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Abstract: Inorganic scintillation crystals have been widely used in applications of high-energy
physics, nuclear medical imaging, industrial nondestructive inspection, etc. In this work, a single
crystal BazY(POy)3 (BYP) with 1.0 at% Ce3+—doping concentration was first grown by the Czochralski
method, and the electronic structure was calculated using first principles based on density functional
theory. In addition, a series of Ce3+—doped BYP phosphors were synthesized, and the fluorescence
emission under UV excitation was measured through low-temperature spectroscopy, containing
double-peaked emission from 5d—4f transition and self-trapped exciton recombination. A comparison
of the UV and X-ray-excited fluorescence spectra reveals the existence of oxygen vacancies as well as
F+ centers in the crystal. The air annealing of the crystal effectively reduces the thermoluminescence
defects but reduces the emission intensity under UV or X-ray excitation. The BYP:Ce crystal shows a
fast decay lifetime of 15.5 ns, and the fast component is as short as 8 ns. The results show that the
Ce3*-doped BYP crystal has potential as a kind of scintillator with fast decay properties.

Keywords: Ba3Y(PO,); crystal growth; Ce3*-doped; scintillation; radioluminescence

1. Introduction

Inorganic scintillation materials that convert high-energy rays or particles into large
amounts of low-energy photons have been extensively used in radiation detection fields, such
as nuclear medical diagnosis, security systems, high-energy physics and well logging [1-6].
When the ionizing radiation is absorbed, the photoelectric effect (<10? keV), the electron
pair effect (102 keV-8 MeV), and the Compton effect (>8 MeV) occur separately or in steps
according to the energy of the incident photon, thereby converting the high-energy photon
into secondary charged particles and simultaneously generating thermalized electron-hole
pairs with a forbidden bandwidth energy of approximately Eg. Subsequently, electrons and
holes transfer energy to the luminescent centers close to the conduction and valence bands by
means of in-band transitions and electron—phonon relaxation, respectively; finally, the excited
state electrons in the luminescent center return to the ground state, accomplished by emitting
photons or non-radiation transitions [7]. However, scintillation materials often have certain
amounts of lattice defects and dislocations, leading to the presence of defect energy levels
in the forbidden bands of the materials. The recombination of electrons and holes competes
with the trapping of defect states [8]. The trapped electrons can return to the conduction
band through thermal activation [9]. Furthermore, more unexpected self-trapped excitons
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(STEs) can be generated and further dissipated through relaxing due to defects or involving
the lattice vibration, resulting in non-radiative recombination [10]. The performance of the
scintillator is adversely impacted by these processes [11].

The development of Ce*-activated inorganic scintillator crystals continues to show
unique attraction due to their high light output, fast decay lifetime to tens of nanosec-
onds, and emissive wavelength typically located in the ultraviolet or visible spectral
ranges [12-14]. The rare-earth aluminate and silicate oxide scintillators have attracted
much attention over the last two decades, with the advancement of commercially available
Ce-activated oxide scintillators, such as the GGAG, YAP, Gd,5iOs, and (Lu,Y),SiO5 crystals,
which are characterized by high optical yields (>20,000 phonons/MeV), easier large-size
growth, and outstanding irradiation resistance. However, there are few reports on the
scintillation properties of phosphate crystals so far, which is mainly due to the scarcity
of rare-earth phosphate crystals with stable physical and chemical properties and easy
growth. Specifically, the average melting points of the series REPOy crystals are extremely
high (>2000 °C), and the volatilization of the P components is so severe that it is difficult to
obtain high-quality single crystals.

Recently, orthophosphate crystals M3RE(POy)3 (RE: rare earths, lanthanides; M: Sr or
Ba) with cationic disordered structure have sparked widespread concern based on their
outstanding optical properties [15-18]. BazY(POj4); (BYP) belongs to the eulytite-type
compounds, which have considerable physical and chemical stability, a large band gap
(>6 eV), and good doping capacity for rare-earth ions [19,20]. In the last few years, a large
number of studies based on the BYP matrix have focused on the tunable visible phosphors
doped with rare-earth ions like Eu3*, Dy®*, Sm®*, etc., or temperature-sensing phosphors
with Ce3* /Eu?* /Mn?2*, Ce3* /Tb3*, Tb3* /Eu* ions, etc. [21-26]. Y. Takebuchi et al. have re-
ported that the Ba3RE(POy); (RE =Y, La and Lu) crystals showed the intrinsic luminescence
peaked at 400 nm under vacuum-UV and X-ray excitation; the X-ray-induced scintilla-
tion decay time was several microseconds, and the absolute light yields were estimated
to be 960, 1160, and 1220 ph/5.5 MeV under 21 Am o-ray irradiation, respectively [27].
H. Ezawa et al. have reported that the undoped and Tb-doped BYP crystals exhibited the
STEs and 4f-4f transitions of Tb%* luminescence, respectively, and the thermally stimulated
luminescence was observable from 0.01 mGy in 1% Tb-doped BYP [28]. In recent years, the
BYP crystal has been successfully grown by the Czochralski method at a temperature of
about 1800 °C. However, the growth and properties of the Ce>*-doped BYP crystal have
never been investigated.

In this work, a single crystal of BasY(POy); doped with x = 0.01 Ce®* was first grown by
the Czochralski method, the crystal structure was analyzed, and the electronic band struc-
ture was calculated. The photoluminescence properties of BYP:xCe* powder samples were
investigated in detail. The radioluminescence properties of BYP:Ce®* crystals before and
after air-annealed treatment were measured and discussed, which provides a meaningful
method for the further development of phosphate crystals for scintillator applications.

2. Experiment
2.1. Experimental Details

Since the disordered occupancy of Ba?* and Y3* ions in BYP lattices has been reported,
we chose Ce?" to replace Y3* for doping based on the similarity of valence, electronegativity,
and ion radius. A BYP:Ce®* single crystal was grown by the Czochraski method with
x = 0.01 Ce**-doping ratio. The raw materials, including CeO, and Y,03 with 99.99% purity,
and NH4H,PO4 and BaCO3 with AR purity, were purchased from Aladdin’s Reagent, Inc.
During the sintering of powder samples and crystal growth, NH4HPO, was added in excess
of 5% due to the serious volatilization at high temperatures. The phosphors of BYP:xCe>*
with Ce*-doping concentrations of x = 0.005~0.07 were prepared by the high-temperature
solid-state reaction. After being mixed evenly in the mortar, compressing into pellets,
and subsequently sintering at 1300 °C for 10-20 h, the powder of BYP:xCe3* samples was
obtained after annealing with the furnace.
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The BYP:0.01Ce>* powder sample was pressed onto several plates and loaded into
a ®50 mm iridium crucible for crystal growth under high-purity nitrogen. For first-time
crystal growth, an iridium rod was used as the seed and subsequently utilized for next-time
crystal growth. During the growth process, the pulling speed was set to be 1-2 mm/h and
the rotation speed was 10-12 rpm/min, respectively. In order to reduce the thermal stress
and prevent crystal cracking, the slow process of cooling from 1800 °C to room temperature
was set to 120 h. Ultimately, a colorless BYP:Ce3* single crystal with ®20 x 15 mm? and
good optical quality was obtained.

The structural data of the BYP:Ce>* were identified by single-crystal diffraction (Bruker
D8 QUEST diffractometer, Bruker, Karlsruhe, Germany) and powder X-ray diffraction
(PXRD, Rigaku Miniflex 600 diffractometor, Rigaku, Tokyo, Japan). The PXRD patterns
of 20 were collected in the range from 20 to 90° with a scanning speed of 8 °/min. The
morphology and element distribution of the crystal were characterized using a field emis-
sion scanning electron microscope (FE-SEM, FEI MLA650F, FEI, Hillsboro, OR, USA), and
the energy-dispersive spectrometer (EDS) was operated at 25 keV. The dimensions of
5x 5 x 3mm?and 5 x 5 x 1 mm3 crystal wafers were processed for photoluminescence
(PL) and thermoluminescence (TL) measurements, respectively. The concentration of Ce3*
in the BYP:Ce®* crystal was determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES, TPS-7000, Puxi, Beijing, China). The fluorescence spectrometer
(FLS980, Edinburgh Instruments Ltd., Livingston, UK) was employed to measure the fluo-
rescence spectra and decay curve. All the tests were recorded at room temperature, except
for the fluorescence spectra of BYP:0.007Ce** powder from 10 K to room temperature
(RT). The crystal defects were characterized by TL spectroscopy (LTTL-3DS spectrometer,
Guangzhou Radiation Technology, Guangzhou, China), which was equipped with an X-ray
tube. The crystal wafer was irradiated for 10 min at a radiation dose of 5 Gy and then
heated from room temperature to 770 K at 2 K/min. X-ray photoelectron spectroscopy
(XPS) was carried out in a PHI 5000 VersaProbe III (Ulvac-Phi, Chigasaki, Japan), with
a base pressure around 6.7 x 1078 Pa, and the X-ray source was equipped with an Al K«
monochromatic (hv = 1486.6 eV).

2.2. Computational Details

The theoretical calculations were performed using the CASTEP code with the general-
ized gradient approximation (GGA) and the Perdew—Burke-Ernzerhof (PBE) in Materials
Studio 2020 [29,30]. The PBE provides a good balance between computational cost and accu-
racy, which performs well in estimating energy gaps compared to local density approximation
(LDA) functionals, especially for periodic systems [31,32]. The Ba(4d'%5p®6s?), Y(4p®4d'5s?),
P(3s23p3) and O(2s22p4) were treated as valence electrons, and their interactions with the
cores were described by the projected augmented wave (PAW) approach [33]. The atomic
structures of the unit cell were fully optimized until the total energies and forces on the atoms
were converged to 1076 eV and 0.01 eV A~!. One k-point (Gamma) was used to sample the
Brillouin zone, and the cutoff energy of the plane-wave basis was set to 571.4 eV.

3. Results and Discussion
3.1. Lattice and Electronic Band Structure of BYP:Ce>* Crystal

The PXRD patterns of the as-grown BYP:Ce?* crystal are shown in Figure 1a, and the
inset shows a photo of the crystal after processing. The PXRD patterns match well with
the diffraction peaks of the standard cards of BasLa(PO4); (JCPDS, No. 29-0175); no extra
diffraction peaks verify its pure phase structure. Also, the as-grown crystal was measured
to obtain the experimental single-crystal diffraction data. The projected polyhedral in
the lattice cell are present in Figure 1b, and the corresponding crystal data and structure
refinement for the BYP:Ce are shown in Table 1. The BYP:Ce®* crystallizes in the space
group 143d, with four formula units per unit cell. The Ba?*/Y?* ions are reported to be
disorderedly occupied and present a distorted local polyhedral structure with bond lengths
in the range of 2.59~3.28 A. The P>* ions are at the centers of a distorted oxygen tetrahedron
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with average P-O bonds of 1.457 A. The lattice parameters for the BYP:Ce3* crystal are
estimated to be a = 10.467 A, comparable to a = 10.465 A with respect to pure BYP in the
literature [19]. The result indicates that Ce®* doping induces a small expansion in the
lattice, which is consistent with the larger ionic radius of Ce3* (1.15 A) than Y3* (1.04 A).
In the case of Ba and Y-disordered occupancy, Ce doping will experience a variety of low-
symmetry crystal field (CF) environments with weak CF strengths. Also, the significant
electronegativity difference of the surrounding cations (Ba?* and Y3*) and PO, polyhedral
with small radii and easy twisting along polyhedral vertices will undoubtedly promote
polarization of CF around the centered Ce®". The actual concentration of Ce3* ions in the
as-grown BYP:Ce3* crystal was determined to be 0.56 at.% by ICP-AES. The segregation
coefficient was calculated to be 0.56. The reason for the low segregation coefficient of Ce3*
in BYP crystals may originate from the fact that the phosphate melts have a high viscosity,
which inhibits the diffusion of Ce>*.

(a) \
’;~ §
s BYP:Ce® Crystal
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Figure 1. (a) The PXRD patterns and (b) unit cell of the BYP:0.01Ce3* crystal.

Table 1. Crystal data and structure refinement for BYP:Ce3*.

Atom X y z Ueq
Bal 0.68719(12) 0.81281(12) 0.18719(12) 0.0375(9)
Y1 0.68719(12) 0.81281(12) 0.18719(12) 0.0375(9)
P1 0.6250 0.5000 0.2500 0.0355(18)
o1 0.546(2) 0.604(2) 0.202(4) 0.172(16)

Note: Cell parameters: a =b = ¢ = 10.4665(6) A x=p=y=90°,2=4V= 1146.6(2) A3; Space group: cubic, [43d
(220); Density: pca)c = 4.552 g/ cm?®. Reliability factors (R-factor): GOF = 1.065.

The FE-SEM image and EDS elemental mapping images of cerium, barium, yttrium,
phosphorus and oxygen for the as-grown BYP:Ce crystal are shown in Figure 2. The lack of
detail in the crystal surface process has no significant effect on the EDS results. Figure 2b—f
clearly displays the different elements that are uniformly distributed inside the as-grown
crystal. The Ce** doping concentration in the crystals is relatively low, but it can still be
seen to be uniformly distributed inside the crystals, indicating that the crystals have a high
degree of homogeneity.

The electronic band structure of the BYP:Ce* crystal was studied by density functional
theory (DFT). Considering the low Ce3*-doping concentration (x = 0.01), and the small
difference in lattice parameters of the Ce>*-doped BYP crystal compared to the undoped
crystal reported in [19], we utilized the structure file of the above-analyzed BYP:Ce®* crystal
for the electronic structure calculations. The results of the calculated band structure of
the BYP:Ce3* crystal are shown in Figure 3a. The band structure of the crystal revealed
that both the conduction band minimum (CBM) and valence band maximum (VBM) are
located at the G high-symmetry point in the Brillouin zone. The BYP:Ce3* crystal is a direct
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bandgap insulator with an estimated bandgap of 5.324 eV. The projected density of states
(PDOS) for the models of BYP is shown in Figure 3b. The PDOS reveals that the top of
the VB is mainly composed of O-s/p, Y-s/p and Ba—p orbitals in the BYP crystal, with an
additional feeble P-s/p orbital contribution. The bottom of the CB is mainly composed
of Y-d and Ba-d orbitals. Y. Takebuchi et al. [27] reported that the undoped BREP crystals
should have optical bandgaps exceeding 6.2 eV, while the BazLa(PO,)3:Ce* phosphor is
further clarified as having a bandgap of 7.21 eV [34]. The theoretically calculated bandgap
value (5.324 eV) of BYP in this work is obviously low, which is even lower than the result
deduced from the excitation spectra. We believe that the defects caused by the disordered
occupancy of Ba and Y are the main influencing factors, which will inevitably affect the
integrity and order of the local structure and promote site shifting of atoms due to the
significant differences between Ba and Y in electronegativity and ionic radii, which in turn
affects the theoretical calculations of DFT to a certain extent.

(d)

Figure 2. The FE-SEM image and EDS mapping images of the BYP:Ce®* crystal: (a) FE-SEM image;
(b—£) EDS mapping images for Ce, Ba, Y, P and O; and (g) overlay of the distribution of the (b—f), respectively.
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Figure 3. The calculated (a) band structure and (b) projected density of states of the BYP lattice.

3.2. Phase and PL Properties of the BYP:xCe3* Phosphors

In order to determine the optimal doping concentration, we performed a simple
screening of the Ce®* doping concentrations in the form of a powder. The PXRD patterns
of the BYP samples doped with gradient Ce>" contents are shown in Figure 4. As can be
seen, the diffraction peaks of the phosphors are consistent with those of the standard card
(JCPDS No. 29-0175), indicating that all the synthesized phosphors are a unique pure phase
and that the Ce®* dopants have a negligible effect on the main phase structure.
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Figure 4. The PXRD patterns of the BYP:xCe3* phosphors.

The PL spectra of BYP:xCe®" phosphors are presented in Figure 5a, and the inset
depicts the dependence of the Ce3* doping concentration on the emission peak position
and intensity. The emission intensity of BYP:xCe®* increased with the Ce3* concentration;
phosphors achieved the highest emission intensity at x = 0.007. More dopants will decrease
the fluorescent intensity due to concentration quenching. The inset shows that the emission
peak position of the phosphors undergoes a certain redshift from 368 nm to 377 nm with
the increase in Ce®* concentration, which stems from the fact that Ce3* has a larger ionic
radius than Y3*, and the expansion of the local space at elevated concentrations leads to an
overall enhancement of the covalency of Ce-O. The centered shift of the 5d level promotes
the downward shift of the lowest 5d energy level of Ce®, i.e., redshift of the emission
peaks. The fluorescence spectra of BYP:0.007Ce** phosphors are shown in Figure 5b. By
monitoring at 370 nm, the excitation spectrum contains a broad band that peaked at 315 nm.
The excitation bands ranging from 230 to 340 nm are attributed to partial 4f-5d transitions
of Ce3*, pertaining to a lower 5d energy level after splitting in the presence of a crystal field
with low Cs symmetry [34]. Under excitation at 315 nm, the BYP:Ce®* phosphor exhibits a
broad emission peak around 370 nm. By fitting the emission spectrum with multiple peaks,
three curves peaked at 345, 370, and 395 nm can be obtained with good fitness (R? = 99.98%).
Therein, the emission peak at 395 nm is close to the position of the self-trapped exciton
recombination reported in pure BYP crystal [27]. Regarding the double-peak emission of
345 and 370 nm, it may originate from the fact that Ce>* occupied two types of sites, but the
energy difference (2225 cm™!) between the two peaks coincides with the general spacing
between 2F; /2 and %Fs /2 levels in Ce3* (2200~2600 cm™1), which verifies the weak CF for
Ce3* in the BYP host.

(a) - : (b)
6x10° 4 = /./ _ 4x10° - —— Em=370 nm
S “‘ : Ex=315nm
__5x10°1 LR z . 370 nm RC=99.98
s 2 . H 5 6
& 4x10°1 £ /'/ S 3 A
; 368 \_ z
’53)(106' 000 0%z 0k 0@6 E 2x10° 4
g Ce” Concentration ) 905 S
S 2x10° 4 x=0.007| £
x=0.01 1%10° 395 nm
1x10° x=0.03 \ -
x=0.05 ’
o x=0.07 ,\345 nm
T T T T 0 . r r r :
350 400 450 500 550 250 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 5. (a) The PL spectra (Ex = 315 nm) of the BYP:xCe?* phosphor. The inset graph shows the
emission peak wavelength (black) and emission intensities (red) depend on the Ce* concentration.
(b) PLE and PL spectra of the BYP:0.007Ce3* phosphor.
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To further distinguish the emission between the 5d—4f transition of Ce3* and the
STE recombination, the low-temperature excitation and temperature-dependent emission
spectra of BYP:0.007Ce>" were measured. The PLE spectra of the BYP:0.007Ce3* phosphor
measured at 10 K are shown in Figure 6a. The excitation spectra are almost identical when
monitored at 345 and 370 nm which implies that the emission related to the two bands
originates from the same lowest 5d energy level. The PL spectra of the BYP:0.007Ce3*
phosphor measured from 10 to 270 K are shown in Figure 6b. The intensity of the emission
peaks at 345 and 370 nm diminishes with increasing temperature, but the peak shapes and
peaks are unchanged, which mainly originates from the fact that electrons in the 5d energy
level have a higher possibility of thermal activation to the defect levels or conduction band
and dissipation due to the assistance of a strong phonon (1200-1400 cm~!). However,
the emission intensities with respect to the 395 nm emission for all samples are almost
unaffected, which is generally interpreted as intrinsic luminescence ascribed to the self-
trapped excitons and has no relation to the electron population of the lowest Ce-5d energy
level. This characteristic emission band has been observed in other orthorhombic phosphate
materials like BagLa(POy); and BazLu(POy)s [27,34], and its larger Stokes shifts, longer
emission wavelengths, and broadband emission characteristics are consistent with radiation
from self-trapped exciton recombination.

5
a)1 .0x10 (b) 10 <
——Em=345 nm 1 5x10° - 60 K
8.0x10'{ —— Em=370 nm ~1:5¢10
10K =] 110K
';. K — 160K
4 x10% 4 >
6010 2 ox10°4 210K
> 2 ——270K
@ 4.0x10% 1 E
() 5
- 5.0%105 1
= 2.0%10%1
0.0 r ' r 0.0 T . : 5
250 275 300 325 350 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 6. (a) The PLE spectra at 10 K and (b) PL spectra (Ex = 315 nm) from 10 to 270 K for the
BYP:0.007Ce** phosphor.

3.3. Photo- and Radio-Luminescence Properties of BYP:Ce3* Crystal

At high temperatures, oxygen defects are easily formed in the crystal growth process
under an N, atmosphere. A crystal wafer in an air atmosphere was annealed for 15 h
to minimize the influence of oxygen defects on the properties of the as-grown BYP:Ce®*
crystal and compared with the unannealed crystal. The PL spectra of the as-grown and air-
annealed BYP:Ce3" crystals were compared and are shown in Figure 7a. Under excitation
at 315 nm, the crystal also showed broad emission that peaked at 370 nm. Although the
spectral shape of the above two crystal wafers is almost the same, the air-annealed crystal
shows an inferior emission intensity, about 2/3 of that of the as-grown crystal. In general,
air annealing can reduce thermal stress-induced defects and oxygen vacancies and modify
the valence state of cations, but the mechanism of its effect on the fluorescence properties
of crystals is somehow complex. The fluorescence decay curves of the as-grown and post-
air-annealed BYP:Ce®* crystals are presented in Figure 7b, which can be well fitted by the
double-exponential decay equation, and the values are almost the same (average decay
lifetime: 17.5 ns vs. 15.5 ns). The fast decay of 8 ns should be attributed to the energy
transfer from the 5d; level to STEs, while the latter is closely related to intrinsic defects
in the matrix lattice, which have been reported in the radioluminescence of pure BYP
crystal [27]. In the present work, the annealing of the crystal did not distinctly change the
fluorescence lifetime but significantly decreased the fluorescence intensity. It is suggested
that the air-annealing process intensifies the depth of certain trap energy levels, which are
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located upside of the 5d lowest energy level of Ce>*, leading to partial trapping of electrons
relaxed from the upper levels, reducing the population of the electrons in the 5d lowest
level under the same excitation conditions, and thus decreasing the fluorescence intensity;,
but the radiative transition rates to the 4f ground state would not be affected.

5
(a)1x10 (b)1000 4
+ as—grown
as—grown i air—annealed
8x10% - air—annealed] — : t. =8.9 ns (73.5%
3 Bcotonm | G 15 W e
3 - . =25.7 ns (26.
8.6x10* 2 100 : 4 ( §
> g : t,=8.8 ns (79%),
@ 10t o : * 1,=24.6 ns (21%)
g E . .. .
£ o 104 Ex=315mm —mSr,
o 9 Em=370 nm ol
0 r T T T T T 1
350 400 450 500 550 600 650 0 50 100 150 200
Wavelength (nm) Time (ns)

Figure 7. (a) The PL spectra (Ex = 315 nm) of the as-grown and air-annealed crystals and (b) fluorescent
decay curves (Ex = 315 nm, Em = 370 nm) of the as-grown and air-annealed BYP:Ce3* crystals.

The X-ray excited luminescent (XEL) spectra of the as-grown and air-annealed BYP:Ce3*
crystals are shown in Figure 8a. It is clear that the emission intensity of the air-annealed
BYP:Ce3* crystal is significantly weaker than that of the as-grown crystal, and two weak
emission peaks around 285 and 305 nm occurred for both of the samples, which are reasonably
viewed as the combination of the 5d,—4f transition and color centers, respectively. Upon the
disordered occupancy of Ba and Y in the lattice, it is possible for the formation of oxygen
vacancies (Bay + V3* + Ba)) to maintain the local valence equilibrium, which may in turn
trap electrons and become F* centers:

Vel VY (1)
(a) b)
2 0%10%A ——as—grown 6x10° 1 as—grown
air—annealed , air—annealed 677 K—#
—_ X—ray ,‘_5"10 1 X—ray5Gy
51.5x10° S
s & 4x10°1 ,
2 2.
@1.0x10° 4 @ 3x10° R?=99.97)
-9 (] \
= S 2x10° 4 \
5.0x102- \
1x10°
/_601K 622K
0.0 , , ; 0 : ; : A
300 400 500 60! 300 400 500 600 700

Wavelength (nm) Temperature (K)

Figure 8. (a) The X-ray excited luminescent spectra and (b) thermoluminescence curves of the
as-grown and air-annealed BYP:Ce3* crystals.

A similar phenomenon has been reported in air-annealed Ce3*, Ca?* co-doped
Gd3Al,GazO1p and (Lu,Y),5i05 crystals, etc. [35-38], in which the energy level position
of the F* center is slightly higher than the 5d; energy level of Ce®*, a position that
should be very close to the 5d; energy level and is not easy to detect in PL spectra under
excitation at 315 nm. These corresponding emission intensities and peak wavelengths
imply that the air-annealing treatment may not be effective in thoroughly eliminating F*
centers as expected.
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The thermoluminescence (TL) spectroscopy of the as-grown and air-annealed BYP:Ce3*
crystals was measured for comparison and is shown in Figure 8b. It can be seen that the
as-grown crystal exhibits stronger thermoluminescence intensities in the range of 500770 K
with respect to temperature, implying the presence of more shallow or deep trap energy levels.
Below 550 K, no thermoluminescence peaks occur in the air-annealed crystal. The TL intensity
I'vs. temperature T is as follows [39]:

I(T) = nOSeXp(—kET) {(b _1) (Z) /TUT exp <—kET>dT+ 1] @)

where 1y is the concentration of trapped charges at T =0; S, E, k, b and p are the frequency
factor, depth of the trap, Boltzmann'’s constant, order of kinetics, heating rate, respectively.
This gives the trap depth E as follows [40]:

E = Tu[1+F(S,B)lklog S (3)

where the function f (S, ) << 1. For S ~ 10° s71, the calculation of E (eV) is consistent with
the roughly estimated formula E = T, /500 [40,41], where T, (K) is the peak temperature
in the TL curve and the unit of the constant is 500 K/eV. The thermoluminescence peak,
corresponding integrated area, and estimated trap depth in the TL glow curves of the
as-grown and air-annealed BYP:Ce>* crystals are listed in Table 2. From the comparison of
the TL spectra, air annealing indeed reduces most of the thermoluminescence defective
energy levels associated with oxygen vacancies, but the shifts of energy levels as well as
other non-thermotropic radiative defects with respect to Ba/Y anti-site occupancy in the
BYP lattice are still unknown and need to be further investigated.

Table 2. Thermoluminescence peak, corresponding integrated area and trap depth in the TL glow
curves of the as-grown and air-annealed BYP:Ce3* crystals.

BYP:Ce Crystal Temperature/K Trap Depth E/eV Intensity/a.u.
5
as-grown 601 1.202 1.01 x 105
677 1.354 7.32 x 10
air-annealed 622 1.244 7.25 x 10°

3.4. XPS Analysis of BYP:Ce>* Crystal

The survey scan report for the BYP:0.01Ce3* crystal is shown in Figure 9a. The peaks
observed in the XPS full spectrum have been found to be related to O, Y, Ba, P and Ce, which
ensures the homogeneity of the sample at the atomic level without any other detectable
impurities. The high-resolution XPS (HRXPS) spectrum of each element is recorded to
determine its valence state. Figure 9b presents a slight asymmetry towards higher binding
energy in the HRXPS spectrum of O(1s), which means different types of oxygen species
exist in the crystal. The peak is again deconvoluted into two peaks under the best fit that
have been positioned at 530.7 and 531.70 eV. The peak observed at lower binding energy
is attributed to O 1s (lattice oxygen), while the peak observed at higher binding energy
is attributed to V”p (oxygen vacancies) [42]. The presence of oxygen vacancies in the
samples was also preliminarily verified in the PL and TL spectra. The HRXPS spectra
of Y (3d), Ba (3d) and P (2p) shown in Figure 9c—e reveal the respective single valence
states Y3*, Ba?* and P%*. Also, the HRXPS spectra of Y (3d) and Ba (3d) display doublet
peaks corresponding to their states 3ds,, and 3d3,, [43,44]. Figure 9f depicts the HRXPS
spectrum of Ce (3d) with a doublet peak allocated at 889.7 eV and 902.5 eV, assigned to
states 3d5,, and 3d3,,, respectively. The presence of asymmetry in both peaks towards
lower binding energy suggests the existence of Ce in more than one valence state. The
peaks are deconvoluted into three peaks under the best fit criteria to identify the valence
states of Ce. Deconvoluted peaks are positioned at 885.1 eV, 888.7 and 891.5 eV in 3d5/,
and 897.1 eV, 900.9 and 904.4 eV in 3d3,,. The peaks found at binding energies of 885.1,
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897.1 and 904.4 eV are assigned to Ce3*, while Ce** is allocated to the other binding energy
values [45].
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Figure 9. (a) Survey scan report of the BYP:Ce3* crystal and core-level XPS spectra of (b) O 1s, (¢) Y
3d, (d) Ba 3d, (e) P 2p and (f) Ce 3d.

4. Conclusions

A transparent scintillation single-crystal BYP with a Ce*-doping concentration of
x = 0.01 was first grown by the Cz method and was free of cracks. The XRD patterns
confirmed the synthesis of BYP without an impurity phase. The DFT calculation shows its
feature of direct-band-gap (5.324 eV) insulators, and the PDOS reveals that both the bottom
of the conduction band and the top of the valence band contain components of Ba-5d, Y-3d
orbitals, and the band structure should be susceptible to Ba/Y antisite occupancy. The low-
temperature fluorescent spectra indicate that the PL emission in the range of 325-500 nm
originated from the combination of 5d;—4f transitions of Ce®*" and self-trapped excitons.
Weak peaks with shorter wavelengths appear in the XEL spectra, which originate from the
5d, energy level and F* centers. The air annealing of the BYP:Ce®* crystal significantly
reduces the thermoluminescence defects but also reduces the emission intensity under UV
or X-ray excitation and fails to remove the possible F* centers related to oxygen defects.
The presence of oxygen vacancies and Ce** was confirmed by HRXPS. Impressively, the
fluorescence lifetime of the 5d level of Ce3* in the BYP crystal is as short as 15.5 ns. The
result provides insights into the mechanism of photoluminescence or radioluminescence of
Ce®* in eulytite-type phosphate matrices. The Ce®*-doped BYP crystal can be considered a
promising candidate for fast scintillators.
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