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ABSTRACT
In this overview paper, novel rare-earth doped silicon nitride based phosphors for white LEDs applications have been
demonstrated. The luminescence properties of orange-red-emiiting phosphors (MQSiSNngu2+) and green-to-yellow
emitting phosphors (MSi;N,O,Eu®, M = Ca, Sr, Ba) are discussed in detail with a focus on the relationship between

the properties and structures.

With high conversion efficiency in the near UV/blue region, along with high

chemicaliphysical stability, Eu** - and Ce* - activated alkaline-earth silicon nitride and oxynitride materials are

excellent wavelength-conversion phosphors for white LEDs.
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1. Introduction

Recently, breakthroughs in inorganic light emitting
diodes (LEDs) technology?? are significantly catalyzing
the development of energy-efficient and long lifetime solid-
state lighting (SSL). Solid-state lighting technology has
now already penetrated in a variety of specialty
applications, in effect, LEDs have completely changed the
“world of luminance”, for example automobile brake lights,
traffic signals, liquid crystal displays and mobile
backlights, flashlights and all manner of architectural
spotlights?. In particular, the invention of high-efficiency
blue-emitting InGalN-based LEDs makes realization of
efficient, full-spectrum white-light LEDs for general
Hlumination possible by using conversion phosphors, and
will bring about a revolution in lighting industry?.
However, the exctation sources in LEDs are quite
different from the traditional sources, such as mercury
gas-discharge. Thus only a very limited number of present
phosphors can meet the minimum requirements for
white-light LED applications. Most traditional phosphors
can’t be efficiently excited above 400 nm. In order to
obtain high efficiency and better color rendering LEDs,
the development of suitable green-, yellow- and red-
emitting phosphors is the great challenge. As a conversion
phosphor for white phosphor-converted LEDs, a strong
absorption in the blue or near-UV region and a highly
efficient, conversion for re-emission into the green, yellow
and red light are required. Therefore, to modify existing
and explore new phosphor materials with improved
properties for use in white LEDs is extremely urgent.

Fortunately, a new class of inorganic phosphors, viz.
rare-earth-doped-silicon-nitride based materials, has been
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invented and attracted much attention in recent years
due to their high chemical and thermal stability, as well as
their unusual luminescence properties compared to oxide,
sulphide and halide based phosphors or their
corabinations. It is just the presence of nitrogen in the host
lattice that makes the rare-earth ions exhibit unique
optical properties because of their high covalency
(nephelauxetic effect) and large crystal field splitting?.

In this paper, we will describe some of our research
projects on novel rare-earth activated silicon nitride based
materials with an emphasis on the luminescence
properties of Eu?™ and Ce?-doped alkaline-earth silicon
nitride and oxynitride phosphors for white-LED
applications.

2. HExperimental approaches

Rare earth doped silicon nitride, oxynitride and
carbide-nitride materials were synthesized starting from
alkaline-earth metals and/or oxides, silicon nitride,
aluminum nitride, silicon carbide and rare-earth nitrides
or oxides by a solid-state reaction at high temperature
ranging from 1300-1650 °C in a Ny/H, atmosphere. The
phase composition and crystal structure were determined
by the powder Xwray diffraction techniques.
Photoluminescence properties were measured at room
temperature by a Perkin Elmer IS 50B
spectrophotometer equipped with a Xe flash lamp. The
conversion (ie. quantum) efficiency of the luminescence
was estimated by dividing the luminescence intensity by
the measured absorption of 465 nm radiation, and
comparing the result with the value correspondingly
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determined for the standard phosphors (yellow-orange-
emitting  SriyBaxCaySiOsEu2t  and  red-emitting
CaixSrsSEu?) with known quantum efficiency.
Temperature dependent efficiency measurements were
performed by heating the sample holder up till about 250
°C at maximum under blue light (Aex. = 450 - 460 nm).

3. Results and discussion
3.1 M:SisNgEu2* (M= Ca, Sr, Ba)

MaSisNgEu2zt (M = Ca, Sr, Ba)é? is a class of orange-
red emitting phosphors. The crystal structures are
different with the type of M, i.e., monoclinic system for M
= Ca, and orthorhombic system for M = Sr, Ba. Therefore,
the incorporation of Eu?t into M2SisNs forms a limited
solid-solution with a maximum solubility about 7 mol%
for the Ca- and complete solid-solutions for the Sr- and Ba-
compounds (Fig. 1) because they are isostructural with
EuzSisNs. Accordingly, the position of the emission bands
of MzSisNs'Eu2* (M = Sr, Ba) can be easily tailored by Eu
concentrations in comparison with CasSisNgEu?+ 9.
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Figure 1 Relationship between the unit cell volume of Mo, Eu,SisNg
and x

It can be seen that there is a broad and strong
absorption band in the visible range around 370 - 500 nm,
perfectly matching with the radiation of blue InGaN-
based LEDs (Fig. 2). Further, these absorption bands can
be enhanced by adjusting the Eu concentration. Under
excitation in the Eu absorption band (i.e., blue spectral
range ~ 450 nm), M2SisNs'Eu2* shows highly efficient
orange to red emission, which is originating from the 4f85d
= 4f transition of Eu?*. The emission bands center at
about 610 nm and range from 500 to 860 nm (Fig. 3),
depending on the type of M. In addition, the emission
band also can be shifted from 590 to 680 nm with
increasing Eu concentrations. Furthermore, the exact
position of the emission band can also be modified by
partial replacement of M by another alkaline-earth ion, for
example, Sr by Ca. In this way, Sr2SisNs:Eu?* exhibits a
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Figure 2 Reflection spectra of MxEuSisNs (M= Ca, Sr, Ba,
x=0.10)
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Figure 3 Excitation and emission specitra of Mz.Eu,SisNs (x = 0.10)

significant red shift of the emission band from about 620
to 643 nm (Fig. 4), while the conversion efficiency and the
temperature dependence almost remain at the same
levels of Sr2SisNs-Eu?+,

Among the red-emitting phosphor of M2SisNg:Eu2+ (M
= Ca, Sr, Ba), Sr2SisNs‘Eu?* shows the best performance
not only in quantum efficiency but also in its thermal
stability (Fig. 5) which is comparable with YAG:Ce3*.

It is worth noting that the choice of Eu2* concentration
in M2Si5Ns should be carefully taken, although an
increasing Eu?* concentration can enhance the absorption
and quantum efficiency. Because of a strong interaction
between the Eu?* ions, a higher Eu?* concentration also
can significantly decrease the thermal stability of
M:SisNs'Eu2t, which results in a high thermal quenching
rate, as shown in Fig. 6 for the case of SroSisNgEu2*,
Therefore, substitution for each M ion with other alkaline-
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Figure 5 Quantum efficiency and temperature dependence of
M:SisNs:EU?* (5 mol%)

earth ions could be a wise way to achieve the purpose of
tuning the emission spectrum (see Fig. 4).

Ce?-doped and Ce3*, Li* or Na* co-doped Sr2SisNs are
also highly efficient green-emitting phosphors with a
broad emission band at about 540 nm corresponding to
4f9%5d! - 4f' transitions of Ce®*". Excitation and emission
spectra of Sr2SisNs:Ce,Na (5 mol%) with two different
excitation monitoring wavelengths (400 and 430 nm) are
shown in Fig. 7. Evidently, with the dominant excitation
band changing from short to long wavelength, the
corresponding emission band shifts in the opposite
direction, i.e. from long wavelength to short wavelength,
which indicates that Ce?" occupies two different Sr sites in
Sr2SisNs. Since there is a strong absorption and excitation
band in the range of 370 — 450 nm (Fig. 7), perfectly
matching with the blue light source of (In,Ga)N-based
LED chips, in combination with other phosphors (blue-
and red-emitting phosphors), Sr2SisNg:Ce?* is capable of
generating white-light, in particular as a green-emitting
phosphor for use in near UV white LEDs.
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Figure 7 Reflection, excitaion and emission spectra of

Sr,SisNs:Ce™, Na*

3.2 MSigNz0z:Euzt (M =Ca, S, Ba)

Alkaline-earth  silicon  oxynitride  phosphors,
MSisNeOz:Eu2t (M=Ca, Sr, Ba)¥, crystallize in the
monoclinic crystal system with layered crystal structures,
in which the alkaline-earth ion M is located in between
layers of interconnected Si(O,N)s tetrahedra. In contrast
to red-emitting M2SisNg'Eu* (M = Ca, Sr, Ba), as the
oxygen ion takes part in the formation of the chemical
bonding with the activator ions (Eu2t or Ce®), with
varying types of M, MSieN2Oz2'Eu?* shows blue-green to
greenish-yellow emission, which can be efficiently excited
in near UV to UV/blue region (370-470 nm), as shown in
Fig. 8. CaSizN202:Eu?* shows a greenish-yellow emission
at around 560 nm with the largest full-width half
maximum (FWHM ~ 95 nm) emission bands under near
UV to blue light excitation (Fig. 8 (a)). Going from Ca to Sr
and Ba, with an increase of the ionic size, SrSiaNoOz:Eu2*
yields efficient green to yellowish -green emission peaking
at about 540 nm. While, BaSisN2O2:Eu2* emits strong
blue-green light in the range of 490 — 505 nm with the

The Illuminating Engineering Institute of Japan



132

smallest FWHM of about 31 nm. In addition, the Stokes
shift decreases in the sequence of Ca > Sr > Ba,
correspondingly, the quantum efficiency of MSiaN2Og:Eu2*
shows the same tendency under excitation at 405 and 460
nm (Fig. 9) which differs from M2SisNs:Eu2* (M = Ca, Sr,
Ba) (see Fig. 5). It is found that the emission bands can be
mainly modified by changing the Eu concentration and by
mixing Ba, Sr and Ca as well as slightly by the variation
of the N/O ratio. For example, the position of the emission
band of SrSisNsOs:Eu2t can be shifted from about 530 to
545 nm by increasing the Eu concentration (Fig. 10) with
a lower N/O ratio. In contrast, the emission band of
SrSieN202:Eu?t can be further extended to longer
wavelengths ranging from 560 to 580 nm for a higher N/O
ratio, yielding a yellow emission of Eu?* under nitrogen-
rich environment.
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Figure 8 Excitation and emission spectra of MSizN202:Eu
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Similar to MzSisNs'Eu2t (M = Ca, Sr, Ba), the emission
intensity of MSiaN20Oz:Eu2t phosphors show exactly the
same decreaseing tendency against temperature and the
thermal quenching rate decreases in the order of Ca < Ba
< Sr, as shown in Fig. 11. This probably can be partially
explained by more relaxation in the excited state of Eu2*
becoming less restricted when the size of the alkaline
earth ion decreases!?, in particular for Ca2*, whose ionic
size is significantly smaller than that of Eu2*, Moreover,
with increasing the temperature the emission band shows
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a blue shift for all M, which also strongly depends on the
type of M, ie., 34, 1.7 and 11 nm for Ba, Sr and Ca,
respectively, for Eu concentration of 1 mol%.

3.3 MsSirzmnAlninOnNien (M = Ca, Y, x = m/valence)

Closely related to the o-SisNs structure, CaxSiizm-
2AlinOnNign'Eu2* (o-Sialon)112 and CaweSiizxAlNisEu2*
show highly efficient yellow-to-orange emission peaking
from 580 to 595 nm with varying Eu concentration and
the composition of the host lattice (i.e., x, m and n) in the
excitation range of 370 - 450 nm (Fig. 12). Apart from a
good thermal stability, the quantum efficiency can reach
up to about 80%. With a decrease of oxygen content in Ca-
o-Sialon, although the arystal structure slightly deviates
from a regular hexagonal system, the luminescence
properties of CaxzSiizxAlNig'Eu2* are similar to that of
oxygen-rich Ca-a-Sialon‘Eu2* due to their strongly similar
crystal structure/local environment around Eu?*. As a
yellow-emitting phosphor, similar to YAG:Ce?", MxSiizm-
pAlminOnNign"Eu2* itself can produce white light combined
with a blue-emitting LED chip.

3.4 Carbide-nitride phosphors

Rare-earth silicon carbide-nitrides, with an ideal
formula Ln(DLn(IDSisNeC (Ln =Y, Ce, La, Eu and Tb),
have a special local structure in its network. An unusual
long-wavelength 4f-5d excitation band of Ce¥" is observed
when doped in Ln(DLn(IDSisNeC due to the highly
covalent silicon-nitride-carbide network and strong crystal
field strength on the dopant Ln sites!®. Ce3*-doped
Y2S14N6C shows a strong blue-green color in daylight. In
the reflection spectra of Ce3*-doped Y2SisNsC, there are
two obvious absorption bands centered at about 380 nm
and 427 nm which are definitely related to the Ce3*
absorption because no absorption band in this range can
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Figure 12 Excitation, emission and reflecton spectra of

CaALSioNsEu*" (4 mol% Eu)

be found forundoped Y2SisNeC. In addition, a weak
absorption shoulder at about 495 nm can possibly also be
assigned to the Ce3" ions, because with increasing Ce3*
concentration this absorption shoulder becomes stronger
(Fig. 13). Ce3*-doped Y2SiaNsC shows a green emission
with maxima in the range of 530 — 560 nm depending on
the Ce3" concentration (not shown in Fig. 13). The broad
emission band in the range of 450 — 800 nm is ascribed to
the transition from the lowest energy crystal field splitting
component of the 5d level to the 4f ground state of Ce¥. As
Y2S514N6C:Ce?* can be efficiently stimulated in the UV/blue
range (370 — 450 nm), it shows high promise for use as a
conversion phosphor for white LEDs.
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Figure 13 Excitation, emission and reflection spectra of
Y2SiNsC:Ce™ (1-10 mol%)

Conclusions

Eu?- and Ce?-doped alkaline-earth-silicon-nitride
based materials, in particular with Eu?* as an activator,
can be efficiently stimulated by near-UV and blue-LED
radiation, converting the absorbed radiation in green,
yellow and red emission, covering the whole visible
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spectral range. Given the high quantum efficiency, high
chemical and thermal stability in the near-UV/blue region,
along with good compatible composition, orangered
emitting MsSisNgEuzt M = Ca, Sr, Ba) and green-
emitting MSisN2O2:Euz* (M = Ba, Sr) have turned out to
be good candidate conversion phosphors for use in both
near UV- and blue-LEDs. In addition, many new ternary
and multinary nitride based phosphors with
unconventional or improved properties are expected to be
discovered in the near future for white LEDs.
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