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The dependence of structural characteristics of cerium-doped lutetium scandium orthoborate
(Luq1_xScx)BO3:Ce solid solutions on Sc/Lu ratio was investigated. It was found that the calcite phase
of LuBO3 can be stabilized up to 1550 °C at least when the n(Sc)/n(Lu +Sc) ratio was >10 at.%. The closed
correlations between Sc3* or Ce3* molar ratio in the host and luminescence mechanism were discussed
in detail. Based on the requirements of steady phase structure, better luminescence efficiency and higher
density, the reasonable n(Sc)/n(Lu+Sc) and n(Ce)/n(RE) ratio should be in the range of 30-50at.% and
0.3-0.5 at.%, respectively. A modified composition, (Lugs5Sco 5 )o.995Ce0.00sB03 solid solution, was selected
to grow single crystal. Its X-ray excited luminescence intensity can be as high as about 27% of LYSO:Ce
standard crystal and the effective lifetime is round 20.1 ns. Hence, the cerium-doped lutetium scandium
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orthoborate crystal is a promising scintillator for X-ray detection or y-ray detection.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Scintillation materials are widely used in high-energy physics,
nuclear medical imaging and security inspection. Nowadays, many
researchers are devoting to researching and optimizing the existing
scintillation crystals [1-4], and also developing new scintillators
such as Y;,Si;07:Ce, Gd,Siy07:Ce and MgWO, [5-7]. Neverthe-
less, there are still many novel crystals deserved to be developed.
The cerium activated lutetium orthoborate is one of the excel-
lent sinctillators when the best performance is achieved by a
compromise between characteristics, i.e. high density, high light
output, and fast response time [8-10], which can be used for high-
energy physics and medical application. In recent years, increased
interest of researchers has been devoted to submicron and nan-
odimensional crystalline powders of cerium activated lutetium
orthoborate, which is expected to be good prospect for the creation
of effective scintillation films and composites [11-15].

However, because the phase transformation [16] occurred at
1310°C (at atmospheric pressure), it is very difficult to obtain
LuBO3 single crystal from its melt. Therefore, there are few litera-
tures about its scintillation characteristics. Moreover, according to
our present research result, the phase transition behavior of LuBO3
is more complicated than that reported previously. Hence, growth
of the crystal has always been regarded as impossible, unless its
phase transformation problem can be solved. Nedelec et al. [17]
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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. Just when LuBOj3 crystal research got into difficulties, Sc3*
was reported to be a phase stabilizing ion and Lug gScg 1BO3:Ce sin-
gle crystals were successfully obtained, even though the relative
light yield of the crystal was less than 60% of BGO [18]. However,
to our knowledge, the mechanisms of Sc/Lu ratio on the struc-
tural stability and luminescence characteristic in Lu;_,ScyBO3:Ce
materials are still unknown, which is highly important to fur-
ther Lu;_4ScxBO3:Ce crystal growth and scintillation characteristics
research.

Hence, the aim of this study is to investigate the structural
stability and luminescence properties of cerium-doped lutetium
scandium orthoborate solid solutions at different Sc/Lu ratios
and Ce3* concentrations in the host, and explore the optimum
compositions with steady phase structure and better lumines-
cence efficiency to guide the growth of Lu;_,ScxBO5:Ce crystals.
Under the guidance of reasonable composition selection, the
(Lug5S¢o.5)0.995Ce0.005BO3 crystal was successfully obtained by
Czochralski method and its luminescence properties were also
investigated.

2. Experimental

Cerium-doped lutetium scandium orthoborate solid solution powders were
synthesized in the muffle furnace by solid state reaction method. The starting
materials are LuyOs, Sc,03, H3BO3, CeO, powder with 99.99% purity. The pow-
ders were weighed according to the stoichiometric ratio of two series samples,
i.e. (Luj_xScx)o.995Ce0,005BO3 (x=0-1; the interval is 0.1) and Lug7_xSco3CexBO3
(x=0.001, 0.003, 0.005, 0.01 and 0.03) except for H3BO3 which was 5 wt% rich due
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Fig. 1. XRD patterns of (Luj_xScy)o.995Ce0.005BO3 solid solutions (a); expanded view
of the 26 diffraction peaks between 23° and 25° (b).

to vaporization loss during high-temperature synthesized, and then mixed for 1h,
respectively. The mixture was loaded in alumina crucibles, sintered in the furnace
in atmosphere at 1550°C for 15h, and evenly cooled down to room temperature
within 12 h, respectively.

(Lug.5S¢€0:5)0.995Ce0.005BO3 single crystal was grown by Czochralski method.
Lu,03, Sc,03, CeO, and H3BO3 with purity of 4N were weighed in composition
formula (Lug5S¢o5)0.995Ce0.00sBO3 except for H3BO3 which was 5wt% rich due to
vaporization loss during crystal growth. Mixtures of raw materials were calcined at
1200°C for 15 h to form polycrystals and then charged into an iridium crucible of
dimensions @60 x 40 mm?. Crystal growth was carried out in argon atmosphere
with 2 mm/h pulling rate and 10rpm rotating rate. The as-grown crystals were
cut into small specimen of approximate dimensions 2 mm x 2 mm x 2 mm, which
are clear and no macroscopic imperfections, such as veils, voids or inclusions. A
commercial (LuggYo.2)1.995Ce0,005Si05 (LYSO:Ce) single crystal with the same size
supplied by SICCAS was used as a standard to compare the luminescence intensity
of (Luo55¢€0.5)o.995Ce0,00sBO3 crystal.

The structures of the obtained crystals were determined 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). Phase characterization was carried out using
Jade software and lattice parameters were determined by performing a least square
regression on the 26-values for the 10 most intense peaks on the calibrated pat-
terns. The photoluminescence spectrum (PL) and fluorescence lifetime spectrum
were recorded on the Perkin-Elmer LS50B and FLS-920 spectrofluorometer, respec-
tively. The X-ray excited emission spectra (XEL) 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=2 mA. The powders were pressed
into round tablets with smooth surface before luminescence measurements.

3. Results and discussion
The XRD patterns of (Luj_xScx)o.995Ce0.005BO3 polycrystals are

shown in Fig. 1. The phase composition of the samples obtained
from different Sc/Lu ratios and experimental conditions are pre-

sented in Table 1. It is observed from the figure that three phases
can be identified from the samples with different Sc3* doping con-
centrations. For the 1# and 2# samples, all the diffraction peaks
can be well assigned to the LuBO3 vaterite phase (PDF¥ 13-0481).
While, vaterite and calcite phase coexist in the 3# sample. All of the
diffraction peaks of the 4¥-6% samples can be well assigned to a
calcite phase structure with the characteristic diffraction peaks of
lutetium orthoborate (LuBO3, PDF# 72-1053) just with accordant
movement to higher angle. Except the phases mentioned above,
no other phases, such as Sc;03, Lu3BOg can be identified, which
reveals that doping Sc3* at different concentrations does not induce
anew phase, and the Sc3* ions are likely to enter LuBOs3 crystal lat-
tice to substitute Lu3* sites. Based on the difference of the main
diffraction peak (102) of the 4#-6* samples, which is shown in
Fig. 1(b), it is observed that the diffraction peak of (102) shifts
obviously toward higher angle with increasing of the Sc3* dop-
ing concentration. According to the Bragg equation, the shift of
diffraction peaks toward higher angle reveals that the cell param-
eters of samples could continuously decrease with the increase of
Sc3* content. As the ion radius of Sc3* (74.5 pm) is smaller than
Lu3* (86.1 pm), the lattice constant of calcite phase of Sc3* doped
LuBOs3:Ce could be undoubtedly reduced. It is also observed that
when the n(Sc)/n(Sc+Lu) ratio is >10at.%, the calcite phase solid
solutions can be stabilized at high temperature up to 1550°C at
least.

The role of Sc3* ions on the phase stability of calcite may be
related with its smaller ionic radius. According to Pauling’s rule
[19], the coordination number of cation in crystal structure cor-
responds to the radius ratio of cation to anion. When the ratio
varies among 1-0.732 and 0.732-0.414, the coordination numbers
of cations are 8 and 6, respectively. The R(Lu3*)/R(02~) ratio in
LuBOs is calculated to be 0.688, therefore the coordination number
of Lu3* in a stable structure should be 6. Obviously the radius of Lu3*
is too small to keep LuBO3 with vaterite structure (eightfold coordi-
nation). Contrarily, small cationic radius is beneficial to LuBO3 with
calcite phase (sixfold coordination). Hence, by doping appropriate
type of cation, the LuBO3 crystal with calcite phase could be grown
from the melt, similar to the way of doping Y3* to stabilize the LuAP
phase in LuAlO3 crystal materials [20]. In addition, ScBO3 not only
has identical crystal structure with calcite phase of LuBO3 [21] but
also is a congruent compound [22].

The influence of the Sc/Lu ratio on the luminescence
properties of (Luj_xScx)o.995Ce0.005BO3 solid solutions was char-
acterized. Fig. 2 shows the photoluminescence spectra of
(Luq_xScx)o.995Ce0.005B03 (x> 0.1) solid solutions. All spectra were
monitored at their most effective excitation and emission wave-
lengths. It is observed that the typical Ce3* emission band of
(Lu1_xScx)o.995Ce0.005BO3 corresponding to the lowest 5d— 4f
(2F5/2 and 2F7/2) transitions locates in the range between 340 nm
and 480 nm, and the Ce3* excitation band locates between 260 nm
and 360 nm. A consistent redshift with the increase of Sc ions con-
tent can be both observed in the excitation and emission spectra.
The cause will be discussed later.

Fig. 3(a) shows the XEL spectra of (Luj_xScx)o.995Ce0.005B03
solid solutions with calcite structure. The Ce3* emission band of
(Luq_xScx)o.995Ce0.005B0O3 (x > 0.1) in XEL spectra is similar with the
photoluminescence spectra, which is considerably different from
that of LuBOs3:Ce vaterite phase (x =0) sample due to structure dis-
crepancy. Apart from this, two interesting phenomena deserved to
be noticed.

The first one is that the Ce3* luminescence band of
(Luq_xScx)o.995Ce0.005B0O3 gradually shifts toward longer wave-
length as Sc content increases. As we known, the 5d configuration
of Ce3* ions is split into five different crystal-field components at
most and is shifted to deep levels in the band gap comparing to Ce3*
as a free ion. The total shift is defined as D(A) and can be written as
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Table 1
Phase composition and experimental condition.
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Sample number Nominal composition

Phase composition Experimental condition

1# 100 at.% LuBO3 Vaterite Calcined at 1550°C for 15 h, and then
cooled to room temperature within
12h
2% 95 at.% LuBOs + 5 at.% ScBO3 Vaterite
3# 93 at.% LuBOs + 7 at.% ScBO3 Vaterite + calcite
4* 90 at.% LuBO3 + 10 at.% ScBO3 Calcite
5# 80at.% LuBO3 +20 at.% ScBO3 Calcite
6" 70at.% LuBO3 + 30 at.% ScBO3 Calcite
[23]: shows X-ray excited emission spectra of (Luj_yxScx)o.995C€0,005BO03
N and the dependence of integrated intensity on the n(Sc)/n(Sc+Lu)
D(A) = ec(A) + Ects(A) _ 1890cm™! (1) ratio. As the n(Sc)/n(Sc+ Lu) ratio increases from 10 at.% to 40 at.%,
r(A) the luminescence efficiency of Ce3* increases considerably, and

In the above equation, the centroid shift &-(A) is the lowering of
the average (centroid) of the five 5d levels. The crystal-field splitting
&cs(A) is defined as the energy difference between the lowest and
highest 5d level. A fraction 1/r(A) contributes to the redshift. The
value of r(A) is usually between 1.7 and 2.4. According to the results
reported by Dorenbos [24], it is believed that provided that polyhe-
dral shape remains constant, crystal-field splitting &.¢(A) depends
on the average distance to the ligands; large cations increase the
polarizability of the anions and thus increase the centroid shift
&c(A). Due to the longer Lu-0 distance and larger Lu3* ionic radius
in calcite phase of LuBOs, its D(A) is smaller than that of ScBOs.
It also means that lowest energy Ce3* 5d — 4f emission bands of
ScBO3 have redshift comparing to that of calcite phase of LuBOs.
Therefore, it is reasonable to assume that, for Lu;_,ScxCeg go5BO3
solid solution, with the increase of Sc3* content, the lowest 5d
excitation shifts to lower energies and in turn there should be a con-
tinuous redshift of the lowest energy Ce3* 5d — 4f emission band.
These expectations are fully in accord with the features appeared
in Fig. 3(a).

The second one is the difference spectrum shown in the inset
of Fig. 3(a). It is observed that with the increase of Sc con-
tent, the intensity of luminescence band corresponding to the
4f05d! — 4f1(2F;,) transition increases, whereas the intensity of
luminescence band corresponding to the 4f°5d! — 4f!(2F5,) tran-
sition decreases. However, the cause is still unknown.

The intensity of luminescence excited by high-energy ray, i.e.
X-ray, y-ray is usually regarded as an important standard to eval-
uate the luminescence efficiency of scintillation samples. Fig. 3(b)

then decreases as the Sc3* concentration level increases fur-
ther. The optimal luminescence efficiency is achieved when the
n(Sc)/n(Sc+Lu) ratio is round 40 at.%.

Fig. 4(a) shows the XEL spectra of Lug;_xSco3CexBO3 solid
solutions and PL spectra of Lugggs5Sco3Ceq0o5BO3 solid solution.
The inset is the self-trapped excitons (STE) emission spectra of
Lug7_xScg3CexBO3 solid solutions. It is observed that the wave-
lengths of Ce3* emission peaks corresponding to the lowest 5d — 4f
(%Fsp2 and 2F;),) transitions in the XEL spectra are almost iden-
tical to PL emission spectra. Note that the high-energy emission
(495d! — 4f1(2Fs)) is truncated on the short wavelength side
and the intensity ratio of the two emission bands varies with
the increase of Ce3* content. This indicates the presence of self-
absorption due to the high concentration of Ce3*. It is also observed
that the broad emission band in 200-325nm range peaking
at 269nm is distinctly different from the observed Ce3* emis-
sion for the low Ce3* concentration samples, i.e. 0.1at.%, 0.3 at.%,
and 0.5at.%. This broad emission band can be ascribed to the
self-trapped exciton (STE) emission [25]. Observed from the PL
excitation spectrum and XEL spectra, the Ce3* ion excitation state of
the lowest crystal field component of the 5d energy level does not
overlap well with the STE emission band, and a good overlap can
be expected with the higher-lying 5d levels of Ce3*. And the lumi-
nescence intensity of STE dramatically decreases with the increase
of Ce3* concentration. Hence, it is suggested that the efficient
energy transfer from the STE to Ce3* could takes place according
to the Forster-Dexter dipole-dipole energy transfer theory [26].
In addition, Feofilov et al. [25] reported an energy transfer from
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Fig. 2. Photoluminescence spectra of the (LuySc;_x)o.995Ce0.005BO3 solid solutions. All spectra were monitored at their most effective excitation and emission wavelengths.
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the content of n(Sc)/n(Sc+Lu) under X-ray excited (b).

self-trapped excitons (STE) to the Ce3* ion in ScBO3. Dependence of
integrated intensity of Lug7_xSco 3CexBOs3 solid solution polycrys-
tals on n(Ce)/n(RE) ratio is shown in Fig. 4(b). It is observed that
the integrated intensity of Lug7_xScg3CexBO3 solid solution poly-
crystals increases with the content of Ce3*, and reaches maximum
at 0.3 at.%, and then decreases due to the concentration quenching
effect. Hence, the preferable Ce3* content is about 0.3 at.%.

According to above results, it is believed that the opti- (0) ScBO. PDF*79-0097
mum n(Sc)/n(Lu+Sc) and n(Ce)/n(RE) ratio should be in the ’ )
range of 30-50at.% and 0.3-0.5at.%, respectively. Therefore, | L ‘ | 1 I L bl
(Lug 5S¢o.5)0.995Ce0.005BO3 composition is chosen to grow single LUBO, PDF*72-1053
crystal and the grown ingot is shown in Fig. 5(a). Its X-ray 3 | |
diffraction pattern is displayed in Fig. 5(b). All diffraction peaks 8 L | Ll W PP
can be well assigned to the calcite phase structure with the %‘ g Lug 55¢p 5BO5:0.5at%Ce
characteristic of lutetium orthoborate (LuBOs;, PDF¥ 72-1053) 8 ol
and scandium orthoborate (ScBO3, PDF¥ 79-0079), just with =
differences in the diffraction peak angle. It demonstrates that
the as-grown (LugsScos5)o.995Ce0.005BO3 crystal is in the form . Beg
of solid solution with the hexagonal structure of R3¢ space b SER g
group, which corroborates that doping smaller radius ion Sc3* R W

can stabilize the calcite phase of LuBOs;. The obtained lattice
parameters of (Lug 5S¢0 5)0.995C€0.005B03 crystal are, a=b=4.859 A,
c=15.893A, respectively. Compared with lattice parameters of
LuBO; calcite phase a=b=4.913 A, c=16.214A and ScBOj3 calcite
phase a=b=4.748A, c=15.260A, the lattice parameters of the

(a)

[=1]
o

70
Two Theta (degree)

Fig. 5. Photo of (LugsScos)o995Ce€000sBO3 single crystal (a); inset is the
(Luy_xScx)o.995Ce0.00sBO3 single crystal; XRD pattern of (LugsSco5)o.995C€0.005B03
single crystal (b).
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Fig. 6. X-ray stimulated luminescence spectra of (LugsSco5)o.095Ce0,005BO3 single
crystal comparing to commercial LYSO:Ce single crystal.

(Lug.5S¢o.5)0.995Ce0.005BO3 are not completely satisfied with the
Vegard law [27]. This is because Vegard’s law [28] is an approx-
imation applicable to ideal solutions only when the difference in
atomic radii or lattice parameters of the two components form-
ing a solid solution is small (less than 5%). Herein, the difference
of lattice constant ¢ between LuBO3 and ScBOs is over 6% and the
difference in atomic radius of Lu and Sc is over 7%.

The X-ray excited luminescence spectra of both
(Lug 5S5¢o.5)0.995Ce0.005BO3 crystal and LYSO:Ce crystal measured at
room temperature are plotted in Fig. 6. (Lug 5Scq.5)0.995C€0.005B03
crystal sample shows a double peaked emission band with max-
ima at 369 and 399 nm. These bands, similar to the PL spectrum
shown in Fig. 2, are attributed to the 4f°5d'-4f!(?Fs) and
4f05d1-4f1(2F;,) transition of Ce3* ions, respectively. And the
self-trapped excitons (STE) band locates in the range from 225 nm
to 325 nm peaking at 269 nm. Note that the STE luminescence of
(Lug5S¢o.5)0.995Ce0.005BO3 solid solution crystal is more distinct
than that of (LugsSco5)o.995Ce0.005BO3 solid solution powders.
It is caused by the extremely low Ce3* concentration in crystal
due to small segregation coefficient [18], which directly lowers
nonradiative energy transfer probability from STE to Ce3* ion.

The relative light yield of (Lug5S¢q 5)0.995C€0.005B03 (LSBO:Ce)
crystal is evaluated by the ratio of the integrated intensity (I sgo:ce)
with that of a LYSO:Ce (I yso:ce) standard sample. The equation is
as follow:

J Iso:ce(A)dA1sBo:ce

Opp = (2)
J Tyso:ce(A)dA1yso:ce

We  obtain that the relative light yield of

(Lug 5S¢0 5)0.995Ce0.005B03 crystal (Ce3* emission) is round 27% of
LYSO:Ce.

The decay curve of (Lug55¢q 5)o.995Ce0.005B03 crystal is shown
in Fig. 7. The monitoring excitation and emission wavelengths are
fixed at 340 and 369 nm, respectively, which are the most effective
excitation and emission wavelengths for the sample. Using double
exponential decay kinetics fitting, good fitting curves are obtained
with small weighted residuals. The double-exponential function
can be expressed by the following equation:

I = Ay exp (l) + Ay exp (i) +C 3)
13 T2
where t; (i=1, 2) is the decay lifetime. The fitting decay times are
2.5 and 21.3 ns corresponding to 6.5% and 93.5% of the total lumi-
nescence, respectively. The main component of 21.3 ns is a typical
decay time in Lu; _,ScxBO3:Ce materials and can be compared with
the result reported in the previous literature [18], while the cause
of minor component 2.5 ns is still unclear. The effective lifetime (t)

1000 ’ 1(t)=0.0434exp[-t /2.5ns]+
h 0.0713exp[-t,/21.3ns]-0.344

800 : \
]
s Instrumental
) . response
S 400
o
U i

200 . —— Experimental Curve

o e "
1 1 1
0 50 100 150 200

Time (ns)

Fig. 7. Decay curve of (Lug5S¢o5)o.995Ce0.005B03 single crystal monitoring the Ce3*
emission at 340 nm for excitation and 369 nm for emission.

is defined as [29]:

o Jo ti(t)dt @
fOOOI(t)dt

The obtained effective lifetime of the Ce3* ions is round 20.1 ns.
Its decay time is very fast, so cerium-doped lutetium scandium
orthoborate single crystal could be a potential scintillator for X-ray
or y-ray detection. The research on the growth and scintillation
properties of Lu;_4ScxBO3:Ce crystals are worthy to be carried out
further.

4. Conclusions

The influence of Sc/Lu on the phase transformation and lumines-
cence was investigated by X-ray diffraction, photoluminescence,
X-ray excited luminescence. The main conclusions are summarized
as follows:

(1) It was found that the calcite phase of LuBO3 can be stabilized
up to 1550°C when the n(Sc)/n(Lu+Sc) ratio is >10at.%, at
least. Furthermore, with the increase of the ratio from 10at.%
to 90 at.%, red shifts of Ce3* emission wavelength are observed
due to variation of Ce3* crystallographic environment and the
4f05d! — 4f1(2F;,) transition rate increases. In addition, with
the increase of Ce3* content from 0.1at.% to 3at.%, the self-
absorption and nonradiative energy transfer from the host
excitations (STE) to Ce3* both play roles on the Ce3* lumines-
cence.

(2) (Lug.5Sco5)0.995Cep.005B03 crystal was successfully obtained by
Czochralski method. Its X-ray excited luminescence intensity
canreach about 27% of LYSO:Ce scintilation crystal and its effec-
tive lifetime is round 20.1 ns. Hence, cerium-doped lutetium
scandium orthoborate single crystal could be a potential scin-
tillator in X-ray detection technology or y-ray detection with
improving the composition and crystal quality.
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