow curves was used to define the intensity. The 1% Tb-doped
sample showed the maximum TSL intensity among the present samples, which could be detected
from 0.01 mGy. The lowest irradiation dose of the setup was 0.01 mGy, and the signal intensity
when the 0.5 and 1% Tb-doped samples were exposed to 30 mGy reached the upper detection
limit of the TSL reader. Therefore, these samples might be able to detect a wider dose range.
Comparing the lower detection limit of those samples with those of commercial dosimeters
reveals that these samples can operate at similar levels.#? Figure 6 shows the TSL fading
property of the 1% Tb-doped sample. The fading rate was estimated to be 76% for the first 24 h,
and then the intensity was constant until 40 h. The fading rate was significantly higher than
those of some commercial dosimeters.*> Therefore, the samples should improve the fading
properties of TSL.

Figure 7 shows the OSL spectra of Tb-doped SYPO after X-ray irradiation of 10 Gy. The
inset shows the OSL spectra of undoped SYPO after X-ray irradiation of 10 Gy. An OSL peak
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Fig. 4. (Color online) TSL spectra of Tb-doped Fig. 5. (Color online) TSL dose response functions
SYPO after X-ray irradiation of 10 Gy. The inset of undoped and Tb-doped samples. The tested range
shows TSL spectra of undoped SYPO after X-ray of irradiation dose was from 0.01 to 1000 mGy.

irradiation of 10 Gy.
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Fig. 6. (Color online) Fading property of 1% Tb- Fig. 7. (Color online) OSL spectra of Tb-doped
doped sample in TSL. SYPO after X-ray irradiation of 10 Gy. The

stimulation wavelength for Tb-doped samples was
850 nm. The inset shows OSL spectra of undoped
SYPO after X-ray irradiation of 10 Gy. The
stimulation wavelength for the undoped sample was
550 nm.

was observed in the undoped sample at about 4 nm. As with TSL, this peak would be due to
STE. The OSL spectra of the undoped sample were measured under stimulation from 500 to 850
nm with a 50 nm step at a monitoring wavelength of 360 nm, and the best stimulation wavelength
was obtained at 550 nm. The Tb-doped samples showed two emission peaks at 490 and 550 nm.
These peaks were attributed to the 4f-4f transitions of Tb3". The shapes of the TSL and OSL
spectra were different since the wavelength resolution (slit width) of the OSL spectra was set to
20 nm. Therefore, the spectral shapes seemed to be broader than that of TSL. The OSL spectra
of the Tb-doped samples were measured by the same method as that with the undoped one but
with a monitoring wavelength of 550 nm, and the optimal stimulation wavelength of the Tb-
doped ones turned out to be 850 nm. The optimal stimulation wavelengths of the undoped and
Tb-doped samples were different, which indicated that Tb doping could generate new trapping
centers with different energy levels. The OSL intensity of the Tb-doped samples was higher in
the order of the 1, 5, 10, 0.5, and 0.1% Tb-doped samples.

Figure 8 shows the OSL dose response functions of the undoped and Tb-doped samples. The
1% Tb-doped sample produced the maximum emission intensity as well as TSL, which could be
detected at 1 mGy. The measurements were carried out using standard commercial
spectrofluorometers with a xenon lamp. OSL signals are typically read out by laser stimulation,
which has an intensity many times higher than that of a common xenon lamp. The current
findings imply that if a laser with a suitable wavelength is utilized as the stimulation source, a
higher sensitivity will be attained. Figure 9 shows the fading property of the 1% Tb-doped
sample in OSL. The fading rate was estimated to be 98% for 2 h. The fading rate was
significantly higher than those of some commercial dosimeters also in OSL.#445) Hence, Tb-
doped SYPO single crystals are unsuitable as OSL materials for long-period dosimetry.
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Fig. 8.  (Color online) OSL dose response functions Fig. 9. (Color online) Fading property of 1% Tb-
of undoped and Tb-doped samples. The stimulation doped sample in OSL.

and monitored wavelengths were 550 and 360 nm for
the undoped sample, and 850 and 550 nm for the Tb-
doped ones, respectively. The tested range of
irradiation dose was from 0.01 mGy to 1 Gy.

4. Conclusions

Undoped and Tb-doped SYPO single crystals were synthesized by the FZ method. XRD
patterns revealed that all the samples were the single phase of SYPO. The undoped sample
displayed luminescence ascribed by STE in both TSL and OSL. The Tb-doped samples showed
luminescence due to the 4f-4f transitions of Tb>" in both TSL and OSL. The highest TSL
intensity was observed in the 1% Tb-doped sample, which was detectable from 0.01 mGy. The
highest OSL intensity was also displayed in the 1% Tb-doped sample, which was detectable
from 1 mGy. Therefore, to improve the fading properties, it is necessary to dope other dopants in

future works.
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