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Abstract: Gadolinium pyrosilicate (GPS, Gd,Si,Oy) single crystals with different doping concentra-
tions of Tb (0.1-2.0 mol%) are successfully fabricated using the floating-zone technique. In this work,
the dependence of Tb-doping concentration on the photoluminescence (PL) and scintillation proper-
ties of Tb-doped GPS (Tb:GPS) has been investigated. The PL emission contour graph shows multiple
emissions, with the strongest emissions at 378 nm for 0.1% and 0.5% Tb-doping and 544 nm for 1.0%
and 2.0% Tb-doping, corresponding to Tb>* 4f-4f transitions. The PL lifetimes of the specimens range
from 4.89 to 5.22 ms. The scintillation spectra exhibit comparable wavelength and intensity trends to
the PL emission. The scintillation lifetimes of the specimens range from 2.41 to 3.88 ms. The Tb:GPS
specimens demonstrate a relatively excessive afterglow level, with Afyy values ranging from 1640
to 7250 ppm and Af 49 values ranging from 136 to 362 ppm. Using recently developed pulse height
measurement for millisecond decay scintillators, under excitation at 662 keV y-rays, the 1.0% Tb:GPS
specimen exhibits the highest scintillation light yield among all other specimens at 95,600 ph/MeV,
making Tb:GPS one of the highest light yield oxide scintillators.

Keywords: scintillator; Tbh3+; floating zone; radiation detection; afterglow

1. Introduction

One of the fascinating sub-categories of luminescent materials is a scintillator, which
is capable of converting high-energy particulate and nonparticulate radiation into lower
energy electromagnetic waves, including ultraviolet, visible, and infrared light [1,2]. Due
to this special ability, a combination of scintillators and amplified photodiodes, known as
scintillation detectors, is widely used in numerous specialized fields involving radiation de-
tection. These fields include medical imaging [3-5], astrophysics [6,7], geophysics [8], envi-
ronmental observation [9], homeland security [10], and natural resource exploration [11,12].
Scintillator materials come in a variety of forms to meet the specific demands of each
application, such as single crystals [13,14], polymers [15], glass [16,17], transparent ceram-
ics [18,19], and composites [20,21]. Today, lanthanide-doped single crystals are a primary
focus for scintillators in both academic and commercial settings due to their appealing scin-
tillation properties and advantageous physical properties, including relative consistency of
performance over time, high chemical durability, and low hygroscopicity [22,23].

The research on a combination of lanthanide ions as a luminescence center and oxide
crystals is highly anticipated. In some specific applications, namely flat-panel detectors
for X-ray radiography, a high light yield is needed. Lanthanide ions such as Tb3* and
Dy3* are typically selected as the luminescence center in this particular application. Never-
theless, the method for measuring scintillation light yield via the pulse height approach
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has historically been confined to scintillators with decay times in the microsecond range.
Recently, Tb-doped SrpGdg(SiO4)sO; (SrGS) achieved a significant breakthrough as the
first millisecond decay time scintillator to have its scintillation light yield measured using
a newly developed system [24]. For the host crystal, the pyrosilicate (X;SipO7) has been
selected. This compound is known for its remarkable scintillation properties, including a
high light yield of 26,300 ph/MeV and a fast decay time of 38 ns in Ce-doped Lu,5i,O7
(LPS). Since its introduction, research on pyrosilicate crystals has spurred interest in de-
veloping new oxide scintillators using pyrosilicate crystals. This includes modifications in
the pyrosilicate structure, exemplified by Pr-doped Y;5i,O7 (YPS) and Tm-doped LaySi, Oy
(LaPSs) [25,26]. In our recent study, a series of LaPS, LPS, YPS, and Gd;Si;Oy (GPS) with
1.0% Tb-doping have been investigated. The report presents Tb-doped GPS (Tb:GPS) as
the most suitable combination for a scintillator among all other pyrosilicates, presenting a
scintillation light yield of 95,600 ph/MeV [27].

Based on these recent updates, the study of Tb-doping concentration dependence on
Tb:GPS is essential for determining the optimal concentration for this promising material.
This report seeks to be the first to explore the effects of Tb-doping concentration on the
physical, photoluminescence (PL), and scintillation properties, incorporating the newly
developed pulse height measurement for millisecond decay time scintillators. Furthermore,
it examines the potential, patterns, and prospective uses of these materials.

2. Materials and Methods

The GPS single crystals, 0.1, 0.5, 1.0, and 2.0 mol% Tb-doping, were synthesized and
characterized as follows. For the specimen synthesis, powders of Gd;O3, Tb4O7, and
SiO; of 99.99% purity were thoroughly blended using a mineral mortar. Afterward, the
blended powders were placed in a flexible mold for rod shaping using a uniform pressure
press. After the shaping process, the sintering process of the specimen rods took 10 h
at 1400 °C. With the sintered specimens, the single crystal growth process was achieved
using a tabletop floating-zone furnace (FZD0192, Canon Machinery, Shiga, Japan) with two
halogen lamps as a heat source. The specimens were crystal-grown at the rate of 4.5 mm/h.
Finally, the single crystal rods were cut and polished, with a controlled thickness of 1 mm.

To characterize the phase composition of the grown crystals, the unpolished crys-
tal specimens were ground into a fine homogeneous powder for X-ray diffraction (XRD)
measurement. The characteristic structures of each specimen were analyzed by an X-ray
diffractometer (MiniFlex600, Rigaku, Tokyo, Japan), with COD No. 9011106 (Gd;Si;Oy)
serving as the reference. The transmittance spectra were measured using a spectrophotome-
ter (U-2900, Hitachi High-Tech, Tokyo, Japan). Photoluminescence (PL) properties were
investigated through the Quantaurus-QY (C11347-01, Hamamatsu Photonics, Shizuoka,
Japan), including the study of PL emission/excitation maps and PL Quantum Yield (QY).
The excitation and observation wavelengths were set at 250-400 nm and 300-700 nm, respec-
tively. Furthermore, PL decay time analysis was accomplished by using the Quantaurus-t
(C11367, Hamamatsu Photonics, Shizuoka, Japan), with excitation at 265 nm and monitor-
ing at 550 nm. All the scintillation properties were evaluated using the in-house system.
Scintillation spectra under 1.2 Gy X-ray exposure were recorded, and photons emitted
from the specimen were delivered to a charge-coupled device (CCD) camera through an
optical fiber. To minimize thermal background noise, the CCD’s temperature was lowered
to —75 °C by a thermoelectric module [28]. Additionally, the scintillation decay time and
afterglow signal were measured using a system equipped with a pulsed X-ray source, with
an observation spectral range of 160—650 nm over a 20 ms time range [29]. The calculation
of the afterglow level aligned with the methodologies described in our previous studies, as
indicated by the following equation [30]: Afg = (Ing — I bg) / Imax, where Afy represents the
afterglow level at 20 ms after the X-ray irradiation. Here, I5) represents the signal intensity
at 20 ms after the X-ray exposure stopped, I, refers to the signal intensity before the X-ray
exposure started, and I,y is the signal intensity during the X-ray exposure. The same
calculation and explanation were also applied for Af 4.
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The scintillation light yield was determined using the ms decay time pulse height
system recently developed, as referenced in [24]. It should be noted that the system
output technically represents the pulse area rather than the pulse height of the scintillation
pulse. However, for simplicity and to maintain consistency with conventional terms, the
term “pulse height” is used in this study. In this setup, polytetrafluoroethylene (Teflon)
tape was use as the reflector. The photomultiplier tube (PMT R7600U-200, Hamamatsu
Photonics) with a bias of —550 V provided a signal to the analog-to-digital converter
(1819-16, Clear-Pulse, Tokyo, Japan). 137Cs was chosen as the y-ray source with 662 keV.
Furthermore, calculation of the light yield was undertaken using a reference bismuth
germanate Bi;Ge301, (BGO) scintillator with a dimension of 5 x 5 x 5 mm? obtained by
the Czochralski method and having a scintillation light yield of 8200 photons/MeV [31].

3. Results and Discussions
3.1. Physical Properties

Figure 1A displays the photograph of a 1.0% Tb:GPS single crystal ingot before the
cutting process. The obtained crystal ingots have lengths between 25 and 30 mm and
diameters of approximately 4 mm. Noticeable fractures are present across the entire length
of each crystal rod. These fractures are consistent with previous attempts to grow a crystal
of a pyrosilicate compound using the same technique [32]. After cutting and polishing,
all the specimens present a colorless and highly transparent appearance regardless of
Tb-doping concentration, as presented in Figure 1B, unlike the specimen luminescence
colors under 254 UV irradiation in Figure 1C. The Tb:GPS specimens have a bright blue
luminescence at a low Tb-doping concentration (0.1%) and gradually develop a bright
green luminescence as the Tb-doping concentration rises (2.0%).
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Figure 1. Photographs of Tb:GPS specimens directly after crystallizing by the FZ method (A); polished
specimens under general lighting (B); and under 254 nm UV (C).

The XRD patterns of powdered Tb:GPS specimens together with a reference pattern of
pure GPS (COD 9011106) are presented in Figure 2. In comparison, the specimen’s XRD
patterns show similar peaks to the reference pattern of the undoped GPS, which implies a
single phase of GPS crystals without adulteration, within the XRD machine’s limitations.
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Figure 2. XRD patterns of powdered Tb:GPS specimens with pure GPS (COD 9011106).

Intensity (arb. unit)

The transmittance spectra of Tb:GPS specimens are illustrated in Figure 3. The strong
absorption band centered around 220 nm comes from the spin-allowed 4f-5d transition
of Tb%*. Two additional absorption lines at 272 and 312 nm, clearly observed in 1.0 and
2.0% specimens, are due to the 8S; /2—6I] and 85, /2—6P] transitions of Gd3*, respectively.
More importantly, all specimens exhibit high transparency around or exceeding 80% in the
emission spectral range of 380-600 nm (see below).
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Figure 3. Transmittance spectra of Tb:GPS specimens.

3.2. PL Propterties

The PL emission contour graph of Tb:GPS specimens is presented in Figure 4. This
measurement has emission and excitation ranges of 300-700 and 250-400 nm, respec-
tively. Almost identical emission wavelengths from Tb3* 4f-4f transitions are present in
all specimens. The details of each emission origin will be discussed in connection with
the scintillation spectra. One of the main points of interest of this measurement is the
gradual shift of the peak intensity emission from 378 to 544 nm. This phenomenon is the
result of °D3-"Dj cross-relaxation, which is generally found in a Tb-doping concentration
dependence study [33,34]. This also explains why Tb:GPS specimens under the same
254 nm UV irradiation have different luminescence colors. The PL QY of the specimens
increases as the Th-doping concentration rises to 22.7, 38.7, 68.9, and 83.9% for the 0.1, 0.5,
1.0, and 2.0% Tb-doped specimens.



Photonics 2024, 11, 673

50f11

250

w w
W ()
o (=]

Excitation wavelength (nm)
N
[
(=)

Y
I |

0Y=22.7% 0Y=38.7%

0.1% Tb:GPS 0.5% Tb:GPS

4
700 300 700
250

0Y=68.9 % 0Y=83.9%
‘
400
600 700 300 400 500 700
Emission wavelength (nm)

MO

Figure 4. PL emission contour graph of Tb:GPS specimens in the excitation wavelength (vertical axis)
and emission wavelength (horizontal axis) ranges of 250—400 and 300-700 nm, respectively.

The PL lifetime profiles of Tb:GPS specimens is exhibited in Figure 5. To focus on the
main °Dy — ’Fs emission transition of Tb%* at 544 nm, this measurement uses the excitation
and observation wavelength of 265 and 550 nm, respectively, according to the previous PL
emission results. It is crucial to note that all specimens exhibit rise time characteristics in
the initial decay part of the profiles originating from the °Dj level. This should be related to
the above-mentioned cross-relaxation process between closely lying Tb** pairs (the donor
Tb3* ion transits from °Dj; to °Dy, whilst the acceptor ion transits from ;Fg to “Fg) [35].
The PL decay profiles, excluding the rise time in the initial parts, can be well fitted by an
exponential decay function, as depicted under the names of each specimen. The PL decay
constants for 0.1, 0.5, 1.0, and 2.0% Tb:GPS specimens are 5.22, 5.05, 4.95, and 4.89 m:s,
respectively. These results align with prior research on Tb-doped scintillator materials [36].
However, a decreasing trend in the decay time constant at higher Tb-doping concentrations
is observed, a phenomenon that could be influenced by concentration quenching. The
identical trends in decay time reduction are also noted in published articles examining
concentration dependence in inorganic scintillators [37,38].
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Figure 5. PL lifetime profiles of Tb:GPS specimens upon excitation at 265 nm and observation at
550 nm, with the decay time fitting equation.
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3.3. Scintillation Properties

The X-ray-induced scintillation spectra of Tb:GPS specimens are displayed in Figure 6.
The vertical axis (intensity) represents the qualitative value of this measurement. All
specimens exhibit nearly identical spectral wavelengths. Additionally, the scintillation
wavelengths are also nearly identical to the PL emission wavelengths (Figure 4), alongside
intensity shifts due to °D3—°Dj cross-relaxation. In sum, the scintillation from Tb3* 4f-4f
transitions, including 378 (°D3—"Fg), 420 (°D3—"Fs), 440 (°D3—"Fs), 489 (°D,—"Fs), 544
(°Dy—7Fs, strongest), 586 (°Dy—"Fy), and 622 nm (°Dy—7Fj3), is found in all specimens.
Besides the Tb3* 4f-4f transitions, the scintillation from the intrinsic Gd3* 4f-4f transition
at 312 nm (S, /2 —oP, /2) is uniquely observed in the 0.1% Tb-doped specimen due to the
relatively low Tb-doping concentration [39]. Overall, the scintillation spectrum of Tb:GPS
resembles the other Tbh-activated scintillators [40].

—0.1% Tb:GPS 0.5% Tb:GPS
[|—1.0% Tb:GPS—2.0% Tb:GPS 1

Intensity (arb. unit)

Wavelength (nm)

Figure 6. X-ray-induced scintillation spectra of Tb:GPS specimens.

The X-ray-induced scintillation lifetime profiles of the Tb:GPS specimens, which are
fitted by a double exponential function, are exhibited in Figure 7. The first decay constant
in all specimens is affected by IRF, which potentially distorts the initial segment of the
decay. Conversely, the second decay constant is attributed to scintillation from the Tb3* 4f-4f
transitions. The scintillation decay constants for 0.1, 0.5, 1.0, and 2.0% Tb:GPS specimens are
2.40,2.63, 3.22, and 3.88 ms, respectively. Compared to the previous PL decay time results,
each specimen exhibits a faster scintillation decay time [41]. The shortening of scintillation
decay time is possibly due to the limitation in emission range of this measurement, spanning
350-650 nm, which encompasses more emissions than just the 550 nm emission observed
in PL decay time measurements.
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Figure 7. X-ray-induced scintillation lifetime profiles of Tb:GPS specimens observed at UV-visible
range, with the decay time fitting equation.

The afterglow profiles of Tb:GPS specimens are displayed in Figure 8, with Af;g and
Af 49 values detailed in Table 1. Compared to commercial scintillators, Tb:GPS specimens
exhibit significantly higher Afyy values than CdWO, (CWO) and Tl-doped CsI, which have
Af o values of approximately 100 and 268 ppm, respectively [42,43]. Notably, the Af4 value
(measured at 40 ms after the exposure cut-off) of the Tb:GPS specimens is comparable to
the Afyo value of these commercial scintillators. As an illustration, Tb:GPS takes twice as
long as commercial scintillators to reduce the afterglow to the same level. The elevated
afterglow levels in Tb:GPS specimens are primarily attributed to their slow scintillation
decay time in the millisecond range.
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Figure 8. X-ray-induced afterglow profiles of Tb:GPS specimens.
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Table 1. Summary measurement results of Tb:GPS specimens.
Tb-Doping PL and Scintillation Light Yield at
Concentration PL QY PL Decay Time Scintillation Decay Time Af20, Afao 662 keV y-Rays

in GPS (%) (ms) Wavelength (ris) (ppm) +10%
(%) (Strongest, nm) (ph/MeV)
0.1 22.7 5.22 378 (°D3 — "Fg) 241 1640, 140 14,600
0.5 38.7 5.05 378 °D3 — "Fg) 2.63 3240, 136 18,200
1.0 68.9 495 544 (°D, — "Fs) 3.22 5110, 225 95,600
2.0 83.9 4.89 544 (°Dy — "F5) 3.88 7250, 362 43,800

The 662 keV (1¥Cs) y-ray pulse height spectra of Tb:GPS specimens and a BGO
reference are presented in Figure 9. To calculate the scintillation light yield, the different
quantum efficiencies of the PMT at the wavelength of maximum scintillation intensity
for Tb:GPS specimens are considered: 0.1% and 0.5% Tb:GPS (378 nm, 40%), 1.0% and
2.0% Tb:GPS (544 nm, 9%), and the BGO reference (480 nm, 25%). Table 1 collects the
scintillation light yield values for all Tb:GPS specimens. In this study, the 1.0% Tb:GPS
showed the highest scintillation light yield of 95,600 ph/MeV among all the Tb:GPS
specimens. From this result, a Tb concentration of 1.0% is the most suitable for this Tb:GPS
scintillator. Two reasons support this statement. Firstly, concentration quenching of the
2.0% Tb-doped specimen can be observed by a reduction in scintillation light yield when
compared with the 1.0% Tb-doped specimen. Secondly, the advantage of >D3-°Dy cross-
relaxation shifts the wavelength of maximum scintillation light from 378 nm in 0.1 and 0.5
Tb-doped specimens to 544 nm in the 1.0% Tb-doped specimen. The obtained light yield
value is significantly higher than those previously investigated for Tb-doped SrGS (23,000
ph/MeV) [44] and even surpasses some of the most common scintillators, such as CdWOy
(28,000 ph/MeV) [31] and Tl-doped Nal (40,000 ph/MeV) [12].

T g T g T i T i T
—0.1% Tb:GPS
0.5% Tb:GPS
— 1.0% Tb:GPS
—2.0% Tb:GPS
BGO (reference)

Counts

i

10° L—-}-—im bomt-—— L
100 200 300 400 500 600 700
MCA channel

Figure 9. Pulse height spectra of 662 keV 337Cs) v-rays measured with Tb:GPS specimens and a
BGO reference.

In future work, it is recommended to improve the crystal quality by adopting a
more refined crystal growth method, such as the Czochralski method, to enhance energy
resolution. Improvements in scintillation decay time and afterglow are highly interesting
for mitigating the main weakness of this compound. In a recent study [45], co-doping
with a trace amount of Mg?* or Ca?* in Ce-doped LPS can shorten the scintillation decay
time by eliminating shallow electron traps. A similar hypothesis is also possible for
Tb:GPS development.
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4. Conclusions

Single crystals of 0.1, 0.5, 1.0, and 2.0% Tb:GPS are successfully fabricated by a dual
halogen lamp floating-zone furnace. The single phase of GPS is validated by XRD analysis.
The photoluminescence (PL) characteristics are examined, showing multiple emissions
with the strongest emissions at 378 nm (for 0.1% and 0.5%) and 544 nm (for 1.0% and
2.0%) due to Tb3* 4f-4f transitions on PL emission contour graphs. PL decay times of the
specimens range from 4.89 to 5.22 ms. Regarding scintillation properties, the X-ray-induced
scintillation spectra of the samples exhibit similar peaks and intensity patterns to the PL
emission. The scintillation decay times of the samples range from 2.41 to 3.88 ms. Tb:GPS
shows a high afterglow level (Af) of approximately 1640-7250 ppm. Tb:GPS takes twice
as long as CAWOj, to reduce the afterglow to the same level (CAWOy’s Afyg = Tb:GPS’s
Afso). Under 662 keV y-ray excitation, the 1.0% Tb:GPS specimen exhibits the highest
scintillation light yield among all studied specimens at 95,600 ph/MeV, granting Tb:GPS
one of the highest light yields in oxide scintillators.

Overall, 1.0% Tb:GPS is a suitable candidate for a novel high-light-yield oxide scintil-
lator. However, due to the decay time in the millisecond range, the potential applications of
Tb-doped pyrosilicate are limited to those that prioritize brightness over response time or
to integrated-type scintillation detectors, such as flat-panel detectors for X-ray radiography.
Tb:GPS clearly demonstrates an advantage over CsL:T], the conventional crystal scintillators
for X-ray radiography, in terms of hygroscopicity. On the other hand, a direct light yield
comparison between Tb:GPS and CsI:Tl remains an intriguing topic for future research,
primarily because the light yield evaluation system for scintillators with millisecond decay
times is still relatively new.
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