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Tb-doped Ca;TaGa;Si,0Op4 (CTGS) single crystals with different concentrations were
synthesized to evaluate their photoluminescence and radioluminescence properties. All the
samples showed emissions due to the 4f-4f transitions of Tb*>'. The 2% Tb-doped sample
showed the highest quantum yield of 16.4% upon excitation at 350 nm. Decay curves
demonstrated decay time constants of 2.0-2.1 ms, which were the typical values for the 4f—4f
transitions of Tb3*.

1. Introduction

Scintillators are phosphors that immediately convert the energy of ionizing radiations into
low-energy photons.(!=>) They have been applied in many fields such as security screening,7)
medical imaging,®?) well logging,(!%!) and high-energy physics.(!213 Various materials have
been used depending on the types and energies of the radiation and application: single
crystal,14-17) glass,(13-20) and ceramic.21-23)

A Tb-doped Gd,0,S (Tb:GOS) ceramic has been applied in, for example, flat panel detectors
for X-ray detection®® because of its large Zy(61.1) and high radioluminescence (RL) intensity.
(25) In addition, the main emission peak of Tb is observed at 540 nm, which is appropriate for the
sensitivity of conventional photodetectors such as Si photodiodes. However, GOS suffers from
low X-ray spatial resolution because of light scattering caused by the large particle sizes and
grain boundaries of ceramics.(26) Although the melting point of GOS is 2265 °C,(27) the synthesis
of the bulk single crystal is difficult owing to S*>* loss caused by thermal decomposition and
evaporation. Therefore, alternative materials with large Z,; high RL intensity, and high
transparency are desired.

Ca3TaGasSi,0y4 (CTGS) single crystals with Z ;- of 51 were focused on as a host material
because large crystals of CTGS can be easily grown because they have a low melting point
(1300-1500 °C).2® For this reason, CTGS single crystals are attractive for scintillator
applications. Here, Tb was selected as a luminescence center imitating Tb:GOS. In addition to
the advantages of compatibility between the emission wavelengths and wavelength sensitivities
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of Si-based detectors, rare-earth elements can be substituted at Ca sites because the ionic radius
of a rare-earth ion in 8-hold coordination (Tb: 1.04 A) is close to that of Ca?" in 8-hold
coordination (1.12 A).?%39 This close match of ionic radius minimizes lattice distortion,
promoting efficient energy transfer and enhancing luminescence properties. On the basis of this
design, Tb-doped CTGS (Tb:CTGS) single crystals were successfully synthesized, and their
photoluminescence (PL) and RL properties were evaluated.

2. Materials and Methods

0.5, 1, 2, and 3 at% (with respect to Ca) Tb:CTGS single crystals were synthesized by the
floating zone (FZ) method. CaO (99.99%), Ta,05 (99.99%), Ga,05 (99.99%), SiO, (99.999%)),
and Tb405 (99.99%) powders used as raw materials were homogeneously mixed with a mortar
and pestle. The synthesis method followed the procedures for Nd-doped CTGS.GD Part of the
synthesized samples were crushed and mechanically polished. X-ray diffraction (XRD)
measurements were conducted with a diffractometer (MiniFlex600, Rigaku). PL 3D spectra and
PL quantum yields (QYs) were measured using Quantaurus-QY (C11347, Hamamatsu Photonics),
and PL decay curves were evaluated using Quantaurus-t (C11367, Hamamatsu Photonics). In
terms of RL properties, X-ray-induced RL spectra and decay curves were investigated using our
original devices.32-33)

3. Results and Discussion

Figure 1 shows the appearance of the polished Tb-doped CTGS samples. All the samples
appeared colorless and transparent. The length and thickness respectively were 4—6 mm and 0.8
mm. Figure 2 displays XRD patterns of the prepared samples and a reference of CTGS
[(Crystallography Open Database (COD)]: 8100499). All the diffraction patterns of the prepared
samples matched with the reference data and no impurity phases were confirmed. Therefore, all
the samples had a single phase of CTGS belonging to the trigonal system with a space group of
P321.%% The peak intensity ratio of the 0.5% Tb-doped sample differed from those of the other
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Fig. 1. Appearance of Tb-doped CTGS. Fig.2. (Color online) XRD patterns of Tb:CTGS

and reference (COD: 8100499) at (left) 5-90 degrees
and (right) 30.5-31.5 degrees.
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prepared samples. The powders used were prepared by crushing with a mortar and pestle; hence,
heterogeneity in the dominant planes would appear. When comparing the peaks with the those of
the reference pattern, the peaks of all the samples were shifted to larger angles. This suggests
that Tb?" in the 8-hold coordination was substituted at Ca" sites since the ionic radii of Tb*" and
Ca’" were similar (1.04 and 1.12 A, respectively).

Figure 3 displays the PL 3D spectra of the Tb:CTGS samples. All the samples showed several
emission peaks at 350—650 nm, which were attributed to the 4f-4f transitions of Tb*" because
similar emission peaks were confirmed at the same wavelengths in the PL spectra of the other
Tb-doped phosphors.33-30) The specified transitions are listed in Fig. 3. No intrinsic
luminescence was observed in any of the Tb-doped samples. Undoped CTGS has been reported
to show luminescence at 440 nm under excitation at 200-250 nm.GD Its absence could be
attributed to the low intensity of the intrinsic luminescence rather than that of Tb*>*. QYs of the
0.5, 1, 2, and 3% Tb-doped samples respectively were 11.2, 12.8, 16.4, and 9.8% when monitored
at 370-800 nm under excitation at 350 nm. The decrease in QY of the 3% Tb-doped sample
would be due to concentration quenching.

Figure 4 shows the PL decay curves of the prepared Tb-doped samples. The PL decay curves
were obtained by monitoring at 550 nm under excitation at 340 nm and approximated by the sum
of two exponential functions. The fast component was due to an instrumental response function
(IRF), which was caused by the excitation source. The decay time constants of the slow
components were 2.0-2.1 ms, which were typical values for the 4f—4f transitions of Tb3".(37:38)

Figure 5 displays the X-ray-induced RL spectra of the prepared samples. Slightly broad peaks
were confirmed at 300550 nm, and they are thought to originate from the intrinsic luminescence
because the emission was also observed in an RL spectrum of undoped CTGS.GD All the
samples showed several sharp emission lines at 390, 420, 440, 460, 480, 490, 550, 590, and 610
nm, which were the same as the wavelengths in PL spectra (Fig. 3). Furthermore, almost the
same spectral features were confirmed in RL spectra of some other Tb-doped scintillators.(7-39-4)
Therefore, the emission originated from the 4f—4f transitions of Tb*".

Figure 6 shows X-ray-induced RL decay curves of the Tb-doped CTGS samples. The decay
curves were approximated using the sum of three exponential functions. The fastest component
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Fig. 3. (Color online) PL 3D spectra of Tb:CTGS. The horizontal and vertical axes show the emission and
excitation wavelengths, respectively.
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Fig. 4. (Color online) PL decay curves of Tb:CTGS. Fig. 5. (Color online) X-ray-induced RL spectra of

Tb:CTGS.
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Fig. 6.  (Color online) X-ray-induced RL decay curves of Tb:CTGS.

was attributed to an IRF. The second fastest component had decay time constants of 0.16—0.23
ms, and the slowest components showed decay times of 0.93—1.4 ms. The decay times of the two
slow components were consistent with the 4f—4f transitions of Tb3".3637) The different decay
times can be due to the different electronic transitions.*>) During the measurement, emission
signals at 160—650 nm, covered by wavelength sensitivities of the photomultiplier tube used,
were accumulated. As a result, multiple components were observed, unlike the PL decay curves
shown in Fig. 4. The decay times of the slowest components were shorter than PL decay times,
likely owing to the high excitation density of X-rays, which increase nonradiative relaxation
probabilities through interactions among numerous excited electrons.3)

4. Conclusions and Future Prospects
0.5, 1, 2, and 3% Tb:CTGS single crystals were synthesized by the FZ method. Under UV or

X-ray excitation, they showed several emission lines due to the 4f-4f transitions of Th>" at 350—
650 nm, and QY of the 2% Tb-doped sample was 16.4%. The RL decay curves of the samples
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were approximated using two exponential components (0.16—0.23 and 0.93—-1.4 ms), confirming
the origin to be the 4f-4f transitions of Tb>'. From these results, RL properties due to the
electronic transitions of Tb>* were closely observed in Tb-doped CTGS. However, QY was
relatively low, leading to low RL efficiencies. CTGS is known to be substituted by other alkali-
earth elements such as Sr and Ba at Ca sites. By substituting the Ca sites with other alkali-earth
metal elements, the density of the host is increased, and better Tb-doped scintillators with high

OYs and RL efficiencies may be developed.
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