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In this study, SrZrO; single crystals doped with 0, 0.3, 1.0, and 3.0% Ti were successfully
synthesized by the floating zone method, and their optical and scintillation properties were
investigated. Both the photoluminescence (PL) and scintillation spectra revealed a broad
emission band centered at 400 nm, and the decay time constants were of us order. All the Ti-
doped specimens exhibited clear full energy peaks under 24! Am o-ray irradiation. The obtained
PL quantum yield and pulse height spectra suggest that the optimum Ti concentration among our
specimens is 3.0%.

1. Introduction

Scintillators instantaneously convert high-energy photons of ionizing radiation to lower-
energy photons and are used in photodetectors, such as photomultiplier tubes (PMTs), to detect
radiation. The applications of scintillators are very wide, for example, medical diagnosis,!~%
high-energy and nuclear physics,®7) security,®? and personal dose monitoring.(1°-12 Thus,
users must select appropriate scintillators depending on the application. In addition, when
detecting ionizing radiation, different scintillators are used for different radiation species. In
particular, for X-rays and y-rays, it is important that the scintillators consist of heavy elements
and have high density.

In recent years, single crystals with Hf have been attracting attention as potential new
scintillators because of their relatively high density.(13-!4) The detection efficiency for
X-rays and y-rays depends on the density and effective atomic number of the scintillators.
Therefore, these materials are potential scintillators for detecting high-energy ionizing
radiation. However, the single-crystal growth of these materials, which have a high
melting point, by the Czochralski and Bridgman—Stockbarger methods is difficult, since
these methods require a crucible. To grow these high-melting-point materials, a crucible-
free growth method such as the floating zone (FZ) method can be used.(!>) Our group has
successfully synthesized some high-melting-point single crystals, for example,
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CaHfO;1%1") and RE,Hf,0, (RE = La, Gd, and Lu)!*!® doped with Ce and Ti. In
particular, perovskite-type CaHfO; crystals exhibited the best scintillation properties
among the Hf compounds we examined. On the basis of these results, we have also
focused on compounds of Zr, which is a homologous element to Hf. MZrO; (M = Ca, Sr)
has the same structure as CaHfOj3, and SrZrO; also has a relatively high density of ~5.5 g/
cm3.(19 In addition, Zr oxides have high melting points and are suitable for applying the
FZ method. The scintillation properties of Ce- and Ti-doped CaZrO; single crystals have
been investigated.?%2D) Ti-doped CaZrO; clearly showed photoabsorption peaks under
137Cs y-ray irradiation. In this study, we focused on SrZrOs;, which has the same
perovskite structure as CaZrOs, with the aim of increasing the interaction efficiency with
ionizing radiation and improving the scintillation properties of the system. Luminescence
related to Ti*" appears at around 400-500 nm because luminescence centers are affected
by the crystal symmetry and structure. The quantum efficiency of PMTs depends on the
emission wavelength, and bluish luminescence is suitable for common PMTs. In addition,
the decay time constant is approximately of pus order in some materials, making them
applicable for photon-counting measurement. Therefore, we selected Ti as a luminescent
center.

2. Materials and Methods
2.1 Preparation method

All specimens were synthesized using the FZ method. First, raw powders of SrO (99.99%,
FUJIFILM Wako Pure Chemical Corporation), ZrO, (99.99%, Furuuchi Chemical Corporation),
and TiO, (99.99%, Kojundo Chemical Laboratory Co., Ltd.) were mixed with stoichiometric
ratios. Then, the homogeneously mixed powder was formed into a cylindrical rod by applying
hydrostatic pressure to the mixture loaded in a cylindrical balloon. Finally, the obtained rod was
sintered in the atmosphere to obtain a solid ceramic rod in three steps: at 1100 °C for 8 h, 1250
°C for 8 h, and 1500 °C for 8 h. The crystal growth was performed using an optical FZ furnace
equipped with four 3 kW xenon arc lamps (Crystal Systems FZ-T-12000-X-VPO-PC-YH) and
four ellipsoidal mirrors having a vertically positioned optical axis, which provided axially
symmetric heating of the zone. The sintered rod was loaded into the FZ furnace, and the crystal
growth was conducted with a pull-down rate of 30 mm/h and a rotation rate of 20 rpm. The as-
synthesized crystals were cut into specimens of @3—4 x ~1 mm?, whose surfaces were optically
polished.

2.2 Analysis method

X-ray diffraction (XRD) patterns were measured using a MiniFlex 600 diffractometer
(Rigaku). We measured the optical properties of the specimens to determine the origin of their
luminescence. A Quantaurus-QY system (C11347, Hamamatsu Photonics) was used to evaluate
the photoluminescence (PL) excitation/emission contour maps and PL quantum yields (QYs).
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The excitation and emission wavelength ranges used in monitoring were 250—400 and 300—650
nm, respectively, with 10 nm intervals. PL lifetime measurements were performed using a
Quantaurus-Tau PL lifetime measurement system (C11367, Hamamatsu Photonics).

We measured scintillation spectra using our laboratory-made setup.?? We used an X-ray
generator (XRB8ON100/CB, Spellman) equipped with a conventional X-ray tube as the X-ray
source. The operation current and tube voltage of the X-ray tube were 1.2 mA and 40 kV,
respectively. The scintillation obtained by X-ray irradiation was guided through an optical fiber
to a Shamrock 163 monochromator equipped with an Andor DU-420-BU2 CCD-based detector.
Scintillation lifetime and afterglow profiles were measured using a Hamamatsu Photonics
custom-made system.?®) The light yield is an important parameter that determines the efficiency
of the scintillating material in actual device applications. Light yields were evaluated from pulse
height spectra under 24! Am 5.4 MeV o-ray irradiation using our original setup.®¥) The specimens
were optically coupled with a PMT (R7600, Hamamatsu) using optical grease (TSKS5353,
OKEN). The signal generated from the PMT was fed into an ORTEC 113 pre-amplifier, an
ORTEC 570 shaping amplifier, and Amptec 8000A multichannel analyzer (8000A, Amptec), and
finally a PC.

3. Results and Discussion

Figure 1 shows a photograph of the synthesized undoped and Ti-doped specimens under LED
light. The crystal specimens are colorless and transparent to the naked eye. In the 1.0 and 3.0%
Ti-doped specimens, cloudiness can be observed in part of the crystals. Since the XRD pattern
discussed below shows only a single SrZrO; phase, it is considered that a polycrystalline phase
was partially generated. Figure 2 shows the powder XRD patterns of all the specimens. The
XRD patterns were in good agreement with the standard pattern of SrZrO;, indicating only
single-phase SrZrO; with the Pnma space group of the orthorhombic crystal system [Fig.
2(a)].®® Furthermore, the diffraction peaks slightly shifted toward a higher angle with increasing
Ti concentration in the crystals, because the ionic radius of Zr** (0.72 A) is higher than that of its
Ti*" (0.61 A) counterpart [Fig. 2(b)].29)

PL 3D contour maps of the undoped and Ti-doped specimens are shown in Fig. 3. When the
specimens were excited with 280-300 nm UV light, a broad emission band at around 400 nm
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Fig. 1. (Color online) Photograph of undoped and Ti-doped specimens under LED light.
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Fig. 2. (Color online) (a) XRD patterns of undoped and Ti-doped specimens and (b) enlarged figure around 30°.
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Fig. 3. (Color online) PL contour maps of (a) undoped, (b) 0.3% Ti-doped, (c) 1.0% Ti-doped, and (d) 3.0% Ti-
doped specimens.
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was observed in all specimens. In addition, the observed spectral features of the emissions were
similar for all specimens, but the excitation band shifted to a longer wavelength with increasing
Ti concentration. To determine the origin of these emissions, the PL lifetime was measured.
Figure 4 shows the PL decay time profiles of the undoped and Ti-doped specimens, where the
excitation and monitoring wavelengths were 280 and 400 nm, respectively. The obtained PL
decay curves were approximated by the single exponential decay function / = Aexp(—t/t), where [
and A4 are the signal intensity at times ¢ and 0, respectively, and 7 is the PL lifetime. The
calculated PL lifetimes are shown in Table 1. They were in agreement with those of some Ti-
doped phosphors in a previous study. The lifetime of the Ti-related emission appears to depend
on the matrix crystal, but mostly previously reported lifetimes were of ps order.(14:16.20.27)
Therefore, considering the emission wavelength and PL lifetime, we attributed the emissions at
around 400 nm to charge-transfer (CT) transitions of Ti*"—0%".27:28) CT emission generally
follows a spin- and dipole-allowed absorption. In this case, the promotion of an electron from
nonbonding orbitals (ground state) to antibonding orbitals (excited state) in one complex occurs,
resulting in a marked distortion of the excited state relative to the ground state; therefore, the
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Fig. 4. (Color online) PL decay curves of (a) undoped, (b) 0.3% Ti-doped, (c) 1.0% Ti-doped, and (d) 3.0%
Ti-doped specimens.

Table 1

PL QY, PL lifetimes, and kinetics of undoped and Ti-doped specimens.

Ti concentration Y (%) PL lifetime (us) ke (sh ke (37
Undoped 14.8 29.4 5.0 x 10° 2.89 x 10*
0.3% 18.6 23.6 7.8 x 103 3.44 x 10*
1.0% 16.1 24.4 6.6 x 10° 3.43 x 104

3.0% 18.2 23.6 77 % 10° 3.46 x 10*
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spectral bands become broad.*”) A broad excitation spectrum can also be observed in Ti-related
CT emission, which includes multiple excitation bands. Furthermore, it has been reported that
the intensity ratio of its excitation bands changes with increasing Ti concentration.®” On the
basis of this fact, the redshift of the excitation band with increasing Ti doping is attributed to a
newly appearing excitation band at ~300 nm associated with CT emission. Table 1 lists the
observed PL QY of each specimen for 400 nm emission. The 0.3% Ti-doped specimen showed
the highest PL QY of 18.6% among the specimens, and the PL QY value was uncorrelated with
the Ti concentration. The highest PL QY value was approximately three times that of the
Ti-doped CaZrO; single crystal grown by the FZ method.*” The Ti-related emission was
observed even in the undoped specimen, which was due to the presence of a small amount of Ti
in the ZrO, raw powder. To further consider the relationship between the PL characteristics and
Ti concentration, we calculated the radiative transition rate denoted as k. The observed PL
lifetime 7 can be expressed by r = 1/(k,. + k,,,), where the £, is the non-radiative transition rate. In
addition, the PL QY is expressed as QY = k,/k, + k,,). From these relationships, the transition
rate can be obtained as

k.= OYr, )

k= (1= QD). @)

The calculated kinetics k,. and k,,. for each specimen are also summarized in Table 1. The k%,
values are consistent with the tendency for the PL QY to increase or decrease in these emissions,
suggesting the validity of the respective PL lifetimes. On the other hand, £, was lowest in the
undoped specimen and almost equal to that in the Ti-doped specimens.

Figure 5 shows the scintillation spectra of the Ti-doped specimens under X-ray irradiation. A
broad emission band centered at 400 nm appeared in all the Ti-doped specimens. All specimens
exhibited the band also observed in the PL spectra; the undoped sample had an additional band
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Fig. 5. (Color online) X-ray-induced scintillation spectra of undoped and Ti-doped specimens.
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at a longer wavelength. This feature is also observed in Ti-doped specimens, and the result is
explained by the presence of two origins of the luminescence. Figure 6 shows the X-ray-induced
scintillation decay curves of the undoped and Ti-doped specimens. The measured decay curves
were approximated by three exponential functions, and the scintillations lifetimes were
calculated, which are listed in Table 2. The fast component 7; is assumed to be due to
instrumental response functions. On the other hand, 75 is reasonable as the ps-order lifetime
observed in the PL, which appears to be the scintillation lifetime corresponding to the CT
transition of Ti*'~O?". r, appears to correspond to the emission of the aforementioned longer-
wavelength component, which is presumably due to some defect emission. According to
previous studies on defect luminescence in SrZrO; crystals, luminescence due to oxygen
vacancy defects (singly ionized [ZrOs V] complex state and doubly ionized [ZrOs: V]
complex state) are observed in the range of 500-600 nm.(!-32) Since the lifetime of the defect
emission also approximately corresponds to the 7, values, it is reasonable to conclude that the
emissions at around 500—600 nm are these defect emissions.
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Fig. 6. (Color online) X-ray-induced scintillation decay curves of (a) undoped, (b) 0.3% Ti-doped, (c) 1.0% Ti-
doped, and (d) 3.0% Ti-doped specimens.

Table 2
Scintillation lifetimes of undoped and Ti-doped specimens.

Scintillation lifetime

Ti concentration

71 (ns) 72 (ns) 73 (ns)
Undoped 7.4 169 3.73
0.3% 10.1 138 13.0
1.0% 28.8 343 8.18

3.0% 28.0 336 6.95
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Figure 7 shows the pulse height spectra of the undoped and Ti-doped specimens. All
specimens showed a full energy peak when irradiated with a-rays from 24! Am. To determine the
peak position of each specimen, we used the Gaussian function for fitting analysis. The
calculated peak positions are shown in Table 3. The light yields (LYs) of the specimens were
estimated relative to the light yield of the commercial glass scintillator GS20 (4Ce,03;—18Li,0—
18A1,0;-4Mg0O—-568S10, wt.%). The calculated values are also summarized in Table 3. The 3.0%
Ti-doped specimen had the highest LY of approximately 12% of that of the GS20 counterpart.
The LY values were simply positively correlated with the Ti concentration of the specimens and
independent of the PL QY. Here, in the conventional Robbins model, the scintillation LY is
proportional to a product of energy transfer efficiency from the host lattice to localized emission
centers and PL QY.®3 Based on the model, the increase in LY was caused by the increase in the
probability of secondary electrons generated by ionizing radiation reaching the luminescent
centers because of the increase in Ti concentration in the host crystal.

Figure 8 shows the afterglow decay curves of the undoped and Ti-doped specimens, and the
afterglow level (4f) of each specimen is summarized in Table 3. Af was evaluated as Af = (I —
L)L, — Ipg) * 100, where 1, and I, are the signal intensities under X-ray irradiation and 20 ms
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Fig. 7. (Color online) Pulse height spectra of undoped and Ti-doped specimens and GS20 scintillator under
241 Am q-ray irradiation.

Table 3

Scintillation LY values, experimental parameters in pulse height measurement, and Af values of undoped and
Ti-doped specimens.

Ti concentration

Reference Peak position Gain PMT voltage (V) LY (ph/5.5 MeV) Af (%)
Undoped 200 25 600 40 0.91
0.3% 130 2.5 700 270 2.07
1.0% 380 2.5 700 790 1.15
3.0% 430 2.5 700 890 0.96

GS20 1138 1 700 6900 N/A
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Fig. 8.  (Color online) Afterglow decay curves of (a) undoped, (b) 0.3% Ti-doped, (c) 1.0% Ti-doped, and (d) 3.0%
Ti-doped specimens.

after the end of X-ray irradiation, respectively. /,, is the background level. The afterglow levels
of the specimens are ~1% or more and decreased with increasing Ti concentration. SrZrOs single
crystal has a strong afterglow compared with conventional scintillators.*> Furthermore, the
addition of Ti appears to induce more afterglow.

4. Conclusions

SrZrO; single crystals doped with 0, 0.3, 1.0, and 3.0% Ti were successfully synthesized by
the FZ method and their optical and scintillation properties were investigated. Both the PL and
scintillation spectra revealed a broad emission band centered at 400 nm, and the decay time
constants were of ps order. All Ti-doped specimens exhibited clear full energy peaks under
241 Am q-ray irradiation. The obtained PL QY and pulse height spectra suggest that the optimum
Ti concentration among our specimens is 3.0%.
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