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Abstract: Zinc co-doped Ce:Gd;Gaz;Al,01, (Ce:GAGG) ceramic precursors were synthesized by chemical co-precipitation method.

Thermogravimetric analysis and differential thermal analysis of the precursor powders were performed. The chemical molecule of

precursors was analyzed by FTIR. The phases and morphology of the precursors at different calcination temperatures were studied by

XRD and SEM. The results show that precursor powders consist of GdA103; and GAGG phases at 883 °C. Precursors completely con-
vert to Ce:GAGG powders at 900 °C. The particles of Ce:GAGG powders calcined at 1200 °C range from 20 nm to 60 nm, and be-

come homogeneous and smooth. The effect of polyethylene glycol (PEG) on the morphology of precursors was investigated. Particle

size and size range of Ce:GAGG powders calcined at different temperatures were investigated. The influence of Zn®" content on pho-

toluminescence, radioluminescence, excitation spectra and fluorescent lifetime of Ce:GAGG was analyzed. The emission spectrum of
Ce:GAGG co-doped with 0.4 mol% Zn*>" has the highest intensity. Zn>* in Ce:GAGG powders has a positive effect on reducing the

fluorescence lifetime.
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Scintillator materials can convert high-energy parti-
cles like y-ray and X-ray photons into pulsed light!"™* which
can be further detected by an optical receiving unit or
photo-multiplier tube, and have been widely used in high
energy physics, medical imaging, industrial inspection,
space physics, security screen and geological exploring!™®.
In the past few years, because of good optical transparency,
easy doping by rare-earth elements, and promising candi-
date hosts in scintillator applications, great effort has been
made to develop more efficient and fast scintillators based
Ce-doped
Lu3Al;0q, (Ce:LuAG) has become a prospective scintillator

on cerium-doped aluminate garnets. The
for high light yield, fast decay time, high transmittance and
its satisfactory stopping power!”!. Considering the higher
cost of lutetium in industrial applications, researchers have
attempted to replace lutetium by some guidance methods
for lowering cost and even achieving better properties. Re-
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cently, the methods of band gap engineering have been
developed  for multi-component
compounds and it has been found that Ce-doped
Gd;Gaz;Al,0,, (Ce:GAGG) crystals show good scintillation
properties. Except for high density (6.63 g-cm™), Ce:GAGG
has many other advantages such as good energy resolution,
stable chemical stability and high light yield (>50000 pho-
tos/MeV)!'*'"! In previous research, Chen et al''*! reported

the preparation of transparent Ce:GAGG ceramics sintered

searching garnet

at 1650 °C in flowing oxygen gas, which show an excellent
microstructure and a good transmittance of 60% at 560 nm.
Kanai'"*! prepared Ce:GAGG ceramics by the hot-pressing
method, which show a higher light yield of 55 000 pho-
tos/MeV and a slower decay time (~90 ns). As we know, the
preparation of ceramic powders and the process of ceramic
sintering are important for ceramic production. It is a vital

key to prepare ceramic nano-powders before sintering scin-
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tillation ceramics. In general, the quality including size,
morphology and distribution of powders has a obvious ef-
fect on properties of scintillation ceramics. In particular, the
powders with small size, spherical particles and homoge-
neous distribution can promote the ceramic sintering.
Therefore, more and more attention has been paid to im-
prove the properties of ceramic powders.

In addition, it has been found that co-doping is effective
in changing the scintillation properties of garnet materials.
Besides, researchers paid more attention to optimizing the
composition of different cation concentrations. Chewpra-
ditkul"*" reported that the replacement of octahe-
drally-coordinated AI’* with Ga’" results in a blue-shift of
the Ce’" 5d-4f luminescence band in co-doped Ce:GYGAG
single crystal. Chen et al'"*! reported transparent Ce**-doped
Gd;(Al,.,Ga,)s0;, ceramics, and a blue shift was observed
in the 5d, excitation band and 5d—4f of Ce*". Koschan''®
reported the effect of Ca®" co-doping in cerium-doped GSO
and results show that samples co-doped with Ca*" exhibit a
notable reduction in charge carrier trapping and decay time.
Lin"™ reported that nano-powder co-doping transition
metal ions (Zn>", Mn”*") show an outstanding luminescent
intensity. Therefore, luminescent materials co-doped with
transition metal ions (Mg”", Zn>", Mn®>", Co>") can also ex-
hibit a high photoluminescence quantum yield, good photo-
stability, low self-absorption and long fluorescent lifetime.
The main reason for properties improvement may be attrib-
uted to the modification of electronic excitation transfer
process accomplished through band gap engineering, and
the tailoring of the activation level energy within the gap,
achieved by a variation of the garnet composition!'®').
Moreover, Ce-activated garnet materials co-doped with
divalent ions (Mg>", Zn>", Mn®>", Co>") cause the oxidation
of a fraction of Ce’" into Ce*" ions™". Two kinds of valence
state of Ce (Ce3 “and Ce4+) are involved in the scintillation
process with different kinetics, which leads to an improve-

ment in time resolution®'?!

. Therefore, garnet materials
modified by co-doping divalent ions can be an alternative
way to improve optical properties of scintillation materials.
To the best of our knowledge, little work has been reported
in effect of Zn>" co-doping in Ce-doped GAGG ceramics.

In this work, chemical co-precipitation method was used
to fabricate Ce:GAGG ceramic nano-powders with various
co-doped contents of Zn®", and effect of different calcina-
tion temperatures on precursors was analyzed. The effect of
various Zn>" co-doping contents on photoluminescence, ra-
dioluminescence, excitation spectra, fluorescent lifetime
and diffused reflectance spectrum of Ce:GAGG ceramic
nano-powders was also investigated.

1 Experiment

1.1 Materials
All reagents were of analytical grade, and used directly

without further purification. Nitrites of Gd(NOj3);-6H,0,
AI(NO3);'9H,0, Ga(NO;);-6H,0, Ce(NOs);-6H,O and
Zn(NO3),-6H,0 were purchased from Sinopharm Chemical
Reagent Co., Ltd. Ammonium hydroxide (NH;-6H,0),
ammonium bicarbonate (NHHCO;), and polyethylene
glycol (PEG) were derived from Shanghai Macklin Bio-
chemical Co., Ltd. Distilled water was fully used through-
out the preparation process.
1.2 Reaction

The ceramic powders were synthesized by chemical
co-precipitation method. Solution of 10 mL NH;-H,O (0.1
mol/L) and 12 g NH,HCO; sealed in 200 mL deionized
water were used as mixed precipitants with or without
1 wt% PEG. A mixture of Gd(NO3);-6H,0 (15 mmol),
AI(NO3);-9H,0 (10 mmol), Ga(NO;);-6H,O (15 mmol),
Ce(NO3);-6H,0 (0.05 mmol) and Zn(NOs),6H,O (0~0.05
mmol) was sealed in 200 mL deionized water. Then the
mixed solution was slowly dropped into the mixed precipi-
tants under strong magnetic stirring. After precipitation
process, the suspension was stirred consistently for half an
hour. Then, the suspension was filtered and washed with
distilled water and then dried. After above-mentioned
preparation, the precursors with or without PEG were ob-
tained. Subsequently, dried precursors were calcined in air
for 2 h at 800, 900, 1000, 1100 and 1200 °C to remove the
residuary carbonate, nitrate and hydroxide. Finally, Zn®"
co-doped Ce:GAGG ceramic powders were obtained.
1.3 Instrumentation

Thermogravimetric analysis and differential thermal
analysis (TG/DTA) of the precursor powders were performed
by a TG/DTA analyzer (STA449F3) at a heating rate of 10
°C/min. The precursor and calcined powders at different
temperatures were investigated by X-ray diffraction (XRD,
Miniflex600). Particle size and morphology of calcined
powders were examined by field emission scanning electron
microscopy (FESEM, SU8010). Photoluminescence (PL) and
radioluminescence (RL) spectra of the powders were tested
through a fluorescence spectrophotometer (FLS980) using a
Xe-lamp (500 W) source and an X-ray source (Moxtex,
Magpro, 60 kV, 200 pA, W-target, 12 W ) at room tempera-
ture. Diffuse reflectance spectrum of the optimized powder
was studied by an
(Lambda950). Fluorescent lifetime was measured by a fluo-
rescence spectrophotometer FLS980 using a Xe-lamp (500
W) source (A,=350 nm, 1.,=530 nm) at room temperature.

ultraviolet  spectrophotometer

2 Results and Discussion

2.1 Thermal analysis and reflectance spectrum

As shown in Fig.la, TG/DTA curve of the precursor
powders is obtained from room temperature to 950 °C at a
heating rate of 10 °C/min. The three endothermic peaks at
119, 221 and 437 °C may be due to the removing of free
water and bound water. The exothermic peak at 883 °C is
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attributed to the formation of GdAlO; and Gd;Al;Ga,0,,
phases, which are confirmed by X-ray diffraction. Mass
loss of the precursor powders from room temperature to 950
°C is about 30%. About 25% mass loss rapidly takes place
between room temperature and 437 °C. In this interval, the
mass loss is assigned to the removing of free water and
bound water. The remaining mass loss which occurs be-
tween 437 °C and 950 °C is about 5%. The mass loss in this
stage can be easily ascribed to the decomposition of car-
bonates, nitrates and hydroxides.

The diffuse reflectance spectrum of Ce:GAGG powders
co-doped with 1.0 mol% Zn>* was obtained with the back-
ground of BaSO, powders, as shown in Fig.1b. The
reflectivity above 500 nm is up to the maximum, which

indicates that the sample has little absorption in this interval.

The decreasing of reflectivity at 400~500 nm is attributed
to the absorption wavelength of Ce:GAGG powders.
2.2 FTIR spectra of precursors and X-ray diffrac-
tion of calcined powders

Fig.2a shows the FTIR spectrum of precursors. The
absorption peak at 580 cm™ is attributed to metallic bond
(M-O) stretching vibration. We can also find the absorption
peak at 1390 cm” which is originated from C-O bond
stretching vibration. O-H bond stretching vibration at 1637
and 3453 cm™ may arise from water.
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Fig.1 TG/DTA curve of Ce:GAGG precursors (a) and diffuse re-
flectance spectrum of Ce:GAGG co-doped with 1.0 mol%
Zn* (b)

The phase of the precursor powders and calcined pow-
ders at 800, 900, 1000, 1100 and 1200 °C is shown in
Fig.2b. The precursor powders in a form of smooth peak are
amorphous. The precursor’s composition (Gd, Ga, Ce, Zn)
(OH)(CO;3),'nH,0 is carbonate hydroxide salt which is at-
tributed to the NH,HCO; precipitator. There are two proc-
esses including the loss of water and the decomposition of
carbonate hydroxide salt below 800 °C. Characteristic
peaks of GdA1O; and GAGG are detected in the powders
calcined at 800 and 850 °C. The characteristic peaks of
GdAIO; phase disappear at 900 °C, which indicates that
900 °C is the transition temperature of pure GAGG phase.
Pure GAGG phases above 900 °C are attributable to the
transformation of GdAlO; phases. This experimental result
coincides with the exothermic peak at about 883 °C of the
TG/DTA curve. Besides, refined peak and intensity of
GAGG phases are observed as the temperature increases
from 900 °C to 1200 °C. This indicates that the crystallites
of GAGG powders grow as the temperature increases.

2.3 Effect of PEG on morphology of precursor
powders

Morphology of precursor powders with or without 1.0
wt% PEG dried at 200 °C is shown in Fig.3. In com-
parison with the precursor powders without PEG, the
morphology of precursor powders with 1.0 wt% PEG
becomes dispersive. Most precursor powders with PEG
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Fig.2 FTIR spectrum of precursors (a) and XRD patterns (b) of
Ce:GAGG powders calcined at different temperatures
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are in the form of flakes. This indicates that the addition
of 1.0 wt% PEG has an obvious effect on morphology
and distribution of precursor powders. The main reason
for this behavior is that the PEG dissolved in the reaction
system can effectively inhibit the agglomeration of pre-
cursor powders by adsorbing at the solid-liquid inter-
faces'”". The existence of PEG in the reaction system can
not only reduce the surface tension to lower adsorbability
of precursor powders, but also enhance the steric hin-
drance effect to reduce the powder force (van der Waals
force, Coulomb force and chemical bonding force).
Therefore, optimized precursor powders with 1.0 wt%
PEG are analyzed further.

The calcination temperature above 900 °C is the opti-
mized interval according to TG/DTA curves and XRD
results. Fig.4a~4d show the morphology of Ce:GAGG
powders calcined at 900, 1000, 1200 and 1400 °C for 2 h.
Powders at 900~1000 °C loosely aggregates primary
particles with a size of 20~60 nm, existing in states of
lump and granulation. Sintering necks can be hardly
found in GAGG powders at 900~1000 °C. When calcined
at 1200 °C, powders with a size of 20~60 nm become
homogeneous and smooth, and some sintering necks ap-
pear. When the calcination temperature increases to 1400
°C, more and more sintering necks appear. At the same
time, particles with a size of 110~200 nm become regular
and smooth, and grow with the disappearance of grain
boundary.

Fig.3 SEM images of Ce:GAGG precursors at 200 °C without
PEG (a) and with 1 wt% PEG (b)

2.4 Morphology of GAGG nano-powders

Morphology of calcined Ce:GAGG powders have ef-
fects on ceramics sintering, as the powders are under a
densification process in ceramics sintering. The particles
with small and uniform size, high specific surface area
and activity can promote sintering densification of ce-
ramics'>>?*%). However, agglomeration happens severely
as the particles size decreases, which may result in low
bulk density. Therefore, it is important to control the ap-
propriate and uniform size of the particles in the calcina-
tion process (Fig.4c). Alternatively, too many necks in
particles of Ce:GAGG powders have negative effects on
further ceramic sintering. As shown in EDS spectra in
Fig.4e and 4f, it can be successfully found that
Ce:GAGG powders co-doped with 0.4 mol% Zn*" consist
of Gd, Ga, Al, O, Ce and Zn elements. The EDS spectra
is consistent with XRD results.

The measured particle size of Ce:GAGG powders cal-
cined at different temperatures is given in Fig.5. The size
range of particle calcined below 1200 °C is controlled
within a reasonable range from 20 nm to 60 nm, while that
of particle calcined at 1400 °C increases from 110 nm to
200 nm, consistent with SEM results. Table 1 reveals sta-
tistical results of size range and mean size of Ce:GAGG
powders. it can be successfully found that the mean size of
Ce:GAGG powders slightly decreases from 40.56 nm to
38.66 nm with increasing the calcination temperature from
900 °C to 1200 °C. However, when the calcination tem-
perature increases to 1400 °C, the mean size of the pow-
ders increases to 151.90 nm. The large size of Ce:GAGG
powders is attributed to the fusion of sintering necks that
is originated from high drive energy when calcination
temperature increases to 1400 °C.

2.5 Emission and excitation spectra of GAGG
powders

Fig.6a and Fig.6b show photoluminescence and radiolu-
minescence spectra of the Ce:GAGG powders co-doped
with different Zn>" contents under Xe lamp excitation and
X-ray excitation at room temperature, respectively. All
samples have similar Ce’" 5d-4f emission band between
450 nm and 700 nm. It can be observed that the emission
spectra show different intensities with increasing the Zn**
content. As the Zn*"-doped amount increases to 0.4 mol%,
the sample exhibits the strongest intensity at 530 nm. From
excitation spectra in Fig.6¢c, we can successfully figure out
two excitation peaks in the ultraviolet region centered at
350 nm and blue region centered at 470 nm. Fig.6d shows a
simple schematic diagram of energy transition of Ce’" ions
5d—4f level.

Obviously, Zn>" content has an effect on scintillation
properties of Ce:GAGG powders. The main reason for
this effect is that Zn*" co-doping prevents the antisite
defect Gdg,, in order to suppress energy loss”>’). As we
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Fig.4 SEM morphologies of Ce:GAGG powders calcined at different temperatures: (a) 900 °C, (b) 1000 °C, (c) 1200 °C, (d) 1400 °C;
EDS spectra of Ce:GAGG powder co-doped with 0.4 mol% Zn** (e, f)
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Fig.5 Particle diameter (d) histogram of Ce:GAGG powders calcined at different temperatures: (a) 900 °C, (b) 1000°C, (c¢) 1200 °C, and
(d) 1400 °C
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Table 1 Size range and mean size of Ce:GAGG powders
Temperature/°C Size range/nm Mean size/nm
900 36~54 40.56
1000 29~47 39.84
1200 30~48 38.66
1400 110~200 151.90

know, Gd;Al,Ga;0;, scintillators typically have the struc-
ture of garnet. 4;8,C;0;, can succinctly show the atom
composition of perfect garnets, where A, B and C are
cations in different symmetry sites. In the case of Ce:YAG
crystals, the antisite defects Y,; appear when the dodecahe-
dral yttrium and octahedral aluminum atom exchange posi-
tions®®’. Generally, antisite lattice defects have a lower en-
ergy barrier than other intrinsic defects. At the same time,
the exchange between dodecahedral yttrium and octahedral
aluminum is preferable over the exchange between
dodecahedral tetrahedral [26.30],
Besides, the decreasing of the threshold of photoionization
between 5d, energy level of Ce’” and the bottom conduction
band (CB) takes place by substitution of Ga’" in B and C
sites®" **. Analogously, it can be inferred reasonably that

yttrium  and aluminum

antisite defects are formed by the atom exchange between
dodecahedral gadolinium and octahedral aluminum. The

Qiu Zhihua et al. / Rare Metal Materials and Engineering, 2020, 49(3): 0761-0768

moderate Zn®" content working as electron traps with an
ideal trap depth in Ce:GAGG can maintain luminescence
working by prohibiting the forming of antisite defects be-
tween dodecahedral gadolinium and octahedral aluminum.
In addition, interstitial oxygen deriving from aliovalention
(M?") co-doping can lower the effect of antisite defects®***].
Conversely, excess Zn>" content with a high electron trap
concentration has negative effects on luminescence proper-
ties.
2.6 Fluorescence lifetime of GAGG powders

The fluorescence lifetime curves of Ce:GAGG pow-
ders co-doped with different Zn>" contents under Xe
lamp excitation (4,=350 nm and A.,=530 nm) at room
temperature are shown in Fig.7. The two exponential
curve approximation are used to calculate the fluores-
cence lifetime (z) by the following function:
Fit=A+Bexp(-#/T|)+B,exp(-t/T,), where Fit, B and T
represent the instantaneous intensity, weight of process
and lifetime of process, respectively. The fluorescence
lifetime of Ce:GAGG powders co-doped with different
Zn*' contents from 0.0 mol% to 1.0 mol% (0.0, 0.2, 0.4,
0.6, 0.8, 1.0) are 56.46, 50.58, 56.96, 49.79, 44.10 and
43.45 ns, respectively. From Fig.7, it can be discovered
that fluorescence lifetime decreases with the increase of
Zn*" content. Therefore, the Zn®" ions in Ce:GAGG
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Fig.6 Photoluminescence spectra under 350 nm excitation (a), radioluminescence spectra under X-ray excitation (b), excitation spectra

with 530 nm emission (c), and schematic diagram of energy transition of Ce** ions (d)
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Fig.7 Fluorescence lifetime of Ce:GAGG co-doped with differ-
ent Zn>" contents under Xe lamp excitation (1ex=350 nm
and Aem=530 nm)

powders have a positive effect on the fast component
with short fluorescence lifetime.

3 Conclusions

1) A chemical co-precipitation method is introduced to
prepare Ce:GAGG powders co-doped with different Zn
contents. New phases including GdAIO; and GAGG are
generated at 883 °C. The precursors absolutely convert to
Ce:GAGG powders at 900 °C. The morphology of precur-
sors with 1 wt% PEG is more dispersive than that of pre-
cursors without PEG. The particles calcined at 1200 °C for
Ce:GAGG powders with a size of 20~60 nm become ho-
mogeneous and smooth.

2) Photoluminescence and radioluminescence spectra of
Ce:GAGG co-doped with 0.4 mol% Zn has the highest in-
tensity. On the one hand, the Zn>" ion prohibits the forma-
tion of antisite defects between dodecahedral gadolinium
and octahedral aluminum. On the other hand, interstitial
oxygen deriving from aliovalention (Zn>") co-doping lowers
the effect of antisite defects.

3) Fluorescence lifetime is shortened with the increase of
Zn”" content, and the Zn®" ions in Ce:GAGG powders have
a positive effect on the fast component with short fluores-
cence lifetime.
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B OE. AL TR ERR Zo” B0 Ce:GAGG MiE# k. W9t T Zn™ BN Ce:GAGG Fi & il YK H /£ 1) TG/DTA H FTIR
Bk 0T T A FEBEBER N Ce:GAGG B Bl A . TE S BURL S 70 A0 RS2 W, FSE T Zn® & ibxt Ce:GAGG My &em Rt s kot
SRR, BUOROGCIERI DO Ay W . WESTR M. ATUKRMA A 883 CHIMIZLA N GAAIO; HIFI GAGG #; A SR A7 B il
7900 CI, 5E4kiby GAGG Hl; BRI N 1200 CHF, GAGG Pk K[ #5475 20~60 nm, A, FHE zZn* &8I
Ak, SEBUR ARG R 50 AT AR, R R, 2 Zn* E B 0.4 mol%I, YEBUR YRR S & R I Bl B KAl s BEAE Zn®"
BRERN T, P mI TR G . Bk, Zn® &8 Ce:GAGG M Bk A i8R 4 % 6 B oA B SR 52, 0 BRAR 98 6 5 A
HABMMIER, W T4 GAGG WAL b i B B A 5 255 Y.
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