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Abstract: Europium-doped yttrium aluminum garnet nanopowders were synthesized through an aqueous sol—gel method. The
structure, morphology and luminescence spectra were investigated by using X-ray diffraction, thermogravimetric and differential
thermal analysis, scanning electron microscopy, transmission electron microscopy and photoluminescence spectroscopy
measurements. The results show that YAG:Eu with an average particle size of 50 nm is formed. The activation energy of YAG:Eu
nanocrystallite growth during calcination is 24.1 kJ/mol. The crystalline YAG:Eu nanopowders show an orange—red emission with

°Dy—'F; as the most prominent group.
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1 Introduction

Yttrium aluminum garnets (Y3Al;01,, YAG) doped
with a small amount of element such as Eu, Cr and Tb
are now widely used as optical host materials for their
good optical properties in cathode-ray tubes (CRTs),
field emission displays (FED) and scintillation and
electro-luminescent applications [1-5]. Owing to such a
wide and diverse application potential for YAG-based
materials, new synthesis methods of pure and
homogeneously doped yttrium aluminum garnets are
highly desirable. Conventional methods suffer from
problems of abnormal grain growth and compositional
inhomogeneity in YAG [6]. For instance, Y3;Al;0y,
prepared by conventional solid state reaction requires
mechanical mixing and extensive heat-treatment at high
temperature (>1 600 °C) with a prolonged heating period
to achieve the desired phase purity [7]. In addition, due
to insufficient mixing and low reactivity of the raw
materials, several intermediate phases such as Y4Al,O9

(YAM) and YAIO; (YAP) easily exist in the products [§].

It is well recognized that wet-chemical processing of
multi cation oxides provides considerable advantages of
good mixing of the starting materials and excellent
chemical homogeneity of the final product. Various wet

chemical methods have been developed and successfully
used in recent years for the production of YAG powders,
including sol—gel processing [9—10], precipitation [11],
co-precipitation [12], spray pyrolysis [13], combustion
[14] solvo-thermal [15], polyacrylamide gel [16] and
hydrothermal synthesis [17].

Recently, new and economical wet chemical
methods have been developed for synthesis of alumina
nanopowder using Al powder and AlICl;-6H,0 [18—19].
In the present study, YAG:Eu nanopowders were
synthesized using the same raw materials of Y,0O; and
EuCl;:6H,0  through a sol-gel method. The
photoluminescence  characteristics of  synthesized
nanoparticles were investigated. Sodium dodecyl sulfate
(SDS), as a common anionic surfactant, was selected as a
dispersant to reduce agglomeration.

2 Experimental

The precursor solutions for YAG:Eu nanopowder
were prepared by a sol—gel method using AICl;-6H,0
(Merck), Al powder (>99.6%), Y,O; (Aldrich),
EuCl;-6H,0 (Aldrich), sodium dodecyl sulfate (Aldrich)
and HCl (Merck). The aluminum powder exhibited a
spherical shape with an average diameter about 37.5 pum.
The nominal composition was (YgoEug 1)3Als01;. Y503
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powder was first dissolved in aqueous HCIl. The main
solution was prepared by dissolving aluminum chloride
hexahydrate, aluminum powder, europium chloride
hexahydrate and yttrium oxide into deionized water. The
ratios of Al to AICl;-6H,0 and HCI to H,O were chosen
under the conditions that were found to be optimum in
the  work by SHOJAIE-BAHAABAD  and
TAHERI-NASSAJ [18]. According to their work, the
molar ratios of Al to AlCl; and HCI to H,O were 1.81
and 0.18, respectively. The precursor solution was then
continuously stirred at 100 °C for 3 h to completely
dissolve the starting materials. Sodium dodecyl sulfate
(SDS) was added to the resultant sol, then the sol was
aged at 60 °C. The viscosity of the batch gradually
increased and finally the batch was set to a rigid gel. It
was then dried at 80 °C for 48 h. The dried gel was
calcined in a muffle furnace at various temperatures for 3
h and wet milled in an ethanol medium. The powder was
again dried at 80 °C.

The crystalline structure of the powders was
determined by X-ray diffraction using a Philips X-pert
model with Cu K, radiation. The average crystallite size
(d) of the powder was estimated from the Scherrer
equation as:

d- 091 (1
IB sample cos®

where 4 is the wavelength; 6 is the diffraction angle and

Bsample 1s the full-width for the half-maximum (FWHM)

intensity peak of the powder. For instrumental correction,

a Gaussian-Gaussian relationship was used:

ﬂszample = ﬁezxp _ﬁi?ls (2)

where fp and Bi, are the measured FWHMs of the
powder and the standard sample, respectively.
Differential thermal (DTA) and thermogravimetric (TG)
analyses were used in a range of 100—975 °C at a rate of
10 K/min with a STA equipment (PL Thermal Sciences
STA 1500, UK). The microstructure of the powders was
observed by scanning electron microscope (SEM,
XL30-Phillips, Netherlands) and transmission electron
microscope (TEM, CM200—FEG—Phillips, Netherlands).
The photoluminescence of the samples was measured
using a fluorescence spectrophotometer with a 150W Xe
lamp (Hitachi F—4600, Japan).

3 Results and discussion

The decomposition of the as-dried gel is studied by
DTA and TG, as shown in Fig. 1. The TG curve shows
that the as-dried gel displays a total mass loss of 63% up
to 750 °C. The precursor undergoes several stages of
decomposition upon heating because of the evaporation
of adsorbed water, dehydration of the dried gel,

decomposition of sodium dodecylsulfate and removal of
chloride components. It has been reported that the alkyl
chain of the surfactant, sodium dodecyl sulfate, is
completely removed below 200 °C, whereas the sulfate
head group is lost in the region between 400 and 600 °C
[20]. However, the major portion of the thermal
decomposition of the precursor is completed at about 750
°C. The decomposition of the volatile species is also
reflected in the DTA curve of the powder by
endothermic peaks around 170 and 644 °C.
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Fig. 1 DTA and TG curves of as-dried gel

The X-ray diffraction patterns of the gel heat-treated
for 3 h at temperatures ranging from 600 to 1 400 °C are
shown in Fig. 2. There are no diffraction peaks for the
samples calcined up to 700 °C, indicating that the
powders are amorphous below this temperature. The
characteristic peaks of the YAG phase appear at 800 °C
and no other crystalline phase such as Y4Al;,09 (YAM)
or YAIO; (YAP) can be detected. The main peak of the
cubic YAG:Eu structure is centered at 26=33.4° and
corresponds to the crystalline plane with Miller indices
of {4 2 0}. The crystallization temperature of YAG
powder prepared by the sol-gel method is lower than
that in the solid-state reaction from constituent oxide
mixtures [21]. The lower crystallization temperature of
YAG could be related to the fine crystallite size of the
powder and mixing of the components on a molecular
scale. The low crystallization temperature is important to
achieve a single-phase pure material because it is very
important to obtain high luminescence efficiency [22]. It
is well known that only the pure YAG phase is favorable
for the luminescent properties of phosphors, but it
normally needs high temperatures to synthesize the pure
YAG phase by the solid-state reaction of Al,0; and Y,0s.
As a result, the powder is inhomogeneous and large in
size, which brings negativity for luminescent properties.
The width of the diffraction peaks decreases and their
intensity increases with an increase of the calcination
temperature. This shows that the YAG:Eu crystallites
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grow in size as the calcination temperature increases.
The mean crystallite size is determined from the XRD
results (Fig. 3). As can be seen, with increasing the
temperature, crystallite size increases. Increasing
crystallite size is attributed to the typical effect of
temperature on crystal growth. In addition, the
nanocrystallites grow slowly up to 1000 °C and then
grow rapidly. In the case of a low calcination
temperature, the porosity is quite high and the pores are
interconnected to maintain smaller crystal sizes [23]. For
the specimens calcined at higher temperatures,
continuous grain boundary networks have been formed
due to the bridging of fine particles to increase the
crystal sizes.
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Fig. 2 XRD patterns of samples heat treated at various
temperatures for 3 h
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Fig. 3 Effect of calcination temperature on crystallite size of
YAG:Eu

A straight line of In D against 1/7 is plotted in Fig. 4
according to the Scott equation given below on the
assumption that the nanocrystallite growth is
homogeneous [24], which approximately describes the
nanocrystallite growth during annealing as:

D =Cexp[-E/(RT)] 3)

where D is the XRD crystal size; C is a constant; E is the
activation energy for nanocrystallite growth; R is the
molar gas constant; 7 is the thermo dynamic temperature
of the heat treatment. The activation energy for YAG:Eu
nanocrystallite growth during calcination was calculated
to be about 24.1 kJ/mol. It can be considered that the
crystallite grows by means of an interfacial reaction [25].
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Figure 5(a) shows a SEM image of the powders heat
treated at 900 °C. As can be seen, some agglomerates
exist in the powders, which are attributed to the
uncontrolled coagulation during gelation and formation
of necks during calcination. Most of the agglomerates are
in the range of 80-250 nm. A TEM micrograph of
primary particles is shown in Fig. 5(b). The size of
primary particles are in the range of 20—60 nm.

Fig. 5 SEM (a) and TEM (b) images of powders heat treated at
900 °C for 3 h
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Figure 6 presents the emission spectra of YAG:Eu
powders calcined at 900 and 1 100 °C for 3 h. For
emission spectra measurement, YAG:Eu powder is
excited with a 254 nm-wavelength from a xenon lamp.
Three major emission peaks are observed at 590, 606 and
628 nm, corresponding to the Dy—'F; and *Dy—'F,
transitions, which are the typical emission properties of
Eu*" activators. From the luminescence spectra, it can be
observed that the YAG:Eu powder shows an orange-red
emission. In the cubic YAG phase, the Y*" is coordinated
by eight oxygen ions with D, point symmetry [22]. The
doped Eu®" is substituted for Y** and it also exhibits a D,
point symmetry. However, the exact local symmetry is
only a small distortion of the centrosymmetric D,y point
symmetry. As a result, the luminescent intensity is
concentrated mainly on the 'Dy—'F, magnetic dipole
transition (590 nm) rather than the °D—'F, forced
electric dipole transition (606 and 628 nm). The emission
intensity increases with an increase in calcination
temperature. This may be due to the improvement of
crystallinity [26]. In addition, the perfect incorporation of
Eu*" ions into the YAG lattice also leads to the
improvement of the emission efficiency and emission
intensity [11].
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Fig. 6 Emission spectra of samples calcined at 900 and
1100 °C for 3 h

5 Conclusions

1) A YAG:Eu nanopowder is synthesized through a
modified aqueous sol—gel method by using AICI;-6H,0,
Al and Y,0; powders as raw materials, the total mass
loss of 63% appears in the gel after heat treatment at
750 °C. Crystallization of YAG:Eu nanopowdsers occur
above 700 °C without the formation of any intermediate
phases.

2) The activation energy of YAG:Eu nanocrystallite
growth during calcination is measured to be 24.1 kJ/mol.
The crystalline YAG:Eu nanopowders show an emission
with *Dy—"F, as the most prominent group. The emission

intensity is increased by increasing the calcination
temperature.
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