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Abstract

An Eu®* activated strontium silicate phosphor was synthesized using a microwave-assisted sintering with a flux NH,Cl. X-ray powder
diffraction analysis confirmed the formation of pure Sr,SiO,4 phase without second phase or phases of starting materials as Sry.6Si04:Euty |
powders sintered at various temperatures in microwave furnace for 1 h. Scanning electron microscopy showed smaller particle size and more
uniform grain size distributions are obtained by microwave-assisted sintering. In the PL studies, the excitation spectrum of Sry oSiO4:Eu**y
phosphors exhibited a broad band in the UV region centered at about 270 nm which was consistent with the absorption spectra. Both microwave
sintered and conventionally sintered powders emitted a maximum luminescence centered at 617 nm under excitation of 395 nm, with similar
luminescent intensity. The results showed that microwave processing has the potential to decrease the sintering time and required energy input for

the production of St} 6Si0,:Eu’ty phosphors without degrading photoluminescence.
Crown Copyright © 2011 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Microwave processing; A. Sintering; C. Optical properties; D. Silicate; Phosphors

1. Introduction

White light emitting diodes (LEDs), with their character-
istics of high brightness, reliability, long life time, low
environmental impact and energy efficiency [1,2], are expected
to replace conventional incandescent and fluorescent lamps in
the near future. Recently, considerable efforts have been
devoted to study on phosphors used for white LEDs [3-5]. The
function of the phosphors is to absorb the ultraviolet (UV) or
blue light and convert it to visible light. A potential phosphor
should therefore have strong absorption and excitation in the
region from ultraviolet to blue, and should emit the desired
light. Many studies have been conducted to develop new oxide
phosphors with high performance for phosphor applications
[6,7].
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In the past, Sr,SiO, phosphor doped with Eu®* has been
prepared by means of a solid-state reaction using a conventional
sintering furnace [8,9]. SrQSiO4:Eu3+ shows orange-red
emission of Eu®* substituted in two different Sr sites. However,
longer sintering time and higher sintering temperature are
required to synthesize the phosphor by means of a solid-state
reaction. Furthermore, high temperature solid-state reactions
usually generate agglomerate powders, which can easily
change the structural characteristics of the powders [10]. To
achieve a better quality of small particle size powders, an
alternative sintering method referred to as microwave-assisted
sintering was proposed using different heat generation and
transfer mechanisms. Microwave-assisted sintering is funda-
mentally different from conventional sintering. In conventional
sintering heat transfer takes place by radiation or conduction,
and the heat energy is transferred from the sample surface to the
core by conduction. In contrast, during microwave-assisted
sintering procedure the whole of the sample absorbs micro-
waves and is heated by volumetric heating [11]. As a result,
microwave-assisted sintering of materials has generally been
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found to reduce the required sintering time and temperatures
[12-14], and achieve a rapid heating rate [15]. However,
although microwave-assisted sintering has these advantages,
there are few papers investigating the influence on the ceramic
materials during sintering, especially in phosphor.

In this paper, we synthesized the Sr,Si04 doped with Eu*
phosphor materials using microwave-assisted sintering tech-
nique and discussed its microstructure and photoluminescent
properties. The results showed that microwave-assisted
sintering can reduce the formation temperature and obtain
highly homogeneous phosphors, even in a short sintering time.

2. Experimental procedure
2.1. Samples preparation

SrCOs3, SiO,, Eu,03, and NH4CI with a purity of 99.9% were
used as staring materials. SrCOj3, SiO,, and Eu,O3; were mixed
together by 1.9:1:0.05 mole ratio and 2 wt% NH,Cl were added
as a flux. The mixtures were mixed in alcohol as solvent and
ball-milled for 1 h with zirconia balls. After drying, Eu>* doped
Sr,Si04 phosphors were synthesized by means of a solid-state
reaction method wusing microwave furnace to form
St 6Si04:Eu*y ; powders. Fig. 1 shows the flow chart of the
Sr;9Si04:Eu**y ;| phosphors prepared by microwave assisted
sintering. In the case of microwave-assisted sintering, a
microwave furnace (Therm Wave Mod. III), with a con-
tinuously variable power of 2.45 GHz microwaves up to
1.3 kW, was used. Silicon carbide (SiC), having a very strong
heating response to 2.45 GHz microwaves, was used as a
susceptor to provide indirect heating for the powders [16]. The
sample was placed on an Al,Oj; crucible in a microwave cavity
surrounded by four silicon carbide susceptors, and encapsulated
by a ceramic fiber insulating material. The samples were
sintered at 900, 1000, 1100 and 1200 °C for 1 h under an air
atmosphere with a power of 900 £ 20 W, which produced an
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Fig. 1. Flow chart for the preparation of Sr1‘9Si04:Eu3+0,1 phosphors prepared
by microwave-assisted sintering at various temperatures.

average heating rate greater than 100 °C/min. In order to
compare to the performance prepared using conventional
sintering, a sample was prepared using the same procedures,
differing only in sintering at 1200 °C for 3 h in an air
atmosphere, using a conventional sintering furnace.

2.2. Characterization

The crystalline phases of the phosphors were identified by
X-ray diffraction (Bruker D8 Advance), analysis with CuKa
radiation of A = 1.54 A using a Ni filter, and with a secondary
graphite monochromator to realize the effect of the sintering
process on the crystallization of the phosphors. A scan range of
26 = 20-80° with a step of 0.03° and 0.4 s as a count time per-
step were used. Scanning electron microscopy (SEM; HORIBA
EX-200), was used to observe the particle morphology of
phosphors. Optical absorption spectra were measured at room
temperature using a UV-vis spectrophotometer (V-600). The
excitation and emission spectra were obtained using spectro-
fluorimeter (PL, JASCO FP-6000), equipped with a 150 W
xenon lamp as the light source. To compare phosphor
performance data accurately, specimens were measured within
the same sample holder to ensure consistent amounts of
phosphor materials in all samples in this study.

3. Results and discussion
3.1. Structure

Fig. 2 shows the X-ray diffraction patterns of
Sr; 6SiO4:Eu’"y | sintered at various temperatures for 1h in
the microwave furnace. It has been reported that the crystal
structures of «-Sr,SiO4 (orthorhombic), and [B-Sr,SiO4
(monoclinic), are very similar, and the XRD peaks are therefore
also similar in the JCPDS cards of both phases, and the both
structures can co-exist [17,18]. From Fig. 2, the crystal
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Fig. 2. XRD pattern of Sr; SiO4:Eu*"y; phosphors prepared by microwave-
assisted sintering at various temperatures. The XRD JCPDS cards for mono-
clinic and orthorhombic phases of Sr,SiO4 are shown.
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structure of the formed powder is major a-Sr,SiO4 (JCPDS
#39-1256), without any impurities. No peaks of un-reacted
SrCO; and SiO, are observed in XRD patterns, indicating that
the reaction of raw materials is complete even at 900 °C. In this
structure, Sr?* ions located at two kinds of non-equivalent
lattice sites, which coordination numbers are 9 and 10,
respectively. Si** ions are located at the center of oxygen
tetrahedron, and O*" ions are located at three kinds of non-
equivalent lattice sites, which space group is Pmna. When the
Eu’* ion is introduced into the Sr,SiOy structure, it may readily
substitute for Sr** sites since the ionic radii of Eupc*
(~1.30 A), and Eux3+ (~1.35 A), almost approach those of
Srix>* (~1.31 A), and Srx** (~1.36 A). The crystal structure
experienced no change as Eu®* ion doped, which can be seen
from Fig. 2. The average crystal size can be calculated from the
full width at half maximum (FWHM), of the X-ray diffraction
peak using Scherrer’s equation [19]:

K
" Bcos6

(D

where D is the crystal size, A is the X-ray wavelength, B is the
FWHM of a diffraction peak and the peak of (2 1 1) is used in
our case, 6 is the diffraction angle, and K is the Scherrer’s
constant of the order of unity for usual crystals [19]. The
calculated size of our specimens is similar as sintering temper-
ature increases from 900 to 1200 °C, ranging from 25 to 27 nm.
The Sr,Si04:Eu phosphor synthesized by sol-gel method was
investigated by Hsu et al. [20]; it showed that pure Sr,SiO4
phase was found in sintering temperatures between 1100 and
1300 °C for 1 h, indicating that there were still un-reacted raw
materials observed below 1000 °C. It has been known that the
sintering temperature of complex oxide ceramics using a sol—
gel technique is relatively low, and a highly homogeneous
ceramic powder can be obtained. However, in this paper, the
Sr,SiO4:Eu®* phosphor synthesized by microwave-assisted
sintering with a flux NH4Cl can obtain pure Sr,SiO4 phase
even though the sintering temperature is 900 °C. The result
shows that the formation temperature of Sr,SiO4 using micro-
wave-assisted sintering method with a flux NH4Cl is relatively
lower than when using a sol-gel technique. Furthermore,
microwave-assisted sintering used a power level of 900 W,
corresponding to a heating rate about 100 °C/min, and conven-
tional sintering used a heating rate of 10 °C/min, indicating the
sintering time of Sr,Si04:Eu phosphors can be reduced due to
fast heating rate, reducing sintering time when the microwave-
assisted sintering method is used.

3.2. Morphology

Fig. 3 shows the SEM images of Srl,QSiO4:Eu3+0_1 sintered at
various temperatures for 1 h in the microwave furnace. The
shape of the particles is not much different from each other, but
the grain size increases significantly as sintering at higher
temperature. Synthesis of Sr,SiO4:Pr’* phosphors using a
conventional solid-state reaction was investigated by Zhang
et al. [21], showing that the shape of Sr,SiO,:Pr’* phosphor
grain is irregular with observable porosity for high temperature

of thermal decomposition, and the grain size is in a wide
distribution with average size of 50-200 wm. However, grain
sizes are relatively small for microwave-assisted sintered
powders, as seen in Fig. 3. The average grain size of them is
about 1-2 pm even if the sintering temperature is 1200 °C. In
other materials systems, it also been observed that the samples
sintered by microwave-assisted sintering have smaller grains
than those produced by the conventional process [22]. In the
grain growth process, the ions jump from the convex to the
concave side of the grain boundaries, but microwave-assisted
sintering seems not to facilitate such a process, resulting in a
smaller grain microstructure [22]. Additionally, the grain size
distribution of the microwave-assisted sintered powder is
uniform without aggregation. The reason for this is that when
materials interact with microwave power the heat is generated
within the material itself, then dispersed uniformly within the
material [12].

3.3. Absorption spectrum

Fig. 4 shows the absorption spectra of St 6SiO4:Eu’ty
phosphors sintered at various temperatures for 1h in a
microwave furnace. A strong absorption peak is located in
the UV range at ~250 nm, corresponding to the valence-to-
conduction band transitions of the Sr,SiO4 host lattice. The
absorption intensities increase as sintering temperature
increases. It was known that the increase of sintering
temperatures contributed to the enhancement of the preference
of substitutional Eu* ions [23]. It can therefore be concluded
that the increasing absorption intensities may be attributed to
better substitution of Eu®* jons in Sr,SiO, due to higher
sintering temperature. Several weak peaks can also be seen in
the range of 370-500 nm from the absorption spectra of
samples sintered at different temperatures, originating from the
photon absorption by the outer electron as the 4f — 5d
transition takes place [24].

3.4. Excitation and emission spectrum

Fig. 5 shows the excitation spectra of the red emission at
617 nm of SrLQSiO4:Eu3+0_ 1 phosphors sintered at various
temperatures for 1 h in a microwave furnace, in the spectral
region from 200 to 450 nm. The spectrum of St 6SiO4:Euy |
phosphors exhibit a broad band in the UV region centered at
about 270 nm, and several sharp lines between 300 and 450 nm.
The broad absorption band is referred to as a charge transfer
state (CTS) band due to the europium—oxygen interactions,
which are caused by an electron transfer from an oxygen 2p
orbital to an empty 4f shell of europium. The sharp excitation
peaks located at 319, 363, 383, 395, and 416 nm are related to
the intraconfigurational 4f—4f transitions of Eu®* ions in the
host lattices, which can be assigned to 7F0 — 5H6, 7F0 — 5D4,
"Fo — L7, "Fy — °Le, and "Fy — D; transitions, respectively.
The peak positions are in good agreement with the excitation
spectra reported in Refs. [8,10]. The excitation spectra indicate
that the intensities of both CTS and intra-4f transition increase
as sintering temperature increases. The excitation spectrum
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Fig. 3. SEM images of Sty 6Si04Eu**y phosphors prepared by microwave-assisted sintering at (a) 900 °C, (b) 1000 °C, (c¢) 1100 °C, and (d) 1200 °C for 1 h.

consists of a broad band with a maximum at around 270 nm due
to the europium—oxygen interactions, agreeing well with the
absorption spectra (Fig. 4).

Fig. 6 shows the emission spectra of Sty 6Si04:Eu’ty
phosphors prepared by microwave-assisted sintering at various
temperatures for 1 h. Sty 6Si04:Eu"y 4 phosphor is excited with
395 nm wavelength from a xenon lamp. The emission
wavelengths are all in the red region, corresponding to
592nm  (°Dy— 'F;), 620nm (°Dy— 'F,), 654 nm
(°Dy — 'F3), and 704 nm (°D, — "E,) [8,10], respectively.
Obviously, the strong emission of Eu>* is also due to an efficient
energy transfer from the host lattice to Eu>* in Sty ¢SiO4:Eu’*y
powders. As the sintering temperature increases, the emission
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Fig. 4. The absorption spectra of St 6Si04:Eu**y phosphors sintered at
various temperatures for 1 h in microwave furnace.

intensity is increased. However, Nag et al. [9] previously
synthesized Sr,SiO4:Eu’* phosphors by means of a solid-state
reaction and observed an intense emission peak at 575 nm,
which is not found in Fig. 6. According to the research of Bacce
et al. [25], the intense emission at 575 nm was ascribed to the
Eu’* ions located in the lattice interstices and associated with
an oxide ion not bound to silicon, such as [Eu3+ — 02_]
interstitial defects. It is therefore suggested that no interstitial
defects existed in the Sr,SiO4:Eu®* phosphors prepared by
microwave-assisted sintering with a flux NH,4Cl, indicating that
this method has the potential advantages of improving sintering
and decreasing the defects which may appear during the
sintering process. However, there is still another possible
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Fig. 5. Photoluminescence excitation spectra of Sr,_QSiO4:Eu3+0_1 phosphors

prepared by microwave-assisted sintering at various temperatures
(Aem = 617 nm).
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Fig. 6. Photoluminescence emission spectra of Sr; SiO4:Eu**y; phosphors
prepared by microwave-assisted sintering at various temperatures
(Aex =395 nm).

explanation for the absence of the 575 nm emission. Since the
5D0 — 7FO transition of Eu** is forbidden by both electric-
dipole and magnetic-dipole selection rules, indicating only
weak or no emission peak can be detected.

Fig. 7 shows the emission spectra of the St 6Si0,4:Eu’y
phosphors prepared by microwave-assisted sintering at 1200 °C
for 1h and conventional sintering at 1200 °C for 3 h,
respectively. Even if only 1 h of sintering time is used, it is
shown that Sr; ¢SiO4:Eu’* phosphor prepared by microwave-
assisted sintering has a similar luminescent intensity to that
prepared by conventional sintering. This means that micro-
wave-assisted sintering may be able to reduce the sintering time
and cost of producing high-quality phosphors. Furthermore, no
emission peak is located at 575 nm observed in conventionally
sintered Sr; ¢SiO4:Eu®* phosphor. The strong and narrow
emission feature is indicative of the presence of europium ions
in the orthorhombic structure of Sr,SiQO;,. It is well-known that
the °Dy — 'F, transition is magnetic dipolar in character and is
independent of the crystal fields, unlike the °Dy — 'F,, which is
a weak electric dipole transition. Although the Dy — 'F,
transition is forbidden in a centrosymmetric environment, it is
allowed in low-symmetry sites. This effect is evidenced by the
complete disappearance of the *Dy — 'F, transition in the
emission spectra of Fig. 7. Furthermore, the ratio of the relative
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Fig. 7. Photoluminescence emission spectra of Sr1_98i04:Eu3+0_1 phosphors
prepared by different sintering methods (Aex = 395 nm).

intensities of the °Dy — ’F, and °D, — ’F transitions, which is
used as a reliable spectroscopic probe for the degree of
symmetry around the Eu®* ion, is around 2.4 compared with the
typical value of higher than 3, which is characteristic of low-
symmetry sites [26]. These observations constitute a further
demonstration that the Eu®* ions are embedded in their
crystalline surroundings [27].

4. Conclusion

In this paper we synthesize Sr1,98i04:Eu3+0_1 phosphors
using microwave-assisted sintering with 2 wt% flux NH4CI. It
is revealed that compared to conventional sintering, a relatively
low temperature of 900 °C is required to form the single phase
of Sr,Si04 using microwave-assisted sintering. Since
Sty 6SiO4:Eu’*y phosphors are sintered under microwaves,
a pronouncedly smaller and more uniform grain size of 1-2 pm
is obtained, as required in white LEDs applications.
Furthermore, the emission intensity of Sty 6Si04:Euty
phosphors using microwave-assisted sintering is similar to
that using conventional sintering, even if the sintering time is
only 1 h. Consequently, microwave-assisted sintering may have
good potential for producing the high-quality Sr; oSi04:Eu’*y
phosphors applied in white LEDs.
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