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SrAlLO4 bulk crystals doped with all rare-earth (RE) ions except for Sc, Y, La, Pm and Lu were synthesized by the optical
floating zone method to systematically investigate the photoluminescence (PL) and radioluminescence (RL) properties for
radiation detector applications. The crystal samples show PL and RL signals due to the 5d-4f or 4f-4f transitions of doped RE
ions, and each decay curve consists of a sum of exponential functions with the typical decay time constants. Under VUV photon
excitation, the Ce-, Pr-, Eu-, Th-, Dy- and Ho-doped samples exhibit PL. predominantly with two broad emission bands around
320 and 600 nm, which are possibly due to self-trapped excitons (STEs) perturbed by RE ions.
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Introduction integrated-type detectors unlike in PET [9].
For decades, RE-doped strontium aluminate compounds
Inorganic phosphors have attracted a great deal of have been widely studied as phosphors [10, 11]. In

interest as radiation detectors in response to increasing particular, strontium dialuminate (SrAl,O4) co-doped
demands of radiation detection. Scintillators are phosphors with Eu and Dy has been reported as a long-lasting
which absorb ionizing radiation and immediately phosphorescent material exhibiting bright green emission
convert the energy to thousands of photons, so they and long afterglow [12, 13]. On the other hand, only a
have been used as active-type detectors in related fields few works on luminescence characteristics under ionizing
of radiation detections including medical imaging [1], radiation have been reported [14, 15], and there was not
security [2], astrophysics [3], environmental monitoring even one report on radioluminescence (RL) properties in
[4] and resources exploration, e.g. oil-dwelling [5]. a bulk crystalline form until we reported [16-20]. In
Rare-earth (RE) ions are effective activators as a our previous study, we have found that a Eu-doped
luminescent center in scintillators, and most scintillators SrAL,O, crystal exhibits a notably high scintillation
utilize the emission owing to spin- and parity- allowed light yield (46,000 ph/MeV [16]); therefore, SrAl,O,
5d-4f transitions of RE featured with broad emission can be a promising scintillator host material. In this
and fast decay time [6]. Such fast responses are very study, as an extension of the researches, RE-doped
important especially in photon-counting detectors such SrAl,O, crystals were prepared by the optical floating
as positron emission tomography (PET), which occupies zone (FZ) method, the photoluminescence (PL) and RL
a large market volume in scintillator applications. characteristics were evaluated.
However, in addition to the fast 5d-4f luminescence,
4f-A4f emission with microsecond decay time can be Experimental
applied for some applications. In X-ray computed
tomography, Pr,Ce,F:Gd,0,S (GOS) scintillators coupled 1 at.% RE-doped SrAl,O4 crystals (RE=Ce, Pr, Nd,

with photodiodes are widely utilized [7], and the Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb) were
emission from Pr,Ce,F:GOS occurs by the 4f-4f synthesized by the optical FZ furnace (FZD0192,
transitions of Pr’* with the decay time in microsecond Canon Machinery Inc.) equipped with two halogen
order [8]. Since these integrated-type detectors read out lamps as heat sources. The starting raw materials are as
scintillation photons as a current with a few milliseconds follows: RE,O3 (99.99 %, RE=Nd, Sm, Eu, Gd, Dy,
of integration, a fast decay time is not essential in Ho, Er, Tm and Yb), CeO; (99.99 %), PrsO1; (99.99 %),

Tb407(99.99 %), SrCO;(99.99 %) and Al,O; (99.99 %)
" - powders. The homogeneously mixed powders were
(T:;rfefgpm(zg_ggfg}fﬂ formed to cylinder rods by using hydrostatic pressure.
E-mail: nakauchi.daisuke.mv7@ms.naist.jp The cylinder rods were sintered at 1500 °C for 6 hours
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to obtain solid polycrystalline rods. After that, crystal
growth was performed using the FZ furnace. During
the growth, the pull-down rate and rotation rate were 5
mm/h and 20 rpm, respectively.

The PL and PL excitation (PLE) spectra were measured
using a spectrofluorometer (FP8600, JASCO). Then, PL
quantum yield (QY) was evaluated using Quantaurus-
QY (C11347-01, Hamamatsu Photonics). In addition,
PL spectra under vacuum-ultraviolet (VUV) photon
excitations (50-200 nm) were measured at a synchrotron
facility (UVSOR, Japan). As a scintillation property, X-
ray induced RL spectrum was measured utilizing our
hand-made setup [21]. The irradiation source was an
X-ray generator (XRB8OP&N200X4550, Spellman)
equipped with an ordinary X-ray tube with tungsten
anode target and beryllium window. During the
measurements, the X-ray generator was supplied with
the bias voltage of 80 kV. While the sample was
irradiated by X-rays, the RL photons from the sample
were fed into the spectrometer (CCD: DU-420-BU2,
Andor. Monochromator: SR163, Andor) through a 2 m
optical fiber to measure the spectrum. In addition, RL
decay time profiles were investigated using a pulse X-
ray source with our original setup [22]. In decay time
analyses, the decay time constant (t) was obtained by
the least square fitting with a sum of exponential
functions, where only the tail part of the decay curve was
fitted because the fast decay part was not distinguishable
from the instrumental response function.

Results and Discussion

Fig. 1 shows the photograph of the synthesized crystal
samples. All the crystal samples were successfully
synthesized, and the sizes as-prepared crystals are 3-4
mm in diameter X 20-40 mm in length. The Eu-doped
sample looks yellow and translucent owing to tiny
cracks while the rest appear colorless and translucent.

Fig. 2 illustrates the PL and PLE spectra of the
crystal samples. The Ce- and Eu-doped samples show
PL with a broad emission by spin- and parity-allowed
5d-4f transitions of Ce*" and Eu** [10, 11], respectively.
The Pr-doped sample also shows PL predominantly
with several sharp emission peaks due to the 4f-4f
transitions observed around 500-600 nm as well as a
broad 5d-4f emission band around 300 nm [19]. The
Nd-, Sm-, Gd-, Tb- and Dy-doped samples exhibit only
several sharp emission peaks due to the 4f-4f transitions,
which are almost the same as spectral shapes in
different materials reported in different hosts [23-30];
however, the rest show no clear PL signals. The main
emission peaks of Ho- and Er-doped samples are
located in the near-infrared region and could not be
observed using the equipment used in these analyses.
Although Yb** is known to exhibit a broad emission
owing to charge transfer (CT) luminescence, it is
generally quenched at room temperature [31]. In the
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Fig. 1. A photograph of synthesized RE-doped SrAl,O, crystals.

present Yb-doped sample, the CT luminescence was
not observed owing to quenching as well. Tm**
generally shows a strong emission around 440 nm, but
it was difficult to observe the emission clearly in the
present Tm-doped sample.

Fig. 3 summarizes the PL QY of the present samples.
The Ce- and Eu-doped samples show relatively high
QY values around 40%, and the Pr-, Nd- and Sm-doped
crystals have medium values among the samples. As
well as in PL spectrum measurements, the Ho-, Er-,
Tm- and Yb-doped samples show no significant signal,
and the calculated QY was less than 1%.

Fig. 4 illustrates the PL and PLE spectra in the
excitation range from 50 to 200 nm. Owing to the
machine time of the synchrotron facility, only the six
samples shown in Fig. 4 were measured. All the
samples show two broad bands around 340 and 600
nm. These emissions were also observed in the Nd-
doped SrAl,O, in the past study [17], and the undoped
one did not exhibit such emission bands. The band-gap
energy of the SrAl,O, is reported to be 6.5 eV (~190
nm) [10], which is close to the observed excitation
wavelength. In addition, these bands do not appear
with photo-excitation within the band-gap energy.
Hence, electronic transitions within the band-gap at
defects or impurities are excluded as the origin. A
plausible origin of these bands is self-trapped excitons
(STESs) perturbed by RE ions [17]. As well as the STEs
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Fig. 2. PL (solid line) and PLE (dashed line) spectra of synthesized RE-doped SrAL,O, crystals

emission, the emission signals due to each dopant are

observed in the Ce-, Pr-, Eu- and Tb-doped samples.
Fig. 5 illustrates the X-ray induced RL spectra.

Under X-ray irradiation, all the samples exhibit the

typical emission signals due to each dopant, which are
similar to those in Fig. 2 or in some materials [10,32-
35]. In the Yb-doped sample, a broad emission band
appears around 490 nm as well as Yb*" emission. Since
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Fig. 3. PL QY of synthesized RE-doped SrAl,Oy crystals.
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the broad peak was observed in the undoped sample
[20], and the origin is some kinds of host defects.
However, because of the low RL intensities and the
sensitivity wavelength of the used photomultiplier tube,
the Ho, Tm, Er and Yb-doped samples exhibit no
significant signals in the RL decay time as well as in
PL spectrum analyses. In the Pr-doped sample, the
decay curve consists of a sum of two exponential
components. The decay time constants of the first and
second components are close to the typical values of
the 5d-4f and 4f-4f transitions of Pr’*, respectively [8,
36]. The decay curves of the rest are well-approximated
by one exponential function. The Ce- and Eu-doped
samples show the fast decay time constants in
nanosecond order due to the 5d-4f transitions [18, 20]
and can be utilized with photon-counting detectors
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Fig. 4. PL (solid line) and PLE (dashed line) of synthesized RE-doped SrAl,O4 crystals under VUV photon excitation.



Photo- and radio- luminescence characterizations in rare-earth-doped SrAl,O, crystals 311

T T T T T _ T T — I ! J
g E 3 El - 5 B
afce sd—oaf 2 s af Tem | S . Gl
2T & o = 1 = £z
= o = wy 5] 1%}
= 3 = = 5 g 5
s E 2 % = g E
= = r‘q o w00 = 0 |f_ml 200 30
= Time [ns] = i o Timefps] 4 B Time [us]
- L =& B
= =g " R 7
2 2L 3 5 oLEH E
'6 B —__'\'Jr =]
< | | | | | < | L . L i — L 1
200 300 400 500 600 700 500 1000 1500 300 1000 1500
Wavelength [nm] Wavelength [nm] Wavelength [nm]
S T T T T 1] [T T T T —_—T T T T T T
= = = Ly
= Sm & | Eu i Gd j 7=1.90 ms
'?a' [ 3 se185ms 2T ; 8 ~:‘:: - 2z I
s [ 3 = | B = FE
b 8 = & — 02 46 8 Y
Z &
E [E = 5 b ?—: I Time [ms]
= -% 4. 6 = 'T'-, Pr—¥Sps
E ime [ms] E £
=} = =
= =] =,
= I ! I 1 1 Z | | | I | a = i i i i |_h i
200 300 400 500 e00 700 200 300 400 500 6A00 700 200 300 400 s00 600 700
Wavelength [nm] Wavelength [nm] Wavelength [nm]
2o . T T T T T M —_ [T T T T
A = 5 ID 2 56y °F,
A .—Tb I A - Y *Fan "Hysn LA g T
By [ 8 1 55 1 &1 -
g & E 2 1961 s G |
g [& 5[z g |
s [& c [2 S |
— E i ; ] - |
B[=E e 7 g [= 18 B
Hloz46810 2 = [ 024568 2 |
3 Time [ms] £ g Time [ms] E L
= E L { =
= =] S |
Z i 1 1 1 J z L 1 1 1 1 1 I_ Z 5-| | | |_
200 400 600 200 300 400 500 600 700 400 500 600 700
Wavelength [nm] Wavelength [nm] Wavelength [nm]
-  E— Lo e e T e T T T T T - T T T
S s 1 2
.E- e = Ju 1 Ip 1 4 b B
e = | D;—7F, 1 = .
‘B K- 1 =
3 5 1 §
= K= ]l E
= | = - - m L 5
i = 1 8 host
= E 1 5
E : | &
=} = =]
< | | | <[ 1 1 ’ 1 1 1 . 1 Z i . |
500 1000 1500 200 300 400 500 600 700 300 1000 1500
Wavelength [nm] Wavelength [nm] Wavelength [nm]

Fig. 5. X-ray induced RL spectra of synthesized RE-doped SrAL, O, crystals. The inset shows the decay curves of the samples.

requiring a fast response. The Nd-, Sm-, Gd-, Tb- and
Dy-doped samples exhibit the decay curves with decay
time constants in micro- and milli- second orders,
which are almost the same values as those reported in
different materials [35].

The integral values of RL intensity are summarized
in Fig. 6. Since the instrument used for the UV-visible
region is different from that for the near-infrared
region, integral values only in the range from 180 to
700 nm were considered in these analyses. Although
most of the samples show a similar tendency to that in

PL QY, the Ce-doped sample shows low RL intensity in
spite of the high QY. This is explained by two
possibilities. First, the Stokes shift in the Ce-doped sample
is the smallest among the present samples as shown in
Fig. 2. The PL QY were determined using an instrument
having reflective geometry while a transmission type
geometry was used in RL characterizations [21];
therefore, in RL measurements, the influence of self-
absorption may be larger than that in PL. In fact, the
peak wavelength observed in RL (380 nm) is slightly
longer than that in PL (360 nm). The second reason is
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Fig. 6. Summary of integral values of RL signals in the range of
180-700 nm.

the host defect. As shown in Fig. 2, the Eu-doped
sample also shows a small Stokes shift. However, in
Eu-doped SrAl,O,, since Eu** ions replace Sr*" sites
having divalent state with almost the same ionic radius,
the strain of the host lattice is small. On the other hand,
when introducing Ce** ions into Sr** sites, lattice defects
generate owing to the charge imbalance of Ce’" and
Sr** in crystals and may result in increasing trap levels
[37]. Such trap levels accumulate the energy of absorbed
ionizing radiation, which decrease the scintillation
lights. Yanagida reported that anti-correlation is observed
between scintillation light yield and storage luminescence
in some practical scintillators [6], supporting the
second interpretation.

Conclusions

RE-doped SrAl,O, crystals were synthesized by the
optical FZ method, and the PL and RL properties were
reported. The Ce-, Pr- and Eu- doped samples show a
broad emission band due to the 5d-4f transitions of RE
ions, whose decay time constants are in nanosecond
order; therefore, they are applicable to uses with
photon-counting detectors. The rest shows several
sharp peaks due to the 4f-4f transitions of REs having
micro- or milli- seconds decay time constants. In
comparison of PL QY and RL intensity of the Ce-
doped sample, Ce**-doping seems to have negative
effects on the energy transport efficiency from the host
to the emission center owing to the charge imbalance.
The Pr-, Eu-, Tb- and Dy- doped samples exhibit
relatively high RL intensities and are suitable for
integrated-type detector among the samples.
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