Open Access Article. Published on 29 May 2023. Downloaded on 1/17/2026 12:21:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

CrystEngComm

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: CrystEngComm, 2023, 25,
3755

Received 13th February 2023,
Accepted 24th May 2023

DOI: 10.1039/d3ce00144;j

rsc.li/crystengcomm

1 Introduction

A homogeneity study on (Ce,Gd);Ga,Al;04, crystal
scintillators grown by an optical floating zone
method and a traveling solvent floating zone
method

Tong Wu,?® Ling Wang,?® Yun Shi, ©*3© Qian Zhang,? Yifei Xiong,? Qiang Yuan,?
Tongtong Li,? Kaicheng Ma,® Hui Wang,® Jinghong Fang,? Jingi Ni,? Huan He,?
Zhenzhen Zhou,? Qian Liu,?® Jianding Yu®® and Jun Zou ®¢

1 at% Ce®*-doped GdsGa,AlsO» (GGAG) single crystals were grown by an optical floating zone (OFZ)
method and a traveling solvent floating zone (TSFZ) method. To reveal their structure and chemical
composition homogeneity, X-ray diffraction (XRD) and high-resolution inductively coupled plasma atomic
emission spectrometry (ICP-AES) were conducted on the as-grown Ce:GGAG crystals at 4 different
positions along the growth direction. Compared with the Ce:GGAG crystals grown by the OFZ method
(Ce:GGAG-OFZ2), the Ce:GGAG crystals grown by the TSFZ method (Ce:GGAG-TSFZ) presented better
Ce®* distribution homogeneity which varied from 0.21 to 0.29 at%. However, the segregation coefficient of
Ce®* in Ce:GGAG-OFZ was found to be higher than that in Ce:GGAG-TSFZ, revealing a different
solidification rate between them. The comparison study shows that the photoluminescence (PL) intensity
of Ce:GGAG-TSFZ is about twice higher than that of Ce:GGAG-OFZ and the maximum light yield (LY) of
35340 photons per MeV also occurs in the former. Trap depths were measured to be 0.70 eV and 0.98 eV
by TL glow curves. The LY value of Ce:GGAG-TSFZ along the growth direction fluctuated to a lesser extent
with respect to that of Ce:GGAG-OFZ; the latter decreases gradually along the growth direction. It is
concluded that the TSFZ method helps to improve the homogeneity of crystal composition when growing
crystals with multiple compositions or incongruent compounds.

and the thermal ionization length of the electron-hole pair®*°
as well. As a representative, Ce*"-doped multiple aluminate

Driven by the development of radiation detectors, the core
component of nuclear medicine imaging apparatus and other
radiation detecting instruments, scintillators which can
absorb and convert high-energy radiation (X- or y-rays, o, B
particles) to visible or ultraviolet (UV) photons have attracted
worldwide research interests. Light yield (LY), decay time,
energy resolution and afterglow of the scintillators are major
factors."™ In the past decades, bandgap engineering strategy
has been successfully used to optimize scintillation
performance by adjusting the bandgap energy, electron
structure (i.e., energy level position of activators or traps)’®
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garnet compounds, (Ce,Gd);(Al,Ga);0,, (Ce:GGAG), have been
proposed to be one of the promising scintillators for
applications of X-ray detection, medical imaging etc."*™*® The
emission of Ce®" in it is characterized by an electron
transition from the lowest 5d (5d;) energy level to the 4f
energy level’®"” which could realize both fast decay time and
high LY.

By the Czochralski (CZ) method,'®2° crack-free Ce:GAGG
crystals of 2, 3 and 4 inches were grown. However, an oxygen-
rich condition is desired to inhibit the decomposition of
Ga,0; (Ga,0; — Ga,0 + 0,), which occurs at high melting
temperature,>” whereas it is difficult for the CZ method
because of the need to avoid iridium crucible oxidation. The
contamination coming from the iridium particles that
evaporate during the high melting process and the anoxic
environment usually leads to the twisted growth and
composition segregation of Ce:GGAG crystals, especially in
compositions where the Ga/Al ratio is or lower than 2/3,>'
although higher luminescence efficiency occurs since their
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energy bandgap decreases with Ga content.” In 2019,
Bartosiewicz'® et al. reported that the unbalanced
substitution of Ga for Al makes the garnet phase
thermodynamically unstable and results in the formation of
undesired secondary perovskite phases (GdAlO;, GAP).
Meanwhile, irregular profiles and opaque morphologies were
exhibited as well as heavy segregation occurred, especially in
the case of low Ga/Al ratio, which was caused by incongruent
melting composition and formation of different phases
during the crystal growth process.”> To improve the lattice
stability of GAG phase, partial substitution of Ln (Ln =Y, Lu,
Tb) with ion radii smaller than Gd*" at dodecahedral
sites has been extensively studied. Light output up
to 230% relative to BGO and 20-40 ns decay times were
achieved at Ga concentrations of 60-75 at% in Y;Al;_,Ga,O4,:
Ce (YAGG:Ce) scintillator crystals.*> However, components
with low Ga ratios are still difficult to obtain in bulk single
crystals despite successful preparation in thin films using the
liquid epitaxy (LPE) growth method®* with, unfortunately,
slow decay of ¢;/, = 270-280 ns and ¢, = 1280-1300 ns.

Alternatively, the OFZ method was proposed in the growth
of scintillation single crystals. Highly transparent (Lugs-
Gd, 5),Si05:Y*" (5 at%) single crystals were obtained by a
laser floating zone (LFZ) technique in air at 10 mm h™";** the
introduction of Y** increased the plasticity, thus reducing
stress and therefore minimizing crack formation. Ce:GGAG
crystals with low Ga/Al ratio (Ga/Al = 2/3) with a fast
scintillation decay time and high ratio of the fast decay
component (105 ns/80% + 349 ns/20%) were then obtained.>®
Recently, we further optimized the scintillation decay
performance of the Ce:GGAG crystal (Ga/Al = 2/3) to 52 ns/
48% + 122 ns/52% and the optimum scintillation LY reached
33791 photons per MeV at 0.75 ps time gate by the OFZ
method.”” This was attributed to the oxygen-rich
environment (100% O,) during the growth process which can
suppress Ga,0Oz; evaporation and formation of oxygen
vacancies; the latter would act as shallow traps and degrade
the luminescence efficiency and decay.”®**° Besides the
growth atmosphere, heating power and rotation rates, the
shape of the molten zone and solid-liquid interface are also
essential to obtain crack-free crystals with uniform
composition distribution.>**" We explored the TSFZ
method®® to grow Ce:GGAG (Ga/Al = 2/3) crystals by using
(Gd,03)x(Al,03)1—x (x = 25, 27, 29 mol%) ceramic blocks as
the traveling solvent. The optimum scintillation decay and
LY value reached 64 ns/85%+ 164 ns/15%, 34 132 photons per
MeV, according to the stable zone.*°

The TSFZ method is equivalent to the FZ growth with a
solvent by the zone-leveling effect of the zone-melting
process.*>*? It was widely used to grow incongruent-melting
compounds and solid solutions, such as LaCuO,
superconductors®* and Lay/3-xLiz TiO3/Li,La-x3NbO; solid
electrolytes.**?> Recently, Ce-doped Gd,Si,O, and ZnO:Ga
crystal scintillators were also successfully grown by the TSFZ
method.?**” However, the application of the TSFZ method in
scintillation crystals is still comparatively rare.
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In summary, both OFZ and TSFZ are available to grow
Ce:GGAG crystals, especially for compositions with low Ga/Al
ratio which are difficult to grow by traditional crystal
methods, such as the CZ method, micro-pulling-down (p-PD)
method™ etc. Considering the effect of segregation coefficient
of Ce*" ion in GGAG crystal,>”*® the Ce®" distribution in the
parallel and cross-sectional region of the crystals along the
growth direction should be different, it would affect the
homogeneity of the scintillation performance. In addition, the
uneven heat distribution in the crystal volume may induce the
formation of a heterogeneous phase,'**> a homogeneity study
on the crystals is essential. In this paper, we selected 4
positions of the crystals grown by the OFZ and TSFZ methods
to elucidate the difference. In addition, different from our
previous TSFZ work,*® CeO, and Ga,0; were added
simultaneously into the solvent to investigate the
compensation effect of Ce* and Ga*' considering their
possible evaporation loss during the crystal growth.

2 Experimental section
2.1. Crystal growth

Commercial CeO,, Gd,0;, Ga,0; and Al,0; powders with
high purity (>4 N) were used as starting raw materials and
mixed according to the composition (Ceg 1Gdg.90)3Ga,A13045.
Then they were calcined at 1350 °C for 8 h in an air
atmosphere. The resultant powders were reground and put
into a balloon to form cylindrical shaped rods under a cold
isostatic pressure of 70 MPa, after which the rods were
sintered at 1600 °C for 8 h in an O, atmosphere to form feed
ceramic rods with high density. Then the feed rods and seed
rods were installed in a furnace for crystal growth, as shown
in Fig. 1.

In addition, for the TSFZ method, the solvent block was
fabricated by the same route according to the composition
Ce.01Gdy.99Gag 55415 4506.015. The solvent rods were sintered
at 1500 °C in an oxygen atmosphere for 10 hours in a tube
furnace to form ceramic rods which were then cut to a
dimension of around @ 6 mm x 3 mm. The solvent ceramic
rod was put onto the seed rod for the following crystal growth,
as shown in Fig. 1(b). Ce:GGAG crystal rods grown by the OFZ
method in our previous work®”*® were used as the seed rods.

Crystal growth was carried out in an optical floating zone
furnace (Crystal Systems Corporation, FZ-T1000H CSC Cop.,
Japan) with 4 x 1 kW halogen lamps as infrared radiation
sources focused by four polished elliptical mirrors. The
program was set to the halogen lamp output power of 2000
W (70%) using the rise rate of 66 W min', and then the
power was manually tuned until the upper surface of the seed
rod (for the OFZ method, see Fig. 1(a)) or solvent blocks (for
the TSFZ method, see Fig. 1(b)) melts slightly. Then, in quick
succession, the feed rod would move down to achieve an
abutting joint. After a while, a stable molten zone formed
between the feed rod and the seed rod. The rotation rate of
the seed rod and the feed rod was 10-15 rpm, and they
rotated in opposite directions to realize full stirring in the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Formation of molten zone established by (a) the OFZ and (b) the TSFZ method.

molten zone. The crystal growth was carried out in a 3 bar
oxygen atmosphere to inhibit the volatilization of Ga,0; at
high temperature. The as-grown Ce:GGAG crystal rods are
around 6 mm in diameter. They were cut to wafers along the
growth direction for the following measurement; the interval
distance between the 4 cuts is 8 mm. All crystals were double
face polished to a thickness of 2 mm for absorption spectrum
measurement.

2.2. Characterization

Powder X-ray diffraction (PXRD) measurement of (Ce,Gd)z-
Ga,Al;0,, crystals was carried out in the range of 20-90°
using a Rigaku Ultima IV diffractometer (Cu Ka, 40 kV, 40
mA, Rigaku Ultima IV, Japan); the baseline was subtracted
using Jade software. The scanning step and rate were 0.02
and 5° min™', respectively. High-resolution inductively
coupled plasma atomic emission spectrometry (ICP-AES) was
performed to analyze the composition variation of the as-
grown crystals along the growth direction. The absorption
spectra were recorded using a Varian Cary 5000 UV-vis-NIR
photometer. The photoluminescence (PL) and
photoluminescence excitation (PLE) spectra were measured
in a Hitachi F-4600 fluorescence spectrometer. X-ray excited
luminescence (XEL) spectra were measured using a self-
assembled X-ray spectrometer (X-ray tube: 70 kV, 1.5 mA).

Thermoluminescence (TL) curves were measured using a
thermoluminescent  dosimeter (Guangzhou Radiation
Science and Technology Co. Ltd., China). The TL spectra
were characterized from room temperature to 300 °C. The
crystals were in situ radiated with UV light from a xenon
lamp. The pulse height spectra were recorded by a
Hamamatsu R878 photomultiplier (1 kV) using 662 keV
yray excitation (**’Cs source) as a radiation source. LY
values (photons per MeV) of the as-grown Ce:GGAG crystals
were calculated by comparing with a standard Ce:GGAG
crystal (LY 58000 photons per MeV, size: 27 mm X 15 mm
x 2.37 mm) with a corresponding peak at 481.6 nm, FWHM
33.60, E.R. 6.98%.

This journal is © The Royal Society of Chemistry 2023

3 Results and discussion
3.1. Morphology and quality of the crystals

For incongruently melting compounds, there is a significant
composition difference between the solid and the crystalline
melt. The solvent composition should be close to the liquidus
region of the target composition to obtain sufficient molten
zone volume.***° Therefore, the solvent of the Al,O,-rich and
Gd,0O;-poor composition was used to grow 1% Ce:GGAG
crystals in this work. Fig. 1 shows the schematic of the crystal
growth process by the OFZ and TSFZ methods. During the
growth process of the OFZ method, as shown in Fig. 1(a),
both the feed rod and seed rod should be melted before
junction, and then the feed rod should be quickly put down
to form a joint with the seed rod. During the growth process
of the TSFZ method, the solvent wafer needs to be melted
first and then the upper feed rod was timely moved to stick
to the solvent wafer, and in quick succession, they were
pulled up together after junction (see Fig. 1(b)).

Photographs of the as-grown Ce:GGAG-OFZ and Ce:
GGAG-TSFZ crystal rods are shown in Fig. 2. Ce:GGAG-OFZ
presents an irregular contour while Ce:GGAG-TSFZ holds a
regular shape. It is ascribed to the introduced solvent since
the shape of the molten zone was continuously stabilized
during the crystal growth process of the TSFZ method with
respect to the OFZ method. We can also find the color
difference between the as-grown Ce:GGAG-OFZ and Ce:
GGAG-TSFZ, and the Ce:GGAG-OFZ rod is more opaque
than that of Ce:GGAG-TSFZ (see Fig. 2(c)). It might be due
to the possibly slight Ga,O; evaporation of the feed rod or
inhomogeneous composition distribution caused by
incongruent melting in  Ce:GGAG,'® which might
accordingly introduce the variation of growth rate in
different directions and thus lead to unstable change of
the molten zone during the OFZ method. Comparatively,
the molten zone of Ce:GGAG-TSFZ can be formed at a
relatively low temperature according to the use of solvent,
whereas the Ga,O; evaporation and incongruent melting
were inhibited effectively. In addition, the stable solid-
liquid interface and the high temperature gradient near the

CrystEngComm, 2023, 25, 3755-3765 | 3757
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Fig. 2 Photographs of the as-grown (a) Ce:GGAG-OFZ crystal rod, (b)
Ce:GGAG-TSFZ crystal rod and (c) their cross section.

molten zone can maintain a higher crystallization driving
force.>”"!

3.2. Structure and composition homogeneity

For the application of crystal scintillators, it is also important
to have a uniform distribution of the doping elements which
will directly affect the consistency and homogeneity of their
optical and luminescence performance. The segregation
coefficient of the Ce®*" ion in GGAG crystals grown by the CZ
method was reported to be K(Ce*") = 0.36,® much less than

View Article Online
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1. The low segregation coefficient may lead to significant
segregation of the dopants in the crystal growth,*® that is, the
non-uniform distribution of doped elements.”> We
investigated the composition distribution of Ce** in the as-
grown Ce:GGAG-OFZ and Ce:GGAG-TSFZ crystals by ICP-AES
and calculated its segregation coefficient according to the
equation:

Ko = Ca/Crmy (1)

where C, is the Ce®" concentration in the as-grown crystals
and C,, is the Ce®" concentration in the initial melt.*® As
shown in Table 1, the Ce*" distribution of Ce:GGAG-TSFZ is
relatively homogeneous, ranging from 0.21 at% to 0.29 at%
at 4 different positions (A-D in Fig. 2) along the growth
direction, whereas the homogeneity of Ce*" distribution in
Ce:GGAG-OFZ is comparatively worse (ranging from 0.50 at%
to 0.76 at%). In addition, one can find that the calculated
Ce*" concentration in Ce:GGAG-OFZ was overall higher than
that of Ce:GGAG-TSFZ, as shown in Table 1 and Fig. 3. It
revealed a different solidification rate between the two
methods although their growth rates are the same during the
crystal growth process. We suspect that since the solvent
would not penetrate deeply into the feed or seed rod by the
capillarity action along the grain boundaries,’” a clear and
smooth solid-liquid interface could thereby be kept during
the process of dissolving the feed rod in the solvent; the mass
transfer rate of the diffusion layer at the solid-liquid
interface is slow"® and the exchange of Ce®* between the melt
of the feed and seed rod may be hindered by the clear
interface of the solvent, and thus the solid solution of Ce*"
was limited accordingly.

Fig. 4 shows the PXRD patterns of the as-grown Ce:GGAG-
OFZ and Ce:GGAG-TSFZ. Ceramic solvent with the
composition CeO,:Gd,0;:Ga,05:Al,0; = 0.01:1:0.55:2.45
was used in the TSFZ method. It is shown that all of the as-
grown crystals are in the single cubic garnet phase compared
with the standard Gd;Al;Ga,0;, diffraction pattern (PDF #46-
0448) and no obvious secondary phase (i.e., GAP) was
observed. We calculated its lattice constant through JADE
software. It was found that the crystal lattice of Ce:GGAG-
TSFZ (lattice constant 12.2096 nm) shrinks compared to that
of Ce:GGAG-OFZ (lattice constant 12.2286 nm), which may be

Table 1 The experimental and calculated Ce** concentrations which were obtained by ICP-AES

Different positions Ce:GGAG-OFZ Ce:GGAG-TSFZ
As-grown crystals of crystals
Experimental Ce (wt%) concentration by ICP-AES A 0.24 0.13
B 0.36 0.14
C 0.34 0.11
D 0.25 0.10
Calculated Ce (at%) concentration from experimental A 0.5 0.27
data of ICP-AES B 0.76 0.29
C 0.71 0.23
D 0.52 0.21
Nominal Ce (at%) concentration in crystals 1 1
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Fig. 3 The variation of Ce** concentrations along the crystal growth
direction.

attributed to the relatively low concentration of Ce*" retained
in Ce:GGAG-TSFZ. According to the Bragg equation (2dsin 6 =
nJ), the Ce:GGAG-OFZ crystal with more Ce*" ions occupied
(1.14 A, 8 coordination number) will lead to lattice expansion
since its radius is larger than that of Gd*' (1.05 A, 8
coordination number).

3.3. Optical and luminescence properties

The crystal blocks at 4 different positions along the growth
direction were polished to a thickness of 2 to 3 mm for
measurement. The absorption spectra in the 200-800 nm
range of the Ce:GGAG crystals are shown in Fig. 5. The
absorption band peak around 450 nm, which belongs to the
transition from the 4f ground state to the 5d; excited state, is
attributed to the allowed electric dipole transition between
Ce*" levels splitting under the crystal field. Broad absorption
in the 200-350 nm region may be derived from the overlap of
the Ce®" 4f-5d,; transitions, Ce'" charge transfer (CT)
transition and Gd** (8S;, — 6I, 6P; transitions) related

l GdAIO,PDF#46-0395
1 I 4 | A i

Ce:GGAG - TSFZ

Lol .I.lﬁ " L.

Ce:GGAG - OFZ

Intensity (a.u.)

b L

Gd,Ga,Al,0,,PDF#46-0448

\ I :
10 20 30 40 5 60 70 80 90
2 Theta (°)

|||| '|I ||| PP N
0

Fig. 4 PXRD patterns of the as-grown 1 at% Ce-doped GGAG single
crystals. The green line represents Ce:GGAG-OFZ and red line
represents Ce:GGAG-TSFZ.
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Fig. 5 Absorption spectra of (a) Ce:GGAG-OFZ and (b) Ce:GGAG-TSFZ
(2 mm thickness).

absorption.**™® In addition, the overall absorption difference
in the 500-800 nm range is related to the diffraction or
reflection caused by the light scattering sources inside the
crystals, such as cracks, inclusions and or other possible
defects on the atomic level. In Fig. 4(a), the transmittance in
the visible light range of Ce:GGAG-OFZ in the D position is
obviously low, which 1is consistent with its opaque
appearance and visible cracks revealed by the cross section
photograph in Fig. 2(c).

The PLE and PL spectra of the Ce:GGAG-OFZ and Ce:GGAG-
TSFZ crystal powders are shown in Fig. 6. Excitation between
300 and 400 nm can be observed from the PLE spectra for
emission at 530 nm which corresponds to the 4f — 5d, and
4f — 5d, transition of Ce®, respectively."> The sharp lines
observed in the 302-313 nm range are ascribed to the 8S;),
— 6]} excitation transition of the Gd*" ion."” The PL intensity
of Ce:GGAG-TSFZ is about twice that of Ce:GGAG-OFZ.
According to the ICP test results, the calculated Ce*"
concentration in the as-grown crystals ranged from 0.21 to
0.29 at% (Ce:GGAG-TSFZ, 0.08% variation scale) and 0.50 to
0.76 at% (Ce:GGAG-OFZ, 0.26% variation scale). The results
are consistent with our previous study on PL intensity
dependence on Ce®*" concentration;*” in that study we found

CrystEngComm, 2023, 25, 3755-3765 | 3759
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Fig. 6 PLE and PL spectra of Ce:GGAG-OFZ (green
Ce:GGAG-TSFZ (red line), /ey = 450 NM, Jem = 530 nm.

line) and

that the PL intensity in the Ce®* concentration range of 0.11-
0.29 at% is higher than that of the 0.2-0.8 at% range. The
difference in actual Ce®* concentration between the different
positions may be attributed to (1) composition deviation
caused by Ce evaporation. During crystal growth, the feed rod
is continuously moved down to the heating area for crystal
growth. Considering that the end of the feed rod of crystal
growth lasts for a long time at high temperature, the
volatilization loss of Ce may be more serious than that in the
early and middle stages of growth. (2) The fluctuation of Ce
concentration distribution. The variation scale of Ce**
concentrations in the two methods is 0.08% for the OFZ
method and 0.26% for the TSFZ method; in a sense, little has
changed.

Table 2 The estimated distance (R) between Ce**-Ce®* ions in the
GGAG crystals

The distance (R) between Ce*"-Ce*" Average

ions in GGAG (A) center
As-grown distance
crystals A B C D N
Ce:GGAG-OFZ 44.12 38.37 39.25 43.55 41.32
Ce:GGAG-TSFZ 54.18 52.90 57.16 58.92 55.79

3760 | CrystEngComm, 2023, 25, 3755-3765
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In order to clarify the concentration quenching
phenomenon more clearly, we investigated the distance (R)
between Ce*"~Ce®* ions according to the formula:*”*®

3V 1/3
R:Z( ) )
4TINX

where V is the volume of the unit cell, X represents the Ce**
doping content and N is the number of available
crystallographic sites occupied by the activator ions in the
unit cell. Here we used the calculated Ce** concentrations
according to the ICP-AES characterization as X in the
formula. The estimated distances (R) between Ce**~Ce®* ions
of the Ce:GGAG-OFZ and Ce:GGAG-TSFZ are summarized in
Table 2, in which we can see that the R of Ce:GGAG-TSFZ
along the growth direction is overall higher than that of Ce:
GGAG-OFZ. 1t is proposed that the exchange interaction from
the non-radiative energy transfer occurs only when R is
shorter than 5 A.*® Here, the R values summarized in Table 2
are all much longer than 5 A, and the non-radiative energy
transfer mechanism is thus dominated by the electric
multipolar interaction. In addition, we also calculated the R
value of our previous work.”” We selected the nominal 0.6%
Ce®" concentration case which presented the optimum PL
intensity, ant R is calculated to be 51.2 A, where X = 0.32%
considering the segregation coefficient in it. Then, the
luminescence concentration quenching caused by energy
cascade transfer between Ce*-Ce®" ions is more possible to
occur in Ce:GGAG-OFZ of this work since its average distance
(41.32 A) is less than 51.2 A. Compared with Ce:GGAG-TSFZ
(R = 55.79 A) and Ce:GGAG in our precious work (R = 51.2 A),
more content of the absorbed energy would be consumed in
Ce:GGAG-OFZ due to the lattice vibration and/or energy

cascade transfer rather than the luminescence combination
11,48

in the Ce®" center.

3.4. RL and scintillation properties

Fig. 7 shows the RL performance of Ce:GGAG-OFZ and Ce:
GGAG-TSFZ at 4 different positions in the growth direction
by XEL spectra. The emission at 530 nm corresponds to the
5d-4f transition of Ce*" ions. An additional emission peak at
710 nm appeared in both Ce:GGAG-OFZ and Ce:GGAG-TSFZ
which was also reported in previously published 0.2 at% Ce,
Mg:LuAG ceramics and Ce,Eu:Gd;Ga,Al;0,, powders.*>® It
is possibly due to the trace impurities of Cr’* or Eu®"
introduced from the raw material. The integral XEL intensity
of Ce:GGAG-OFZ at 4 different positions decreased gradually,
while the trend in Ce:GGAG-TSFZ is disordered, as shown in
Fig. 7(c). The detailed mechanism is considered to be related
to the difference in actual Ce®" concentrations in the
different positions arising from the different segregation
coefficients between the OFZ method and the TSFZ method
as well as the different situation of point defects inside the
crystals.

Scintillation conversion can be divided into
sub-processes: conversion, transport

three

consecutive and

This journal is © The Royal Society of Chemistry 2023
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luminescence.®® In the sub-processes of transport, electrons and
holes (eventually created excitons) migrated through the
material, repeated trapping at defects. The electrons and holes
stored in traps can escape at a higher temperature by getting
enough energy from the lattice vibration. To understand the
defect distribution and trap depth, 4 wafers cut along the
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Fig. 7 XEL spectra of (a) Ce:GGAG-OFZ and (b) Ce:GGAG-TSFZ; (c)
comparison of the XEL integral intensity.
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Table 3 Calculated trap depth of the Ce:GGAG-OFZ and Ce:GGAG-TSFZ
crystals

Trap depth (eV)

As-grown

crystals A B C D

Ce:GGAG-OFZ 0.702 0.708 0.704 0.706
0.967 0.984 0.974 0.974

Ce:GGAG-TSFZ — — — 0.690

growth direction were used to record the TL glow curves of
the Ce:GGAG-OFZ or Ce:GGAG-TSFZ single crystals.
The trap depths can be estimated according to Randall

and Wilkins' method, as shown by eqn (3):**>**

& = Trn/500 (3)

where ¢ is the trap depth (eV) and T, is the peak position of
the TL glow curve (K). The calculated results are summarized
in Table 3.

As shown in Fig. 8 and Table 3, these TL glow peaks
occurred at 352 K (trap depth of 0.704 eV) and 490 K (trap
depth of 0.984 eV). Meanwhile, the TL intensity of Ce:GGAG-
TSFZ crystals was distinctively lower than that of Ce:GGAG-
OFZ crystals, which reveals a similar defect type whereas

40
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s 25f
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Fig. 8 TL glow curves of the (a) Ce:GGAG-OFZ and (b) Ce:GGAG-
TSFZ crystals after X-ray irradiation at 77 K for 15 min; heating rate 5 K

min™.
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Fig. 9 Pulse height spectra of (a) Ce:GGAG-OFZ and (b) Ce:GGAG-
TSFZ. The shaping time is 0.75 ps.

different defect concentration between the Ce:GGAG-TSFZ
and Ce:GGAG-OFZ crystals. From the intensity of the TL glow
curves, it was found that Ce:GGAG-OFZ exhibited a higher
defect concentration than Ce:GGAG-TSFZ, especially for deep
traps (trap depth of 0.984 eV); they can introduce energy
levels into the forbidden gap and modify/degrade
scintillation performance.”® It also can help to explain the
XEL intensity difference revealed in Fig. 7c. The obviously
decreased TL intensity showed the advantages of the TSFZ
method which exhibited lower growth temperature and stable
molten zone.*’

The pulse height spectra of the as-grown Ce:GGAG crystals
were measured at room temperature under 662 keV y-rays, as
shown in Fig. 9. The results show that the LY values of Ce:
GGAG-TSFZ, which were calculated by comparing with the
standard Ce:GGAG crystal (LY 58000 photons per MeV, size:
27 x 15 x 2.37 mm®) with a corresponding peak at 481.6 nm,
FWHM 33.60, E.R 6.98%, were mostly higher than that of Ce:
GGAG-OFZ. As shown in Fig. 10, along the direction of crystal
growth, the LY values of Ce:GGAG-OFZ and Ce:GGAG-TSFZ
showed comparatively different evolution trends. Similar to
the variation of XEL intensity, the LY values of Ce:GGAG-TSFZ
in 4 different positions showed less variation than that of Ce:

3762 | CrystEngComm, 2023, 25, 3755-3765
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Fig. 10 The comparison of LY values of 4 different positions along the
crystal growth direction of Ce:GGAG-OFZ and Ce:GGAG-TSFZ.

GGAG-OFZ; the latter decreased in a monodirectional way
along the crystal growth direction. The results are considered
to be attributable to the effect of solvent on the growth
process, which can improve Ce*" distribution homogeneity in
the crystal.

The concentration of Ce®*" in the crystals is one of the
factors which would influence the scintillation light yield. As
we have demonstrated in our previous work,** there is a
quenching concentration at around nominal Ce (at%) of 0.6
at%, below which the luminescence intensity or light yield
value usually increases with the Ce*" concentration. However,
defects inside the crystals, especially defects in atomic level,
are also important factors which would influence the
scintillation light yield acting as traps during the conversion,
transport and luminescence process which are more
complicated and unpredictable.”’ We attributed the similar
light yield value in the same position of Ce:GGAG-OFZ and
Ce:GGAG-TSFZ to the different defect status which
compensated for their largely different Ce®" concentration
effect. The growth of Ce:GGAG crystal started from a 1 at%
Ce** nominal concentration, while the resulting Ce*"
concentrations and scintillation light yield are different in
Ce:GGAG-OFZ and Ce:GGAG-TSFZ, as shown in Fig. 3 and 10.
It reveals a different interaction between the two methods
with respect to the temperature gradient, temperature field
fluctuations and environmental factors, which would lead to
different status of cracks, color centers, dislocations,
inclusions and scattered particles in the as-grown crystals.

4 Conclusions

A comparison study was conducted on 1 at% Ce*'-doped
GGAG crystal scintillators grown by the OFZ and TSFZ
method. The Ce®" distribution and PL and RL intensity as
well as scintillation LY at 4 different positions along the
crystal growth direction were investigated to elucidate the
homogeneity of the crystals. The XRD patterns show that all
of the as-grown crystals are in the dominant GGAG phase

This journal is © The Royal Society of Chemistry 2023
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with a cubic garnet structure. According ICP-AES quantitative
analysis, the distribution of Ce*" in Ce:GGAG-TSFZ was found
to be more homogeneous (0.08% variation scale) than that of
Ce:GGAG-OFZ (0.26% variation scale). The main PL and RL
emissions of Ce:GGAG were observed to peak at 540 nm
which corresponds to 5d-4f transition of Ce®* ions.
Meanwhile, the PL intensity of Ce:GGAG-TSFZ is higher than
that of Ce:GGAG-OFZ. Additionally, the TL glow curves
revealed the existence of defects with trap depths of 0.70 eV
and 0.98 eV. The LY value of Ce:GGAG-TSFZ in the 4 different
parts fluctuates in a small range and the maximum LY
reached 35340 photons per MeV which is higher than that of
Ce:GGAG-OFZ (34760 photons per MeV). The superior
performance of Ce:GGAG-TSFZ with respect to Ce:GGAG-OFZ
was ascribed to the stable molten zone realized by the
travelling solvent. The stable growth achieved by the TSFZ
method is also suspected to be able to increase the extent of
Ce*" segregation and the incongruent melting with respect to
the OFZ method and thus lead to a significant improvement
of the crystal composition homogeneity. The mechanism of
the PL intensity and LY value difference between Ce:GGAG-
OFZ and Ce:GGAG-TSFZ was ascribed to the difference in
actual Ce®' concentrations in the as-grown crystals
introduced by different Ce®* segregation coefficients. The
results show that the TSFZ method could be a more
competitive way to grow Ce:GGAG crystals with low Ga/Al
ratio or other crystal scintillators whose melt is incongruent.
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