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In order to enhance luminescence properties of Eu?*-doped ternary nitride phosphor for white light-
emitting diodes (LEDs), Sr,SisNg:Eu?* phosphors with different Eu?* concentrations were synthesized
using a multi-step heat treatment. Impurities and luminescence properties of prepared Sr,SisNg:Eu2*
phosphors were investigated using X-ray diffraction (XRD) and photoluminescence spectroscopy. Exci-
tation spectra of Sr,SisNg:Eu?* phosphor showed broad excitation bands by both UV and blue light.
Emission peak positions in spectra were red-shifted from 613 to 671 nm as Eu?* ion concentrations
increased. Phosphors following a multi-step heat treatment showed excellent luminescence properties.
These included high emission intensity and very low thermal quenching compared to measurements
using a commercially available YAG:Ce3* phosphor.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Low cost, easily fabricated white light emitting diodes (LEDs)
with a high degree of brightness have drawn much attention since
the finding that cool white light emission could be generated by
combining the blue emission of InGaN diode chip with the yel-
low luminescence from Y3Al501,:Ce3* (YAG:Ce3*) phosphor [1-4].
However, this white light has a low color rendering index (CRI)
because the emitted yellow light lacks sufficient red emission. In
order to obtain a good color rendering, warm white light output
within a phosphor can be generated by two methods. One is to
compensate the red deficiency of YAG:Ce3*-based LED with a sep-
arate red light [5], and the other is to combine an UV chip with red,
green, and blue-emitting (RGB) phosphors [6]. For both methods
red phosphors that can be efficiently excited by InGaN LED chip are
in great demand.

In recent years, SiNy-base covalent nitride materials, includ-
ing nitridosilicates, nitridoaluminosilicates and other nitrides, etc.,
have been extensively studied as good host lattices for LEDs,
such as M,SisNg:Eu?* and MAISiN3:Eu2* (M =Ca, Sr, Ba) [7-16].
Among these phosphors, Sr,SisNg:Eu2* has demonstrated high
luminescence intensity and very low thermal quenching. Several
approaches have been tried for synthesizing Sr,SisNg:Eu?* phos-
phor, including a traditional solid-state reaction method using
nitride raw materials and a reaction between metals and silicon
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diimide Si(NH); [10,17]. These materials are not only expensive but
also very sensitive to oxygen and moisture, thus Si(NH), is difficult
to prepare with pure grade reagents. The carbothermal reduction
and nitridation (CRN) method can significantly decrease optical
properties of phosphors, because the obtained phosphors can be
easily contaminated by residual carbon [7,9]. Although acetate is
used as a reducing agent for reduction and nitridation [16], acetate
decomposes at low temperatures, which cannot ensure the com-
plete reduction of oxides. Xie et al. [18] reported a synthetic route
to SrSisNg:Eu2* phosphor using SrCOs, Eu,03, and Si3Ny4 as raw
materials. However, the resultant product was a complex mix-
ture of SrySisNg, a-SrSi04 and (3-Sr,SiO4. Therefore, an efficient
method is needed to synthesize the red Sr,SisNg:Eu2* phosphor
with pure-phase and enhanced luminescence properties.

We used a multi-step heating approach to synthesize
Sr,SisNg:Eu2* phosphor. All the raw materials used were com-
mercially available, used low cost oxides, and the synthesis can
be accomplished in an ambient atmosphere. The effect of Eu®*
ion concentration on the luminescence properties of the prepared
phosphors was evaluated. Additionally, the structure and the lumi-
nescence properties of the synthesized Si,SisNg:Eu2* phosphor
were investigated and compared with the commercially available
YAG:Ce3* phosphor.

2. Experimental
2.1. Preparation of (Sri_xEuy)2SisNg (x=0-0.2)

All powder samples of (Sry_xEuy),SisNg were synthesized using a multi-step
heating method from the raw materials of strontium carbonate (SrCOs, 99.9%),
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Fig. 1. XRD patterns of the 2nd heat treated specimen (a) vs. standard specimen of
SrzsisNgZEle (b)

silicon nitride (SizNg4, 99.5%), europium oxide (Eu;03, 99.99%), and activated char-
coal powder (C, 99.99%). The concentration of Eu?* varied in a range of 0-20at.%
with respect to Sr?*. They were stoichiometrically weighed and mixed thoroughly
in an agate mortar. Mixtures were pressed into a graphite crucible placed into an
induction furnace. The furnace chamber was evacuated and filled with pure N,
and a flow rate of 1000 mL/min was maintained during the heating process. For the
first heat step the temperature was rapidly raised to 1100 °C and maintained for 1h
to decompose SrCO; completely. Next the temperature was increased to 1400°C
and maintained for 3 h to form (Sry_xEuy),SisNg phosphor (1st heat treated speci-
men). Finally, the 1st heat treated specimens were transferred into a molybdenum
crucible, and sintered again at 1600°C under N, gas flow for 3 h. After firing, the
obtained phosphors (2nd heat treated specimen) were cooled in a furnace under a
continuous flow of N, gas.

2.2. Characterization

The crystalline phase of the synthesized SrSisNg:Eu?* powder was measured
using X-ray powder diffraction (SIEMENS X-ray diffractometer) with Cu Ko radi-
ation (A=1.5406 A). The data were collected in the 26 range from 10° to 70° with
a scanning rate of 3°/min. Diffuse reflection spectra were obtained using a BaSO4
powder calibrated UV-vis spectrophotometer (UV-2200, SHIMADZU). Photolumi-
nescence (PL) measurement was carried out at room temperature using 455 nm as
the excitation wavelength with a Perkin Elmer LS-45 luminescence spectrometer.
The temperature dependence of photoluminescence was measured with a multi-
channel spectrophotometer (model MCPD7000; Otsuka Electronics) equipped with
temperature-controlled sample holders and a Xe lamp. Oxygen, nitrogen, and carbon
content of obtained phosphors were measured using an oxygen/nitrogen analyzer
and carbon analyzer and were compared to chemically analyzed values.

3. Results and discussion
3.1. Structure and phase purity

The crystal structures of synthesized Sr,SisNg:Eu2* phosphors
showed an orthorhombic lattice with the space group of Pmn2;
[17]. Fig. 1 gives the X-ray diffraction (XRD) pattern of the 2nd
heat treated specimen compared by standard specimen. Most of the
diffraction peaks of synthesized Sr,SisNg:Eu2* phosphors showed
identical peaks to the standard specimen and no apparent impu-
rity phases were found. Moreover, it was also indexed that the

Table 1

Oxygen, nitrogen, and carbon contents (wt%) of SrSisNg:Eu?* (2 at.%) phosphors.
Sl‘zSisNg ZEUZ+ (0] N C
1st heat treated sample 1.70 25.10 0.26
2nd heat treated sample 0.82 25.90 0.04
Ideal 0 26.20 0
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Fig. 2. Diffuse reflection spectra of undoped Sr,SisNg host (a) and (Sry_xEuy),SisNg
phosphor with x 0.02 (b), 0.1 (c), and 0.2 (d).

doped Eu?* ions did not caused any significant change in the host
structure.

Carbon powder was used as raw material to synthesize
Sr,SisNg:EuZ* phosphor, so the oxygen, nitrogen and residual car-
bon contents always exist in the prepared Sr,SisNg:EuZ* phosphor.
These elemental contents (O, N, and C) were measured using an O/N
analyzer and a carbon analyzer. After the 1st heat treated specimens
were sintered again at 1600 °C, carbon and oxygen were removed as
CO by a bonding effect, so small amount of oxygen (about 0.82 wt%)
and carbon (about 0.04 wt%) were detected (Table 1).

3.2. Photoluminescence properties

The optical reflection spectra of Sr,SisNg:Eu2* phosphors with
different Eu2* ion concentration are shown in Fig. 2. For all samples,
two strong absorption bands were presented in the range of the UV
to visible spectra region, the first absorption band at 250-350 nm
was caused by the electronic transition of the Sr,SisNg host and
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Fig. 3. Typical photoluminescence spectra of the Sr,SisNg:Eu?* (2 at.%) phosphor
with the 2nd heat treated specimen (a), 1st heat treated specimen (b) and commer-
cial YAG:Ce3* phosphor (c).
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Fig. 4. Dependence of emission intensity (a) and peak emission wavelength (b) as a
function of Eu concentration in (Sry_xEuy ), Sis Ng phosphor under 455 nm excitation.

the second absorption band at 350-550nm can be assigned to
the 4f7 — 4f55d! transition of Eu2* ion. The absorption becomes
stronger and the absorption edges shift to the longer wavelength
with increasing Eu?* concentration so that the body color of phos-
phors reddens gradually.

Photoluminescence (excitation/emission) spectra of the
Sr,SisNg:Eu2* (2at.%) phosphor, together with that of standard
YAG:Ce3* (P46-Y3) for comparison are plotted in Fig. 3. Excitation
spectra consist of a broadband covering wave lengths from the
UV to visible region. The broad band emission peak at 628 nm of
the Sr,SisNg:Eu2* (2at.%) phosphor at the excitation of 455 nm is
assigned to the allowed 4f65d! — 4f7 transition of Eu2* ion [15].
Due to the high covalent environment around Eu?* ion, emission of
Sr,SisNg:Eu2* phosphor was observed at a fairly longer wavelength
region compared to MF,:Eu?* or M,SiO4:Eu2* (M=Sr/Ba) [19,20].
In the present study, the 2nd heat treated specimens contained
lower impurities such as residual carbon and oxygen (Table 1).
Therefore luminescence intensity values showed a fairly enhanced
result (Fig. 3). Calculated emission intensity was about 117% of
YAG:Ce3* at the same excitation of 455 nm.

120
(a) 3h gw
100 + (b) 3.5h il
(¢) 4h T
5 (d) 2.5h @ (0 —
& 804 () 2h «
= (d)
g (e) : p/
- Time (hy
E 60+
8
wy
.2
= 404
&%)
20
0 T — T v T v T v T T T

T T
500 550 600 650 700 750 800 850
Wavelength (nm)

Fig.5. Emission intensity of SrSisNg:Eu?* (2 at.%) according to heat treatment dura-
tion time.
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Fig. 6. Temperature quenching of the Sr,SisNg:Eu?* (2 at.%) phosphors of the 2nd
heat treated specimen (a), the 1st heat treated specimen (b) and commercial
YAG:Ce* phosphor (c).

Dependence of emission intensity and peak emission wave-
length on Eu?* concentration of the (Sri_xEuy),SisNg phosphor is
shown in Fig. 4. With increasing Eu%* content, emission intensity
of (Sr;_xEuy),SisNg phosphor was maximized at a Eu?* concentra-
tion around 2 at.% (i.e., x=0.02) and then decreased slowly with
doping of more Eu?*. The decrease in emission intensity beyond
a critical concentration is ascribed to the concentration quench-
ing which is mainly caused by the energy transfer between two
Eu?* ions. Because both excitation and emission bands due to
4f65d-4f7 transition of Eu* ion are allowed as well as their overlap
in the 550-610 nm range of wavelengths, the energy transfer may
occur as a result of multipolar interaction and radiation reabsorp-
tion. Meanwhile, the peak emission of (Sri_xEuy),SisNg phosphor
shifted to the longer wavelength side (red shift) as Eu?* concentra-
tion increased from 0 to 20 at.%.

Emission intensity of Sr,SisNg:Eu2* (2at.%) corresponding to
heat treatment duration time is shown in Fig. 5. The highest emis-
sion intensity was observed at the 3 h heat treatment duration time.
This result may be caused by a decrease in impurities as holding
time increased due to the reaction of carbon with oxygen to more
thoroughly produce carbon monoxide, which increased emission
intensity. However when holding time was increased beyond the
3 h treatment, emission intensity showed an obvious decrease.

Phosphors for white LEDs should have low thermal quenching
to avoid changes in chromaticity and brightness of white LEDs at
high temperatures. The temperature-dependent emission inten-
sity of Sr,SisNg:Eu2* (2 at.%) phosphors and YAG:Ce3* phosphors
are shown in Fig. 6. As the temperature increased from 20 to
200°C, the emission peak of (SrgggEug2)2SisNg phosphor was
kept at the 628 nm position, but the intensity was decreased by
18% of the initial value, whereas the decrease for the YAG:Ce3*
phosphor was 64%. This result may be due to improved activ-
ity of oxygen within the phosphors as temperature increased.
As the energy transferred to nonradiative emission increased
temperature-dependent emission the intensity correspondingly
decreased. As oxygen content was increased a greater decrease in
intensity was observed.

4. Conclusions
Sr,SisNg:Eu2* red phosphor has been successfully synthesized

using a multi-step heating method. The 2nd heat treated specimens
have a single-phase crystalline structure of Sr,SisNg and showed
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very low carbon and oxygen impurities. Synthesized phosphors
doped with Eu?* ions up to 2 at.% were efficiently excited by the
blue light (455nm) and showed a red emission peak at 628 nm.
After the 2nd heat-treatment, luminescence properties of obtained
Sr,SisNg:Eu2* phosphors were obviously enhanced compared with
those of commercially available YAG:Ce3* phosphors.
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