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Sn-doped 30Ca0-50B,0;—20Si0, glass samples were prepared by the conventional melt-
quenching method, and the photoluminescence (PL), scintillation, and thermally stimulated
luminescence (TSL) properties were investigated. The PL and scintillation spectra of the Sn-
doped samples exhibited a broad luminescence band with a maximum at 410 nm due to a T;—S,
transition of Sn?*, and the PL and scintillation decay time constants were approximately 5.7 and
6.3 us, respectively. The Sn-doped samples exhibited TSL glow peaks at ~80 and 280 °C after
X-ray irradiation, and the TSL intensity increased monotonically with the X-ray
irradiation dose from 10 to 10000 mGy.

1. Introduction

Scintillators and storage-type phosphors have been utilized for ionizing radiation detectors.
Scintillators convert instantaneously absorbed energy of ionizing radiation to low-energy
photons, and their application fields are medical imaging,('=% luggage inspection,® resource
exploration,® and environmental monitoring.(>¥ In contrast, storage-type phosphors store
temporarily absorbed energy of ionizing radiation in the form of carrier trapping, and then the
emission is observed when the stored carriers are stimulated by heat or light. Such emissions are
known as thermally stimulated luminescence (TSL) or optically stimulated luminescence (OSL).
The TSL or OSL intensity depends on the absorbed ionizing radiation dose; thus, storage-type
phosphors are applied for personal dose monitoring.®~!" Scintillators and storage-type
phosphors have been developed by different research communities, and an inverse relationship
between the scintillation intensity and the TSL or OSL intensity has been reported recently.(12:13)
In other words, when the scintillation intensity is high, the TSL or OSL intensity is low.

To investigate scintillation, TSL, and OSL properties, many materials such as single
crystals,(1422) ceramics,?>2% and glasses*? 3% have been employed. The detection efficiency of
scintillators and storage-type phosphors depends on the volume of the material; thus, transparent
materials are preferable to detect emissions generated inside materials. Among the material
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forms, glasses are advantageous for scintillators and storage-type phosphors due to their high
transparency, low production cost, and high chemical durability. To date, only two types of
glasses, Li glass®-% as a scintillator and Ag-doped phosphate glass!':37) as a storage-type
phosphor, are commercially available, and there is considerable scope for the study of glasses.

Borosilicate glasses have high chemical durability and transparency, making them attractive
for use as scintillators and storage-type phosphors. So far, rare-earth-doped CaO—B,05;-SiO,
glasses have been studied for use in LEDs, 3749 and the glasses exhibited a relatively high
photoluminescence (PL) quantum yield (QY). In previous studies, Sn-doped silicate, borate, and
borosilicate glasses demonstrated a high PL QY and a broad luminescence band at ~400 nm,
making them suitable for radiation measurement with a conventional photomultiplier tube, and
strong scintillation and TSL intensity were observed.*!~## In this study, the PL, scintillation,
and TSL properties of Sn-doped 30CaO—-50B,0;—-20Si0, glasses were investigated.

2. Materials and Methods

Sn-doped 30Ca0-50B,0;—20Si0, glass samples were prepared by the melt-quenching
method. CaO (99.99%), B,0O3; (99.999%), SiO, (99.99%), and SnO, (99.99%) were used as
starting materials and mixed uniformly using a mortar and pestle. The nominal doped
concentrations of Sn were 0.01, 0.05, 0.1, 0.5, 1, and 3%. The mixed powders were loaded into an
alumina crucible and then placed in an electric furnace at 1400 °C for 30 min in air. The melt
was poured onto a stainless plate heated at 300 °C and then quickly quenched using another
stainless plate.

The absorption spectra were measured with a spectrometer (V670, JASCO) in the wavelength
range of 1902700 nm. The PL excitation and emission contour map and PL QY were measured
with a spectrometer (C11347-01, Hamamatsu Photonics). The PL decay curves were evaluated
with a spectrometer (C11367, Hamamatsu Photonics).

The X-ray-induced scintillation spectra and decay curves were measured with laboratory-
made setups.*>#%) A tube voltage of 80 kV and current of 1.2 mA were supplied during the
measurement of the X-ray-induced scintillation spectra.

The TSL glow curves were measured with a TSL reader (TL-2000, Nanogray) after X-ray
irradiation.#”) The measurement range was 50—490 °C and the heating rate was 1 °C/s.

3. Results and Discussion

Figure 1 shows the prepared Sn-doped CaO-B,0;—SiO, glass samples after polishing. The
thickness of these samples was approximately 1 mm. All the samples were colorless and
transparent. The weights of the samples are listed in Table 1. The absorption spectra of the glass
samples in the range from 190 to 2700 nm are shown in Fig. 2. Here, data for undoped glass are
also plotted for comparison of the absorption band. All the Sn-doped glass samples exhibited an
absorption band around 230-300 nm, and the absorption wavelength was shifted to the long-
wavelength side with increasing concentration of Sn. The redshift of the absorption edge is
considered to be due to the change in the local coordination environment and valence state of Sn
with increasing concentration of doped Sn.#? In previous reports on Sn-doped glasses, the
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r, Table 1
:%/l{u/// Weights of Sn-doped CaO—B,03-Si0, glasses.
// Weight (mg)
o 0.01% Sn 40.9
% 0.05% Sn 50.6
BT 0.1% Sn 44.4
0 0.5% Sn 51.1
1% Sn 69.0

Fig. 1. Photograph of Sn-doped CaO-B,0;-SiO,
glasses.

absorption around 230-300 nm was assigned as an Sy—$S, excitation of Sn?*.#344) The undoped
and Sn-doped glass samples exhibited absorption at 200 nm. The absorption edge was shifted
slightly to the long-wavelength side with increasing concentration of Sn. The baseline of the
0.1% Sn-doped sample was higher than those of the other samples, and the difference was
considered to originate from the different sample surface conditions. The absorption below 280
nm was similar for all Sn concentrations and appeared to be saturated. In this study, the
thickness of the glass samples was approximately 1 mm; thus, the absorption spectra should be
measured using thinner samples to investigate the plateau in the future.

Figure 3 shows the PL excitation and emission contour map of the 3% Sn-doped CaO-
B,05;-Si0, glass sample as a representative sample. The peak emission wavelength was
410 nm under an excitation wavelength of 310 nm. The excitation wavelength
corresponded to the absorption wavelength as shown in Fig. 2; thus, the excitation
originated from an S;,—S, transition of Sn?*. Some other Sn-doped glass materials also show
similar excitation spectra.#>4448) A broad emission band with a peak emission wavelength
around 410 nm was observed in the Sn-doped glass materials, and the origin of the emission was
ascribed to a T;—S,, transition of Sn*.3:44 The obtained PL QYs of the Sn-doped glass samples
are listed in Table 2. PL QY increased with increasing concentration of Sn, and the maximum PL
QY of 41.9% was obtained for the 3% Sn-doped sample. Previously reported PL. QYs in Sn-doped
aluminoborate and silicophosphate glass samples also exhibited similar values.#®49 Figure 4
shows the PL decay curves of Sn-doped CaO-B,0;-SiO, glass samples, which were
measured for further investigation of the origin of the emission. The observed PL decay curves
were fitted by a single exponential decay function, and the obtained PL decay constants of all the
samples are listed in Table 2. The obtained PL decay constants were ~5.7 us, as typically
observed in Sn-doped glasses.*34448:49) From the results of the PL decay constants and the
emission wavelength, the origin of the emission of 410 nm was ascribed to a T{—S transition of
Sn?*.

Figure 5 shows the X-ray-induced scintillation spectra of the Sn-doped CaO—-B,0;—
Si0, glass samples. The scintillation spectra had a similar shape to the PL spectra, and
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Fig.2. (Color online) Absorption spectra of Fig. 3. (Color online) PL excitation and emission
undoped and Sn-doped CaO-B,0;-SiO, glasses in contour map of 3% Sn-doped CaO-B,0;—Si0, glass.

the range from 190 to 2700 nm. The inset shows
enlarged spectra in the range from 190 to 350 nm.

Table 2 ' f ' f

— ,
PL QYs and PL decay constants of Sn-doped Ex. 280/Em. 410 n

Ca0-B,05-Si0; glasses. =

PL QY (%) PL decay constant (us) g
0.01% Sn 10.7 5.7 g =
0.05% Sn 12.8 5.8 —
0.1% Sn 18.4 5.7 g
0.5% Sn 36.5 5.7 S i
1% Sn 40.8 5.7 K
3% Sn 41.9 5.7

Fig. 4. (Color online) PL decay curves of Sn-doped
Ca0-B,05-Si0, glasses monitored at 410 nm under
280 nm excitation.

the intensity increased with increasing concentration of Sn. The intensity of the
scintillation spectrum depended on PL QY. On the other hand, the scintillation intensity
of the 3% Sn-doped sample was higher than that of the 1% Sn-doped sample, although the
PL QYs of both samples were almost the same. The scintillation process involves an
energy conversion process and an energy migration process before emission at a
luminescence center.9 Judging from the absorption edge at 200 nm, as shown in Fig. 2,
the optical bandgaps of the 1 and 3% Sn-doped samples were almost the same; thus, the
energy conversion efficiency was considered to be similar. PL QY for the 3% Sn-doped
sample was almost the same as that for the 1% Sn-doped sample, although the scintillation
intensity of the 3% Sn-doped sample was higher than that of the 1% Sn-doped sample;
thus, the energy migration efficiency of the 3% Sn-doped sample was considered to be
higher than that of the 1% Sn-doped sample.
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Fig. 5. (Color online) X-ray-induced scintillation Fig. 6. (Color online) X-ray-induced scintillation
spectra of Sn-doped CaO—B,0;-Si0, glasses. decay curves of 0.5, 1, and 3% Sn-doped CaO—B,05—
SiO, glasses.

Figure 6 shows the X-ray-induced scintillation decay curves of the 0.5, 1, and 3% Sn-
doped CaO-B,05;-Si0, glass samples. For the other samples, only signals similar to the
instrumental response function (IRF) were obtained due to the low scintillation intensity.
The observed scintillation decay curves were approximated by a sum of two exponential
decay functions. Table 3 lists the obtained scintillation decay constants 7; and 7,. The
origin of the decay corresponding to 7; was ascribed to the IRF, and the values of 7, were
similar to those for the PL; thus, the origin of the decay corresponding to 7, was ascribed
to a T;—$ transition of Sn*".

Figure 7 shows the TSL glow curves of the Sn-doped CaO-B,0;—SiO, glass samples
after 1000 mGy X-ray irradiation. Broad TSL glow peaks appeared at ~80 and 280 °C.
The TSL peak temperature of ~280 °C was higher than room temperature; thus, the TSL
peak at ~280 °C was considered to be less susceptible to fading than that observed at
~80 °C. The TSL intensity decreased with increasing concentration of Sn; however, the
TSL intensity of the 0.1% Sn-doped sample was higher than that of the 0.05% Sn-doped
sample. Although the TSL intensity should depend on the weight of the sample, the weight
of the 0.1% Sn-doped sample was greater than that of the 3% Sn-doped sample. The TSL
intensity also depends on the probability of capturing electron-hole pairs at trapping
centers;®D thus, the 0.1% Sn-doped sample was considered to have a higher TSL
efficiency than the 0.05% Sn-doped sample. A complementary relationship was observed
between the TSL and scintillation intensities.12:!3 Figure 8 shows the X-ray dose
response functions of the Sn-doped CaO—-B,03;—-Si0, glass samples. In this evaluation,
the vertical axis indicates the integrated TSL intensity in the range from 50 to 490 °C.
The TSL intensity of the 3% Sn-doped sample exhibited no change with varying X-ray
irradiation dose; thus, no data for this sample were plotted in Fig. 8. For the other samples,
the integrated TSL intensity increased monotonically with the X-ray irradiation dose. The
lowest detection limit of the Sn-doped samples was 10 mGy, and the 1% Sn-doped sample
showed a detection limit of 100 mGy due to its low TSL intensity. The lowest detection
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Fig. 7. (Color online) TSL glow curves of Sn-doped
Ca0—B,0;—Si0, glasses after 1000 mGy irradiation.
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Fig. 8.  (Color online) TSL dose response functions of Sn-doped CaO—-B,05;-Si0, glasses.

limit of 10 mGy was worse than those for other glasses,*32:53) and it was still insufficient
for a personal dosimeter. To improve the lowest detection limit, further investigation with
lower concentrations of Sn is needed.

4. Conclusions

Sn-doped glass samples were prepared by the conventional melt-quenching method, and their
PL, scintillation, and TSL properties were investigated. The PL excitation and emission contour
map exhibited a broad emission band due to a T;—S,, transition of Sn?*, and PL QY increased
with increasing concentration of Sn. Scintillation spectra exhibited a similar emission feature to
the PL, and the scintillation intensity also increased with increasing concentration of Sn. TSL
glow peaks appeared at ~80 and 280 °C after X-ray irradiation, and the TSL intensity
decreased with increasing concentration of Sn. A complementary relationship was
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observed between scintillation intensity and TSL intensity. Judging from the results, the
optimum concentrations of Sn for scintillation and TSL were 3 and 0.01%, respectively.
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