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Eu?* ion-doped nitride phosphor, Ca,SisNg:Eu’*, was
synthesized by the carbothermal reduction and nitridation
(CRN) method and the photoluminescence properties were char-
acterized. It showed a broad absorption band between 250 and
550nm which was efficiently excited by blue LEDs (400—
470nm) and a strong emission band peaking at 600 nm with a
FWHM of 80nm. The obtained phosphor provided saturated
color chromaticity (0.589, 0.407) to generate warm-white light
in phosphor-converted white LEDs.

Recently, since the tremendous progress has been achieved
in the development of blue-emitting semiconductors (e.g. GaN
and InGaN), much attention has been paid to the white LEDs be-
cause of its low energy consumption and environmental friend-
liness. As a result, white LEDs are expected to replace tradition-
al incandescent lamps.! The white LEDs have been realized by
the combination of blue LED and yellow phosphor such as
YAG:Ce**. However, color rendering indexes of the resultant
white light are usually poor because of the deficiency of the
red color component. To improve the color rendering index,
the efficient red or orange-red phosphors that can be well cou-
pled with the blue (4 ~ 460nm) or near UV (A ~ 400 nm)
LEDs are urgently required. Currently, the nitride or oxynitride
phosphors such as «- and B-type SiAION:Eu’* 23 LaSi3Ns:
Eu?*,* and Ba,SisNg:Eu?*,> have shown much promising poten-
tial owing to their high thermal and chemical stability, and ex-
cellent photoluminescence properties. In the past several years,
however, only a small number of nitridosilicate phosphors have
been synthesized because of the technical difficulties resulting
from inertness of SizNj4, oxygen and moisture sensitivities of
the alkaline earth metal and nitride used as starting materials.

In the present work, we synthesized the ternary nitride
Ca,SisNg:Eu?* phosphor by a convenient route, that is, carbo-
thermal reduction and nitridation (CRN) method. As the raw
materials, CaCOs, SizNy, Eu, 03, and fine graphite powder of re-
agent grade were mixed thoroughly in ambient atmosphere, then
the mixed powder was put into a graphite crucible positioned in a
high-radio frequency (RF) furnace for two-step calcination in N,
flow. At first the above mixture was slowly heated to 1173 K and
kept for 2 h to decompose CaCO3 completely. Then, temperature
was increased to 1823 K and maintained at the same temperature
for 6 h. The reduction, nitridation, and solid-state reaction at high
temperature led to the formation of coarse Ca,SisNg:Eu’t pow-
der. The synthesized powder was identified by X-ray powder
diffraction (RINT2000, Rigaku) with Cu K radiation operating
at 40kV and 30 mA. The morphology of samples was examined
by SEM and EDX integration system (S-3000 HXS, Hitachi).
Diffuse reflection spectrum was obtained by a UV—-vis spectro-
photometer (UV-2200, Shimadzu) by using BaSO, powder as
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Figure 1. XRD patterns for (a) Ca,SisNg:Eu>* (20 atom %), (b)
Ca,SisNg:Eu?t (2 atom %), (c) JCPDS Card No. 82-2489, and
(d) SEM image of Ca,SisNg:Eu?* (2 atom %).

Intensity (arb unit)

1

10

the white reference. The photoluminescence spectra of samples
were measured using a fluorescent spectrophotometer (F-4500,
Hitachi) at room temperature. The oxygen content was measured
by O/N analyzer (EMGA-550, Horiba).

The XRD patterns of samples doped with 2 and 20 atom %
of Eu®>* ions are shown as Figures la and 1b, respectively.
All the peaks are indexed as Ca,SisNg (JCPDS 82-2489,
Figure lc). The Eu** ions are uniformly introduced into the
Ca,SisNg crystal lattice until Eu,SisNg appears as an impurity
phase at about 40 atom % dopant concentration. The Eu?* ions,
which take the position of Ca?t jons, are located in channels
formed by SigNg rings along [010] orientation in the vertex-
linked SiNy, tetrahedron-based networks.® The host lattice, in
which large alkaline earth cations form linear chains, contributes
to a long-wavelength Eu>* emission with a large Stokes shift.’
Figure 1d shows the SEM image of the Ca,SisNg:Eu*t (2
atom %) phosphor. The powder consists of well-crystallized
and well-dispersed grain with a mean size of 20 um. Additional-
ly, the oxygen content, which may reduce the emission intensity
by taking the place of N°~ to form the Oy trap level or by
forming other impurity phases, is effectively suppressed less
than 0.72wt%. This oxygen content value is even lower
than that of samples prepared from Ca3zN,, SizNy4, and EuN by
conventional solid-state reaction.

Figure 2 shows the reflection and photoluminescence spec-
tra of Ca,SisNg:Eu*t (2 atom %). For the excitation and reflec-
tion spectra, two absorption bands are observed in the regions
of 250-325 and 325-550 nm. The first one is caused by the tran-
sition between the valence and conduction bands of Ca,SisNg
host. The absorption of high-energy photons by the host can
be transferred to the Eu>* ions nonradiatively and followed by
the emission of Ca,SisNg:Eu?t. The other one is attributed to
the direct excitation of Eu?* ions (Eu?t:4f7 — 4f°5d). The
strong absorption in the range of 400470 nm indicates that
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Figure 2. Photoluminescence and reflection spectra of Ca,Sis-
Ng:Eu?* (2atom %). The excitation spectrum is monitored at
600 nm and the emission spectrum is excited at 450 nm.

the Ca,SisNg:Eu>* phosphor is efficiently excited by the
InGaN-based LEDs. The extension of reflection spectrum to
the long wavelength side yields all of the samples with or-
ange-red color.

The emission spectrum (excited at 450nm) exhibites an
intense band (FWHM ~80nm) peaking at 600 nm which is
assigned to the allowed 4f®5d — 4f7 transition of Eu’* ion.
The emission intensity is competitive (*92%) with that of the
commercially available YAG:Ce?* (P46-Y3) under the same
excitation of 450nm. Compared with other Eu’* ion-doped
phosphors, the emission band of Ca,SisNg:Eu’* locates at fairly
longer wavelength range. Furthermore, in the Eu®t ion-doped
oxynitride or nitride hosts the emission occurs at longer wave-
lengths with increasing the nitrogen content,*> which is attribut-
ed to the higher electronegativity of N>~ and the nephelauxetic
effect which effectively lower the center of gravity of 5d orbitals
of Eu’* ions.®

Dependence of the emission intensity and peak position of
samples on Eu’>* ion concentration is shown in Figure 3. The
emission intensity is maximized at 2atom % dopant of Eu**
ions. At the same time, the peak position of emission band shows
a red shift (2450 cm™") behavior with increasing Eu>* ion con-
centration up to 20 atom %. Dexter’ has pointed out the mech-
anism of energy transfer in phosphors. A nonradiative energy
transfer among Eu”* ions usually occurs as a result of exchange
interaction, radiation reabsorption, or multipolar interaction. The
exchange interaction is mainly responsible for forbidden transi-
tions and the typical critical distance is about 5A.° whereas
Eu?*:4f — 5d transition is allowed in the Ca,SisNg host, so that
the exchange interaction hardly plays any roles in Ca,;SisNg:
Eu?*. Thus, the nonradiative energy transfer among Eu®* ions
takes place mainly as a result of radiation reabsorption and
multipolar interactions. With increasing Eu®* ion concentration,
the reabsorption begins to reduce the high-energy wing of Eu**
emission band, while the red-shifted emission band gains inten-
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Figure 3. The dependence of emission intensity and peak
position of Ca,SisNg:Eu>* on Eu’* ion concentration.
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Figure 4. Chromaticity ~coordinates of Eu?>* ion-doped

CazsisNg .

sity. Furthermore, the overlap of excitation and emission spectra
between 530-580 nm indicates the energy migration which also
contributes to the concentration quenching. Consequently, the
emission intensity is lowered and the peak position is red-shifted
with increasing Eu?* ion concentration.

The CIE (Commission International del’ Eclairage) 1931
chromaticity of Ca,SisNg:Eu** phosphors is shown in
Figure 4. The chromaticity index (x,y) shifts from (0.589,
0.407) to (0.613, 0.378) by varying the Eu?>* ion content from
2 to 20atom %, while the index of YAG:Ce’t (P46-Y3) is
(0.461, 0.525). The characteristic index of Ca,SisNg:Eu>* with
high color saturation indicates that the CIE coordinates of
white light are possibly generated by coupling with a blue
LED together with suitable green phosphor such as 8-SiAION:
Eu?* (0.32, 0.64) or Ca3Sc,Si3012:Ce*t (0.32, 0.57).'0 There-
fore, the Ca,SisNg:Eu?* phosphor can be used to compensate
the color deficiency of current YAG:Ce** phosphor-converted
white LEDs or to create warm-white light by combining with
blue LED and suitable green phosphor.

In conclusion, the excellent orange-red phosphor Ca;SisNg:
Eu’* has been prepared by the CRN method without using any
air or moisture sensitive raw material. This phosphor contains
well-crystallized grains with mean size of 20 um, and the oxygen
content is effectively suppressed below 0.72 wt %. The powder
sample doped with Eu?* ions at the optimized concentration
of 2atom % is efficiently excited by the blue lights (400—
470 nm) of InGaN-based LEDs and gives an intense emission
at 600 nm which is competitive (292%) with that of YAG:Ce’*+
(P46-Y3). It is believed to be a potential candidate for the
phosphor-converted white LEDs.
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