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Scintillation and photoluminescence properties of Pr-doped CaHfO; crystals
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Pr-doped CaHfO; bulk crystals were synthesized by the floating zone method, and the luminescence properties were
investigated. We confirmed that all the samples have a single phase of CaHO; by XRD measurement. The undoped sample
indicate a broad emission around 440 nm and fast decay time constant due to the host while the Pr-doped samples show sharp
peaks and slow decay time constants due to the 4f-4f transitions of Pr**. By Pr-doping, the afterglow level became worse than
that of the undoped one while the dense Pr-doping can suppress the afterglow.
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Introduction

Scintillator materials emit numerous photons when
absorbing a high energy ionizing radiation such as
gamma- and X-rays, and the application fields are
positron emission tomography (PET) [1,2], security
[3], high energy physics [4] and well-logging [5]. In
these application, scintillators are combined with a
photo detector such as photodiode and photomultiplier.
Almost commercial scintillators are doped with Ce’*,
and common materials are Gd,SiOs [6], Y3Al;0;, [7]
and Lu,SiOs [8]. In addition to Ce-doped scintillators,
Pr-doped scintillation materials such as Pr-doped
Lu;AlsOp, with 5d-4f transitions [9] and Pr-doped
Gd,0,S [10] with 4f-4f transitions also show good
scintillation properties. Pr-doped Lu;AlsO;, and GdyO,S
are utilized for photon counting type devices such as
PET and integration type detector such as X-ray
computed tomography (X-ray CT) due to its decay
time, respectively.

Hafnium-based oxide materials such as MHfO; (M =
Ca, Sr or Ba) are one of the attractive candidates for
gamma- and X-ray attenuation due to its high density
and high effective atomic number [11, 12]. SrHfO,
have been reported with relatively high scintillation
light yield (5000 photons/MeV) and fast decay time
[12], and the high density and the high effective atomic
number of 7.60 g/cm’ and 63.10, respectively, are
attractive for high energy photon detection. CaHfO,
also has the high density (6.95 g/cm’) and the high
effective atomic number (65.15), and previous reports
have shown interesting properties [13, 14]. However,
synthesis of the MHfO; bulk crystal using typical
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crystal growth methods is extremely difficult due to its
high melting temperature. Hence, almost reports of
MH{O; are powder form synthesized by the typical
solid state reaction [15-17]. Recently, we synthesized
materials with a high melting temperature by using
xenon arc lamp floating zone (FZ) furnace, and the
properties were investigated [18].

In the present study, Pr-doped CaHfOj; crystals were
synthesized by FZ method, and the photoluminescence
(PL) and scintillation properties were evaluated. Almost
applications require scintillator materials in bulk form
because of the detection efficiency simply depends on
the volume of sensor materials. Hence, applications of
scintillators in a powder form are quite limited. Up to
now, Pr-doped CaHfO; have been reported only in a
powder form [19], and there is a room for study in the
bulk crystalline Pr-doped CaHfO;. This study reports
the properties of Pr-doped CaHfO; at the first time as
far as we know.

Experimental

CaHfO; crystals were synthesized by FZ furnace
using xenon arc lamp (Crystal Systems Corporation,
FZ-T-12000-X-VPO-PC-YH) [18]. The concentrations
of Pr were 0, 0.1, 1.0 and 3.0 % with respect to Ca in
each sample. HfO; (99.95 %, Furuuchi Chemical), CaO
(99.99 %, Furuuchi Chemical) and Pr¢O;; (99.9 %,
Furuuchi Chemical) powders were used as a starting
materials. First, measured powders were mixed
homogeneously, and then the substance was loaded in a
balloon to form a cylindrical rod using hydrostatic
pressure. The rod was calcined at 1400 °C for 8 h in
air. Finally, the crystal was synthesized into the FZ
furnace, and the pull-down rate and the rotation rate
were 30 mm/h and 3 rpm, respectively. The powder X-
ray diffraction (XRD) patterns with a diffractometer
(Rigaku, MiniFlex600) equipped a CuKo micro X-ray
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tube (40 kV and 15 mA) in the range of 26 =10 — 80°.

Quantaurus-QY (Hamamatsu Photonics, C11347) was
utilized to measure the PL excitation (PLE) and emission
spectra as well as PL. quantum yield (QY). Quantaurus-
T (Hamamatsu Photonics, C11367) was used to evaluate
the PL decay curves. The undoped and Pr-doped
samples under excitation 340 nm were monitored at
440 and 500 nm, respectively.

The X-ray-induced scintillation spectra were measured
using the X-ray generator (Spellman, XRB8ON100/
CB) [20]. The X-ray tube was supplied with 80 kV and
1.2 mA as a bias voltage and a tube current,
respectively. The scintillation light was measured using
the spectrometer (Andor, DU-420-BU2 CCD with
Shamrock SR163 monochromator) through an optical
fiber of 2 m. A Peltier module cooled the CCD to 188
K. The X-ray-induced scintillation decay curves and
afterglow curves were measured by our original setup
[21]. The photomultiplier tube (PMT), which has the
sensitive spectral range from 160 to 650 nm was
utilized to detect photons. The decay time constant (t)

Fig. 1. Photograph of (a) undoped and (b) to (d) Pr-doped CaHfO;
crystals.

was deduced by the least-square fitting with sum of
exponential decay functions for both the PL and X-ray-
induced scintillation decay curves.

Results and Discussion

Fig. 1 shows a photograph of the undoped and Pr-
doped CaHfO; crystals synthesized by the FZ method
using xenon arc lamp. The undoped and 0.3 % Pr-doped
samples are colorless and translucent while the 1.0 and
3.0% Pr-doped samples are green opaque. The diameter
and length of the samples are 4-5 and around 2 mm,
respectively. The samples as shown picture 1 were used
for evaluations of luminescence properties.

Fig. 2 shows powder XRD patterns of all samples.
All of the observed peaks were matched with the
orthorhombic phase of CaHfO; reported previously
[14]. Hence, we confirmed that the grown crystals have
a single phase of CaHfO; which belongs to the Pnma
space group of the orthorhombic crystal system [22].

Fig. 3 shows PLE-PL contour plots of the undoped
and 0.3% Pr-doped samples. The PL spectral shape is

Fig. 2. Powder XRD patters of the samples.

Fig. 3. PLE-PL contour plots of (a) undoped and (b) 0.3% Pr-doped CaHfO; samples. Horizontal axis shows emission wavelength (Em.),

and vertical axis appears excitation wavelength (Ex.).
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Fig. 4. PL decay curves of (a) undoped and (b) Pr-doped CaHfO; crystals under excitation at 340 nm monitored at 440 and 500 nm,

respectively.

different between the undoped and the Pr-doped samples.
The other two samples (Pr 1.0 and 3.0 %) showed
similar spectral shape although the intensity was
weaker than that of the 0.3% doped sample. The 0.3 %
Pr-doped sample shows a similar broad emission band
peaking at 420~440 nm with that of the undoped
sample in addition to the typical luminescence features
of the 4f-4f transitions of Pr’* at 460 and 490 nm. The
internal PL. QY of the undoped and 0.3, 1.0 and 3.0 %
Pr-doped samples are 6.3, 6.8, 1.6 and 1.4 %, respectively.
The internal PL. QY of Pr-doped CaHfO; crystals was
evaluated at the first time as far as we know.

Fig. 4 shows PL decay curves of the undoped and Pr-
doped samples under excitation 340 nm monitored
at 440 and 500 nm, respectively. The monitoring
wavelengths were determined by the PLE-PL contour
graph. Table 1 lists the PL decay constants of the
samples. The decay curve of the undoped sample is
approximated by a sum of two exponential decay
components. The first component is an instrumental
response function, and the second component (t;) of
the undoped sample would be originated from defects
which were also observed in our recent report [23]. The
Pr-doped samples have one exponential decay component
if we neglect the spike-like component due to the
instrumental response. The component (t;) of the Pr-
doped samples show slow decay times in several ps, as
summarized in Table 1. Although we could not find
past literatures on decay times of Pr-doped CaHfOj;, the
observed decay times were typical values of 4f-4f
transitions of Pr’*. In general, the decay times become

Table 1. PL decay time constant of undoped and Pr-doped
CaH{fO; crystals.

Sample T

undoped 254 ns
0.3% Pr 8.5 us
1.0% Pr 6.1 ps
3.0% Pr 2.9 ps

faster owing to increment of doping concentrations,
and the decay time of the Pr-doped samples becomes
fast as the Pr concentration densely.

Fig. 5 shows X-ray-induced scintillation spectra of
Pr-doped samples. The emission peak wavelength of
the undoped sample was almost the same with PL
emission. The Pr-doped samples show sharp emission
peaks due to the 4f-4f transitions of Pr’* around 510
(3P0—>3H4), 550 (3P0—>3H5), 630 (3P0—>3H6) and 660
(*Py—°F,). The decrease of the emission intensity and
the red-shift of the peak position in higher Pr
concentration were observed, and the reason was
ascribed to the self-absorption of Pr’* 4f-4f transition.
Emission due to 5d-4f transition of Pr’* was not
observed in our samples. Previously, the detection of
the emission from 5d-4f transition of Pr** around 300
nm was reported in Pr-doped CaHfOs; [19], although
decay time was not presented [19]. In addition, Pr-
doped BaHfO; which had the same crystalline structure
and similar chemical composition did not show d-f
emission while the excitation to 5d states were
observed [24]. The UV emission reported in the past
work [24] was concluded as the host luminescence of

Fig. 5. X-ray-induced scintillation spectra of undoped and Pr-
doped CaHfO; crystals.
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Fig. 6. X-ray-induced scintillation decay curves of undoped (inset)
and Pr-doped CaHfO; crystals.

Table 2. X-ray-induced scintillation decay time constant and
afterglow level of undoped and Pr-doped CaHfO5 samples.

Sample 1 - Afterglow
Level [ppm]
undoped 345 ns - 98
0.3% Pr 243 ps 3348 ps 7687
1.0% Pr 163 ps 2424 ps 3492
3.0% Pr 96 us 945 us 228

BaHfOs. Up to now, the number of studies on Pr-doped
MHI{O; is limited, and further investigation is required
to conclude whether d-f transition of Pr** is possible or
not.

Fig. 6 demonstrates the X-ray-induced scintillation
decay curves of the undoped and Pr-doped samples. The
decay curve of the undoped sample is approximated by
a sum of two exponential decay components. The first
component of the undoped and Pr-doped samples is an
instrumental response function in this time range, and
the second component (t;) of the undoped sample
would be defects origin, as discussed earlier [23]. The
decay curves of the Pr-doped samples are approximated
by a sum of three exponential decay components. The
second (t;) and third (t,) components of the Pr-doped
samples would be due to the 4f-4f transitions of Pr*".
However, the scintillation decay times were longer than
PL decay times in this case. In general, the scintillation
process has ionization and energy-transfer, in addition
to the excitation and relaxation process at localized
emission center which equals to PL emission process.
Hence, the scintillation decay times are often longer
than the PL decay.

Fig. 7 shows afterglow curves of the undoped and Pr-
doped samples with 2 ms X-ray irradiation. The
afterglow levels (4) are defined as 4 =100 x (I, — Ip)/
(I —1y), where I,, I; and I, denote the mean signal
intensity before the X-ray irradiation, the mean signal
intensity during the irradiation, and the signal intensity

Fig. 7. Afterglow curves of undoped and Pr-doped CaHfO;
crystals after 2 ms X-ray irradiation.

at + = 20 ms after the X-ray irradiation, respectively.
Table 2 indicates the afterglow levels among the
samples. Although the afterglow level increases with
Pr-doping when we compare with the undoped one, the
afterglow level decrease as concentration of Pr become
high.

Summary and Conclusions

The Pr-doped CaHfO; bulk crystals were synthesized
by the FZ method using xenon arc lamp. XRD
measurement indicates the single phase of the CaHfO;.
The undoped sample exhibited the emission peaking
around 440 nm both in PL and scintillation spectra,
while the Pr-doped samples showed some emission
lines due to the 4f-4f transitions of Pr’" in PL and
scintillation spectra. The PL and scintillation decay
curves of the undoped one show fast decay of ~ 25 ns
and ~ 350 ns, respectively, while the Pr-doped ones
indicate slow decay up to few ms. Although the afterglow
level increases by Pr-doping, high Pr concentration can
decrease the afterglow level. From the results, 0.3% Pr-
doping was optimum for CaHfO; in terms of the
intense emission in scintillation and high PL. QY value.
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