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Cu-doped aluminophosphate glasses, whose chemical compositions have been used as the
host for Ag-doped radiophotoluminescence (RPL) glass detectors, were prepared in order to
examine the relationship between the valence state of Cu and the luminescence properties.
Although most of the Cu cations in these glasses were in the divalent state, which was
confirmed by optical absorption and X-ray absorption fine structure (XAFS) measurements,
emission from Cu’ was observed in addition to the emission from the host matrix. It is
expected that the reason for the low conversion efficiency will be the low stability of Cu”
species compared with Ag" in the same phosphate glasses.

1. Introduction

After ionized radiation, some materials exhibit luminescence under UV light, and the
intensity changes linearly with the irradiation dose. The radiation-induced luminescence,
which can be observed by UV irradiation, is called radiophotoluminescence (RPL).!~* Among
the well-known RPL materials are silver-doped phosphate glasses, which were first reported in
the 1950s." In the reported RPL mechanism in silver-doped phosphate glasses, Ag™ cations in
the glass are changed into Ag’ and Ag?" by radiation. Since the concentrations of photoactive
silver species are proportional to the irradiation dose, the Ag-doped glasses have been used as
RPL glass detectors. One of the RPL glasses is the so-called FD-7 glass developed by Yokota
and coworkers.®” Although the glass system was first reported more than 50 years ago, its
chemical composition is still widely in use.®)

Considering the periodic table, one may expect that copper can play a similar role to silver
in RPL. It is indeed reported that copper-doped aluminoborosilicate glasses also exhibit RPL
behavior.”) However, copper-doped glasses are not yet commercially available. In order to
clarify the reason for this, we focus on the valence state of cations in copper-doped glasses.
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There are several techniques for evaluating the valence states of cations. Among these
techniques, the X-ray absorption fine structure (XAFS) is one of the strongest tools, because it
provides structural information for trace amounts of various elements.1°~13)

In the present study, we measured the Cu K-edge X-ray absorption near-edge structure (XANES)
of Cu-doped phosphate glasses to clarify the valence states. As host glasses, we selected three
glasses whose compositions were previously reported.(s) Based on the valence estimation, we
examined the relationship between the valence state of Cu and the photoluminescence (PL) and
X-ray-induced scintillation properties of these Cu-doped phosphate glasses, and discussed the

difference between Ag and Cu in terms of their role in RPL.
2. Experimental Procedure

The target glasses were prepared by a conventional melt quenching method. The starting
materials were Al,Os3, Li,CO3, NH4H,PO4, NayCO3, and Cu,O. These chemicals were mixed
and put into a Pt crucible, and then, the crucible was set in an electric furnace in air. The
melting temperature and duration were 1150 °C and 30 min, respectively. After melting, the
melt was poured onto a stainless steel plate to quench it. The glass was annealed at the glass
transition temperature 7, for 1 h. The chemical compositions of these glasses are listed in Table 1.
Since this work is a reference study of Ag-doped phosphate glasses, the concentration of Cu
was determined according to the molar ratio in the Ag-doped phosphate glasses reported by
Yokota.®) In the study, the valence state of Cu was not clearly obtained. Thus, metal-based Cu
concentrations are shown in the table.

The T, values of these glasses were measured by differential thermal analysis. The Cu
K-edge XAFS spectra were measured at the BL14B2 beamline of SPring-8 (Hyogo, Japan).
The storage ring energy system was operated at 8 GeV with a typical current of 100 mA.
The measurements were performed using a Si (111) double-crystal monochromator in the
transmittance or fluorescence mode using a 19-SSD detector at room temperature (RT). Pellet
samples for the transmittance measurements were prepared by mixing the granular sample with
boron nitride. XAFS data for Cu foil, Cu,0, and CuO were collected using the same conditions
for reference. The corresponding analyses were performed by using Athena software.'
The PL and PL excitation (PLE) spectra were recorded at RT using an F7000 fluorescence
spectrophotometer (Hitachi High-Tech., Japan). The optical absorption spectra at RT were
recorded using a U4150 UV-vis—NIR spectrometer (Hitachi High-Tech., Japan). The absolute
quantum yields (QYs) of the glasses were measured using a Quantaurus-QY integrating sphere
(Hamamatsu Photonics, Japan). The error bars were £2. The emission decay at RT was

Table 1
Chemical compositions of Cu-doped phosphate glasses.

Chemical composition (mol%)

Name Cu  ALO; L0 P05 NaO
DI 31 10.0 275 594 0.0
D2 0.6 133 00 632 229

1D3 0.2 13.2 0.0 58.9 277
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measured using a Quantaurus-Tau system (Hamamatsu Photonics, Japan) using white light
with a band-pass filter. These PL measurements were done by using samples without X-ray
irradiation, because the optical and emission properties might have changed after irradiation.
The X-ray-induced scintillation spectra at RT were measured using a monochromator equipped
with a CCD detector (Andor DUS420-BU2).>!9) The irradiation dose was calibrated by using
an ionization chamber.

3. Results and Discussion

The T, values of the IDI, ID2, and ID3 glasses were 425, 480, and 455 °C, respectively.
Figure 1 shows optical absorption spectra of these Cu-doped phosphate glasses. The absorption
bands at 1.4 eV are characteristic absorptions of Cu?" 1720 The absorption coefficients of these
peaks are roughly proportional to the Cu concentration.

In order to determine the valence state of copper, Cu K-edge XAFS measurement was
performed. Figure 2(a) shows Cu K-edge XANES spectra of Cu-doped phosphate glasses
along with those of Cu foil, Cu;0, and CuO as references. The absorption edge energy of Cu
increases with increasing valence state of Cu.?122 By comparison with the three references,
we can conclude that most of the Cu species in these glasses take the divalent state. Although
the result is consistent with the data of optical absorption shown in Fig. 1, it is different from
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Fig. 1. (Color online) Optical absorption spectra of Cu-doped phosphate glasses.
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Fig. 2. (Color online) (a) Cu K-edge XANES spectra of Cu-doped phosphate glasses along with those of Cu foil,
Cu;0, and CuO as references. (b) FT of XAFS spectra of these glasses along with the references.
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the conventional understanding of Ag in glasses, in which Ag cations take a monovalent state.
Figure 2(b) shows the [FT(R)| of the XAFS spectra with the k range from 3 to 13 A", 1t is found
that the Cu-O distances of these glasses are slightly shorter than that of CuO, and no significant
difference depending on the composition is observed. After X-ray irradiation, we could not
observe the clear formation of color centers in all glasses. It is expected that Cu” species will
be less stabilized than Ag" in the same phosphate glasses.

Figure 3 shows PL-PLE contour plots of the Cu-doped glasses along with that of the
nondoped glass. The PL intensity of ID1 is smaller than those of the other glasses because of
self-absorption. As shown in Fig. 3, two emission bands, a and f, are observed in the Cu-doped
glasses, and only the B band is also observed in the nondoped glass, whose host composition
is the same as ID3 [see Fig. 3(d)]. Thus, the a band is due to Cu species, whereas the  band is
derived from the host glass.?® In order to understand this easily, PL-PLE spectra of the o and
B bands are shown in Figs. 4(a) and 4(b), respectively. It is expected that the observed emission
will be derived from Cu’ species, in which the d’s—d' transition is observed.?*?® It is
reported that this emission is affected by the local coordination field. Since the photon energies
of emission bands in Fig. 4(a) are almost the same, it is expected that the local coordination
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Fig. 3.  (Color online) PL-PLE contour plots of the Cu-doped phosphate glasses (a) ID1, (b) ID2, (c) ID3, and
(d) the nondoped phosphate glass. Vertical and horizontal axes represent the excitation and emission energies,
respectively.
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Fig. 4.

(Color online) PL-PLE spectra of Cu-doped phosphate glasses at (a) a and (b) f bands. Green arrows

indicate excitation and emission energies of each spectrum.
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Fig. 5. (Color online) PL decay curves of Cu-doped
phosphate glasses.

Fig. 6. (Color online) Scintillation spectra of Cu-
doped phosphate glasses.

states of Cu" species in these glasses will be similar. It is notable that a very small amount of
Cu’ species, which was not detected in XAFS measurement, can act as emission centers. That
is why the QYs of these Cu-doped phosphate glasses are less than 4%.

In order to confirm the emission from Cu’ centers, we measured PL decay curves of these
glasses as shown in Fig. 5. All curves exhibit a nonlinear decay profile, which suggests that (1)
emission from the host is partially included, and (2) concentration quenching occurs, especially
in ID1. The 7y, values of the ID1, ID2, and ID3 glasses are 24, 30, and 35 us, respectively.
Since these 7. values are similar to that of Cu® centers,(zg) it is suggested that the observed
emission mainly originated from the trace amount of Cu" centers in these glasses.

Because the mechanism of PL is different from that of X-ray-induced scintillation, the energy
transfer process from the host matrix can be discussed by comparison of these luminescences.
Figure 6 shows X-ray-induced scintillation spectra of these Cu-doped phosphate glasses at RT.
The peak areas are normalized by the volume of each sample. Since Cu is the heaviest element
in these compositions, it is expected that the intensity will be affected by the Cu concentration.
The IDI1 glass exhibits the lowest intensity among these glasses despite having the highest Cu
concentration. On the other hand, the intensity of the ID3 glass is comparable to that of the ID2
glass, although the Cu concentration of the former is one-third that of the latter. This is mainly
due to the concentration quenching suggested by the PL decay curves (Fig. 5). It is notable that
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the scintillation intensity of the host matrix is much lower than that of Cu" centers, although the
emission is clearly observed in the PL spectra. Thus, the defects in these host matrixes are not
active for X-ray irradiation under these experimental conditions. Since the origin of the defects

in the host glass is not clarified, it is suggested that they are phosphate-related species, whose

intensity may be changed by X-ray irradiation.*®

4. Conclusions

We have prepared Cu-doped aluminophosphate glasses and measured their optical and
luminescent properties. The results of Cu-K edge XANES spectra suggest that most of the Cu
species are Cu”" states, although the existence of Cu' species was detected by PL and X-ray
scintillation. Considering that Ag cations exist in these host glasses in the monovalent state, we
conclude that the stable valence state of each cation in the same glass is different, even though
copper and silver are both in group 11.
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