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Characterization and luminescence properties of Sr,SisNg: Eu?* phosphor
for white light-emitting-diode illumination

Xianqing Piao, Takashi Horikawa, Hiromasa Hanzawa, and Ken-ichi Machida®
Center for Advanced Science and Innovation, Osaka University, 2-1 Yamadaoka, Suita,

Osaka 565-0871, Japan

(Received 8 November 2005; accepted 6 March 2006; published online 18 April 2006)

Eu?**-doped ternary nitride phosphor, Sr,SisNg:Eu?*, was prepared by the carbothermal reduction
and nitridation method. The Rietveld refinement analysis showed that the single phase products
were obtained. Two main absorption bands were observed on the diffuse reflection spectra peaking
at about 330 and 420 nm, so that the resultant phosphor can be effectively excited by InGaN
light-emitting diodes. The emission peak position of (Sr,_,Eu,),SisNg:Eu®* series varied from
618 to 690 nm with increasing Eu?>* ion concentration. The redshift behavior of the emission band
was discussed on the basis of the configuration coordination model. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2196064]

InGaN-based white light-emitting diodes (LEDs) have
drawn much attention due to their valuable applications, such
as backlighting source for liquid crystal displays and power
saving illumination supply units for the substitute for incan-
descent lamps.1 The Y3Al;0,,:Ce** material has already
been used as the yellow phosphor for the white LED because
the luminescence efficacy (25 Im/W at a forward bias of
20 mA) and the color rendering index (R,~ 85) are enough
for the general illumination. However, without containing
any red light component, the “white” output light cannot
realize the desirable color balance for a true color rendition.
Consequently, the low R, value in the low color-temperature
area has limited the possible applications of white LED, such
as uses in the medical and architectural lighting fields. There
are alternative ways to generate warm white lights: one is to
combine an UV chip with red, green, and blue (RGB)
phosphors2 and another one is to compensate the red defi-
ciency of yttrium aluminum garnet (YAG):Ce**-based LED
with a separate red light.3 Among all candidates for the red
phosphors, the tetrahedral SiN,-based nitrides show much
promising potential compared with sulfide phosphor owing
to their high thermal and chemical stability and excellent
photoluminescence properties. In the past several years,
however, only a few numbers of nitridosilicates have been
synthesized due to the scarcity of appropriate synthesis
methods. The reason is ascribed to the inert property of
SizN, even at high temperature, as well as the oxygen and
moisture sensitivity of alkaline earth metals and nitrides as
starting materials. To some extent this obstacle has been
overcome by Schnick and co-workers.*’ They employed a
synthetic approach based on the reaction of various metals
with silicon diimide Si(NH,). Consequently, a series of
ternary M-Si—N or quaternary M-Ln-Si—N nitrides
(M =alkaline earths, Ln=rare earths) have been successfully
prepared. However, this method is not suitable for mass pro-
duction owing to the limitation of high cost and sensitivity of
raw materials.

In the present work, we synthesized a series of
(Sr;_,Eu,),SisNg compounds by employing the carbothermal
reduction and nitridation (CRN) method, and the resultant
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powder samples were characterized for the application as a
red phosphor for white LEDs. Stoichiometric amounts of
SrCO;5; (99.99%), SisN, (99.5%), Eu,03 (99.99%), and fine
graphite powder (99.9%) were mixed thoroughly and pressed
into a graphite crucible positioned in a radio frequency (rf)
furnace for a two-step heating under N, gas flow. Firstly, the
mixture was heated at 1473 K for 2 h to decompose SrCO5
completely, and then the temperature was increased to
1773 K and maintained for 6 h to form the (Sr;_,Eu,),SisNg
phosphors. Under the strong reducing atmosphere, SrO and
Eu,0; were reduced to corresponding metals, and at the
same time, they were completely nitrogenized and then re-
acted with the silicon nitride. The total reaction was as
follows:

EU.203 +SrO+C+ N2 + Si3N4 — (Sr]_xEux)zsisNg + COT .
(1)

The structure was checked by x-ray powder diffraction
(RINT2200, Rigaku) with Cu K« radiation. Diffuse reflec-
tion spectra were obtained by a BaSO, powder calibrated
UV-visible spectrophotometer (UV-2200, Shimadzu). The
photoluminescence spectra were measured using fluorescent
spectrophotometers (Hitachi F-4500 at room temperature and
Ocean 2000 at liquid He cooling system). The oxygen con-
tent was measured by an O/N analyzer (EMGA-550,
Horiba).

The obtained (Sr;_,Eu,),SisNg series samples are all in-
dexed by the Sr,SisNg phase (JCPDS 85-0101). The Riet-
veld analysis for the sample with a composition of
(Srg 9sEug 02),SisNy is carried out by using FULLPROF (Ref. 6)
software as shown in Fig. 1. The structure refined to
R,=6.26% and R,=9.88% [Pmn2,, a=571.57(7) pm,
b=681.11(7) pm, and ¢=934.99(2) pm] is in good agree-
ment with the previous work.* The refinement results show
that the occupation of Sr atom (~0.95) is lower than that of
the theoretical value (~0.98). It means that some amount of
Sr component is evaporated at high temperature. Also, the
oxygen content about 2 wt % is detected by an O/N ana-
lyzer. Obviously, the charge imbalance caused by Sr** ion
vacancy (Vs,) is compensated by introduction of the substi-
tutional oxygen (Oy). The oxygen content of phosphor is
considerably suppressed to less than 0.5 wt % by adding
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FIG. 1. (Color online) Observed (circle) and calculated (line) XRD patterns
as well as the difference (bottom line) between them. Bragg positions are
shown as vertical bars. The inset shows the coordination of two Sr’* ion
sites along [010].

10% excess of SrCO5. In Sr,SisNg host, the Eu?* ions take
the sites of Sr’>* ions which are arranged in the channels
formed by SigNj rings along the [100] orientation. As shown
in the inset of Fig. 1, two kinds of Sr2* jon sites, Srl and Sr2,
can be occupied by the Eu** ions.* According to the structure
analysis made in this work, they have the coordination num-
bers of 8 and 10, respectively. The mean distance of Sr1-N
[2.865(6)] is smaller than that of Sr2-N [2.928(7)], so that
the Eu®* ions substituting the Srl site experience stronger
crystal field strength which is inversely proportional to R>
(R: chemical bond length between a cation with d orbital
electrons and the coordinating anion).’

Figure 2 shows diffuse reflection spectra of
S1,SisNg: Eu** phosphors with different Eu** ion concentra-
tions. For all samples, two absorption bands peaking at 330
and 420 nm in the UV-visible region are observed, of which
the first one is caused by the absorption of host and the
second by the absorption 4f7 — 454 transition of Eu>* ion.
With increasing Eu?* ion concentration, the absorption is in-
tensified and the band edge extends to the longer wave-
length, which yield the daylight color of samples ranging
from orange to dark red.

Typical photoluminescence spectra of the Sr,SisNg: Eu**
(2 at. %) phosphor, together with that of standard
YAG:Ce** (P46-Y3) as comparison, are shown in Fig. 3.
The broad excitation spectrum covers the wavelength range
from UV to visible area and consists of two broad bands. The
first band peaking at 250—350 nm is ascribed to the transi-
tion between the valence and conduction bands of the host.
The excitation energy can be transferred nonradiatively from
the host to the activator to emit red light. Another band
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FIG. 2. Diffuse reflection spectra of (Sr,_,Eu,),SisNg phosphors with x=0,
0.02, 0.05, and 0.1.
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FIG. 3. Typical photoluminescence spectra of Sr,SisNg:Eu>* (2 at. %) and
YAG:Ce*. The inset shows the dependence of emission intensity and peak
position of (Sr,_,Eu,),SisNg phosphors on Eu?* concentration.

situated in the range of 350—600 nm is responsible for the
direct excitation of Eu®* ion (4f7—4/%5d). The emission
spectrum at the excitation of 450 nm shows a broadband
(FWHM ~ 92 nm) peaking at 620 nm which is assigned to
the allowed 4f°5d' —4f7 transition of Eu>* ion. Compared
with MF,:Eu®* and M,SiO,:Eu** (M =Sr/Ba), the emission
of Sr,SisNg:Eu®* phosphor occurs at fairly longer wave-
length. It can be attributed to the higher electronegativity and
nephelauxetic effect of N3~ ion, which effectively lower the
gravity center of 5d orbitals of Eu®* ion.® The emission in-
tensity of optimized Sr,SisNg:Eu?* (2 at. %) phosphor is
about 107% of YAG:Ce?" at the same excitation of 450 nm.
Dependence of peak position and emission intensity on Eu**
ion concentration is shown in the inset of Fig. 3. With in-
creasing Eu?* ion content, the emission intensity is maxi-
mized at the concentration around 2 at. % of Eu?* ion doping
and then decreases sharply by doping the higher Eu?* con-
centration than 6 at. % due to the concentration quenching
effect. Also, the emission peak position of Sr,SisNg:Eu®*
redshifts from 618 to 690 nm by increasing Eu”* ion content.

The above luminescence properties, viz., the redshift and
the concentration quench of Sr,SisNg:Eu?* emission, are
elucidated according to the schematic configuration coordi-
nation model [Fig. 4(a)]. Since Eu(Sr2)?* and Eu(Sr1)?* ions
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FIG. 4. The configuration coordination model for the Eu(Srl)>* and
Eu(Sr2)** ions (a) and the temperature dependence of emission bands of
(Sr,_,Eu,),SisNg samples with x=0.02 (b) and 0.10 (c), respectively.
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in Sr,SisNg: Eu?* phosphor experience different crystal field
strengths, the 4f°5d" excited states of them are located at
different energy levels and lead to the transition to the
ground state with different energy values. The dopant Eu**
ions usually prefer the loose environment of Sr2 site, so that
in the low Eu?* ion concentration region the emission peak
locates at the higher energy side of the spectrum.9 In this
case, the Eu(Sr2)?* ions serve as the main luminescent cen-
ter. This is supported by temperature-dependent emission
spectra of Sr,SisNg:Eu?* with the doping concentration of 2
and 10 at. % [Figs. 4(b) and 4(c)]. For the sample of
Sr,SisNg:Eu’* (2 at. %), the emission band peaking at
620 nm has almost no shift when temperature increases from
5to 273 K, only the emission intensity is decreased by
13.0% of the initial value. However, the emission intensity of
Sr,SisNg:Eu** (10 at. %) is considerably decreased (by
about 25.5%) and the peak position redshifted about
235.8 cm™! at the same temperature range. This means that
the interatomic distance between Eu’* ions is shortened by
increasing Eu®* ion concentration and then energy transfer
occurs much frequently through the multipolar interaction,
so that the temperature quenching becomes so significant for
the Sr,SisNg:Eu?* (10 at. %) sample. That is, the electron is
easily transferred from the Eu(Sr2)?* ion to Eu(Srl1)** ion
through the intersection of S point by overcoming the energy
barrier and finally reverts to the ground state to give a longer
wavelength emission. The probability of an electron making
the transition via point S is generally given by10

%)
a=sexp| — |,

T 2)

where k is the Boltzmann constant and s is the frequency
factor. This transition is strongly dependent on the energy
barrier AE and temperature 7. The probability « generally
increases with increasing the measurement temperature. This
can be observed from the temperature dependence of emis-
sion band for Sr,SisNg:Eu>* (10 at. %). Additionally, the 4f
electron in the excited state crosses the intersection point
between the 4/%5d and 4f7 states of Eu>* ion through thermal
phonon assisting and returns to the ground state nonradia-
tively. As the position of intersection point of Eu(Sr2)** is
located at higher energy level than that of Eu(Sr1)%*, the
more electrons are expected to be transferred from 47054
state of Eu(Sr1)>* to the ground state than that of Eu(Sr2)>*
ion. Therefore, with increasing the Eu?* ion concentration,
the probability of nonradiative transition is also increased
leading to more decrease of emission intensity for
S1,SisNg:Eu?* (10 at. %) sample.

The Commission Internationale del’Eclairage (CIE)
1931 chromaticity of (Sr;_,Eu,),SisNg phosphors is shown in
Fig. 5(a). The chromaticity index (x,y) shifts from
(0.621,0.368) to (0.669,0.322) by varying the Eu>* ion con-
tent from 2 to 50 at. %, while the chromatic coordinates of
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FIG. 5. (a) CIE chromaticity coordinates and (b) temperature quenching of
the (Sr,_,Eu,),SisNg samples with x=0.02 (a), 0.05 (b), 0.10 (c), and 0.5 (d).

YAG:Ce** is (0.461, 0.525). The characteristic index shows
that these red emission Sr,SisNg:Eu?* phosphors have high
color saturation. In addition, one can see from Fig. 5(b) that
the optimized Sr,SisNg:Eu?* (2 at. %) phosphor has com-
paratively low temperature quenching effect. With increasing
temperature up to 150 °C, the normalized emission intensity
of Sr,SisNg:Eu?* (2 at. %) is decreased to 80% of the initial
value, whereas 60% for the YAG:Ce** (P46-Y3) phosphor.
Since the Sr,SisNg:Eu?* phosphor is efficiently excited at
blue lights in the range of 450—470 nm which matches per-
fectly with the InGaN-LEDs, it can be used to compensate
the red color deficiency of YAG:Ce**-based white LEDs or
to create white light by combining with a blue chip and
another green phosphor.

In conclusion, the excellent red phosphors, Sr,SisNg:
Eu*, of which the oxygen impurity content is effectively
lowered below 1.0 wt %, are prepared by the CRN method.
The powder samples doped with Eu>* ion at the optimized
concentration of 2 at. % (versus Sr’* site) is efficiently ex-
cited by the blue light (400-460 nm) of InGaN-based LEDs
and the emission intensity is competitive with that of
YAG:Ce** (P46-Y3). In addition, the emission peak position
(625 nm) and the chromaticity index of (0.621,0.368) show
that this efficient phosphor can be used as a potential candi-
date for the phosphor-converted white LEDs.
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