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LuosSco2B03:RE3* (RE =Eu, Tb) polycrystalline powders were prepared by high temperature solid state
reaction method. The X-ray diffraction measurements confirmed that the doped materials were all
monophasic solid solution powders. The influences of activator ion (Eu3* or Th3*) concentration on the
photoluminescence and radioluminescence characteristics were investigated and discussed. The Tb*
doped materials showed excellent light yields than Eu3* doped materials under X-ray excitation. The
fluorescence decay times of the optimal materials excited by UV were measured. Their defect properties
were studied by thermoluminescence (TL) as a function of temperature (300-600 K) and the correspond-
ing trap depth, frequency factor and detrapping time were theoretically calculated. The Eu3* and Tb* ions
were the unique recombination centers in corresponding samples. In addition, considering their attract-
ing luminescence properties and excellent physical properties (high-density and non-hygroscope), the
LuogSco2B03:RE3* (RE =Eu, Tb) can be used for X-ray medical imaging system, hence their crystal growth
and characterizations deserve further investigation.
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1. Introduction

Many applications such as high-energy physics, nuclear medical
imaging and security inspection need inorganic scintillator mate-
rials composed of single crystals, usually doped with luminescence
ion.

Due to the desired application, the performance of scintillation
crystals should achieved by a compromise between characteristics
(i.e. high density, high light output, fast response time) and chemi-
cal stability. Hence, many researchers are devoting to improving or
optimizing the existing scintillation crystals [1-5], and also devel-
oping new scintillators such as Y,Si,07:Ce, Gd;Si»07:Ce, Lu,Si, 07,
MgWO, and so on [6-10]. Nevertheless, there are still many novel
crystals deserved to be developed. The cerium activated lutetium
orthoborate is one of the excellent promising scintillators [11-13].
In recent years, increased interest of researchers has been devoted
to submicron and nanodimensional crystalline powders of cerium
activated lutetium orthoborate, which is expected to be good
prospect for the creation of effective scintillation films and com-
posites [14-18].

However, because of the high-temperature phase transforma-
tion [19], it is very difficult to obtain LuBO; single crystal from its
melt. Therefore, the growth of this crystal has always been regarded
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as an extremely difficult task. Nedelec et al. [20] once proposed that
doping with rare earth ions can prevent the phase transformation
in LuBOs3, but so far the specific rare earth ions that can stabilize the
calcite phase or vaterite phase were not obtained. Recently, it was
found that doping Sc3* can stabilize the calcite phase of LuBO3 and
the LuggScg1B03:Ce3* crystals were proposed for y-ray applica-
tions [21,22]. In our earlier work [23], we reported the influence of
Sc/Lu ratio on phase transformation and luminescence properties
of Lu;_,4ScxBOs3:Ce solid solutions. Moreover, the LuggScy,B03:Ce
crystal material has been obtained by Czochalski method and found
to be a potential material for scintillation application [24]. Hence,
in this work, we continue to explore the possibility of Eu3* or Tb3* -
doped materials to be efficient scintillators. The Lug gScg ,BO3:RE3*
(RE=Eu, Tb) materials were prepared by solid state method and
studied luminescence properties as well as their thermolumines-
cence properties under ultraviolet light and X-ray excitation.

2. Experimental

Rare earth-doped lutetium scandium orthoborate solid solution polycrystals
were synthesized in the muffle furnace by solid state reaction method. The start-
ing materials are Lu,03, Sc;03, B,03, Eu;03 (Th407) powder with 99.99% purity.
They were weighed according to the stoichiometric ratio of (LuggSco2)1-xRExBO3
(RE=Eu, Tb; x=0, 0.001, 0.003, 0.005, 0.01, 0.03) except for B,O3 which was 5wt%
rich due to vaporization loss during high-temperature synthesized, and then mixed
for one hour, respectively. The pulverous mixtures were ground in an agate mortar
and then reacted at 1500°C for 15 h in Pt crucibles under CO reducing atmosphere
for LuggSco2B03:Th3* or air atmosphere for LuggSco,BO3:Eu*, respectively. After
these steps the temperature was slowly cooled down to room temperature.
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Fig. 1. X-ray diffraction patterns of LuggScp;B03:0.5at%Eu3* (a) and
LuggSco2B03:0.5 at%Th3* (b) solid solutions with the corresponding PDF cards of
LuBOs calcite phase and ScBOs calcite phase.

The phases of the obtained solid solutions were characterized by Rigaku D\ max-
2550V (scanning rate=2.4°/min at 40kV and 50 mA) where Cu Ka was used as
incident X-ray (XRD measurement).

The lattice parameters were calculated by the least-squares method using the
JADE program (Materials Data Inc., Livermore, CA). The application of this method
has been reported by other researchers [25,26]. The photoluminescence spectrum
(PL and PLE) and fluorescence decay curves were recorded on the Perkin-Elmer
LS50B and Jobin Yvon Fluorolog-3, respectively. The radioluminescence spectra
were conducted on an X-ray Excited Luminescence Spectrometer, assembled at
Shanghai Institute of Ceramics. The X-ray tube was operated at the condition of
V=60KkV, I=2mA. The powders were pressed into round tablets with smooth sur-
face before measurements. The bismuth germinate (BGO) scintillation crystal was
supplied by SICCAS and its absolute light yield was 8500 ph/MeV. The BGO crystal
was fully grinded into powders to be used as reference. The thermoluminescence
(TL) curves of crystal samples were determined with a FJ-427A1 thermolumines-
cence spectrometer with a linear heating rate of 1K/s from 300 to 600 K. Prior to
each TL measurement, the LuggSco>B03:0.3 at%Th3* sample (~3 x 3 x 0.5mm?3) and
LuggSco2B03:0.5 at%Eu* (~1 x 1 x 0.5 mm?) were irradiated with X-ray for 90s.
Meanwhile, three-dimensional TL curves (the TL as a function of both the tempera-
ture and the wavelength, shorten as 3D TL) were also measured.

3. Results and discussion
3.1. XRD characterization

Fig. 1 presents the XRD patterns of LuggScy,B03:0.5 at%RE3*
(RE=Eu, Tb) samples. In fact, whatever the doping ion and its
concentration, the XRD patterns are nearly identical just with
slight differences in diffraction angle. Hence, we present the
representative patterns of LuggScoB03:0.5at%RE3* (RE=Eu, Tb)
samples here. Both the experimental XRD patterns of these sam-
ples are identified by comparison with the calcite phase structure
of lutetium orthoborate (LuBOs3, PDF#72-1053) and scandium
orthoborate (ScBO3, PDF#79-0079). It is found that the recorded
diffraction patterns correspond exclusively to the calcite form of
LuBO3 with no evidence for EuBO3 or TbhBO3 phases, just with
slight diffraction angle difference. The calculated lattice constants
of LuggScoB03:0.5at%Eu3* and LuggScg>B03:0.5at%Th3* are
a=b=4.888A c=16.086A and a=b=4.893A c=16.090A, respec-
tively, which are not completely satisfied with the Vegard-Law [27].
This is because the Vegard’s law is just an approximation applicable
to ideal solutions only when the difference in atomic radii or lattice
parameters of the two components forming a solid solution is small
(less than 5%) [28]. Herein, the difference in c lattice parameter of
LuBO3 and ScBOs is over 6% and the difference in atomic radius of
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Fig. 2. Photoluminescence spectra of Eu* (a) and Th3* (b) doped LuggSc2BOs solid
solution powders with different activator doping concentration recorded at room
temperature.

Lu and Sc is over 7%. Consequently, it is reasonable to believe that
the doped materials are all monophasic solid solution powders. It is
also observed that the diffraction peaks of these samples are quite
sharp and strong, indicating the final products are high crystallinity.
As we know, the phosphors with high crystallinity have less traps
and stronger luminescence.

3.2. PLand PLE properties of Lug gScy>B03:RE3* (RE=Eu, Th)

The PL and PLE spectra of LuggScg2B03:RE3* (RE= Eu, Tb) pow-
ders are measured at RT and is plotted in Fig. 2. The excitation
spectra recorded for LuggScoB03:Eu? powders all constitute of
peaks corresponding to 4f-4f transitions. The peak at about 470 nm
is attributed to 7Fy — 5D, transition and the ones situated in the
range between 300 and 430 nm correspond to ’Fg — >Dy, °D3 tran-
sitions respectively. The excitation band below 239 nm is assigned
to the charge transfer absorption [29]. Meanwhile, the Dy — “Fg
and °Dy — ’F; are observed in the emission spectra, but the ratio of
these two transitions is quite different from that of LuBO3:1 at%Eu3*
calcite form material [30].

For the Lug gScyB03:Th3* samples, the typical 4f-4f emission,
5D4 — "Fg, ’Fs, "F4, 7F3 transitions [31], can be seen in the emission
spectra. The 4f8 — 4f75d transition peaking at 275 nm [32] and an
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Fig. 3. XEL spectra of Eu3* doped LuggSco>BOs solid solution powders at room tem-
perature (a) and normalized integrated intensity of LuggSco2BO3:Eu3* comparing to
BGO standard (b).

excitation band peaking at 405 nm can be observed in the excitation
spectra. Moreover, since the excitation band peaking round 200 nm
exists in both LuggScg>B03:Eu3* and the LuggScg»B03:Th3* sam-
ple, we tentatively speculate that the origin of the band is host
absorption not the transition belonging to activators, but it has not
been fully resolved yet. In addition, it is worth to note that there is
an abnormal increase between excitation and emission band for
both the LuggScg>B03:Eu3* samples and the LuggScy,B03:Tbh3*
samples. We have adjusted the position of the sample and tried
to minimize this effect, but the spectra still present the similar
shapes. The influence of powder scattering and Sc-doping has been
excluded, because this phenomenon has not been seen in the PL
and PLE spectra of Luj_xScxBO3:Ce3* powder [23]. However, the
cause of this phenomenon is still unknown. Although the part of
the excitation and emission band can not be observed caused by
the above phenomenon, the overall luminescence bands, such as
host absorption, charge transfer, and the 4f-4f transitions, can be
clearly determined.

3.3. Radioluminescence properties of LuggScy>BO3:RE3* (RE=Eu,
Tb)

The emission spectra recorded at room temperature under X-
ray excitation for un-doped, Eu3* and Tb3* doped Lug gScg ,BO5 are
presented in Figs. 3 and 4. BGO emission spectrum has also been
recorded in order to evaluate the luminescence intensity of RE3*
doped materials. In Fig. 3a, the un-doped sample presents a self-
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Fig. 4. XEL spectra of Tb3* doped LuggScoBOs solid solution powders at room tem-
perature (a) and normalized integrated intensity of Lug gSco2B03:Tb** comparing to
BGO standard (b).

trapped exciton (STE) emission band peaking at 260 nm [33]. For
Lug gSco»BO3:Eu3* samples, beside a STE band, the spectrum is con-
stituted of peaks corresponding to >Dg — F; (J=0-3) transitions
of Eu3* jons. The spectral distribution of the Eu3* doped materials
results in a global orange-red emission. Lug gScyB03:Th3* emis-
sion spectrum (Fig. 4a) shows, in the region from 475 to 650 nm,
several lines characteristic of >D4 — F, (J = 3-6) transitions of Tb3*
ions, and also a STE band. The most intensive transitionis °D4 — ”Fs,
which results in an overall green emission. The results are well
agreement with the previous report about the sol-gel derived
LuBO3:Eu3*/Tb3* (Sc-free materials) [34], beside the existence of
a STE band in our materials. It is also observed that the 7Fy/’F; and
7F;/7F, ratios of Eu3*-doped materials are changing upon X-ray
excitation compared to PL spectra. We deduce that it is related to
the different luminescence mechanism under different excitation
source.

The X-ray excited light yields of Lug gScg>BO3:RE3* (RE=Eu, Tb)
were determined by the ratio of the integrated intensity I sgo:g)
(the LSBO:RE is short for Lug gScg ,BO3:RE3* (RE = Eu, Tb)) with that
of the BGO reference sample, and then multiplied with the absolute
light yield of BGO. Based on the integration of the RE3* emission
bands in radioluminescence spectra, the yields can be calculated for
the different samples and comparison with that of BGO standard.
The equation is as follow:

J Iiso:re(A) dAspo:re
J Tsco(X) dAgco

Nph = x 8500 photons/MeV (1)
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Fig. 5. Decay curves of LuggSco;B03:0.5 at%Eu3* (a) and LuggSco2B03:0.3 at%Tb3* (b) solid solutions recorded at room temperature.

By means of above mentioned equation, we can obtain the rela-
tive light yield of Lug gScg2B03:RE3* (RE=Eu, Tb). According to the
results shown in Fig. 3b, it can be seen that when the Eu ions dop-
ing concentration increases from 0.1 to 0.5 at%, the light yield of
Eu3* increases considerably, and then decreases as the Eu concen-
tration level increases further. The optimal light yield is achieved
when the Eu doping concentration is 0.5 at% and the corresponding
light yield is round 7700 ph/MeV. Fig. 4b shows that the optimal
Tb ions doping concentration is 0.3 at% and the corresponding light
yield could reach a good value 23,800 ph/MeV. For sol-gel derived
LuBO5:Eu3*/Tb3* (Sc-free materials) [34], the optimal scintillation
light yield are obtained for Eu3* and Tb3* content of 5 at% in both
cases, namely 8923 ph/MeV and 4398 ph/MeV. By comparison, the
light yield of Tb doped LuBO5 has significantly improved by doping
Sc3+.

3.4. Fluorescence decay time and afterglow properties of
LUU_35C0_2303.'RE3+ (RE= Eu, Tb)

The samples with optimal light vyields, namely
LuggSco2B03:0.5at%Eu3* and LuggScg,B03:0.3 at%Th3* solid
solutions are chosen to measure fluorescence decay time. The
fluorescence decay curves of LuggScg>B03:0.5at%Eu3* and
Lug gScpB03:0.3at%Tb3* solid solutions under their most exci-
tation wavelength at room temperature (RT) are shown in Fig. 5.
The curves in Fig. 5 all can be well fitted by double exponential
equation:

—t —t
I =A;exp (;) + Az exp (E) +C (2)

where [; and Iy are luminescence intensities, A is a constant, t
is the time, and t; (i=1, 2) are the decay time for the expo-
nential components, respectively. The fitting decay time of Eu3*
and Tb3* doped samples are found to be about 53 s (95.9%),
5897 ws (4.1%), and 115 s (93.1%), 4798 s (6.9%), respectively.
It is observed that there are slow components in both samples, but
their proportions are quite small. Comparing with the typical X-
ray excited luminescence materials, such as LuyO3:Eu, LaOBr:Tb
or Gd,0,S:Tb [35], the decay times of LuggScoB03:0.5 at%Eu3*
and LuggScoB03:0.3 at¥Tb3* samples are comparable and ade-
quate for CT medical imaging system. In addition, the decay time
of LuggScp2B03:0.3 at¥Tb3* sample is apparently shorter than the
value of LuBO3:Tb3* (3.5ms) reported by Yang [36]. Therefore,
considering their attracting luminescence properties and excel-
lent physical properties (high-density and non-hygroscope), the

LuggScoBO3:RE3* (RE=Eu, Tb) can be used for X-ray medical
imaging system, hence their crystal growth and characterizations
deserve further investigation.

3.5. Thermoluminescence (TL) properties of Lug gScoBO3:RE3*
(RE=Eu, Th)

TL is an effective method to study the trap characteristics of
materials. We choose the samples with excellent luminescence
properties to test their TL properties. The two-dimensional TL glow
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Fig. 6. 2D thermoluminescence spectra of LupgSco»B03:0.5at%Eu* (a) and
LuggSco2B03:0.3 at%Th3* (b) samples.
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Fig. 7. 3D thermoluminescence spectra of LuggSco2B03:0.5 at%Eu3* (a) and LuggSco;B03:0.3 at%Tbh3* (b) samples.

curves of LuggScpB03:0.5at%Eu3* and LuggScy;B03:0.3 at%Th3*
sample are shown in Fig. 6. The parameters of the charge traps
corresponding to TL peaks can be obtained by analyzing the glow
curves. Generally, the TL intensity I as a function of temperature T
can be expressed as follow [37]

T -1/0-1)
I(T) = sng exp (1(%.) % {(l—ﬂl)s/ exp (7;—}) dT+1] (3)
To

Eq. (3) is a general form of the TL intensity I, as a function of tem-
perature T. In the above equation, ng is the concentration of trapped
charges att=0, E; is the energy level of the trap, kp is the Boltzmann
constant, ! is the kinetic order, s is the frequency factor, and g is the
heating rate, 1Ks~! in this measurement. Because Eq. (3) cannot
be directly used to fit the experimental data, Eq. (4) developed by
Feng [38] is adapted in the fitting process,

I(T) = sng exp (— ’i—})

a-1s . E al\ (6T o(aT)] ., U((]Z;
X B x T x exp ot ) \VE ) E, + v +

The meanings of parameters are accordance with those in Eq (3).
All the TL experimental data are fitted by using ORIGIN 8 software.

Table 1

For the TL curve of Eu-doped sample, the single TL peak fitting
result corresponds to the measured curve in the range of 450-550 K
and 550-650K, but not satisfying for the curve in the range of
300-450K. It is implied that the actual curve between 300 and
450K is formed by the overlap of two individual TL peaks. More-
over, it is found that the general kinetic order is the optimum fitting
model for all the TL peaks. The TL curve of Tb-doped sample can be
fitted in the same way in the range of 300-500 K. A good agreement
between the experimental data and the simulated data is obtained
and also shown in Fig. 6, and the calculated TL parameters are listed
in Table 1. According to the fitting results, the TL glow curve of Eu-
doped sample consists of a dominant band peaking at 607 K and
three relatively weak peaks at 366, 433 and 507 K. While, Tb-doped
sample have three TSL peaks, namely 380, 440, and 469 K. While the
detrapping time at any temperature T can be can calculated as

=5 lexp (%) (5)

where E (eV) is the temperature of the peak, k is the Boltzmann con-
stant. Trap depth, frequency factor, and detrapping time at RT are
reported in Table 1 for all the TL peaks. The 3D TL of Eu-doped and
Tb-doped samples, shown in Fig. 7, show a typical Eu3* 4f-4f transi-
tion and Th3* 4f-4f transition, respectively. It suggests that the Eu3*
and Tb3* ions are the unique recombination luminescence centers

Parameters of TL glow curve peaks corresponding to LuggSco2B03:0.5 at%Eu3* and LuggScoB03:0.3 at%¥Th3* samples.

Peak temperature (K) E (eV) no s(s™h) T(s)
366 135 332x 107 1.56 % 1016 60
) P 433 155 5.62 x 103 2.07 x 1016 51
U055C02B03:0.5 atkEu 507 1.80 7.28 x 103 5.01 x 1016 15
607 215 730 x 10° 6.48 x 1016 11
380 1.14 477 x 10° 839 x 1013 16
Lug.5SC02B03:0.3 at%Th3* 440 1.36 6.73 x 104 357 x 101 10
469 148 1.84 % 10° 7.05 x 1014 11
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for the detrapped charge carriers, respectively. It is observed that
the detrapping times at RT calculated for all the TSL peaks of Eu-
and Tb-doped samples are longer than 10s, we tentatively specu-
late that the mediated recombination mechanism is accomplished
by thermally induced electron detrapping into conduction band
followed by the delayed electron-hole recombination at activator
center. The above process will undoubtedly result in the lumines-
cence loss. However, as we know, the luminescence loss is more
directly associated with the shallow traps rather than the deep
ones [39]. According to the results of Eu- and Tb-doped samples
(shown in Figs. 3b and 4b), it is believed that the Eu-doped sample
must have shallower traps in the band gap than Tb-doped sample.
Due to the equipment constrain, we could not supply related low-
temperature (25-275K) TL data here, but the corresponding work
is undergoing.

4. Conclusions

LuggScg>B0O3:RE3* (RE=Eu, Tb) were prepared by high tem-
perature solid state reaction method. The doped materials were
all monophasic solid solution powders. The influences of activa-
tor ion (Eu3* or Tb3*) concentration on the photoluminescence
characteristics were investigated and discussed. The Tb3* doped
materials showed excellent light yields than Eu3* doped materials
under X-ray excitation. The fluorescence lifetimes of the opti-
mal materials were 53 s for Lug gScoB03:0.5 at%Eu* and 115 s
for LuggSco2B03:0.3 at%Th3* respectively. Their defect properties
were studied by thermoluminescence (TL) as a function of temper-
ature (300-600 K) and the corresponding trap depth and frequency
factor were calculated theoretically. The Eu3* and Tb3* ions were
the unique recombination centers in corresponding samples. In
addition, considering their attracting luminescence properties and
excellent physical properties (high-density and non-hygroscope),
the Lug gSco>B03:RE3* (RE=Eu, Tb) can be used for X-ray medical
imaging system, hence their crystal growth and characterizations
deserve further investigation.
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