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ABSTRACT: The application of LuBO3:Ce
3+ (LBO:Ce) crystal

as an excellent scintillation material has been limited due to its
poor phase stability at high temperature or high pressure, so
improving the phase stability is essential for promoting its
development. Ga stabilized LuBO3:Ce

3+ (LGBO:Ce) is synthe-
sized by solid-state reaction at 1200 °C. Powder X-ray diffraction
patterns and Raman spectra at ambient pressure show that all the
samples are pure calcite phase. In situ high-pressure synchrotron
radiation XRD patterns illustrate that calcite phase LGBO:Ce
exhibits more excellent phase stability than that of LBO:Ce under
high pressure due to the superior compressibility of the [GaO6]
octahedral unit. The optical band gap of LGBO decreases from
5.58 to 4.64 eV after introducing 10% Ga, which leads to the decreased nonradiative transition and about double luminescence
intensity as expected. More interestingly, the charge transition from O2− to Ce4+ is observed at about 290 nm in the absorption
spectra. The X-ray photoelectron spectroscopy spectra indicate the ratio of Ce4+/Ce3+ increases with increasing concentration of
Ga3+, which can be attributed to the variation of energy separation between the 4f ground state of Ce3+ and the Fermi energy level
position. In contrast to the enhancement of PL intensity, the integrated X-ray excited luminescence intensity decreases after Ga3+

incorporation attributing to the result of both decreased effective atomic number and ionization energy between 5d1 level and
conduction band. The thermal luminescence spectra show that after the incorporation of Ga3+ the oxygen vacancy and intrinsic
defects in LBO remain unchanged but that the concentration of oxygen vacancy significantly reduces. The mechanism of Ga3+

incorporation on phase stability and luminescence properties of LBO:Ce has been proposed and discussed systematically.

1. INTRODUCTION

Scintillation materials can convert photons of high-energy
ionizing radiation to ultraviolet−visible photons,1 leading to
their wide application in high-energy physics, radiochemistry,
astrophysics, nuclear physics, nuclear medical imaging, and so
on.2 Scintillators particularly used for positron emission
tomography (PET) have been extensively studied and are
required to possess the characteristics of high light yield and
short scintillation decay time.3 Cerium-activated inorganic
scintillators exhibiting intense luminescence with a short decay
time of tens of nanosecond attributed to the spin- and parity-
allowed 5d−4f transition are the most widely employed
materials in the field of PET.4 Calcite phase LBO:Ce with a
high light yield of 26 000 ph/MeV and short scintillation decay
time of about 28 ns is suitable for PET.5,6 Unfortunately, the
phase transition from calcite phase to vaterite phase at high
temperature rules out the possibility of growing a large-size
single crystal,7 which seriously constrained the development of
LBO:Ce. Thus, great effort has been made on the phase
stability in the past decades. In 2009, Hatamoto successfully
grew calcite phase LuBO3:Ce

3+ codoped with Sc3+ (LSBO:Ce)

through the Czochralski method and unfortunately the light
yield of LSBO:Ce was only 20% of LBO:Ce.8 In 2011, Wu
attempted to improve the scintillation performance of
LSBO:Ce by adjusting the Sc/Lu ratio, however, the highest
X-ray excited luminescence (XEL) intensity of LSBO:Ce (Sc/
Lu=1:1) single crystal was only 27% of a commercial
(Lu0.8Y0.2)1.955Ce0.005SiO5 (LYSO:Ce) standard crystal.9 It
was believed that Sc3+ can stabilize the calcite phase
LBO:Ce, but the great reduction of light yield and integrated
XEL intensity caused by Sc3+ cannot be avoided. Additionally,
it has been reported that indium (In) doping can also stabilize
the calcite phase LBO:Ce, for which the radius of In3+ (CN =
6, r = 0.80 Å) is smaller than that of Lu3+ (CN = 6, r = 0.86
Å).7 These works provide us with an idea to stabilize the
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calcite phase LBO:Ce by finding a suitable incorporation
element, which has a ion radius smaller than that of Lu3+, and
its borate-based compound exhibits the same crystal structure
as LBO. It is worth noting that the ion radius of Ga3+ (CN = 6,
r = 0.64 Å) is smaller than that of Lu3+; furthermore, the
GaBO3 compound exhibits the same space group R3c ̅ as that of
calcite phase LuBO3, which illustrates Ga3+ is suitable for
regulating the crystal structure and luminescence properties of
LBO.10 However, there are few reports about the effect of Ga3+

incorporation in LuBO3:Ce for phase stabilization and
luminescence properties.
In contrast, band gap engineering strategy as an effective

method to adjust band gap of the host through incorporating
foreign elements has been applied in some inorganic optical
materials for more superior performance.11 For example, it has
been reported that Ga3+ in some garnet scintillators can lower
the conduction band of the host and bury shallow traps into it,
which leads to improved scintillation performance.12,13

In the present work, Lu0.99−xGaxCe0.01BO3 (LGBO:Ce, 0 ≤ x
≤ 0.10) was synthesized by a solid-state method, and their
structural features, coordination environment, and site
occupation of Ga3+ were investigated by X-ray diffraction
(XRD) Rietveld refinement. The in situ high-pressure
synchrotron radiation XRD and in situ temperature-dependent
XRD were measured to investigate the phase stability. In

addition, the correlation between Ga3+ incorporation and the
optical band gap, as well as the luminescence properties has
been studied.

2. EXPERIMENTAL SECTION
2 .1 . Mate r i a l s and Prepa ra t ion . A se r i e s o f

Lu0.99−xGaxCe0.01BO3 (0 ≤ x ≤ 0.10) and Lu0.92−xGaxCe0.08BO3 (x
= 0.02 and 0.10) were synthesized by a solid-state reaction. The raw
materials H3BO3 (99.99%, in an excess molar amount of 20%), Lu2O3
(99.999%), CeO2 (99.99%), and Ga2O3 (99.99%) were weighed with
a stoichiometric ratio. Then the raw materials were mixed, ground,
and calcined at 1200 °C for 6 h in air. After being calcined, all the
samples were finally ground into powder in the agate mortar for
further characterization.

2.2. Characterization. The powder XRD patterns of the prepared
samples were collected on a PANalytical X’Pert3 Powder X-ray
diffractometer with Cu Kα radiation (λ = 1.54178 Å, 40 kV, and 30
mA) in the 2θ range from 10 to 90° at room temperature, and the
high-quality data for the Rietveld analysis was collected on the same
equipment in a step scanning mode with 60 s counting time per step
over a 2θ range of 5−120°. The Rietveld refinement was performed
by using FullProf software package.14 The Raman spectra were
collected by a confocal micro-Raman spectrometer (HORIBA
LabRAM HR Evolution) with a Raman shift range from 200 to
1500 cm−1, of which the laser with a wavelength of 532 nm was used
as an excitation. The morphology and energy-dispersive spectroscopy
(EDS) were recorded by a field-emission scanning electron

Figure 1. (a) XRD patterns of Lu0.99−xGaxCe0.01BO3 (0 ≤ x ≤ 0.10) samples and the calcite phase LuBO3 (Powder Diffraction File (PDF) no. 72−
1053, Joint Committee on Powder Diffraction Standards (JCPDS)). (b) Unit cell volume of Lu0.99−xGaxCe0.01BO3 (0 ≤ x ≤ 0.10). (c) Raman
spectra of selected samples.
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microscope (FE-SEM; ZEISS, GeminiSEM 300). The in situ high-
pressure XRD patterns were collected at BL15U1 station of Shanghai
Synchrotron Radiation Facility (SSRF); the wavelength and beam

spot size of the X-ray were 0.6199 nm and 2 × 2.5 μm2, respectively.
The test pressure was in the range of 0.46−18.8 GPa and CeO2 was
used for calibration. The in situ temperature-dependent XRD patterns

Figure 2. (a) Crystal structure and coordination environment of LGBO:Ce based on Rietveld refinement. (b) Rietveld refinement patterns of
Lu0.93Ga0.06Ce0.01BO3. (c, d) Cell parameters and (e) Lu/Ga/Ce−O bond lengths and (f) CeO6 polyhedron distortion degree changes with the Ga
concentration in LGBO:Ce.

Table 1. Obtained Parameters of Rietveld Refinement

compounds x = 0 x = 0.02 x = 0.04 x = 0.06 x = 0.10

space group R3c ̅ R3c ̅ R3c ̅ R3c ̅ R3c ̅
a, b/Å 4.91347(12) 4.90827(00) 4.90803(00) 4.90549(11) 4.90485(11)
c/Å 16.21638(40) 16.20241(18) 16.19545(13) 16.18214(38) 16.17723(38)
V/Å3 339.049(14) 338.040(4) 337.861(3) 337.234(13) 337.044(13)
Rwp/% 9.69 9.41 11.00 10.90 11.60
Rp/% 8.65 8.72 10.30 10.70 11.10
Rexp/% 4.37 5.12 5.07 5.46 5.53
χ2 4.90 3.38 4.67 3.98 4.42
d(Lu−O)/Å 2.243(2) 2.239(2) 2.2328(19) 2.2304(19) 2.215(3)
d(B−O)/Å 1.363(4) 1.366(4) 1.379(4) 1.380(4) 1.412(5)
O−Lu−O1/deg 87.46(6) 87.40(6) 87.25(6) 87.23(6) 86.80(7)
∠O−Lu−O2/deg 92.54(6) 92.60(6) 92.75(6) 92.77(6) 93.20(7)
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were collected on the Bruker D8 ADVANCE. The X-ray photo-
electron spectroscopy (XPS) data was collected on ThermoFischer,
ESCALAB 250Xi (Al Kα hν = 1486.6 eV); chemical shifts have been
referred to C 1s (C−C) at 284.60 eV. The optical absorption
spectrum was recorded on a U-3900H UV−vis spectrophotometer
(HITACHI). The photoluminescence (PL), photoluminescence
excitation (PLE), fluorescence decay spectra, and photoluminescence
quantum yield (PLQY) were measured on FLS1000 spectrometer
(Edinburgh Instruments) with a Xe lamp. The X-ray excited
luminescence (XEL) spectra were recorded on an F-30 III X-ray
tube (tungsten anticathode target, 80 kV and 4 mA) with Hamamatsu
PMTH-S1-CR131 photomultiplier. The thermoluminescence (TL)
spectra were recorded on a TOSL-3DS under the irradiation of X-ray
for 10 min.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure of Lu0.99−xGaxCe0.01BO3. The

powder XRD patterns of the Lu0.99−xGaxCe0.01BO3 (0 ≤ x ≤
0.10) samples are shown in Figure 1a and compared with those
of the calcite phase LuBO3 (PDF no. 72−1053). Obviously, all
the patterns are in good agreement with the standard PDF
card, indicating all the samples are pure calcite phase
LGBO:Ce without any other compounds. The diffraction
peak at 2θ = 23.6 continuously shifts to higher angles with
increasing Ga3+ ion concentration, which indicates that Ga3+

ions have been successfully incorporated into the LBO lattice.
As shown in Figure 1b, when Ga3+ is introduced into the host
lattice, the unit cell volume almost linearly decreases from
339.51 to 335.97 Å3 with increasing Ga3+ concentration of x =
0−0.09, respectively. Since the ion radius of Ga3+ (CN = 6, r =
0.62 Å) is smaller than that of Lu3+ (CN = 6, r = 0.86 Å), the
change of unit cell volume indicates Ga3+ occupies the Lu3+

site. It is well-known that the calcite phase LBO only contains
BO3 unit, while the vaterite phase LBO is composed of BO3

and BO4 units.15 In order to confirm the coordination
surroundings of B−O in LGBO:Ce, Raman spectra were
collected. As shown in Figure 1c, the peaks at 219, 392, 640,
934, and 1235 cm−1 are assigned to BO3 units, and the peak at
464 cm−1 is assigned to Lu−O bond.7,16 The Raman spectra
illustrate all the samples were the pure calcite phase LGBO:Ce,
which is consistent with XRD patterns. The morphology and
EDS of Lu0.97Ga0.02Ce0.01BO3 were collected and are shown in
Figure S1. The particles of Lu0.97Ga0.02Ce0.01BO3 are
distributed in the size range of 3−5 μm (Figure S1a). To
investigate the element compositions of the as-synthesized
samples, the EDS spectra (Figure S1b) are collected, and the
existence of Lu, Ga, B, O, and Ce has been detected,
confirming the successful synthesis of LGBO:Ce compound.
Furthermore, it can be learned from Figure S1c−g that all the
elements are homogeneously distributed in the particles.
In order to investigate the Ga3+ doping effects on the crystal

structure of LGBO:Ce, the Rietveld refinement has been
carried out by FullProf software package.14 The initial structure
model for refinement is a hexagonal structure with the space
group R3c.̅ Figure 2a demonstrates the crystal structure of
LGBO:Ce and the coordination environment of the Lu3+/
Ce3+/Ga3+. The Rietveld refinement patterns are depicted in
Figure 2b (detailed patterns are shown in Figure S2), and the
calculated parameters are tabulated in Table 1.
As shown in Figure 2a, there is only one Lu/Ga/Ce

crystallographic site in the LGBO:Ce crystal lattice in which
one Lu atom connects with six O atoms to form a LuO6
polyhedron and one LuO6 polyhedron is connected by six BO3
units simultaneously. As Figure 2c,d depicts, the cell parameter
a = b, and c decreases with increasing Ga3+ concentration.
These results are in good agreement with the unit cell volume
indexed from XRD patterns. It can be found that the distance

Figure 3. (a, b) In situ high-pressure synchrotron radiation XRD patterns of Lu0.99−xGaxCe0.01BO3 (x = 0 and 0.06). (c) Le Bail fitting of the in situ
XRD pattern of Lu0.99Ce0.01BO3 at 18.8 GPa. (d) Index result of in situ XRD at different pressures.
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between Lu/Ga/Ce and O decreases with the increasing of
Ga3+ concentration, which will lead to the enhancement of the
crystal field around Ce3+. After Ga3+ is introduced into host
lattice, the CeO6 polyhedron has been distorted and the
distortion ratio D can be calculated by the following
equation:17

i
k
jjj

y
{
zzz= Σ |∠ − ∠ |

∠
D

n
i av

av
1

(1)

where ∠av is the individual angle between two coordination
atoms and central atom and ∠av represents the average bond
angle. The angular distortion becomes larger with increasing
Ga3+ concentration.
In order to investigate the phase stability at high pressure or

high temperature of calcite phase LBO:Ce and LGBO:Ce, the

in situ high-pressure synchrotron radiation XRD and in situ
temperature-dependent XRD were collected.
As is depicted in Figure 3a, the LBO:Ce is composed of the

calcite phase and high-pressure (HP) phase at the initial 1.46
GPa pressure, while LGBO:Ce is a single calcite phase. The
phase transition of LGBO:Ce appears at about 6.55 GPa. It can
be found in Figure 3a,b that the peaks of calcite phase
completely disappeared at about 8.07 GPa, since the high-
temperature (HT) phase has several peaks overlapped with
calcite phase, which reveals that the calcite phase has
completely transferred to HP phase at about 8 GPa. After
decompression, the LBO:Ce is still at a state of calcite phase
coexisted with HP phase indicating the phase transition is
irreversible, while LGBO:Ce is only composed of calcite phase.
These results reveal that the phase stability of calcite phase
LBO at high pressure has been improved after the

Figure 4. (a) Diffuse reflection spectra of Lu1−xGaxBO3 (x = 0, 0.02, 0.06, and 0.10). The inset presents the absorption spectrum calculated by the
Kubelka−Munk formula of LGBO. (b) Change of optical band gap with the concentration of Ga3+. (c) Ultraviolet−visible absorption spectra of
Lu0.99−xGaxCe0.01BO3 (x = 0, 0.02, 0.06, and 0.10). (d) XPS spectra and fitted curves of Lu0.92−xGaxBO3:Ce0.08 (x = 0.02 and 0.10).

Table 2. Fitted Results of Ce 3d Level in Lu0.90Ga0.02Ce0.08BO3 (Compound A) and Lu0.0.82Ga0.10Ce0.08BO3 (Compound B)

Ce3+ (3d5/2) Ce3+ (3d3/2) Ce4+ (3d5/2) Ce4+ (3d3/2) relative ratio/%

main sat1 main sat1 main sat1 sat2 main sat1 sat2 Ce3+ Ce4+

compound A
peak 881.68 885.99 900.42 904.80 883.93 888.02 897.93 902.85 907.14 916.34

55.99 44.01fwhm 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4
area (%) 16.12 17.47 12.03 10.37 13.30 6.96 6.46 9.36 4.34 3.59

compound B
peak 881.74 886.14 900.41 904.83 884.09 888.39 897.88 902.85 907.16 916.36

53.69 46.31fwhm 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4
area (%) 17.19 15.44 12.17 8.89 8.89 5.59 8.71 9.23 4.47 5.32
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incorporation of Ga3+. The underlying reason can be ascribed
to the excellent compressibility of borates, which is dominated
by the compressibility of the [AO6] octahedral unit and it is
depend on the size of the unit central A3+ ion.18 Herein, due to
the smaller radius of Ga3+, the compressibility of [GaO6]
octahedral unit is superior to that of the [LuO6] octahedral
unit, which leads to the improved phase stability under high
pressure.
The mechanism of the phase transition from the calcite

phase to the HP phase might be due to the reorientation of
borate group and the higher coordination number of Lu3+

ion.19 Unfortunately, the collected XRD pattern’s quality of the
HP phase is not good enough for Rietveld refinement. The
index result of LBO:Ce at 18.8 GPa is illustrated in Figure 3c,
indicating that the space group of HP phase is P2/m with
monoclinic system and the cell parameters as follow: a = 7.64
Å, b = 3.15 Å, c = 9.92 Å, α = γ = 90°, β = 94.00°, V = 238.25
Å3. As presented in Figure 3d, the cell volumes of both the
calcite and HP phases decrease with increasing pressure. It is
still necessary to further study the mechanism of phase
transition from calcite phase to HP phase, as well as the crystal
structure of the high-pressure phase. The results of temper-
ature-dependent XRD are displayed in Figure S3. As the
temperature increases from room temperature to 1450 °C, the
lattice begins to expand, which leads to the increasing of cell
volume. However, there is no phase transition in neither
LBO:Ce nor LGBO:Ce as the temperature increases. The in
situ temperature-dependent XRD result illustrates that
LGBO:Ce exhibits the same phase stability as that of
LBO:Ce at high temperature.

3.2. Optical and Luminescence Properties of
Lu0.99−xGaxCe0.01BO3. Figure 4a depicts the ultraviolet−
visible (UV−vis) diffuse reflection spectra of LGBO, the
influence of Ce3+ on the host absorption has been eliminated.
All the samples exhibit strong reflection in the wavelength
range of 200−300 nm due to the host absorption. One can see
that the slope of absorption edges obviously changes with
increasing of Ga3+ concentration, which indicates the change of
optical band gap. The optical band gaps of LBO are obtained
and present in the inset of Figure 4a, the absorption spectra are
calculated from reflection spectra through Kubelka−Munk
function:20

= = −F R K S R R( ) / (1 ) /22 (2)

where K, S, and R are the absorption, scattering coefficient, and
reflection. All the obtained K/S spectra are shown in Figure S4.
As shown in Figure 4b, the calculated optical band gap of pure
LBO host is about 5.58 eV, which is close to that in ref 21. The
optical band gap begins to decrease with increasing Ga3+

concentration and the optical band gap of LBO decreases to
4.64 eV when x = 0.10. This result validates Ga3+ incorporation
can effectively reduce the optical band gap of LGBO as
expected. It is well-known that the band gap of GaBO3 is about
3.62 eV, which is much smaller than that of LuBO3 (6.5 eV),

22

and thus the incorporation of Ga3+ into host will lead to the
decreased band gap. More specifically, the conduction band
(CB) edge of the Ga-free system is determined by the Lu d
states; however, with the incorporation of Ga, it becomes to be
derived from Ga 4s.13

We point out that the valence state of Ce is one of the most
concerned points of cerium activated scintillation materials,

Figure 5. (a) Normalized PLE (λem = 380 nm) and PL (λex = 335 nm) spectra of Lu0.99−xGaxCe0.01BO3 (x = 0−0.1). (b) Dependence of Stokes
shift with Ga3+ concentration. (c) Integral PL intensity of Lu0.99−xGaxCe0.01BO3(0 ≤ x ≤ 0.10). (d) XEL spectra of BGO single crystal and
LGBO:Ce (x = 0 and 0.02). The inset shows the normalized integral intensity.
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and it is essential to understand the role of stable Ce4+ in the
scintillation mechanism for developing new scintillators.23

Figure 4c depicts the optical absorption spectra of LGBO:Ce
(x = 0, 0.02, 0.06, and 0.10). The 5d level of Ce3+ in LGBO:Ce
will split into five sublevels (5d1, 5d2, 5d3, 5d4, and 5d5) due to

the crystal-field splitting effect. The energy between 5d1 and
5d2 levels and the 4f level is about 3.0−4.0 eV. Thus, the
absorption bands originating from 4f−5d1 and 4f−5d2
transitions locate in the wavelength range of 300−400 nm,
while those of 5d3, 5d4, and 5d5 tend to be overlapped with the

Figure 6. (a) Fluorescence decay curves of Lu0.99−xGaxCe0.01BO3(0 ≤ x ≤ 0.10). (b) Relationship between the decay time and Ga3+ concentration.
(c) Schematic diagram of the scintillation mechanism for Ce3+ and Ce4+.

Figure 7. (a−d) 3D thermoluminescence spectra and their 2D contour map of TL emission spectrum of Lu0.99−xGaxCe0.01BO3(x = 0, 0.02, 0.06,
and 0.10).
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strong absorption peaks of the matrix. Generally, the bands of
4f−5d3,4,5 transitions are usually collected by VUV−UV facility
with high resolution.24 Therefore, the two peaks at about 365
and 310 nm can be assigned to typical 4f−5d1 and 4f−5d2
transitions of Ce3+, respectively.25 The peak at about 285 nm
can be ascribed to the charge transition band (CTB) of Ce4+

center.1,26−30 The appearance of Ce4+ can be attributed to the
fact that part of Ce4+ ions have not completely converted to
Ce3+ while being prepared with CeO2 raw material through
high-temperature solid-state reaction in air. Balancing the
charge of the system can be achieved by the oxygen vacancy
generated during the calcination process.31,32 It is well-known
that stable Ce4+ center only contributes to faster scintillation
decay in scintillation process and has no contribution to PL
process, while the Ce3+ center participates in both PL and
scintillation process as luminescence center. It is important to
keep the balance between decay time and light output of the
Ce-activated scintillator by adjusting the ratio of Ce3+/Ce4+.
Herein, the XPS was performed to study the influence of
different Ga3+ concentration on the ratio of Ce3+/Ce4+. The Ce
3d is usually used to distinguish the valence states of Ce.33 The

XPS spectra of Ce 3d level in Lu0.92−xGaxBO3:Ce0.08 (x = 0.02
and 0.10) are presented in Figure 4d. It should be noted that
when the concentration of Ce is lower than 5% the XPS signal
of Ce3d is extremely nonideal, and the multipeak fitting for Ce
3d is unable to be completed. Thus, the Lu0.92−xGaxCe0.08BO3
(x = 0.02 and 0.10) samples prepared under the same
conditions as Lu0.99−xGaxCe0.01BO3 (0 ≤ x ≤ 0.10) are selected
for XPS testing. The obtained curves can be fitted with 10
peaks corresponding to Ce 3d5/2 and Ce 3d3/2 states and their
satellites, respectively. The detailed positions of the peaks,
fwhm, and the area of each peak are tabulated in Table 2.
Taking Lu0.90Ga0.02BO3:Ce0.08 as an example, the peak at

881.68 eV (marked as u0) can be assigned to Ce3+ 3d5/2, and
its satellite is at 885.99 eV (marked as u′). For Ce3+ 3d3/2, the
main peak and its satellite peak is at 900.42 eV (marked as v0)
and 904.80 eV (marked as v′), respectively. There are six peaks
that can be assigned to Ce4+. The peak at 883.93 eV (marked
as u) and its two satellite peaks at 888.02 eV (marked as u′′)
and 897.93 eV (marked as u′′′) belong to Ce4+ 3d5/2. The Ce4+
3d3/2 peak consists of the peak at 902.85 eV (marked as v0)
and its satellite peak at 907.14 eV (marked as v′′) with another
satellite peak at 916.34 eV (marked as v′′′). The relative
percentage of Ce3+ and Ce4+ is estimated using the following
equation:34,35
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where ACe
3+ and ACe

4+ are the area of the peaks for Ce3+ and
Ce4+ in the XPS spectra, respectively. It can be found that the
content of Ce4+ increases with increasing Ga3+ concentration.
The possible mechanism of stabilizing Ce4+ might be ascribed
to charge compensation owing to the ions entering the lattice,
and similar results have been reported in doping of various ions
as Li+, Ca2+, or Mg2+.23,36,37 However, it can be ruled out
because Ga3+ and Lu3+ show the same valence state. The
mechanism might be the variation of energy separation
between the 4f ground state of Ce3+ and the Fermi energy
level position (EF), which is affected by the changing of band
gap.38

The PLE and PL spectra are shown in Figure 5a; both the
PLE and PL spectra exhibit two-band profiles. The excitation
bands at about 305 and 330 nm are attributed to the
transitions of Ce3+ from the ground-level 4f to the 5d2 and 5d1
levels, respectively.39−41 Furthermore, there is a redshift from
338 to 345 nm in the excitation spectra (shown in the inset of
Figure 5a). The maxima excitation and emission 5d band are
extracted from Figure 5a, and the splitting between the two
lowest absorption bands is calculated. The splitting of these
bands is increased with increasing Ga3+ concentration due to
the enhanced crystal field around Ce3+. As a result, the lowest
5d level moves to the lower energy and the energy between 4f
level and 5d1 level becomes reduced, leading to the
redshift.42−45

Figure 8. 2D TL spectra and fitting curves of Lu0.99−xGaxCe0.01BO3 (x
= 0, 0.02, 0.06, and 0.10).

Table 3. Calculated Trap Depths (Et) and Related Frequency Factor (S) of Lu0.99−xGax Ce0.01BO3 (x = 0, 0.02, 0.06, and 010)

compound Et1 (eV) S (s−1) Et2 (eV) S (s−1) Et3 (eV) S (s−1) Et4 (eV) S (s−1)

Lu0.99Ce0.01BO3 0.86 1010 1.05 1011 1.11 1010 2.04 1015

Lu0.97Ga0.02Ce0.01BO3 0.97 1010 1.03 1011 1.14 1011 1.55 1011

Lu0.93Ga0.06Ce0.01BO3 0.90 1010 0.981 1010 1.08 1010 1.60 1011

Lu0.89Ga0.10Ce0.01BO3 0.89 1010 1.09 1011 1.10 1011 1.61 1012
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The PL spectra under a 335 nm excitation wavelength
exhibit two bands of typical emission from Ce3+, which is
attributed to the transitions from the 5d1 level to 2F5/2 and
2F7/2 levels, respectively.46−48 There is no obvious red- or
blueshift in the PL spectra, and the maxima 5d absorption and
highest emission are extracted to calculate the Stokes shift. As
shown in Figure 5b, the Stokes shift first decreases and then
increases with the increasing Ga3+ concentration. It can be
found that the Stokes shift is positively related with the
shrinkage of the host’s (LGBO) band gap as aforementioned.
As shown in Figure 5c, the integrated PL intensity of
LGBO:Ce first increases with increasing Ga3+ concentration
and reaches the maximum value at x = 0.06, then it begins to
decrease due to the concentration quenching effect caused by
the energy transfer between Ce3+. Generally, the change of the
PL intensity is related to the variation of the lattice structure.49

However, in the current cationic modified system, the linear
change of lattice structure does not produce monotonic
emission improvement, which means that other factors will
also affect the emission intensity. Notably, the variation of
luminous intensity is contrary to that of Stokes shift. Since the
Stokes shift represents the energy loss during the charge
transition, it can be inferred that the double enhanced PL
intensity can be attributed to the decreased energy loss during
energy conversion process, which is caused by the reduction of
host’s band gap.
The PLQY results of Lu0.99−xGaxCe0.01BO3 (x = 0, 0.02,

0.04, 0.06, and 0.10) are presented in Figure S5. The PLQY of
LGBO:Ce begins to increase after Ga is introduced into lattice
and reaches the maximum at 46.79% when x = 0.02, which can
be attributed to the enhanced effective absorption (Figure 4c).
Then, the PLQY begins to decrease because the incorporation
of Ga will lead to the increase of intrinsic defects’
concentrations, which will strengthen the competition with
Ce3+ center. Finally, when x = 0.10 the number of absorbed
photons is much larger than that of emitted photons, and the
PLQY decreases to 22.82%.
The XEL spectrum of LGBO:Ce powder compared with

that of the BGO single crystal are shown in Figure 5d. The
integrated XEL intensity of LGBO:Ce (x = 0.02) decreases
after Ga3+ is introduced into host’s lattice and reaches about
45% of LBO:Ce (x = 0). When compared with BGO single
crystal, the integral XEL intensity of LGBO:Ce (x = 0.02) can

reach 60% of BGO. The decreased XEL intensity after Ga3+

incorporation might be attributed to the decreased effective
atomic number (Zeff). The Zeff of the specific compound can be
estimated by using the following equation:50

= + + + +Z a Z a Z a Z a Z( ... )m m m
n n

m m
eff 1 1 2 2 3 3

1/
(4)

where a1, a2, a3, ..., an are the weight fraction contributions of
each element in the mixture. The value of m adopted for
photon practical purposes is 2.94.51 According to the equation,
the Zeff of Lu0.97Ga0.02Ce0.01BO3 is estimated to be smaller than
that of Lu0.99Ce0.01BO3. It is well-known that Zeff plays an
important role in the X-ray detection for a scintillator. Thus,
one of the underlying reasons for the deterioration of XEL
intensity after Ga3+ incorporation could be attributed to the
decreased Zeff. However, this is not the dominant reason since
the incorporation concentration of Ga3+ is small. In the PL
process, the UV light can be directly absorbed by the Ce3+

center, and the PL intensity is mainly affected by nonradiative
transition and Stokes shift. Therefore, the doubly enhanced PL
intensity after Ga incorporation can be attributed to the
decreased energy loss during energy conversion process, which
is caused by the reduction of host’s (LuGaBO3) band gap.
However, the reduced band gap would lead to the decrease of
XEL intensity. The scintillation process consists four processes:
ionization, conversion, transport, and luminescence.52 When
X-ray is applied on samples, the matrix will be ionized and
generate initial electron−hole pairs, then the electrons and
holes will transport through CB and valence band (VB) and
captured by 5d1 and 4f levels of Ce3+ center, respectively. It
should be noted that the CB decreases after Ga doping, which
leads to the decrease of the energy gap (ionization energy, ΔE)
between CB and 5d1. A part of the electrons on 5d1 level of
excited Ce3+ center (Ce3+)* will be thermo-ionized into the
CB due to the high energy resulting in luminescence
quenching. The reduced ionization energy after the Ga
incorporation is the main reason for the decreased XEL
intensity.
Figure 6a presents the fluorescence decay curves of the

LGBO:Ce (0 ≤ x ≤ 0.10). The monitoring excitation and
emission wavelengths are fixed at λex = 340 nm and λem = 367
nm, respectively. All the decay curves obey a first-order
exponential decay and can be fitted using the following
formula:

Figure 9. Schematic diagram of the mechanisms for PL in Lu0.99−xGaxCe0.01BO3.
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where t is the time, τ is time for the exponential components,
A1 is the constant, and I(t) is the luminescence intensity at
time t. The calculated decay time of the Ce3+ ion in LGBO:Ce
polycrystalline powder is shown in Figure 6b.
It can be seen that the decay time gradually decreases with

increasing Ga3+ concentration. This indicates the lifetime of
the electron on the 5d energy is reduced with the
incorporation of Ga3+. According to the previous discussion
about the crystal structure, the crystal field strength around
Ce3+ is mainly determined by Ga3+ substitution, and the
substitution of Lu3+ with Ga3+ will lead to the decrease of
d(Lu/Ga/Ce−O) (Figure 2e). More importantly, the dis-
tortion of CeO6 polyhedron increases with the increasing Ga3+

concentration (Figure 2f), which will enhance the crystal field
splitting of Ce3+. As a consequence, a smaller 4f−5d energy
level displacement and a redshift of Ce3+ can be observed as
expected.53 Herein, on the basis of refs 54−56, the effects of
the Ga3+ concentration x increases on the ligand field,
covalency level, and Stokes shift are so strong that they lead
to an excitation band red shift and decay time shortening.
As mentioned before, although the XEL intensity of

LGBO:Ce is lower than that of LBO:Ce, the incorporation
of Ga3+ still has a positive effect on scintillation decay time.
According to refs 1 and 23, the schematic diagram of the
scintillation mechanism for Ce3+ and Ce4+ is given. As depicted
in Figure 6c, the stable Ce4+ center can directly trap the
electron and converts to the excited Ce3+ in the first step of
scintillation mechanism, while Ce3+ cannot make this as it must
capture the hole and convert to the Ce4+ first so that it will
directly convert a fraction of slow part of scintillation response
to the fast one. Furthermore, Ce4+ works in parallel with the
Ce3+ center without competing.57

3.3. TL spectra of Lu0.99−xGaxCe0.01BO3. Thermolumi-
nescence (TL) is an effective method for investigating the trap
properties of samples. The 3D TL spectra of LGBO:Ce (x = 0,
0.02, 0.06, and 0.10) are depicted in Figure 7. After Ga3+ is
introduced, the intensity of thermoluminescence at about 370
°C decreases, while that at about 135 °C increases. When x =
0.06, there is a new peak occurs at about 700 nm, while when
the temperature is about 135 °C, this new peak also appears
when x = 0.10. It can be clearly seen in the red-line 2D contour
map projected from 3D TL spectra that all four samples show
typical 5d−4f emission of Ce3+ at about 350−450 nm, which is
in good agreement with the PL spectra. However, when x =
0.06 and 0.10, a new emission peak appears at about 700 nm.
Generally, the thermal quenching of Ce3+ luminescence and
the appearance of TL peaks are explained as the result of
photostimulated electron released from the lowest-energy 5d1
level excitation of Ce3+ to the CB,12,58 which indicates the
conduction band of LuBO3 host has lowered after Ga3+ is
introduced into the host lattice.
To further analyze the change of the traps with increasing

Ga3+ concentration, the 2D TL spectra were converted from
3D TL spectra. For better browsing the 2D TL glow curves of
LGBO:Ce (x = 0, 0.02, 0.06, and 0.10) powders are extracted
and presented in Figure 8. Consistent with the 3D TL spectra,
the intensity of the TL peak at about 350 °C decreases, while
those between 100 and 250 °C increase. The peak at about
350 °C can be attributed to the contribution of oxygen

vacancy, while others can be attributed to intrinsic point
defects.59

The peak sites of point defects slightly shift to the lower
temperature. Since Ce3+ is likely to trap holes, it thus serves as
the recombination center for the carriers freed from electron
traps located closed to the CB.13 The slight shift further proves
the reduction of the band gap after the incorporation of Ga3+ is
due to the lowering of the CB. The parameters of the traps
related to the TL curves can be obtained by fitting the glow
curves according to the TL general kinetic order equation:60
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where E and S are the two most important quantities for the
trap parameters, E represents the depth of the trap level
(activation energy), S is the frequency factor, k is the
Boltzmann constant, β is the heating rate (1 °C/s), and b is
the kinetic order (1 ≤ b ≤ 2). The calculated results are
tabulated in the Table 3.
It can be clearly seen from Table 3 that all the obtained

parameters from the TL general kinetic order equation are
reasonable since the linear relationship between trap depths
and temperature, and the corresponding frequency factors are
between 1010 and 1017 s−1.61 It can be learned that the types of
the traps in the LGBO:Ce remain unchanged with the
incorporation of ionization into the conduction band.59

Generally, the integral area under one fitted peak is positively
correlated with the concentration of the trap, so it can be
concluded from Figure 8 that after Ga3+ is introduced into the
host lattice the concentration of oxygen vacancy has
significantly reduced while that of point defects increases. In
conclusion, Ga3+ incorporation can lower the conduction band
of LBO host without inducing new trap levels or changing the
original trap types.

3.4. Mechanisms for PL in Lu0.99−xGaxCe0.01BO3. The
schematic diagram of the mechanisms for PL in LGBO:Ce is
shown in Figure 9. For the PL process in the Ga3+ free system,
electrons are excited from the VB to the CB under the
excitation of UV light, and holes are left in VB. Then, the
generated electrons transfer to the excited level 5d1 of Ce3+

through nonradiative transition and finally transfer to 2F5/2 and
2F7/2 levels of ground state 4f level and emit a blue light with
the wavelength at about 367 and 406 nm, respectively.
However, with the incorporation of Ga3+, as aforementioned,
the crystal field strength (Ecfs) around Ce3+ has been enhanced
due to the reduced Ce−O bond, which leads to the increased
splitting of 5d level and the lowering of 5d1 level;
consequently, a redshift of the 5d1 level excitation peak can
be observed in the PLE spectra. Moreover, due to the
reduction of CB, the energy loss during nonradiative transition
has reduced, and it will lead to the decreased Stokes shift and
the enhancement of luminescence intensity. In addition, the
energy value of 5d1 level shifting is quite similar to the reduced
value of Stokes shift; thus, there is no obvious red- or blueshift
in the PL spectra.

4. CONCLUSION
In summary, calcite phase Lu0.99−xGaxCe0.01BO3 (0 ≤ x ≤
0.10) samples are synthesized by solid-state reaction. XRD
patterns and the Raman spectra validate that all the samples are
pure calcite phase LGBO:Ce. In situ high-pressure synchrotron
radiation XRD result illustrates calcite phase LuBO3 gains
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more superior phase stability owing to the incorporation of
Ga3+ into lattice, which is expected to promote the application
of LuBO3 in high-pressure environment. The diffuse reflection
spectra show that the optical band gap of LBO has been
decreased from 5.58 to 4.64 eV after Ga3+ incorporation. The
PLE and PL spectra exhibit typical Ce3+ excitation and
emission, and the negative correlation between luminescence
intensity and Stokes shift indicates that Ga3+ incorporation can
reduce the energy loss during charge transition due to the
reduced optical band gap, which consequently enhances the
luminescence intensity. The reduction of XEL intensity is
attributed to the both decreased Zeff and ionization energy.
The TL spectra show that Ga3+ incorporation will not change
the trap types, but the concentration of the traps has changed
because the electrons in the Ce3+ 5d1 level have been thermal
ionization into the conduction band, which further indicates
that Ga3+ incorporation can reduce the conduction band of
LBO. This work illustrates Ga3+ incorporation is an effective
method to reduce the band gap and improve the phase stability
simultaneously at high pressure of LuBO3. This work is of great
significance for the growth of large size LBO:Ce scintillation
crystals with improved luminescence properties.
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