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Abstract

The phosphors with Gd2Lua-xCexAlsScO12 compound were studied for radiation detection material
in this work. The effect of Ce content on structural, optical and luminescence properties of phosphor
was investigated. The XRD pattern presented the cubic and orthorhombic crystalline structure with
some derivative structures and defects. The optical spectra indicated the photon absorptions in
ultraviolet - visible light region by host components and Ce3* ion. The photoluminescence spectra
performed the strong ultraviolet and visible light emission by 4f - 5d transition of Ce*" and other
discrete energy in structure. The decay time of phosphors was in a range of 65 to 73 ns. The
radioluminescence excited by X-ray revealed the various and complicated emission peaks of
ultraviolet, visible light, and infrared, originating from Gd**, Ce*", and defects in phosphors. The
developed Gd:Luo.95Ceo.05A1sScO12 phosphors showed high potential for using in X-ray detecting
screen and detector device.
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Introduction

materials in form of single-crystal (Ashurov et al.,
1977; Kamada et al., 2011; Chewpraditkul et al.,
2017), ceramic (Chen et al., 2020) and phosphor

The phosphor material known as luminescence
powder has been widely used in the light source or
photon generating devices such as display,

fluorescence lamp, LED, watch and medical- / flaw
detection- / security inspection- imaging system.
The radiation detecting phosphor requires the high
radiation absorption coefficient, appropriate band
gap, efficient energy transfer to luminescence
center, and strong light emitting. The multi-
components (Gd,Y)s3(Al,Ga)sO, garnets have been
researched and developed as radiation detection

(Asami et al., 2018; Kaura et al., 2020; Ou et al.,
2020). The optimal ratio of Gd to Ga content
enhances the host band gap by suppressing the
shallow traps and reducing the thermal ionization of
luminescence Ce*" ion. The efficient photon
interaction in this garnet is facilitated by high
effective atomic number of Gd element, and the
effective energy transfer from Gd** ions to the
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luminescence dopant. There were several works
tried  to change some  elements in
(Gd,Y)3(ALGa)sO» garnets to optimize their
properties, particularly luminescence and radiation
detecting potential (Ueda and Tanabe, 2019). It is
very attractive to replace Y>* (0.90 A) by Lu** (0.98
A) in the garnet’s dodecahedral site because both
belong to the rare-earth element group and possess
similar ionic radii (Ziolkowski, 1985). Furthermore,
Sc3" located at the octahedral site as same as Ga>' in
this garnet has reported (Ueda and Tanabe, 2019).
The luminescence Ce®* ion exhibits characteristic
signature 4f-5d transitions, resulting in strong
emission in the ultraviolet (UV) - visible light (VIS)
with a short decay time. That emission region nicely
responds to the photo-multiplier tube (PMT)
commonly used in the commercial radiation
detector or imaging system. The 5d state of Ce*" can
be perturbed by the crystal field and coordination
with surrounding atoms/ions because its 5d orbital
is not covered by 5s / 5p unlike 4f one. It results to
the 5d state distribution and the spectroscopic shift
based on the Ce*" lattice site (Ueda and Tanabe,
2019). Consequently, there were several researches
about the Ce3*-doped phosphors such as BaF,:Ce**
(Gavhane et al., 2019), CaSc204:Ce*" (Kang ef al.,
2019), BaB4O7:.Ce** (Gavhane et al, 2020),
Li,CaSix07:Ce**  (Wu et al., 2020), and
Gd2YALGa3012:Ce’" (Asami et al., 2018) for the
radiation detection applications.

This work investigated the structural, optical,
photoluminescence (PL) and radioluminescence
(RL) properties of GdLuCexAlsScO; >
phosphors. The influence of Ce content on these
properties was evaluated to determine the optimal

phosphor composition for X-ray detecting
applications.

Experiment and Method

The GdiLuixCexAlsScO12  phosphors — were

synthesized by a solid state reaction in ambient
atmosphere. The Ce amount (x) in each phosphor
sample was different as 0.00, 0.025, 0.050, 0.075
and 0.100 substituted on the Lu content (1-x). The
samples were labeled as Ce0, Ce025, Ce050, Ce075
and Cel00, respectively. The raw chemicals such as
Gd203, LU203, CeOz, A]203, and SC203 were mixed
in stoichiometry and merged with acetone before
they were taken for ball-milling at 200 rpm for 2 h.
The mixtures were compressed into tablets using a
hydraulic press at 50 MPa. At first thermal process,
all samples were calcined at 1000°C for 60 h in a
furnace before being ground into powder. After that,
the powders were pressed by the same hydraulic
system to be tablets again and were sintered at

1600°C for 10 h as a second thermal process. Once
sintered, the phosphors cooled down on their own to
room temperature.

The structural properties of phosphors
were studied using an X-ray diffractometer
(Shimadzu, XRD-6100) with the CuKq radiation
source (wavelength ~1.54 A). A UV - VIS - near
infrared (NIR) spectrophotometer (Shimadzu, UV-
3600) was used to measure the absorption spectra of
samples. The phosphor’s PL emission and
excitation spectra were measured using a
fluorescence spectrophotometer (Hitachi, F-4600).
A fluorescence lifetime measuring device (Horiba
Scientific, DD-290) with a 286 nm diode laser
source was operated to study the PL decay curves of
the phosphors. The RL spectra in process of X-ray
induced optical luminescence were measured using
a setup comprising a Cu-target X-ray generator
operated at 50 kV and 30 mA, an optical fiber -
spectrometer (Ocean Optics, QE65 Pro), and a
cooling system.
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Figure 1. Photograph of Gd:Lua-xCexAlsScO1 2

phosphor samples.

In Figure 1, the GdiLug.xCexAlsScOin
phosphors are presented as yellow rectangular
samples. The yellow color of phosphor possibly
related to the VIS absorption in blue region. The
heat treatment and tablet press during the synthesis
made the powders combine as bulk materials which
were convenient for measuring their spectroscopic
properties.

Structure

The X-ray diffraction (XRD) patterns of
phosphors are exhibited in Figure 2(a). All samples
possessed two-phases of the crystalline structure
consistent with the patterns of Gd;AlsO1, (ICDD 00-
032-0383; red square) and GdA1O3 (ICDD 00-046-
0395; blue circle) (Wang, 1994) data base.
A Gd3AlsOy; lattice is a cubic crystalline structure
in 7a3d space group that is good agreement with the
typical {A}3[B]2(C)30:2 garnet structure (Ueda and
Tanabe, 2019). The dodecahedral {A} site is
occupied by Gd*" either Lu** ions. The octahedral
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[B] site could be occupied by both AI** or Sc** ions,
while tetrahedral (C) site is exclusively occupied by
A** ion. However, the ICDD 00-032-0383 database
reports that the Gd3AlsO1, can be decomposed to the
GdAIO;3 at 1500°C. This is the reason that the
GdAIlO3 phase was observed in the phosphor. The
crystalline structure of GdAlIO; was orthorhombic
and explained as the perovskite {X}[Y]O3 formation
within Pnma space group (Kumar et al., 2023). The
distorted square-antiprismatic {X} site and
octahedral [Y] site was likely occupied by Gd>* /
Lu** and AI**/ Sc*, respectively. Due to similar
ionic radii, Ce*" dopant could replace Gd** / Lu** ion
at the {A} site of the cubic and the {X} site of the
orthorhombic lattice. However, the diffraction
patterns had some noises and there were also the
unidentified diffraction (U) peaks, as observed in
Figure 2(b). Those U peaks likely associated with
the derivative structures or defects originated from
the mixing of two distinct lattices in the phosphor.
The (2 1 1) diffraction peak of the cubic and (0 0 2)
of the orthorhombic lattice, which were strong and
looked cleaner from U peak than others, were
chosen for analysis of diffraction and the crystallite
size.
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Figure 2. (a) XRD patterns of Gd2Luq-xCexAlsScO12
phosphors compared with the JCPDS data
base of Gd3Als012 (red) and GdAIO;3 (blue)
(b) comparative XRD pattern of Ce0 and
Ce100 phosphors

The XRD intensities of the (2 1 1) - cubic
(Icuwbic) and the (0 0 2) - orthorhombic (Zorthorhombic)
atomic planes, exhibiting the degree of atomic
ordering in each plane, were represented in Figure
3(a). In phosphors with 0.000 < x < 0.075, Icubic Was
lower than Iorhorhombic, indicating the dominance of
orthorhombic plane. However, lcuwic turned to rise
more than ornorhombic 1N the Cel00 phosphor. The
crystallite size (&) of the atomic plane in lattice can
be evaluated from the full width at half maximum
(P and diffraction angle (6) of XRD peak by
Scherrer’s equation (Langford and Wilson, 1978;
Kumar et al., 2023);

kA
- B cos@

0]

where k and A is the Scherrer constant and X-ray
wavelength, respectively.
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Figure 3. (a) The XRD intensity of (2 1 1) - cubic
(Icwic) and (0 0 2) - orthorhombic
(Lortnorhembic). (b) The crystallite size of (2 1
1) - cubic (&cupic) and (0 0 2) - orthorhombic
(€orthorhombic) ~ atomic  plane of Gd2
Lu@-xCexAlsScO12 phosphors.

The crystallite sizes of the (2 1 1) - cubic
(&cuwvic) and (0 0 2) - orthorhombic (Eorhorhombic)
atomic planes are shown in Figure 3(b). No evident
trend was seen in the variation of &cwic and
Eorthorhombic Values with varying Ce content. The gcubic
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value was ranged from 124 (Ce0) to 152 (Ce100) A,
while the &orihorhombic Was ranged from 366 (Ce005)
to 414 (Ce0) A. The &orthorombic Were larger than
gcwvic 1n all samples. The crystallite size relates
inversely to the crystallite boundary. The
orthorhombic lattice in this phosphor compared to
the cubic lattice exhibits larger crystallites, resulting
in less crystallite boundary. Furthermore, Ce050
sample has the degraded quality in crystalline
structure, observed from the drop of XRD intensity
and crystallite size in Figure 3(a and b).
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Figure 4. The absorption spectra of Gd:

Lu@-xyCexAlsScOr2 phosphors.

The absorption spectra of the phosphors,
measured in the wavelength range of 200 - 1000 nm,
are presented in Figure 4. There was the strong
absorption in the UV - VIS region for Ce0 sample,
particularly at peaks / kinks around 275, 289, 376
and 470 nm. The absorption peak at 275 nm
corresponds to the 8S7,—°%17,, transition of the Gd**
ion (Carnall ef al., 1968), while the kink at 289 nm
likely originates from either the band gap transition
or exciton transition. Photons of 376 and 470 nm
may be absorbed by the ambiguous discrete energy
(ADE) of derivative structures or defects. For
phosphors doped with Ce, additional absorption
peaks at approximately 345 and 450 nm correspond
to the 4f—5d, and 4f—5d; transitions (Asami et al.,
2018) respectively. These peaks overlap with the
host absorption region. The change of absorption
strength by varying Ce content is not in any trend.
The strong VIS absorption in the blue region by the
phosphors is responsible for their yellow color.
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Figure 5. The PL emission spectra with Aex = 465 nm
(solid line) and excitation spectra with Agm
= 557 nm (dash line) of Gd:Lugu-
xCexAlsScO12 phosphors.

To study the 4f - 5d, transition of Ce3*, the PL
spectra with emission wavelength (Agm) at 557 nm
and excitation wavelength (Aex) at 465 nm were
measured and shown in Figure 5. The emission
spectra under Agx = 465 nm consisted of a broad and
smooth peak at 557 nm in Ce-doped samples, while
all samples showed a small peak at 698 nm. The
peak at 557 nm corresponds to the 5d; — 4f
transition of Ce’* (Asami et al., 2018; Tiana et al.,
2022), while the peak at 698 nm is possibly due to a
transition of ADE in phosphor structure. For
excitation spectra with Agm = 557 nm, there were a
broad peak at 465 nm with spikes attributed to the
4f — 5d, transition of Ce*" ions with additional
contributions from ADE, and a tiny 345 nm
corresponding to the 4f — 5d, transition of Ce** ions
(Ueda and Tanabe, 2019; Asami ef al., 2018; Tiana
et al.,2022). For the mechanism of these PL spectra,
the VIS photon with 465 nm could excited Ce*" ion
and ADE in structure. The electrons in Ce*" ions
were excited from the ground 4f state to the 5d;
orbital and then non-radiatively relaxed to the
lowest vibrational state available within the 5d;.
Finally, the 5d;—4f transition of Ce*" generated the
broad emission centered around 557 nm. The ADE
could also be excited by such VIS photon and this
excitation energy transferred to Ce*" ion for
emission respectively. Under PL with Aex =465 nm
and Agm = 557 nm, the Ce025 and Ce(075 samples
exhibited higher PL intensity compared to other
samples. The decreased PL intensity for the Ce050
phosphor could be attributed to its degraded
crystalline  quality  previously = mentioned.
Additionally, concentration quenching caused the
lowest PL intensity in the Ce100 sample.

For the investigation of PL through Gd**
excitation, the PL emission spectra under Agx = 275
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nm are presented in Figure 6(a). The PL spectra
exhibited three distinct groups: a sharp peak at 312
nm, a board peak centered around 362 nm, and the
spike peaks with a maximum intensity at 469 nm.
The UV with 275 nm provided the $S7,—°I7n
excitation of Gd** before this ion non-radiatively
relaxed to °P;» state. At this point, some Gd**
emitted a sharp peak at 312 nm through the
®P,,—8S7, transition, some could transfer their
energy to Ce*" (Kaewnuam et al., 2022) and some
probably transferred their energy to the ADE. The
Ce*" acceptor might emit photons through the
5d,—4f transition at 362 nm (Ueda and Tanabe,
2019; Kaewnuam et al., 2022). However, the Ce0
sample also exhibited this peak. The board emission
peak at 362 nm was likely a superposition of the
5d,—4f from Ce*" and the ADE emission from
derivative structures or defects. Additionally, these
ADE acceptors also generated the emissions as
spike peaks with the highest one at 469 nm. The
strongest emission at 312 (Ce*"), 362 (ADE+Ce*"),
and 469 (ADE) nm belonged to Ce0, Ce075 and
Ce025 sample, respectively.
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Figure 6. (a) The PL emission spectra with Aex =275
nm and (b) Aex = 289 nm of

Gd:Lu@-x)CexAlsScO12 phosphors.

Since UV with 289 nm could generated the
band gap transition or exciton of phosphor, it was
also used as Agx to study the PL emission spectra, as

shown in Figure 6(b). Their patterns were like PL
spectra with Agx = 275 nm, but lacked the Gd**
emission peak. After electron-hole or exciton
generation, the charge carrier migrated to the
discrete-energy center such as Ce** ion and
derivative structures / defects. Then, the 5d,—4fand
ADE transitions generated the PL peaks observed at
362 and 469 nm. The PL intensity under Agx = 289
nm was higher than that of Agx = 275 nm because
generation of electron-hole pairs or excitons was
more efficient compared to Gd** excitation.
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Figure 7. PL decay curves for Gd:Lua-xCexAlsScO12
phosphors excited at Aex =286 nm.

Table 1. Fitted parameters from PL decay curves

1%-decay 2"_decay
Sample component component Tuve
Ay T A, T2
Ce0 0.58 12.15 0.35 78.24 64.69
Ce025 0.53 13.09 0.35 86.27 72.72
Ce050 0.55 12.44 0.36 84.67 71.62
Ce075 0.56 13.01 0.36 86.79 72.85
Cel00 0.54 12.15 0.36 82.61 69.91

In Figure 7, the PL decay profiles of all
phosphors excited at Aex =286 nm are presented and
exhibit features of a  double-components
exponential decay, which was therefore used for
fitting with the following expression (Lu et al.,
2023);

[=Ag+ AeCH™ 4 A et/ )
where Ao, A1 and A, are the arbitrary constant, 1%-
decay constant, and 2"-decay  constant,
respectively. Additionally, 7; and 7, denote the 1°'-
decay time and 2"-decay time, respectively. The
average decay time ( zu.) was evaluated by using the
following relation (Lu ef al., 2023);

_ Alr% +A21:%
Tave =

3)

A1T1+A2T,
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The parameter values obtained from fitting are
listed in Table 1. The values of 1% component-decay
time were more similar and showed little change
with increasing Ce content, which suggested their
association with the luminescence time of ADE
within structure. For the 2"¢ component, the slow 7
values in Ce-doped phosphors were longer
compared to the undoped Ce0 sample. The 2" decay
in undoped CeO sample likely originates from
another ADE emission, while it was superposed
with 4f-5d emission of Ce** in Ce-doped phosphors.
The existence of only ADE in 1% component-decay
and mixed ADE+Ce* on 2" component-decay
profile corresponds to the PL spectra with Agx =289
nm in Figure 6(b). Such PL peaks consist of two
groups, only ADE centered around 469 nm and
mixed ADE+Ce*" centered around 362 nm. The
average decay times of phosphors were ranged from
65 to 73 ns, that the Ce-doped samples had higher
value than the undoped one. This relatively short
decay time makes these phosphors suitable for
radiation detection material.

Radioluminescence

To determine the potential of these phosphors
as X-ray detection material, their RL spectra were
consequently measured and shown in Figure 8. The
peaks of the RL emission spectra can be grouped
into four: The first one at 313 nm is under
P7,—8S7, transition of Gd*'; The second peak
around 368 nm possibly corresponds to the 5d,—4f
transition of Ce** dopant; The third one at 575 nm is
dominated by the 5d,—4f transition of Ce*", with
less superposed from ADE on the longer
wavelength; The fourth group, complicated and
mixed emission peaks in a broad range of 530 - 990
nm, is likely dominated by ADE and the part on the
left side overlapped with the third emission group.
The undoped Ce0 sample owned the first (Gd**) and
fourth (only ADE) groups of RL peak. The fourth
group resembles the RL peak observed in undoped
GdYA;,GaO> phosphors in our previous work
(Kaewnuam et al., 2023). All four emission groups
were observed in Ce-doped samples. For RL
mechanism, the induction by X-ray generated the
electron - hole pairs through photoelectric effect and
Compton scattering in phosphors. The electron and
hole are separated to occupy in the conduction and
valence band, respectively. Those electron and hole
can transfer to combine at the discrete energy levels
of Ce*" ion, Gd*' ion, or the derivative structure /
defects (ADE). Such electron-hole recombination
finally causes the luminescence (Nikl, 2006). Some
electron - hole pairs recombined at the inter 5d-4f
level of Ce** ion, some at intra 4f-4f orbital of Gd**
ion, and others at ADE of derivative structures /
defects. After that, the Ce>" generated emissions at

362 and 575 nm by itself and by absorbing the
energy transferred from the Gd**. The electron -
hole recombination at Gd*" generated the emission
at 312 nm and possibly transferred energy to Ce>*
for luminescence. Since this phosphor structure was
complicated by the mixed lattices of cubic, and
orthorhombic, and the possible existence of
derivative structures / defects, the ADE were
consequently fluctuated and superposed. The
electron - hole recombination at the ADE produced
multiple non-Gaussian emission peaks between 530
- 990 nm. The highest intensity for the first RL peak
was observed at 313 nm in the Ce025 sample.
Similarly, the Ce025, Ce050, and Cel00 samples
exhibited the most intense peaks at 368 nm, 575 nm,
and 727 nm, respectively. The samples with highest
RL intensity were differed from PL spectra, because
X-ray likely induced damage or disturbance on the
phosphor  structure that impacted emission
transitions. The Ce050 phosphor exhibited highly
promising characteristics for X-ray detecting
applications due to its strong RL intensity arising
from both 4f-5d transitions of Ce*" and its
significant spectral overlap with the standard BGO
crystal scintillator.
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Figure 8. The RL spectra under X-ray induction of
Gd:Lua-xCexAlsScO12 phosphors

Conclusion

The Gd,LuixCexAlsScO12  phosphors  were
synthesized by solid state reaction, resulting in two
crystalline structures: a cubic lattice with /a3d space
group and an orthorhombic lattice with Pnma space
group. The derivative structures and defects were
also observed in all phosphor samples. The CeO»
addition enhanced the construction of (2 1 1) - cubic
atomic plane compared to (0 0 2) - orthorhombic
atomic plane. The Ce*", Gd*" and other components
in phosphors absorbed the photons in UV and VIS
regions. Under 465 nm excitation, a strong
photoluminescence (PL) emission peak at 557 nm
was observed due to the 4f-5d, transition of Ce**
ions, particularly in the Ce025 and Ce075
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phosphors. Upon Gd** excitation at 275 nm, energy
transfer occurred from Gd** to Ce** and derivative
structures / defects. This resulted in the strongest
emission peaks at 362 nm and 469 nm in the Ce075
phosphor, attributed to the 4f-5d; and ADE
transitions. The expected band gap or exciton
excitation by UV with 289 nm leaded to the
emission similar to that observed with Gd**
excitation. The decay curves of phosphors under
286 nm excitation exhibited double exponential
behavior. Their average decay times were around 65
— 73 ns, likely due to a superposition of the ADE and
4f-5d transition. The RL spectra under X-ray
induction compose of multiple emission peaks from
four groups, such as 312 nm (°P70,—8S7, of Gd*),
368 nm (5dy—4f of Ce*"), 575 nm (5d,—4f of Ce’")
and 530 - 990 nm (ADE). The highest RL intensities
were different from those in the PL, likely due to the
structural disturbances caused by X-ray. Since
strong RL emission intercepted in RL range of BGO
crystal and its short decay time,
GdsLug.95Ce0.0sA14ScO12  phosphor demonstrates
potential as an X-ray detecting material for the X-
ray imaging screen and detector.
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