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Abstract

In this study, we report the synthesis of cerium-doped gadolinium yttrium aluminum garnet powders with chemical formula
Gd,37Y 0 6Al501,:Cey o3 via the sol-gel method. The effect of annealing temperature on the stability of the garnet phase was
thoroughly investigated. Various characterization techniques, including X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), field emission scanning electron microscopy (FESEM), and photoluminescence spectroscopy (PL),
were employed to assess these effects. XRD analysis demonstrated a marked improvement in the stability and crystallinity of
the garnet phase with increasing annealing temperatures. FESEM images revealed the evolution of interconnected quasi-
spherical particles, with a significant enlargement in average particle size correlating with higher annealing temperatures. PL
spectra displayed a broad emission band attributable to Ce?* transitions within the garnet matrix. Notably, the emission
intensity exhibited a substantial enhancement with elevated annealing temperatures, which can be attributed to the increased
crystallinity and a higher proportion of the garnet phase. These findings underscore the critical role of annealing temperature
in optimizing the structural and luminescent properties of Gd,37Y(Als01,:Ceg o3 nanopowders.

Graphical abstract
The effect of annealing temperature on the stability of the garnet Gd;37Y(¢Als01,:Cego3 and luminescence, structural,
morphological properties.
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e The effect of annealing temperature on the stability of the garnet Gd;37Y(6Als012: Ceq.03
e Luminescence properties of Gd;37Y(6Als012: Cey o3 Nanopowders

e Stability of the garnet phase was obtained after heat treatment at 1300 °C

e Structural, morphological of Gd;37Y¢AlsO012: Cey g3 Nanopowders

1 Introduction

In recent years, inorganic scintillators have become
essential components in various ionizing radiation detec-
tion applications. Their ability to convert radiation energy
into light makes them crucial components in several fields,
including nuclear medicine, high-energy physics research,
industrial radiation detection, environmental monitoring,
homeland security, and space exploration [1-5]. Enhan-
cing the scintillation and luminescence properties of these
scintillating materials is essential for improving their
effectiveness in detecting ionizing radiation. Among the
various inorganic scintillators, cerium-doped gadolinium
aluminum garnet (Gd3A15012:Ce3+), commonly referred to
as GAG:Ce, has emerged as a promising material due to its
exceptional scintillation properties. However, achieving a
stable cubic garnet phase in GAG is challenging due
to thermodynamic instability, which often leads to
the coexistence of mixed phases, such as perovskite
GdAIlO; (GAP) and monoclinic Gd,Al4O9 (GAM). Unlike
the widely utilized yttrium aluminum garnet (YAG),
gadolinium aluminum garnet (GAG) is less commonly
employed as a host material due to the inherent challenges
associated with its conventional synthesis methods. In
recent years, there has been a surge in research interest
surrounding cerium-doped gadolinium aluminum garnet
(Gd;Als0,,:Ce*"). However, to the best of our knowl-
edge, there is no reported Ce*™-activated GAG com-
pounds with a consistently stable cubic structure. Despite
the growing interest in this compound, there remains a
significant challenge in achieving a consistently stable
cubic structure in Ce*"-activated GAG compounds. Using
GAG garnet as a matrix host offers the potential to create
captivating transparent ceramics for scintillating materials
[6]. Indeed, given the significantly higher atomic weight
of Gd compared to Y, ensuring a high theoretical density
in the material is essential for effective X-ray stopping
power.

In the literature, it has been demonstrated that obtaining a
pure garnet phase can be effectively achieved by partially
substituting gadolinium with yttrium (Y) or lutetium (Lu) in
the garnet host matrix, leading to enhanced luminescence
properties [7, 8].
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These compounds possess remarkable physical proper-
ties, including high luminous efficiency within the energy
range of 48,000 to 56,000 photons/MeV, high density, rapid
decay (approximately 52ns), and high energy resolution
[9-12]. Additionally, various synthesis methods have been
employed to prepare garnet phosphors in a pure phase by
ensuring uniform mixing of precursors. These methods
include the sol-gel method [13], combustion method [14],
co-precipitation method [15], hydrothermal method [16],
and solvothermal method [17], Recent studies have com-
prehensively reviewed synthesis strategies for rare-earth-
activated inorganic phosphors, highlighting the advantages
and challenges of different techniques in achieving high
phase purity and optimized luminescent properties [18].
Among these methods, the sol-gel process stands out for its
straightforward operation, mild synthesis conditions, and
ability to facilitate the production of mixed garnets in var-
ious forms while preserving outstanding homogeneity. In
our prior research [19], we aimed to enhance the stability of
the Gd3A;50;,:Ce" lattice host in its garnet phase using the
sol-gel method. Our primary objective was to optimize two
key synthesis parameters: the solution pH and the annealing
temperature. The investigation of the structural properties of
this lattice host revealed a significant 79% stabilization of
the cubic structure, achieved at an annealing temperature of
1500 °C and a pH of 7 [19]. Furthermore, our results align
with previous findings by Young Park et al. [20], who
demonstrated successful stabilization of the garnet phase
through the incorporation of 10 mol% Y ions and sintering
temperatures ranging from 1000 to 1500 °C in GAG:Ce
phosphors (GdYAG:Ce), synthesized using the solvother-
mal method. This study investigates the synthesis of the
(Gdx,YxCe,)3Al50;, structure, co-doped with a small
amount of yttrium (Y?") at x=0.2 and cerium (Ce*") at
z=0.01, corresponding to the composition Gd,37Y(cA-
15015:Ceg 3 (called GYAG:Ce) to enhance its structural
stability and luminescent properties. Our objective is to
investigate the influence of annealing temperature on the
phase stability and luminescence efficiency of this compo-
sition. Huh et al. [21] reported that the this composition
forms a pure garnet phase at 1550 °C. To our knowledge,
limited research has been conducted on the effects of
annealing temperature on this specific material when
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synthesized via the sol-gel method. Therefore, this study
provides valuable insights into the structural evolution,
phase purity, and luminescence behavior of Gd;37Y(sA-
1501,:Ceq o3 phosphors as a function of thermal treatment.

2 Experimental
2.1 Samples preparation

Gd,37Y6Al501,:Ceg o3 powders were prepared via the sol-
gel protocol. The starting materials used in this study were
obtained without further purification: Gd,05; (99.99%) and
Ce(NO3);-6H,0 (99.99%) were purchased from Sigma-
Aldrich (USA), AI(NO3)3-9H,0 (99.0%) was obtained from
Biochem Chemopharma (Montreal, Quebec), nitric acid
(HNO;) was acquired from Merck (Germany), ethylene
glycol (EG 1000), and acetic acid (CH;COOH) were
obtained from Biochem Chemopharma (France), and

ammonia (NH4OH) was acquired from Cheminova Inter-
nacional SA (Spain).

Initially, an amount of Gd,03 oxide was dissolved in
1 mL of HNO; which was subsequently diluted with deio-
nized water to obtain a total volume of 50 mL and agitated
at 100 °C for 1 hour, resulting in the formation of a trans-
parent solution. Appropriate amounts of yttrium nitrate
(Y(NO3);-6H,0), aluminum nitrate (AI(NO3);-9H,0), and
cerium nitrate (Ce(NO3);-6H,0) were added to the solution,
which was then stirred for 1h until a transparent solution
was obtained. Acetic acid (CH;COOH) and ethylene glycol
were introduced into the solution at a molar ratio of
AA:M*" and EG:M>" of 1:1, where M>" represents the sum
of G&®T, Y3T, AP’*, and Ce** ions. These solutions have
been stirred for 2h and pH was adjusted to be 1 using
ammonium hydroxide (NH4OH). The resulting solutions
were dried at 120 °C until xerogels were formed. Finally,
the xerogels were annealed at 800, 900, 1100, 1300 and
1500 °C for 4 h in a programmable tube furnace. Figure 1

Fig. 1 Synthesis protocol of
GYAG:Ce nanopowders using a
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Fig. 2 XRD patterns of GYAG:Ce nanpowders annealed at different
temperatures

displays the sol-gel protocol used in the synthesis of
Gd2_37Y0_6A]50122C60_03 powders.

2.2 Samples characterization

The structural analysis was conducted using X-ray dif-
fraction (XRD) with a PANalytical X Pert Pro (Philips)
diffractometer, operating at 40 kV and 30 mA with Cu K,
radiation (A= 1.5425A). The data of the synthesized
samples were processed by Rietveld refinement using
FullProf_Suite program [22, 23]. The infrared spectra
were recorded in the range of 400-4000cm™! with a
Thermo Nicolet 380 Fourier transform infrared (FTIR)
spectrometer. The morphology and chemical composition
of samples were analyzed using a Philips XL 30 Field
Emission Scanning Electron Microscope (FE-SEM) and
Energy Dispersive X-ray (EDS) spectroscopy, respec-
tively. Room temperature excitation and emission spectra
were measured using a fluorescence spectrophotometer
PerkinElmer LS-50B equipped with a pulsed
Xenon lamp.

3 Results and discussions

3.1 Phase identification (https://ieeexplore.ieee.
org/abstract/document/6102329/)

X-ray diffraction analysis was performed to explore the
annealing effects on the evolution of the garnet phase, its
proportion, and its structural characteristics. Figure 2 illustrates
the XRD patterns of Gd,37Y06AlsO12: Cegoz nanopowders
annealed at different temperatures (800, 900, 1100, 1300 and
1500 °C) for 4 h. For the as-prepared sample, the absence of
any diffraction peaks in the XRD pattern confirms the
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Fig. 3 Rietveld refinement of GYAG:Ce nanopowder prepared at
1100 °C

amorphous nature of the obtained xerogel. After annealing at
800 °C, a broad band centered around 20 = 30° was observed,
indicating that the nanopowder remains in an amorphous state.
Following thermal treatment at 900 °C, well-defined diffraction
peaks corresponding to the GdAIO; (GAH) hexagonal phase
appeared, in accordance with JCPDS n°: 04-006-5198 stan-
dards, confirming the sample’s crystallization at this tempera-
ture. Notably, no diffraction peaks characteristic of the garnet
phase were detected. After annealing at 1100 °C, the hex-
agonal phase decomposed and transformed into two distinct
phases: garnet (JCPDS 01-79-1891) and perovskite (JCPDS n°
00-046-0395), with proportions of 65.18% and 34.82%,
respectively, calculated using Rietveld method (see the
example presented in Fig. 3). Starting at 1300 °C, all diffrac-
tion peaks corresponded exclusively to the pure garnet phase
(JCPDS 01-79-1891), with no secondary phases detected.
These findings are in good agreement with the results reported
by Chiang et al. [24] regarding Gd;AlsO,, doped with various
trivalent ions (Tb3+, Y3, Lu* and Ga3+), synthesized via a
precipitation method at different annealing temperatures.
Additionally, raising the annealing temperature to 1500 °C
resulted in the garnet phase achieving perfect stability, with
narrower and well-separated diffraction peaks of increased
intensity. This observation suggests an enhancement in the
crystallinity of the sample at this annealing temperature [25].

The crystallite size of the synthesized Gd,37Y(eA-
150,,:Cey g3 nanopowders was estimated using various meth-
ods, including the Scherrer method, Williamson-Hall (W-H)
analysis, and Halder-Wagner (H-W) approaches. Additionally,
Rietveld refinement was employed for further validation.

The Scherrer equation [26, 27] was used to estimate the
crystallite size:

0.91
Dyep = —— ( 1)
BCOSO
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Fig. 4 Evolution of crystallite size of GYAG:Ce nanopowders as a
function of annealing temperature

where A is the wavelength of incident X-ray, f is the
FWHM measured in radians and @ is the Bragg angle of
diffraction peak.

The Williamson-Hall method considers both size and
strain effects on peak broadening and is expressed as [28] :

pcoso 1
A Dwpy

sin @
2

The Halder-Wagner approach refines the estimation of
crystallite size and strain using the following equation [28, 29]:

2 sinf 51n9

Where: g* = 2<% and q* =
The crystalhte size (Dyp_w) and microstrain € are deter-
mined from the slope and intercept of the linear regression

of ((x = E))).

From Fig. 4, it is evident that the crystallite size of the
samples increases with rising annealing temperatures. Both
the Williamson-Hall and Halder-Wagner methods provide
crystallite size estimates nearly identical to those obtained
by the Scherrer method, confirming that the broadening of
the spectral lines is indeed due to size effects. Compared to
peak-to-peak analyses methods (Dsc,, Dw.y, and Dy.w), the
crystallite sizes obtained through the Rietveld method
consistently show good agreement, with the order of mag-
nitude being approximately the same. This reaffirms the
utility of all four methods for estimating crystallite size in
this study. According to the results presented in Table 1, the
micro-strain values decrease with increasing annealing
temperature. The negative strain values suggest the presence
of lattice distortion or deformation [30, 31]. This trend

d*)z Yy =

Table 1 Summarizes the strain values determined by different
methods, as well as the lattice parameter and its volume calculated
by Rietveld method for the nanopowders annealed at different
temperatures

Samples ew.H EH.W €R a (A) Vv (A%
Gdy 37 (%) (%) (%)

Y0.6Al5012:

Cep.03

T =900 °C - - --- - -—-

T =1100°C 0.0009  0.0008  0.2277 12.0972 1770.3529
T =1300°C —0.0013 —0.0005 0.0908 12.0936 1768.7380
T =1500°C —0.0023 —0.0006 0.0373 12.0902 1767.2635

aligns with the findings of Jiang et al. [32], who attributed
similar behavior to lattice contraction. This correlation is
consistent with the observed decrease in lattice parameter
and volume as the annealing temperature increases. At high
annealing temperatures, the decrease in micro-strain is
associated with minimal distortion in the crystal lattice. The
reduction in lattice parameter and the increase in crystallite
size indicate a decrease in lattice interplanar spacing,
potentially leading to an enhancement in lattice density and
a lower density of defects. A similar behavior was noted by
Boukerika et al. [33] in their investigation of the impact of
annealing temperature on europium-doped Y,O; prepared
using the sol-gel method.

3.2 Infrared spectroscopy analysis

To explore the changes in organic species as a function of
thermal treatment in the garnet lattice, FTIR spectra were
performed in the range of 400 to 4000 cm™. Figure 5a, b
illustrate the FTIR spectra of both as-prepared and calcined
nanopowders at varying temperatures, ranging from 800 to
1500 °C for 4 hours. In Fig. 5a, the spectrum reveals distinct
bands corresponding to organic residues identified in the as-
prepared sample. These bands can be categorized into three
parts based on their energy range: the broad absorption band
observed between 3000 and 3700cm?, centered at
3400 cm™, originates from the vibrations of O-H bonds [34].
The bands identified around 1651 cm® and 1300 cm™ are
associated with the vibrations of C =0 and C-O bonds,
respectively, while the one at 823 cm™ is characteristic of
C-C vibrations. The bands within the range of 400 to
800cm™ are attributed to M-O vibrations and are not
observed in the as-prepared sample, confirming the amor-
phous nature discussed in the XRD results.

Figure 5b presents the changes in organic compounds as
a function of annealing temperatures. When comparing the
sample annealed at 800°C with the xerogel, identical
absorption bands are observed, albeit with lower intensity.
This observation confirms that the structure remains amor-
phous at this temperature. However, at 900 °C, the intensity

@ Springer
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of bands associated with organic compounds decreases with
rising annealing temperature, except for the persistent peak
linked to CO,, which remains due to the presence of air
during the analysis. Additionally, bands with low intensity
appear around 2850 cm™ and 2923 cm’l, attributed to C-H
bonds. Moreover, bands in the range of 400 to 800 cm,
characterizing M-O bonds, begin to appear from an
annealing temperature of 900 °C or higher. This finding
aligns well with the XRD analysis and confirms the crys-
tallization of the sample from this annealing temperature.

3.3 Morphological characterization and elemental
analysis

Figure 6 illustrates the evolution of particle morphology in
the prepared samples as a function of calcination tempera-
ture. The results suggest a significant impact of thermal
treatment on particle morphology. Specifically, the sample
annealed at 900 °C exhibits a porous structure with an
estimated mean pore size of 465 nm (see Fig. 6a). As the
annealing temperature increases to 1100 °C, the pore size
decreases, and the synthesized powder demonstrates a
morphology characterized by very small particles and a
reduced degree of agglomeration (refer to Fig. 6b). At
annealing temperatures of 1300 °C and 1500 °C, the parti-
cles undergo considerable growth, forming interconnected
quasi-spheres with an increasing degree of agglomeration
(see Fig. 6¢c, d). As these particles are well defined, their
distribution was determined from SEM micrographs using
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Fig. 7 Distributions of particle size for samples annealed at a 1300 °C
and b 1500 °C

ImageJ software, and the results are presented in Fig. 7. It is
evident that the particles exhibit a broad size distribution.
Additionally, the mean particle size significantly increases
with rising annealing temperatures, from 403 nm at 1300 °C
to 753 nm at 1500 °C. During thermal annealing, intensified
agglomeration between particles leads to an increase in
particle size and the formation of adhesion between them
[35].

The EDS spectra of the samples annealed at 1300 °C and
1500 °C, along with their atomic composition, are depicted
in Fig. 8a, b. Notably, the powder annealed at 1300 °C
shows the same elements as the one annealed at 1500 °C,
specifically Gd, Y, Al, and O. Additionally, the atomic
ratios Gd:Al, Y:Al, and Y:Gd, assessed at 0.5, 0.1, and 0.2,
respectively, align with the theoretical values.

3.4 Photoluminescence spectroscopy study

Figure 9 illustrate the excitation and emission spectra of
Gd;,37Y6Al504;: Ceg g3 samples, synthesized using the sol-
gel method and calcined at different annealing temperature
ranging from 800 to 1500 °C. In each excitation spectrum
(Fig. 9a), there are two absorption bands: a broad band
ranging from 200 to 260 nm, attributed to lattice host
absorption, and a second, low-intensity band around
279 nm, associated with the %S;, — °I,, transition of Gd**
ions. Additionally, the excitation spectra reveal a prominent
band at approximately 465nm and a secondary, lower-
intensity band at around 341 nm. These bands are ascribed

Fig. 8 EDS analysis of samples (a) Elem (I=1300°C) At %
annealed at a 1300 °C and (4.)111:: fégf
b 1500 °C GdL 16.03
YL 4.04
Total 100.00
Gd/Al=05 Y/Al=01  Y/Gd=0.2
AIK
GdL
e
120 220 320 420 520 620 720 820 920 1020 11.20
(b) Elem (I=1500°C) At %
OK L2
AK 27.99
GdL 16.10
YL 3.7
Total 100.00
Gd/AI=05  Y/Al=01  Y/Gd=0.2
AIK
120 220 320 420 520 620 720 820 920 10.20 11.20
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Fig. 9 Photoluminescence spectra of GYAG:Ce nanopowders
a excitation spectra, b emission spectra

to the 4f — 5d; and 4f— 5d, transitions of Ce®' ions,
respectively. These last two bands were not observed in the
sample annealed at 800 °C, indicating that the GYAG
matrix remained in an amorphous state at this temperature.

As the temperature increases to 900 °C, the character-
istic absorption bands of Ce>* become apparent, albeit with
low intensity. This is attributed to the mixed phase of this
sample and the significant presence of the OH group, which
partially extinguishes luminescence (light trapping cen-
ters), leading to lower emission [36]. The emission spectra
(Fig. 9b) reveal a significant band around 530 nm, char-
acteristic of the Ce3* ions, which intensifies as the tem-
perature increases beyond 900°C. This increase in
emission intensity is attributed to improved crystallinity
and the reduction of surface defects [37]. The gradual
enhancement of luminescence with increasing temperature
underscores the critical role of optimal annealing in
achieving desirable luminescent properties, confirming that
higher temperatures facilitate the formation of a well-

@ Springer

crystallized phase with fewer luminescence-quenching
defects. These findings emphasize the importance of pre-
cise temperature control during calcination to achieve
optimal luminescent performance in Gd,37Y(gA-
1501,:Ceg 3. Similar trends have been observed in various
studies [37-39]. As the annealing temperature increases, a
systematic enhancement in emission intensity is observed.
This increase is primarily attributed to two key factors:
Increased Crystallinity; higher annealing temperatures
promote grain growth and reduce structural defects, leading
to fewer non-radiative recombination centers. The
improved crystallinity enhances energy transfer efficiency
within the lattice, thereby increasing luminescence inten-
sity. Higher Proportion of the Garnet Phase; as demon-
strated in the XRD analysis, the phase evolution follows a
progressive transformation, with mixed phases (GdAlO;
and Gd,Al4Oy) present at 900 °C and 1100 °C, while a pure
garnet phase is achieved at 1300 °C and beyond. The
luminescence of Ce?" ions are strongly dependent on their
incorporation into the garnet lattice, as non-garnet phases
introduce structural distortions that hinder radiative
recombination. The higher proportion of the garnet phase at
elevated temperatures provides an ideal host matrix for Ce"
ions, resulting in enhanced emission efficiency. Further-
more, at 1300 °C and 1500 °C, where the garnet phase is
fully stabilized, the luminescence intensity reaches its
maximum, indicating that both crystallinity and phase
purity are crucial for optimizing the optical properties of
the material.

These results confirm that the observed luminescence
enhancement is not solely due to increased crystallinity but
is also strongly correlated with the phase transformation
into a pure garnet structure, which provides a highly effi-
cient environment for Ce? luminescence.

4 Conclusions

The nanopowders Gd;37Y(sAlsO1p: Cepgz were synthe-
sized via the sol-gel method, and the influence of annealing
temperature on the stability of the garnet phase was inves-
tigated. Through X-ray diffraction analysis and photo-
luminescence studies, it was observed that the degree of
crystallinity improves with increasing annealing tempera-
ture. Specifically, the garnet phase was obtained after heat
treatment at 1300 °C, accompanied by a gradual increase in
emission intensity with annealing temperature. This
enhancement in crystallinity correlates with the repair of
non-radiative recombination sites at higher temperatures,
leading to strong luminescence. These results collectively
highlight the beneficial effects of higher annealing tem-
peratures in enhancing the structural and luminescent
properties of the synthesized nanopowders.
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