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Transparent Pr3*-doped Lug gSco 2 BO3 crystal has been grown by Czochralski method. The crystal structure
is confirmed to be hexagonal with space group R3c checked by XRD measurement. The optical trans-
mission spectra (absorption spectra), photoluminescence emission and excitation spectra, fluorescence
decay time and the X-ray excited luminescence spectra of the crystal are measured at room temperature.
The cut-off edge of this material locates at round 250 nm and there is a broad absorption in the region from
250-500 nm. The photoluminescence emission spectrum is dominated by fast 5d4f! — 4f2 band peaking
at 303 nm having 11.9 ns decay time. The measurement results show that the Pr3*-doped LuggSco2B0s3
crystal, due to high density, fast decay time, high scintillation efficiency and non-hygroscopic property,
could be a promising scintillator.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cerium activated lutetium orthoborate [1-4] is a promising scin-
tillator with excellent characteristics. Although LuBO3: M3* (M = Ce,
Eu, Tb) materials have been recently made into scintillation films
and composites [5-10], the high-temperature phase transforma-
tion [11,12] makes it hard to obtain bulk LuBO3 single crystal
directly from its melt. Nedelec et al. [13] once proposed that dop-
ing with rare earth ions can prevent the phase transformation in
LuBO3 to some extent, but the specific ions that can stabilize the
calcite phase or vaterite phase were not confirmed. Recently, it was
found that doping Sc3* can stabilize the calcite phase of LuBO3 and
the LugoSco1B03:Ce3* crystals were proposed for applications in
v-ray detection [14,15]. In our earlier work [16], the influence of
Sc/Lu ratio on phase transformation and luminescence properties
of Lu;_xScxBOs3:Ce solid solutions have been investigated. More-
over, the Czochalski-grown LuggScg>BO3:Ce3* crystal was found
to be a promising material for scintillation application [17,18].

Compared to the Ce3*-doped scintillators, Pr3*-doped scintilla-
tors often have faster scintillation response due to its high energy
shift by about 1.5 eV with respect to 5d-4f emission of Ce3* [19].
This advantage makes the praseodymium-doped scintillators have
always been the concern of researchers until now [20-22]. How-
ever, to our knowledge, there is no report about the luminescence
characteristics of praseodymium doped lutetium scandium orthob-
orate crystal. In this paper, we report the preparation of Pr3*-doped
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Lug gScg2BO3 crystal as well as its luminescence characteristics.
Furthermore, the potential of Pr3*-doped LuggScg,BOs3 crystal to
be promising scintillator is also investigated.

2. Experimental

LuggSco2B03:0.5 at%Pr3* single crystals were grown by the Czochralski method.
Lu, 03, Sc,03, Prg011 and H3BO3 with purity of 4 N were used as raw materials and
weighed in composition formula, except for H3BO3 which was 5wt% rich due to
vaporization loss during crystal growth. Mixtures of raw materials were calcined at
1200°C for 20h to initially complete the reaction and then charged in an iridium
crucible of dimensions @60 x 40 mm?3. Crystals were grown in Argon atmosphere
with 2 mm/h pulling rate and 10 rpm rotating rate. The dimensions of the ingots
are round 30 mm in diameter and 10 mm in length. The LuggSco>B03:0.5 at%Pr3*
ingot, which was clear and no macroscopic imperfections, was cut into small sam-
ples of approximate dimensions 4 mm x 4 mm x 3 mm for all measurements and
4mm x 4mm x 1 mm only for optical transmission measurement. The commercial
BGO single crystal with the size of 4mm x 4 mm x 3 mm supplied by SICCAS was
used as a reference to compare the relative light yield. The absolutely light yield of
the BGO standard is 8500 ph/MeV.

The density of the LuggSco»B03:0.5at%Pr3* crystal was measured by the
Archimedes method. The calculation equation is as follows:

_ Mo Po
(mo —my)

P (1)
where pis the density of the sample, mg is mass of the dried sample in air (unit: gram;
need to dry the sample before testing), m; is the mass of fully immersed in water, po
is the density of distilled water at room temperature (1 g/cm3). After calculation, the
measured density of the LuggSco»B03:0.5 at%Pr3* crystal is round 6.10 g/cm?, quite
similar to the density calculated according to its lattice parameters (6.15 g/cm?3).
Parts of grown crystals were crashed and ground into powders. The
praseodymium concentration in crystal was measured by Varian ICP-AES instru-
ments with 0.001at% accuracy. The phases of these powders were characterized
by Rigaku D\max-2550V (scanning rate = 2.4°/min at 40kV and 50 mA) where Cu
Ko was used as incident X-ray (XRD measurement). Optical transmission spectrum
(absorption spectrum), photoluminescence spectrum and fluorescence decay time
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Fig. 1. Photos of double-polished LuggSc2B03:0.5 at%Pr3* and BGO standard crys-
tals.

curve were recorded on Perkin-Elmer Lambda 1050 UV/VIS/NIR spectrometer, the
Perkin-Elmer LS50B and FLS-920 spectrofluorometer, respectively. The radiolumi-
nescence spectra excited by X-ray were recorded on an X-ray Excited Luminescence
Spectrometer, assembled at Shanghai Institute of Ceramics.

3. Results and discussion
3.1. Crystal growth and crystal structure

Fig. 1 shows the photos of double-polished
LuggScoB03:0.5at%Pr3* and BGO standard crystals. The
LuggScoB03:0.5 at%Pr3* crystal is transparent and in the color
of pale-yellowed. The effective segregation coefficient can be
calculated by the equation k= Cs/Cy, where Cs is the concentration
of Pr ions in the grown crystal at the solidification fraction, Cy is
the initial concentration in the recipe, and k is the effective segre-
gation coefficient. The concentration of Prions in the Lug gScgB03
crystal is 0.052 at%, measured by the ICP-AES. Therefore, the
segregation coefficient of Pr ions is round 0.1, smaller than the
value of Ce?* in the same host [17]. The X-ray diffraction pattern
of Lug gSc»B03:0.5 at%Pr3* is represented in Fig. 2. Compared to
the PDF cards of LuBO3 calcite phase and ScBO3 calcite phase,
the diffraction peaks of this sample can be well assigned to the
calcite phase structure (R3¢ space system) with the characteristics
of lutetium orthoborate (LuBO3, PDF# 72-1053) and scandium
orthoborate (ScBO3, PDF# 79-0079) just with little differences in
the diffraction angle. Therefore, the crystal structure is confirmed
to be hexagonal with space group R3c and the sample is in the
form of lutetium scandium orthoborate solid solution phase.

3.2. Optical characteristics

The optical transmission spectra from 200 to 800nm of
LuggScoB03:0.5 at%Pr3* crystals with different thickness are
shown in Fig. 3. It is observed that the LuggScg2B053:0.5 at%Pr3*
crystals display one absorption band in the range from 210
to 250nm. The similar absorption band can be also seen in
Lu,Sip07:Pr3* [20] and LuAG:Pr3* crystals [21], which belongs to
the 4f2 — 4f15d transitions of Pr3*. The dispersion of the on-set of
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Fig. 2. X-ray diffraction patterns of LuggSco>B03:0.5 at%Pr3* crystal powders (the
PDF cards of LuBO3 and ScBO3; were used as references).

the cut-off edge locates at 250 nm, which has obviously blue-shift
comparing to the value of LuAG:Pr3* crystal round 300 nm [22] and
similar with the value of Lu,Si,07:Pr3* [23]. Although the maxi-
mum optical transmittance of Lug gSco,B03:1 at%Pr3* crystals with
1 mm and 3 mm thickness both can reach ~76%, there is an signif-
icant absorption valley locating in the region from 250 to 600 nm.
The absorption intensity of this valley enhances with the increase of
the sample thickness. We tentatively speculate that this absorption
valley is related to intrinsic color of the crystal.

Fig. 4 shows the photoluminescence excitation (a)
(Aem=303nm), emission (b) (Aex=234nm) and absorption (c)
spectra of LuggScgB03:0.5at%Pr3* crystal at RT. In Fig. 4(a), the
photoluminescence emission spectrum presents two types of
emission bands: 4f — 4f emission bands between 500 and 710 nm
corresponding to 3P;— 3H; transitions [24] and 5d!4f! — 4f?
emission bands between 250 and 350 nm corresponding to the
lowest crystal field component of the 4f'5d! excited state to the
4f2 ground states: 3Hy, 3Hs, (3Hg, 3F,) and (3F3 4) levels (although
could not be well resolved) [25]. The excitation bands at 218 nm
and 234 nm (see Fig. 4(b)) within the not-well-resolved absorption
bands (see Fig. 4(c)) are corresponding to the two lowest 4f(3H,)
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Fig. 3. Optical transmission curve of LuggSco7B03:0.5 at%Pr3* crystal with different
thickness.
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Fig.4. Photoluminescence emission (a)(Aex =234 nm), excitation (b)(Aem =303 nm)
and absorption (c) spectra of LuggSco7B03:0.5 at%Pr3* crystal at RT.

ground state to the 5d;, transitions of Pr3*. Since the lowest
4f15d1 excited state is located inside the band gap (about 180 nm)
of Lug gScg2BO3 host (data not shown) and below the 4f2 1S level
(about 47,000 cm1), the fast and efficient 4f'5d! — 4f2 lumines-
cence could be expected if without the influence of luminescence
quenching center (inefficient energy transfer).

The photoluminescence decay curves of
LuggSco.7B03:0.5 at%Pr3* crystal are shown in Fig. 5. The emission
decay at 303nm and 600nm under excitation at 234nm are
investigated, respectively. The solid curve of the sample can be
well fitted with a single exponential decay I(t) = Iyexp (—t/t), where
Ip is initial spectral intensity and 7 is the decay time constant of the
emission. The value of 7 is found to be about 11.9 ns (2 =0.997) for
Pr3* 4f15d! — 4f2 emission (see Fig. 5(a)) and 11.8 ns (x%=0.997)
for Pr3* 3P, — 3H; emission (see Fig. 5(b)). It is well known that
there are two principal procedures when a material is used as a
scintillator, namely primary and secondary processes [26]. In the
primary procedure the energy is transferred from the ionization
state to the luminescent centers (Pr3*), and the secondary proce-
dure is that Pr3* ion in the excited state returns to the ground state
by combination luminescence. Though the decay time constant
under 234 nm excitation in this paper belongs to the secondary
processes, the value 11.9ns (4f'5d! — 4f2 emission) is rather
faster than the value 17.2 ns (4f!'5d! — 4f2 emission) at RT of the
secondary processes for LuAG:Pr3* crystal [27]. Since the total
decay time and the decay time constant of the primary procedure
of a scintillator is quite important for practical application, the
related measurements of LuggSco7B03:0.5at%Pr3* crystal are
undergoing and the results will report in another paper.
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Fig. 6. X-ray excited luminescence spectra of LuggSco2B03:0.5 at%Pr3* crystal (a)
and BGO standard (b) at room temperature.

3.3. Scintillation properties

As a general rule, X-ray excited luminescence is supposed to
determine the emission spectra of scintillation materials. The X-ray
excited luminescence spectra of LuggScg,B03:0.5 at%Pr3* crystal
(a) and BGO standard (b) are presented in Fig. 6. Although the X-ray
excited luminescence spectrum is composed of two types of emis-
sion bands similar with the PL spectrum, namely 4f — 4f emission
bands and 5d!4f! — 4f2 emission bands, the relative intensity of
two types of emission band in PL and XEL spectrum has significant
difference. The 5d!4f! — 4f2 emission bands are the main emission
component in XEL spectrum, while the 4f-4f emission bands domi-
nate in the PL spectrum. Unlike ultraviolet excitation, not only could
the X-ray excitation directly stimulate the luminescence ion Pr3+,
but also ionize the host and then transfer the energy to the energy
levels of Pr3+ ion. Hence, we tentatively speculate that the cause
of the above phenomenon results from the different energy distri-
bution of the 5d and the 3PJ levels of Pr3+ for different excitation
source. The 5d14f! — 4f2 emission bands in the region from 250 to
325 nm can be well resolved into four Gaussian components peak-
ing at 256, 267, 290 and 309 nm, which are well agreement with
the 5d14f! — 4f2 emission bands of Pr3* in calcite phase LuBO3 host
[25].
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Fig. 5. Photoluminescence decay curves of the Pr3* emission, (a) Aem =303 nm and Aex =234 nm; (b) Aem =600 nm and Aey =234 nm, RT.
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Table 1
Characteristics of LuggSco2B03:0.5 at%Pr3* and other typical scintillators.
Materials Density (g/cm?) Scintillation Decay time (ns) Emission Hygroscopy Ref.
efficiency wavelength
(of BGO %) (nm)
Nal:TI 3.67 470 2307 415 Strong [29]
BGO 7.13 100 300° 480 No [30]
LaBr:Ce?* 5.29 718 354 358 Strong [29]
Lu,SiOs:Ce3* 7.40 352 402 420 No [31]
LusAlsO12:Pr3* 6.67 300 207 (17.2%) 308 No [32,33]
LuggSco2B03:0.5 at%Pr3* 6.10 ~170 11.9° 256, 267, 290, 309 No This work

The absolute light yield of BGO standard referred is 8500 ph/MeV.
a Represent that the decay time was obtained under c-ray excitation.
b Represent that the decay time was obtained under UV-excitation.

Based on the integral intensity calculated for XEL spectrum over
250-350 nm (4f15d! — 4f2 emission bands of Pr3*), it is estimated
that the scintillation efficiency of LuggScg,B03:0.5 at%Pr3* crys-
tal corresponds to about 170% of the BGO standard scintillator
(8500 ph/MeV), less than the value of LPS:Pr3* (five times of BGO
scintillator) [28]. The characteristics of LuggSco2B03:0.5 at%Pr3*
single crystal are shown in Table 1, together with the properties
of some important commercial scintillators. Since the crystal qual-
ity and praseodymium concentration have not yet been optimized,
higher light yield may be achieved. Hence, it is reasonable to believe
that this crystal material is a good candidate for scintillation appli-
cation especially as a medical imaging scintillator. The research on
scintillation properties of Lug gScg»BO3:Pr3* crystals is undergoing
in our group.

4. Conclusion

Transparent LuggSco,B03:0.5at%Pr3* crystal with pale-
yellowed color has been grown by Czochralski method. Its density
is about 6.10 g/cm?3. Its crystal structure is confirmed to be hexag-
onal with space group R3c. The segregation coefficient of Pr ions
in LuggScoB03 crystal is round 0.1. The cut-off edge of this
material locates at round 250 nm and there is a broad absorption
region from 250-500nm, which possibly results from intrinsic
color centers or micro defects. The emission spectrum is domi-
nated by fast 5d4f! — 4f2 band peaking at 303 nm having 11.9ns
decay time. The measurement results show that the Pr3*-doped
LuggSco2BOs crystal, due to high density (6.1 g/cm3), fast decay
time (11.9 ns), high scintillation efficiency (~170% BGO scintillator)
and non-hygroscopic property, could be a promising scintillator by
improving the crystal quality and praseodymium concentration.
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