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We grew 0.1, 0.5, and 1% Tm-doped Bi;Ge;0y, single crystals by the floating zone method.
Their photoluminescence and scintillation properties were investigated in the range from visible
to near-IR. Luminescence spectra and decay times consistent with the transitions of Tm3* were
confirmed. X-ray-irradiated dose rate response properties were evaluated using the prepared
samples and an InGaAs photodiode. The 1% Tm-doped sample showed the widest dynamic
range (0.03—60 Gy/h) among the prepared samples.

1. Introduction

Scintillators are materials that instantaneously convert X- and y-rays into numerous low-
energy photons after absorbing the energy of the X- and y-rays. Their application fields include
medicine, () security,® oil exploration,® and high-energy physics.*) Because the physical and
chemical properties of each scintillator are different, the most suitable one is selected on the
basis of the requirements of the application. Various material forms have been used as
scintillators, such as crystals,0~ ceramics,(!%!D glasses,(12714) and liquids.(>~'® To date,
scintillators emitting UV—visible photons have been mainly studied because they have been used
in combination with photodetectors having wavelength sensitivity in the UV—visible ranges(?)
such as photomultiplier tubes (PMTs) and Si photodiodes (PDs). With the development of
photodetectors having wavelength sensitivity in the near-IR (NIR) range, NIR scintillators have
recently attracted interest.

NIR scintillators are expected to be used for high-dose field monitoring, such as in real-time
in vivo dose monitoring during radiotherapy.?? In the therapy, scintillators are inserted near the
target cancers, and NIR photons can be read out by a detector outside of the patient’s body. In
addition, NIR scintillators could be used for monitoring nuclear reactors.2) For such an
application, a remote monitoring system with quartz optical fibers has been proposed.?? NIR
photons have low transmission loss in the optical fiber compared with visible photons;?? thus,
dose measurement in a wide dynamic range can be achieved. The interaction cross section for
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X- and y-rays is proportional to pZef4,(24) where p and Z are, respectively, the density and
effective atomic number. NIR scintillators with a high p and large Z,; have been developed>-26)
as well as UV-visible scintillators.?”?®) Hence, Bi,Ge;0,, (BGO) having a high p (7.13 g/cm?)
and large Z,(75) is a candidate host material for NIR scintillators. Tm has been used as an NIR
luminescence center in laser fields for medical®® and welding®? applications. Additionally, the
NIR scintillation of Tm has been reported.®!33 For high-dose field monitoring near and inside a
nuclear reactor, NIR scintillators need to detect a dose rate of 0.1 mGy/h.?D In this study, we
fabricated BGO single crystals with different concentrations of Tm, the photoluminescence (PL)
and scintillation properties of which were evaluated.

2. Materials and Methods

BGO single crystals doped with 0.1, 0.5, and 1 at% Tm were prepared by the floating zone
(FZ) method. Bi,0; (Mitsuwa Chemicals, 99.99%), GeO, (Furuuchi Chemical, 99.999%), and
Tm,O5 (Furuuchi Chemical, 99.9%) were first mixed as starting materials. Then, the powders
were molded into rod shapes and sintered at 800 °C for 8 h to prepare polycrystalline rods.
Crystal growth was conducted using an FZ furnace (Canon Machinery, FZD0192). To confirm
the crystal phase of the obtained crystals, the powder X-ray diffraction (XRD) pattern was
measured with a diffractometer (Rigaku, MiniFlex600). PL properties were investigated using
Quantaurus-QY Plus and Quantaurus-t systems (Hamamatsu Photonics, C13534 and C11367).
The X-ray-induced scintillation properties were measured using our original setups.(-34-36)

3. Results and Discussion

Figure 1 shows the appearance of the samples. After the single-crystal growth, we obtained
rod-shaped transparent samples with dimensions of ~20 mm x 5 mm ¢. The obtained rods were
cut and polished for PL and scintillation measurements. Figure 2 shows the XRD patterns of the
samples, where some parts of the rod crystals were crushed into powder for the measurement.
The confirmed patterns agreed with the reference pattern of BGO from the Crystallography
Open Database (COD: 1007142), and no other phases were observed; thus, the samples have a
single phase of BGO with cubic symmetry and a space group of /-43d.

Figure 3 shows the PL excitation and emission spectra of the 0.1% Tm-doped sample. Because
all the samples produced spectra with similar shapes, the spectra of the 0.1% Tm-doped sample
were exhibited as representatives. Under excitation at 280 nm, a broad emission band due to the
3P,—!S, transition of Bi*" was observed at 400-750 nm.®7) Additionally, sharp emission peaks
were confirmed at 480 and 800 nm. They were respectively considered to be derived from the
1G,—Hy and *H,—Hj transitions of Tm3*G73%) through energy transfer from Bi*" to Tm>" since
the excitation wavelength (280 nm) corresponded to the 'S,—P, transition of Bi3".3*) Emission at
800 nm due to Tm>" was observed under excitation at 680 nm. The quantum yields (QYs) of 0.1,
0.5, and 1% Tm-doped BGO monitored at 750—1700 nm under excitation at 650 nm were 56.7,
23.8, and 19.1%, respectively. The 0.1% Tm-doped BGO showed a relatively high QY compared
with BGO doped with other rare earths, because the QYs of Nd-, Er-, Pr-, and Yb-doped BGO
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Fig. 1. (Color online) Photograph of prepared Tm-doped BGO.
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Fig.2. (Color online) XRD patterns of Tm-doped Fig. 3.  (Color online) PL excitation (solid line) and
BGO. emission (dashed line) spectra of 0.1% Tm-doped
BGO.

samples with the optimum doping concentration in the NIR range were respectively reported to
be 43, 86, 35, and 26%.39-42 The PL decay curves of the samples are shown in Fig. 4. The
excitation and monitored wavelengths were 600—690 and 810 nm, respectively. The decay curves
were approximated by a single exponential function. The decay time constants (~400 ps) were
typical values for the 3H,—*Hg transition of Tm3" because almost the same decay times were
confirmed for other Tm-doped phosphors.?*#3) The decay time constants decreased as the Tm
concentration increased. On the basis of the tendency of the QY this is considered to have been
caused by the concentration quenching of Tm.

Figure 5 shows the X-ray-induced scintillation spectra of the samples. Sharp emission peaks
were observed at 480, 650, 800, 1200, and 1450 nm. They were attributed to the 4f—4f transition
of Tm>" because similar peaks were observed for other Tm-doped materials.33#* The relative
emission intensities of Tm3" at 480 and 650 nm increased as the Tm concentration increased.
The emission at 1600 nm was considered to have originated from the 3F,—Hy transition.*>)
Broad emission bands due to the 3P,~'S, transition of Bi** were additionally confirmed at 400—
700 nm.“®)

The X-ray-induced scintillation decay curves monitored at 160—650 nm and 380—900 nm are
shown in Fig. 6. The decay curves monitored at 160—650 nm were composed of a sum of three
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Fig. 4. (Color online) PL decay curves of Tm-doped BGO monitored at 810 nm under excitation at 600—690 nm.
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Fig. 5. (Color online) X-ray-induced scintillation spectra of Tm-doped BGO at (a) 200-700 nm and (b)
700—1600 nm.
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Fig. 6. (Color online) X-ray-induced scintillation decay curves of Tm-doped BGO monitored at (a) 160—650 nm
and (b) 380—-900 nm.
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Fig. 7. (Color online) Relationship between emission intensity of Tm-doped BGO and X-ray exposure dose rate.

exponential functions. The fastest component (~300 ns) was derived from the transitions of
Bi*".47) The other two components with decay times of ~6—13 ps and ~130—180 us originated
from the 4f-4f transitions of Tm3" because the obtained decay times were close to those of Tm-
doped Lu,Si,0,.4®) The decay curves monitored at 380-900 nm were in good agreement with
the sum of two exponential functions. Both the fast (~5 ps) and slow (~320-380 ps) components
originated from the 4f—4f transitions of Tm>* because they had almost the same values as those
of Tm-doped GdA1O; monitored in the same ranges.*” A decay time of ns order is preferred for
photon counting; however, a decay time of 100 us to ms order is acceptable for an integrated-
type measurement such as dose field monitoring.?)

Figure 7 shows the relationship between the X-ray-irradiated dose rate (horizontal axis) and
the NIR scintillation intensity (vertical axis). The intensity is presented as the average current
during X-ray irradiation minus the average background current before and during X-ray
irradiation. The dashed lines indicate an approximation to a power function. The lowest
detection limits for which the linearity of the 0.1, 0.5, and 1% Tm-doped samples was retained
were respectively 3, 0.06, and 0.03 Gy/h when the error bar of the intensity was defined as three
standard deviations following a previous study.*) The lowest limit was superior to that of Pr-
doped Gd,0,S measured with a Si charge-coupled device.?)) However, the limit was inferior to
that measured using BGO doped with other rare earths with an InGaAs PD.®%42 The main
emission of Tm3" appeared at 800 nm as shown in Fig. 5. The quantum efficiency of InGaAs at
800 nm is ~16%, whereas that at 1000—1600 nm is ~70—88%. Hence, the emission wavelength of
Tm?3" is unsuitable for the sensitivity of an InGaAs PD, and it can contribute to narrow dynamic
ranges.

4. Conclusions

Tm-doped BGO single crystals with various concentrations (0.1, 0.5, and 1%) were
successfully synthesized by the FZ method. Emission peaks due to 4f-4f transitions of Tm>*
were observed in the NIR region. The relationship between the X-ray-irradiated dose rate and
the intensity in the NIR range was evaluated using an InGaAs PD. Among the present samples,
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the lowest detection limit was 0.03 Gy/h for the 1% Tm-doped BGO, which is inferior to the
values for BGO doped with other rare earths. Although the Tm-doped BGO exhibited the
highest peak intensity at 800 nm, its emission wavelength is not suitable for an InGaAs PD with
spectral sensitivity. Since Tm-doped BGO has emission bands at ~800 nm and ~1400—1600 nm,
upon its combination with a Si PD, its detection limit will be improved owing to the quantum
efficiency of the Si PD at 800 nm (~85%).
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