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	 We have studied the scintillation and dosimetric properties of Sn-doped ZnO-SiO2-B2O3 
glasses.  The glass samples were obtained by a conventional melt quenching method.  In the 
scintillation spectra of the Sn-doped ZnO-SiO2-B2O3 glasses, emission peaks due to the 5p → 
5s transition of Sn2+ ions were observed.  Scintillation decay times of the Sn-doped ZnO-SiO2-
B2O3 glasses were from 2.44 to 2.95 μs.  In the thermoluminescence (TL) glow curves of the 
Sn-doped ZnO-SiO2-B2O3 glasses, we observed broad glow peaks at 200 °C.  From the dose–
response curve, the lower limit of detection for the 0.1% Sn-doped sample was 0.1 mGy.

1.	 Introduction

	 Ionizing radiation has many industrial, medical, and scientific applications.  In these 
applications, radiation measurement techniques using the scintillator(1–3) and dosimetric 
materials play an important role.  Scintillators have a function to convert ionizing radiation to 
visible light immediately and are suitable for online measurements.  Dosimetric materials can 
be classified as thermoluminescence (TL),(4) optically stimulated luminescence (OSL),(5–8) and 
radio-photoluminescence (RPL)(9–13) materials.  These three types of materials, which have 
three different luminescent mechanisms, are used for long-term dose monitoring.
	 Scintillators are required to have a high light yield, a fast decay time, and a high 
discrimination capability.  The energy resolution of the scintillation detector depends on the 
light yield of the scintillator.  The fast response of the scintillation detector can be realized 
by the fast decay time of the scintillator.  To discriminate ionizing radiations, the effective 
atomic number (Zeff) of the scintillator for γ-ray detection is important because heavy elements 
can interact with γ-rays efficiently.  On the other hand, the scintillators for thermal neutron 
and charged-particle detection are required to consist of light elements to decrease the rate of 
erroneous detection by the interaction with γ-rays.  In addition, the thermal neutron scintillator 
has to contain specific elements having high cross sections for the (n, α) and (n, γ) nuclear 
reactions (e.g., 6Li or 10B).  The conventional scintillators for γ-ray and thermal neutron 
detection were reviewed by van Eijk,(2) who comprehensively covered, for example, Tl:NaI, 
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Bi4Ge3O12, Tl:CsI, Ce:Gd2SiO5, and Ce:Lu2SiO5 as γ-ray scintillators, and Eu:LiI, LiF/Ag:ZnS, 
and GS20 (Ce-doped lithium silicate glass) as thermal neutron scintillators.  Among all the 
reviewed scintillators, only GS20 is the glass material.
	 The required properties of dosimetric materials are a linear response to a wide dose range, 
a tissue equivalency, and a low fading rate for a recorded dose.  The required measurable dose 
range depends on the application, but the lower limits of detection by commercial materials are 
typically from 0.01 to 0.1 mGy in personal dosimetry.  The tissue equivalency depends on the 
composition of the dosimetric material, and the effective atomic number of H2O is ideal because 
it is close to the human tissue.  The low fading rate is realized by the TL and OSL dosimetric 
materials with high glow peak temperatures, and the RPL dosimetric materials are considered to 
have low fading rates owing to their luminescent mechanism.  As the TL dosimetric materials, 
Mg, Ti:LiF, Mn:CaF2, Dy:CaF2, and Tm:CaSO4 are used.  The well-known OSL dosimetric 
materials are C:Al2O3 and BeO.  The Ag-doped phosphate glass is practically used as the RPL 
dosimetric material.  Among them, only the RPL dosimetric material is glass.
	 Over the past few decades, both scintillators and dosimetric materials have been intensively 
studied; however, there are few glass materials in practical use.  Since glass materials are 
potentially cost-effective to produce and it is easy to control their size and shape, we are 
interested in the scintillation and dosimetric properties of glass materials.  Since it has been 
reported that Sn-doped zinc phosphate glasses show high quantum yields,(14–17) the scintillation 
and dosimetric properties of the Sn-doped ZnO-P2O5, Li2O-B2O3-SiO2, SrO-B2O3, and 
Zn3(PO4)2-NaPO3 glasses have been studied.(18–25)  It is confirmed that these glasses show 
scintillation, TL, and OSL.  In particular, the Sn-doped ZnO-P2O5 and Zn3(PO4)2-NaPO3 
glasses show good properties; thus, the scintillation and dosimetric properties of other Sn-
doped ZnO-based glasses are our recent interest.  In addition, the scintillation and dosimetric 
properties of Sn-doped zinc borosilicate glasses have not been studied, although borosilicate 
glasses are widely used for many applications owing to their high chemical stability and 
transparency.  In this work, we have studied the scintillation and dosimetric properties of the 
Sn-doped ZnO-SiO2-B2O3 glasses.

2.	 Materials and Methods

	 The undoped and ZnO-SiO2-B2O3 glasses were prepared by the conventional melt quenching 
method.  High-purity SnO2, ZnO, SiO2, and B2O3 powders were used as the starting materials, 
which were mixed in the mole ratios of xSnO2-40ZnO-30SiO2-30B2O3 (x = 0, 0.1, 0.5, 1.0, 
2.0, and 5.0).  The mixed powders were melted in alumina crucibles at 1450 °C for 30 min in 
air atmosphere using an electric furnace (FTV-1700, FULL-TECH).  The melted mixtures 
were quenched on a stainless plate preheated at 300 °C and pressed by another stainless plate.  
The obtained glasses were cut and mechanically polished into 1 mm thickness before the 
measurements described below.
	 In-line transmittance spectra were measured using a spectrophotometer (V-670, JASCO) 
across a spectral range between 190 and 2700 nm with 1 nm steps.  Photoluminescence (PL) 
excitation and emission maps and PL quantum yields were measured using a PL spectrometer 
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(Quantaurus-QY, Hamamatsu Photonics).  The spectral ranges of excitation and emission were 
the wavelength ranges from 250 to 400 nm and 200 to 900 nm, respectively.  
	 X-ray-induced scintillation spectra were measured using our experimental setup consisting 
of an X-ray generator, an optical fiber, and a spectrometer.  The samples were irradiated by 
X-rays from the generator equipped with a conventional X-ray tube with a tungsten anode target 
and a beryllium window (XRB80P&N200X4550, Spellman), and their luminescences were 
guided to a monochromator (Shamrock 163, Andor) equipped on a CCD-based spectrometer 
(DU920-BU2NC, Andor) in order to measure the emission spectra.  The applied tube voltage 
and current were 80 kV and 1.2 mA, respectively.  The X-ray-induced scintillation decay times 
were measured using a time-correlated single-photon counting system operated together with a 
pulse X-ray source.  The X-ray tube voltage was 30 kV, and a photomultiplier tube (R7400P-06, 
Hamamatsu Photonics) was also used to detect the signal.  The system offers a time resolution 
of a few nanoseconds.  The obtained decay curves were fitted by

	 I(t) = A exp(−t/τ) + C,	 (1)

where I(t) is the luminescence intensity as a function of time t, τ is the scintillation decay time, 
and A and C are constants.
	 To investigate the dosimetric properties, TL glow curves were measured using a TL reader 
(TL-2000, Nanogray Inc.) by heating the samples at a rate of 1 °C/s in the temperature range 
from 50 to 490 °C.  Prior to the measurement, the glass samples were irradiated with X-rays at 
certain doses.  The measurements were repeated with several different irradiation doses from 
0.1 mGy to 10 Gy to obtain dose–response curves, which indicate relationships between the 
TL emission intensities and the corresponding irradiation doses, and are one of the important 
properties of dosimetric materials.

3.	 Results and Discussion

	 Figure 1 shows aspects of the cut and polished Sn-doped ZnO-SiO2-B2O3 glass samples.  All 
the samples have no visible cracks and the Sn-doped samples show luminescence under UV 

Fig. 1.	 (Color online) Undoped and Sn-doped ZnO-SiO2-B2O3 glasses under (a) ambient and (b) 254 nm UV light.
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irradiation.  Figure 2 shows the transmittance spectra of the samples.  The transmittances of the 
samples in the wavelength range from 400 to 2700 nm are from 70 to 90%.  The transparencies 
of all the samples are acceptable as scintillators and dosimeter materials.
	 Figure 3 shows the PL excitation and emission maps of the undoped and 1.0% Sn-doped 
samples.  In the 1.0% Sn-doped sample, the broad emission from 300 to 700 nm peaking at 
420 nm with excitation wavelengths from 250 to 350 nm was observed.  This emission can 
be ascribed to the 5p → 5s transition of Sn2+ ions.  We cannot observe any PL peaks from the 
undoped sample.  Figure 4 shows the dopant concentration dependence of the maximum PL 
quantum yields of the Sn-doped samples.  The maximum PL quantum yields of the Sn-doped 
samples were from 11 to 29%, and the 1.0% Sn-doped sample showed the highest quantum 
yield.
	 Figure 5 shows the X-ray-induced scintillation spectra of the undoped and Sn-doped samples.  
In the Sn-doped samples, broad emissions from 300 to 700 nm were observed, whereas a 
weak and broad emission peak was observed in the undoped sample.  It is considered that the 
emissions in the Sn-doped samples are ascribed to the 5p → 5s transition of Sn2+ ions similarly 
to PL.  The origin of the emission in the undoped samples is unclear, but it may be due to some 

Fig. 2.	 (Color online) Transmittance spectra of undoped and Sn-doped ZnO-SiO2-B2O3 glasses.

Fig. 3.	 (Color online) PL excitation and emission maps of undoped and 1.0% Sn-doped ZnO-SiO2-B2O3 glasses.
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Fig. 4.	 Dopant concent rat ion dependence of 
maximum PL quantum yields of Sn-doped ZnO-SiO2-
B2O3 glasses.

Fig. 5.	 (Color online) X-ray-induced scintillation 
spectra of undoped and Sn-doped ZnO-SiO2-B2O3 
glasses.

kind of defect luminescence.  Such intrinsic defect luminescence of inorganic compounds 
is often observed in the scintillation spectra.  Figure 6 shows the X-ray-induced scintillation 
decay curves of the 0.5, 1.0, 2.0, and 5.0% Sn-doped samples.  The X-ray-induced scintillation 
decay curves of the undoped and 0.1% Sn-doped samples could not be measured owing to their 
low luminescence intensities.  The scintillation decay curve was fitted to a single-component 
exponential decay.  The decay times of the samples were from 2.44 to 2.95 μs, which are shown 
in Table 1.  The obtained decay times are consistent with those of luminescence with the 5p → 
5s transition of Sn2+ ions.  The decay times of the samples are acceptable for many scintillator 
applications, but the scintillation intensities are insufficient owing to their lower PL quantum 
yields than commercial materials.  In general, the scintillation light yield is affected by the 
conversion process of radiation to electron-hole pairs, the transport efficiency of electron-hole 
pairs, and the quantum efficiency of the luminescent centers.  Commonly used scintillators at 
least have to show a high PL quantum yield, which is related to the quantum efficiency at the 
luminescent centers.
	 Figure 7 shows the TL glow curves of the undoped and Sn-doped samples.  Although the 
undoped sample shows a weak glow peak, the Sn-doped samples show significantly higher TL 
intensities, and the highest intensity is observed in the 0.1% Sn-doped sample.  The TL glow 
peaks of the Sn-doped samples are around 200 °C and their peak temperatures are similar to 
those of commercial TL dosimetric materials, but they have large peak widths and show TL also 
at low temperatures.  The TL intensity decreases with increasing Sn concentration, which is a 
different tendency from the Sn concentration dependence of the scintillation intensity.  In our 
opinion, the reason for this difference is that both scintillation and TL intensities are affected 
by the trapping centers in the samples.  The TL is caused by the recombination of electrons and 
holes released from the trapping centers; therefore, the TL intensity tends to increase with the 



1262	 Sensors and Materials, Vol. 31, No. 4 (2019)

trap concentration.  In contrast, the scintillation intensity decreases with an increase in trap 
concentration since the transport of electron-hole pairs is interfered by the trapping centers.  In 
the case of the Sn-doped samples, the trap concentration is assumed to decrease with increasing 
Sn concentration.  In addition, the difference in optimal Sn concentration for the PL quantum 
yields and scintillation intensities can also be explained by using the trap concentration.  In 
Figs. 4 and 5, the optimal Sn concentration for the scintillation intensities becomes higher than 
that for the PL quantum yields owing to the lower transport efficiency of electron-hole pairs in 
the samples with lower Sn concentrations.  Figure 8 shows the TL dose–response curves of the 
undoped and Sn-doped samples.  The widest measurable range among the samples is shown by 

Fig. 7.	 (Color online) TL glow curves of undoped 
and Sn-doped ZnO-SiO2-B2O3 glasses.

Fig. 8.	 (Color online) TL dose–response curves of 
undoped and Sn-doped ZnO-SiO2-B2O3 glasses.

Fig. 6.	 (Color online) X-ray-induced scintillation 
decay curves of 0.5, 1.0, 2.0, and 5.0% Sn-doped 
ZnO-SiO2-B2O3 glasses.

Table 1
Scintillation decay times of Sn-doped ZnO-SiO2-
B2O3 glasses.
Sn concentration (%) Scintillation decay time (ms)
0.5 2.57
1.0 2.44
2.0 2.62
5.0 2.95
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the 0.1% Sn-doped sample having the highest TL intensity among the samples.  The lower limit 
of detection using the 0.1% Sn-doped sample is 0.1 mGy, which is acceptable compared with 
those of commercial materials.

4.	 Conclusions

	 The scintillation and dosimetric properties of Sn-doped ZnO-SiO2-B2O3 glasses have been 
studied.  The glass samples were obtained by the conventional melt quenching method.  The 
0.1% Sn-doped sample showed a broad emission from 300 to 700 nm, peaking at 420 nm with 
excitation wavelengths from 250 to 350 nm, whereas the undoped sample showed no PL peaks.  
The PL emission from the 0.1% Sn-doped sample can be ascribed to the 5p → 5s transition 
of Sn2+ ions.  The maximum PL quantum yields of the Sn-doped samples were from 11 to 
29%.  Scintillation spectra of the Sn-doped samples showed emission peaks due to the 5p → 
5s transition of Sn2+ ions similarly to the PL spectrum of the 0.1% Sn-doped sample.  From the 
scintillation decay curves of the Sn-doped samples, their scintillation decay times were from 2.44 
to 2.95 μs.  From the TL glow curves of the Sn-doped samples, broad glow peaks were observed 
at 200 °C.  All the samples showed linear dose–response curves in the various dose ranges.  The 
lower limit of detection for the 0.1% Sn-doped sample was 0.1 mGy, which is the lowest among 
those for all the samples.
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