Sensors and Materials, Vol. 29, No. 10 (2017) 1391-1398 1391
MYU Tokyo

S &M 1431

X-ray-Induced Luminescence of SnO-SrO-B,03 Glasses
Prepared under Different Preparation Conditions

Hirokazu Masai,* Takayuki Yanagida,1 Go Okada,1
Akitoshi Koreeda,2 and Takahiro Ohkubo®

National Institute of Advanced Industrial Science and Technology,
1-8-31 Midorigaoka, Ikeda, Osaka 563-8577, Japan
'Nara Institute of Science and Technology, 8916-5 Takayama, Ikoma, Nara 630-0192, Japan
Department of Physical Science, Ritsumeikan University, 1-1-1 Nojihigashi, Kusatsu, Shiga 525-8577, Japan
3Graduate School & Faculty of Engineering, Chiba University, 1-33 Yayoi, Chiba 263-8522, Japan

(Received February 2, 2017; accepted July 28, 2017)
Keywords: glass, luminescence, Sn2+, proration condition, structure

Since the physical properties and network structure of glass depend on the quenching process
from the supercooled liquid state, it is expected that the luminescence of doped activators will
also be dominated by the preparation condition. Here, we have investigated the structural and
luminescent properties of 0.5Sn0-24.5SrO-75B,03; (SSB) glasses prepared under different
preparation conditions. The X-ray-induced luminescences, such as scintillation, thermally
stimulated luminescence, and optically stimulated luminescence, of the SSB glasses are affected by
the cooling process with different rates of change. For the present SSB glasses, we have found that
the rapid cooling process is effective for attaining high luminescent intensities in all measurements.

1. Introduction

Glass is a metastable solid-state material obtained from the supercooled liquid state.'™® The
structure and physical properties of the glass, therefore, depend on the preparation process. The
most important point during the preparation process is a thermodynamically structural stabilization
of the supercooled liquid, i.e., the crystallization of glass, above the glass transition temperature 7.
If the nominal chemical composition of glass is equal to the corresponding crystal, such structural
stabilization is often observed even in the as-prepared glass prepared by rapid quenching.
Structural ordering affects many parameters, such as the phonon vibration, energy propagation,
and thermal stability of glass. Therefore, it is important to examine the glass structure for various
applications.

In the case of phosphor application with doped activators, the local coordination states of the
activators in glass are important for the improvement of performance, although the quantification
of the glass network is difficult. Since glass has wide ranges of chemical compositions and
metastable structures including several defects, it will have an advantage when phosphors
exhibiting different responses in the same matrix are considered. Among several activators, we
have selected ns>-type cations (n > 4)7 9 for the evaluation of local structural change. Because of
the electron in the outermost shell in both the ground (ns?) and excited states (ns'np'), the emission
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of ns’-type cations is strongly affected by the local coordination state. These cations can exhibit
high photoluminescence (PL) intensity because of parity-allowed transitions.!'™'®  We have
recently reported on the PL properties of xSnO—(25-x)SrO—75B,0; glass,">'®) a stoichiometric
composition of a Sn-doped SrB¢Ojg crystal.!” In the case of 0.5Sn0-24.5SrO-75B,03 (SSB)
glasses prepared at different cooling temperatures, the formation of a more dense glass network
with slower cooling is observed as confirmed by the heat capacity, elastic modulus, ''B NMR, first
sharp diffraction peak of X-ray diffraction, and Boson peak results.'® The optical absorption, PL,
and Sn K-edge X-ray absorption fine structure data strongly suggest that the aggregation of Sn**
results from the slow cooling of the melt, and that the PL properties of Sn*" can be affected by the
ordering of the transient state of supercooled liquid.!®)

On the other hand, we have also focused on the radioluminescence (RL: by X-ray or charged-
particle excitation) of glass.'8?? Since energy transfer from the host matrix to the activators is
inherently contained in RL processes, especially in storage-type luminescence, the behavior of
RL will be different from that of PL.?>?3) Therefore, it is important to examine the relationship
between the RL of glass and the quenching process.

The aim of this work is to examine the relationship between the luminescent (PL and X-ray-
induced RL) properties of Sn>*-doped SrO-B,Os glasses and quenching conditions. In addition
to previous samples,'® an additional glass was prepared for comparison. As RL properties, both
nonstorage (scintillation) and storage [thermally stimulated luminescence (TSL) and optically
stimulated luminescence (OSL)] luminescences were measured.

2. Experimental Procedure
2.1 Preparation of SnO-doped strontium borate glasses

The chemical composition of the present glasses was SSB (in mol%). A mixture of SnO, SrO,
and B,0Os3 was melted in an electric furnace using a Pt crucible. Melting was performed at 1373 K
for 20 min in ambient atmosphere, and the batch was about 9 g. To prepare the SSB glasses under
different cooling conditions, three samples were prepared by pouring the glass melt onto a Pt plate
in an electric furnace at temperatures of 373, 573, and 773 K. Considering the 7, (887 K) of the
SSB glass prepared by a conventional melt quenching method, these annealing temperatures were
selected. After pouring the glass melt, the glass samples were maintained at elevated temperatures
for 1 h. On the other hand, one SSB glass was prepared by a conventional melt-quenching method
in which the glass melt was quenched on a stainless steel plate maintained at room temperature (300
K). For several measurements, the glass samples were cut (~10 x 10 x 1 mm?) and polished with
aqueous diamond slurry.

2.2 Analysis methods

The experimental details of PL, photoluminescence excitation (PLE), density, and refractive
index are shown in the previous paper.!® The "B magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectra of the glasses were obtained by using a JEOL DELTA 600 spectrometer.
The chemical shift of ''B MAS spectra was referenced using a 1 M H3BOj3 aqueous solution at 19.6
ppm. To estimate the population and NMR parameters of boron species, spectral deconvolution
was performed using the DmFit 2002 program with a “Q-mas 1/2” model® by considering
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that the chemical shift of "B was mainly affected by its first coordination number, i.c., three-
coordinated boron BOjs; and four-coordinated boron BOg4»,. The longitudinal elastic modulus
11 was calculated using the equation ¢i; = p¥;2, where p is the density, and V; is the longitudinal
sound velocity. V; was calculated using the equation V; = vpi/2ns3z, where vp, A, and ns3; are the
Brillouin shift, the wavelength of incident light (= 532 nm), and the refractive index at 532 nm,
respectively. The details of the Brillouin scattering measurement are also shown in a previous
paper.'®

X-ray scintillation spectra at room temperature were observed using a monochromator
equipped with a charge-coupled device (CCD, Andor). The irradiated dose was calibrated using
an ionization chamber. The details are shown in a previous paper.>> OSL spectra were recorded
using Quantaurus-Tau (Hamamatsu Photonics) and the stimulation wavelength was 1.97 eV. TSL
glow curves were recorded using TL-2000 (Nano Gray) with a heating rate of 1 K/s.

3. Results and Discussion
3.1 Structure of the SSB glasses

The obtained SSB glasses were transparent, and no diffraction peak due to crystallization was
observed. First, we examined the effect of the quenching temperature on the structure of the SSB
glasses. Figure 1(a) shows the !'B MAS NMR spectra of the SSB glasses quenching at 300, 373,
573, and 773 K. As shown in Fig. 1(a), boron units can be classified into two species by the first
neighborhood oxygens: four-coordinated boron BOy» (located at O ppm) and three-coordinated
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Fig. 1. (Color online) Structural and physical analyses of the SSB glasses. (a) ''B MAS NMR spectra of the
SSB glasses prepared at different quenching temperatures. (b) Boron unit ratio of the SSB glasses as a function of
quenching temperature. (c) Molar volume and longitudinal elastic modulus of the SSB glasses as a function of
quenching temperature.
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boron BO3/, (other nonsymmetric peaks),2672%

of ring and nonring BOjs; structures. Figure 2(b) shows the ratio of BO3;; to BOyy, in the SSB
glasses as a function of the quenching temperature. It suggests that a larger number of BO3/; units

where the three-coordinated boron species consist

exist in the glass produced by quenching at a low cooling temperature. In the case of the four-
coordinated BO4/; unit, a counter cation is required to compensate for the excess negative charge.?
It is, therefore, expected that packing density will increase with BOy4/, fraction. To confirm this
expectation, the molar volume and the longitudinal elastic modulus ¢j; were measured. Figure
1(c) shows the molar volume and c1; of the SSB glasses as functions of the quenching temperature.
11 was calculated by using the equation ¢;1=pv;°, where v is the longitudinal sound velocity.
With increasing quenching temperature, the molar volume decreases, whereas the elastic modulus
increases. In the case of conventionally annealed SSB glass, the values of ¢;; and molar volume
were 102 GPa and 28.2 cm>-mol !, respectively. Compared with the conventional values, we can
understand that a loose glass network was formed by the present preparation method. If we can
use the technical word “fictive temperature”, the fictive temperatures of these SSB glasses will be
higher than that of the conventional one. These results are consistent with our expectation, and this
clearly demonstrates that the glass structure changes depending on the preparation conditions.

3.2 PL properties of the SSB glasses

Next, we focused on the PL properties of doped Sn®* centers. Figure 2(a) shows the PL and
PLE spectra of the SSB glasses prepared under different quenching conditions. We confirmed that
spectral shape changes depending on the cooling conditions. The spectral change is also observed
in the PL-PLE contour plots of the SSB glasses shown in Fig. 2(b). Both the spectral shape and the
emission intensity change, and the intensity decreases with increasing quenching temperature, i.e.,
slower cooling. Considering the densification of the glass network, it is expected that Sn>* centers
will aggregate to reduce the intensity. As discussed in the previous paper, the change in the local
coordination state of Sn’" centers was observed by Sn K-edge X-ray absorption fine structure (XAFS)
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Fig. 2. (Color online) PL of Sn?" centers depending on the cooling conditions. (a) PL and PLE spectra of the
SSB glasses prepared at different quenching temperatures: rapid quenching at 300 K and quenching at 373, 573,
and 773 K. (b) PL-PLE contour plots of the SSB glasses.
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analysis.'®  Although the oxidation of Sn?>" might be induced at 773 K, no apparent change
was observed in the Sn K-edge X-ray absorption near edge structure (XANES) spectra. Since
Sn”" species have lone-pair electrons that hold free volume and exhibit a low melting behavior,
it is expected that Sn>" species will be excluded from the structural ordering of the glass to be
aggregated. From the above analysis results, we conclude that the aggregation of Sn>" cations
occurs during the slower cooling of the glass melt along with the structural ordering of the host
glass network.

3.3 X-ray-induced luminescence of the SSB glasses

Herein, we examined the X-ray-induced luminescent properties of the SSB glasses prepared
at different quenching temperatures. Figure 3(a) shows the X-ray-induced scintillation spectra
of the SSB glasses quenched at 300 K obtained at different irradiation doses. Photon energies at
the emission peak of these glasses are almost constant independent of the quenching temperature
and irradiation dose, which is also observed in PL spectra. Figure 3(b) shows the relationship
between the scintillation intensities of the different SSB glasses and the irradiation doses of X-rays.
These intensities are normalized using the volume of the samples. By comparing the scintillation
intensities with the PL intensity, we observed that the dependence of scintillation intensity on
quenching temperature is similar to that of PL, although no quantitative relationship between them
is observed. It has been predicted that X-ray-induced scintillation is related to PL, because both
luminescences are observed from the activators in the matrix. If the X-ray-induced scintillation

efficiency 7y is proportional to the PL quantum efficiency #pr, the following relationships are
obtained:®'=?

Nsci = NPL X Q, 1
O = Nxconv X Niranss @)

where #.xcony and #7455 are constants for conversion efficiency from X-rays to electron—hole pairs
and energy transfer efficiency from the host to activators, respectively. If host matrixes exhibit
different 7xcony and 744ns values that are affected by several factors, such as the phonon vibration
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Fig. 3. (Color online) (a) X-ray-induced scintillation spectra of the SSB glasses prepared at 300 K. (b)
Scintillation intensities of the SSB glasses prepared at different quenching temperatures as a function of irradiation
dose.
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and the concentration of activators, the intensity dependence of PL will be different from that of
scintillation. The obtained results indicate that the a value of slowly cooled samples is lower than
that of the quenched sample.

Figure 4(a) shows the TSL glow curves of the SSB glasses after 10 Gy irradiation. The SSB
glasses prepared by slow cooling exhibit lower TSL intensities than the quenched one in the entire
temperature range. TSL glow curves consist of at least two peaks, and the peak temperatures
increase with the quenched temperature, i.e., slower cooling. This indicates that the trap depth
is increased by the slow cooling process. Figure 4(b) shows the OSL spectra of the SSB glasses
after 10 Gy irradiation. Similarly to the TSL intensity, the OSL intensity of the more slowly
cooled sample is lower than that of the quenched one. Although the kind of trap that affects each
storage luminesce may differ, the tendency against cooling rate is qualitatively similar. Since the
densification of the host matrix is observed,!® it is expected that this energy change will correlate
with the stabilization of the host. On the other hand, there is an inverse correlation observed
between scintillation and storage luminescence in several phosphors.(34) The obtained result
demonstrates that this inverse relationship is not adoptable to the present case, mainly owing to the
network stabilization.

Figure 5 shows the normalized emission peak area of the glasses as a function of quenching
temperature. In all cases, the quenched sample exhibits a larger emission peak area than the slowly
cooled samples. This is because of (1) the aggregation of Sn>" centers to decrease the PL and
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Fig. 4. (Color online) (a) TSL glow curves of the SSB glasses prepared at different quenching temperatures after
10 Gy irradiation. (b) OSL spectra of the SSB glasses prepared at different quenching temperatures after 10 Gy
irradiation.
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Fig. 5. (Color online) Normalized emission peak area of the glasses as a function of quenching temperature.
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scintillation intensities, and (2) the stabilization of the host glass network to decrease the storage
luminesce. Since this SSB glass has the stoichiometric chemical composition of the Sn-doped
SrBsOig crystal,'® it is expected that the stabilization of the host matrix, i.e., the ordering of the
random network, will exclude impurities, such as dopants and defects. Therefore, we emphasized
that the preparation process of glass materials affects both structural and physical properties.

4. Conclusions

We have demonstrated that both PL and X-ray-induced luminescence of Sn®' centers in
strontium borate glass, whose chemical composition is a stoichiometric composition of the
corresponding crystal, are affected by the cooling conditions from the melt. Since the scintillation
and storage luminescence of the quenched glass exhibit the highest efficiency, it is expected
that the densification of the glass network will bring about the aggregation of activators and the
decrease in the number of traps. Since the control of the local coordination state of the emission
center will be important, it should be pointed out that both the chemical composition and the
precise preparation control of glass are required for tailoring the designed properties.
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