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Silicates are one of the most important classes of compounds on this

g

International Edition

From the Contents

planet, and more than 1000 silicates have been identified in the mineral

kingdom. Additionally, several hundreds of artificial silicates have
been synthesized. The substitution of oxygen by nitrogen leads to the

structurally diverse and manifold class of nitridosilicates. Silicon

nitride, one of the most important non-oxidic ceramic materials, is the

binary parent compound of nitridosilicates, and it symbolizes the

inherent material properties of these refractory compounds. However,
prior to the last decades, a broad systematic investigation of nitrido-

silicates had not been accomplished. In the meantime, these and related

compounds have reached a remarkable level of industrial application.
This review illustrates recent progress in synthesis and structure—
property relationships and also applications of nitridosilicates,

oxonitridosilicates, and related SiAIONs.

1. Introduction

With respect to occurrence, silicates dominate all other
compound classes on this planet. This is due to the fact that
silicon and oxygen are by far the most abundant chemical
elements, accounting approximately for three quarters of the
earth’s mass with respect to both crust and mantle. Silicate
minerals, such as enstatite, quartz, or plagioclase, are much
more prevalent than most other minerals."? Silicate-based
man-made accomplishments, such as pottery, glassware,
porcelain, cement, and concrete, or modern micro- or
mesoporous silicate materials, are symbols of the cultural,
technical, and scientific development on this planet. Even the
origin of life could possibly be traced back to a self-assembly
of biomolecules on silicate surfaces.> Until the 1950s,
silicate chemistry was more or less limited to variation of
complex Si/O substructures and their dimensionality and the
exchange of the electropositive counterions. Pursuing the idea
of an oxometalate-analogous chemistry of nitridometalates,
Juza et al. entered the field of nitridosilicates in 1953 by
studying the quasi-binary system Li;N-Si;N,.’l However, for
several decades, nitrides have only been of minor scientific
and technological relevance in comparison to the large and
manifold world of oxides. Then, the growing technological
impact of advanced non-oxidic materials boosted scientific
interest in high-performance ceramics, such as silicon nitride
(SisN,) or aluminum nitride (AIN).["® Partial substitution of
Si by Al and N by O in Si;N, led to the discovery of so-called
SiAlIONs by Oyama and Jack in the early 1970s.1% However,
it was not before the late 1980s that a broad synthetic
approach to the manifold world of nitridosilicates started to
develop.”! Typically, nitridosilicates do not occur naturally.
This finding is a direct consequence of the high oxygen partial
pressure and the omnipresence of water on our planet.
Furthermore, most solid oxides are more stable than nitrides
because chemical bonds to nitrogen are typically less stable
than bonds to oxygen. Thus, in the presence of water, bonds to
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nitrogen can undergo hydrolysis, unless a high degree of
condensation within the nitride kinetically prevents this
dissociation.””’ The only naturally occurring (oxo)nitridosili-
cate mineral is sinoite, Si,N,O, which however usually
originates from meteorites.'"'? The latter observation might
be an indication of the existence of other planets or asteroids
that are made up predominantly of nitridosilicates and/or
oxonitridosilicates owing to the absence of oxygen and the
presence of a higher nitrogen partial pressure.?

Creating synthetic nitridosilicates means much more than
simply substituting O by N in classical (oxo)silicates, because
introduction of nitrogen leads to significantly extended
structural possibilities. Typically, oxosilicates and nitridosili-
cates are made up of more or less condensed [SiO,] and [SiN,]
tetrahedra, respectively. However, unlike the structural
situation of oxygen in classical (oxo)silicates, nitrogen exhib-
its more varied crosslinking patterns in nitridosilicates. While
oxygen can only be terminally bound to Si (denoted as O™ or
is simply bridging (O, nitrogen occurs as NI/, NP NF! and
even ammonium-type N, connecting up to four neighboring
Si tetrahedral centers.'”! Furthermore, in nitridosilicates,
[SiN,] tetrahedra can share both common corners and
common edges, ™! while oxosilicates nearly exclusively con-
tain corner-sharing [SiO,] tetrahedra. The only exception
from the rule reported to date is fibrous SiO,, whose existence
has not yet been proven unequivocally." Another important
consequence of O/N substitution in silicates is the signifi-
cantly extended range for the degree of condensation «, that
is, the molar ratio Si:(O,N). The lowest value x ="'/, corre-
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sponds to non-condensed tetrahedral anions [SiO,]*" and
[SiN,]*~, while the maximum value is reached in case of the
binary species SiO, (x = '/5) and Si;N, (k =?/,), respectively. In
silicate chemistry, no higher x values seem possible as they
would lead to cationic silicate substructures that have never
been observed."2733) Substitution of O by N in silicates can
be accompanied additionally by substitution of Si by Al,
leading to so-called SiAlIONs (oxonitridoalumosilicates),
which by analogy to silicates are typically made up of [TX,]
tetrahedra (T = Al, Si and X = O, N). From a systematic point
of view, SiAlONs represent the superordinate class of
compounds, and oxosilicates, nitridosilicates, oxonitridosili-
cates, and nitridoalumosilicates are subgroups thereof. Con-
sequently, the manifold group of oxosilicates could be
interpreted to form a subset of the even more varied class
of SiAION:S.

Recently, Eu*"-doped nitridosilicates and oxonitridosili-
cates emerged as highly effective optical materials affording
phosphor-converted light-emitting diodes (pc-LEDs) based
on high-power primary blue GaN-based LEDs. These devices
have the potential to entirely replace both incandescent and
fluorescent lamps, with dramatic global energy-saving capa-
bility.'”)

As compared with oxosilicates, structures of nitridosili-
cates, oxonitridosilicates, and related SiAIONs can be even
more complex and varied. Therefore, in this contribution the
degree of condensation and the dimensionality of the
(oxo)nitridosilicate substructures are employed as means to
classify these compounds. The main emphasis of this review is
on recent synthetic advances and an understanding of
structure-property relations as well as applications of this
fascinating class of materials.

2. Synthetic Approaches

The binary parent compound of nitridosilicates is silicon
nitride (Si;N,).” It has increasingly gained relevance for the
development of ceramic materials for high-performance
applications owing to excellent thermal, mechanical, and
chemical stability combined with low density. Practical
applications include substrates for semiconductors on the
basis of Si;N, or high-temperature materials such as valve
tappets, turbochargers, and other refractory materials.”-!*
Furthermore, doping with rare earth metals can even improve
the mechanical properties of silicon nitride ceramics."")
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For a long time Si;N; had not been used as starting
material for the synthesis of multinary nitrides. A varied
chemistry, comparable to that of oxidic borates, silicates, or
phosphates, which derives by formal exchange of oxygen by
nitrogen, had not been established until the late 1980s.”-"
The most important reason for the lack of knowledge
concerning multinary nitridosilicates was the high chemical
and thermal stability of Si;N,. On one hand, this inertness is
an important precondition for an application of this ceramic
material in high-temperature and high-performance applica-
tions. On the other, its refractory properties seem to impede
significantly its employment as a starting material in chemical
syntheses.

2.1. High-Temperature Reactions

(Oxo)nitridosilicates can be synthesized by a broad
spectrum of different approaches. For example, MgSiN, was
prepared by reaction of the binary nitrides, MnSiN, from
metallic Mn, and RESi;N; (RE =rare earth element) by
nitriding two-phase alloys with composition RESi;. Fre-
quently, these classical reactions have been performed at
elevated temperatures in the range of 1550-1750°C; however,
silicon nitride (Si;N,) and moreover rare earth nitrides exhibit
only low chemical reactivity™! owing to low interdiffusion
coefficients in solid-state reactions. Therefore, synthetic
approaches leading to ternary and multinary (oxo)nitridosi-
licates had to be developed, abandoning the use of binary
nitrides and treating the pure metals with silicon diimide
(Si(NH),) instead. This approach proved to be successful for
the synthesis of a variety of nitridosilicates.'”! Silicon diimide
is an amorphous and still relatively undefined but reactive
compound, which is converted into amorphous Si;N, at
temperatures above 900°C. It is synthesized by ammonolysis
of SiCl, and represents an important precursor for the
technical production of Si;N, ceramics.® The reactions
between a metal and Si(NH), may be interpreted as the
dissolution of an electropositive metal in the nitrido-analo-
gous, polymeric “acid” Si(NH),, accompanied by H, evolu-
tion. Owing to an increase of the degree of condensation,
ammonia may be formed as a side product, which dissociates
into hydrogen and nitrogen at reaction temperatures above
1000°C [Eq. (1)]. In several cases, the degree of condensation
Kk (that is, molar ratio Si:N) increases and highly condensed
nitridosilicates (Si:N > 1:2) are formed.
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2Ca+551(NH)2%‘:C>Cazsist +5H, + N, 1)

However, there are also indications that a nitridation
process of the employed metals initially occurs, followed by
reaction with silicon nitride, which has formed by thermal
treatment of silicon diimide. Nevertheless, as two binary
nitrides are formed in situ, both of them exhibit sufficient
reactivity for subsequent formation of the desired ternary
nitridosilicate. One possible limitation of this approach is the
low boiling point of alkali metals, which moreover form no
stable binary nitrides (such as Na, K, Rb, Cs). Therefore, the
boiling point of the metal must not be too low as long as open
reaction systems are employed. Otherwise, the metal will
evaporate before reaction with silicon diimide has started.
Similar to the formation of Si;N, whiskers, a vapor-solid
(VS),”! vapor-liquid-solid (VLS),”? or liquid-solid (LS)
mechanism has been assumed for the formation of nitridosi-
licates.™ A specially developed radio-frequency furnace,
used for the inductive heating of the crucibles containing the
reaction mixture, is advantageous for obtaining high yields
and purities in these reactions (Figure 1).

Figure 1. Radio-frequency furnace during inductive heating of a tung-
sten crucible.
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Preparative amounts of nitridosilicates as coarsely crys-
talline single-phase products are accessible by this procedure
in short reaction times. This technique allows very fast heating
and high quenching rates (>200°Cmin ') of the high-
temperature products. For the selection of the crucible
materials (for example, tungsten, tantalum, graphite), specific
properties, such as chemical inertness and electronic con-
ductivity at high temperatures, have to be considered. Other
synthetic approaches have also been reported, for example,
the synthesis of Sr,SisNg seems possible at temperatures of
about 1400-1500°C using the method of carbothermal
reduction and nitridation (CRN) of oxides.””! However, the
CRN approach may lead to a considerable amount of residual
carbon within the synthesized products, possibly influencing
material properties.

2.2. Flux Methods and Precursor Routes

Recently, novel synthetic approaches to (oxo)nitridosili-
cates at lower temperatures (< 1200°C) have been reported.
A flux technique utilizing metallic sodium afforded the
synthesis of BasSi,Ng at surprisingly low temperatures (ca.
760°C).*" The employment of liquid sodium as a fluxing
agent and decomposition of sodium azide as nitrogen source
also resulted in the synthesis and structural elucidation of the
nitridosilicates MSiN, (M = Ca, Sr, Ba).*® However, limita-
tions occur owing to the boiling point of the flux or the use of
closed reaction systems (such as tantalum ampoules) hamper-
ing large-scale processing. Recently, a modified flux approach
for the synthesis of nitridosilicates utilizing liquid lithium was
reported. The reactions were conducted in closed tantalum
crucibles at temperatures of about 900 °C. The ability of liquid
lithium to dissolve a variety of metals,”® inorganic salts, and
even complex anions (for example [CN,]*")?” opened the
door to a number of new nitridosilicates.”*) Crucial for
syntheses of nitrides in liquid alkali metals seems to be a
significant solubility of nitrogen, which is even enhanced
when alkaline earth metals are added.®

Ammonothermal approaches at low temperatures (500-
700°C) have been successfully applied for the preparation
and crystal growth of binary nitrides AIN or GaN.’** By
contrast, analogous low-temperature solution-based synthetic
approaches leading to multinary nitridosilicates have scarcely
been investigated. Recently, the synthesis of CaAlSiN;
starting from a presynthesized CaAlSi alloy has been
reported at temperatures of 500-800°C by reaction in super-
critical ammonia and subsequent thermal annealing. Opti-
mized yields have been achieved by addition of NaNH, as a
mineralizer.*”)

Recently, precursor approaches gained increasing impor-
tance in the synthesis of nitridosilicates. The use of micro-
crystalline metal amide precursors M(NH,), (M = Sr, Ba, Eu)
and reaction with silicon diimide yielded M,SisNy at temper-
atures as low as 1150°C.*¥ These precursors have been
synthesized previously by dissolving and reacting the respec-
tive metals in supercritical ammonia. The amides have proven
to be excellent starting materials for the synthesis of
nitridosilicates owing to their high reactivity and thermal
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decomposition feasibility, producing solely metal nitrides and
imides. Additionally, this ammonothermal approach enabled
one-pot synthesis of single-source precursors for nitridosili-
cates.’”) Moreover, these “low-temperature” approaches
revealed a major influence upon material properties (for
example, particle size and morphology).*>!

3. 1D Nitridosilicates

A variety of distinct phases has been claimed for the
system Li;N-Si;N,, for example, LiSi,N;P** Li,SiN, ¥
LisSiN,, P LigSiN,, B3 Li,¢Si;N,,, and Liy Si;N;,.?”) From a
structural point of view, ternary lithium nitridosilicates have
been incompletely characterized, as no detailed structural
data can be found in the literature for these compounds, with
the exception of LiSi,N;** and Li,SiN,¥ (see Section 5.1).
Lithium nitridosilicates are lithium ion conductors (see
Section 7.3), and LigSiN, exhibits the highest lithium ion
conductivity in this group of compounds investigated to
date.™ This might be due to the fact that LisSiN, is supposed
to contain orthosilicate-type non-condensed [SiN,]*~ tetrahe-
dra.”¥! However, satisfactory structural data are not avail-
able for this compound. To date, the only known orthosilicate-
type (oxo)nitridosilicate contains [SiN;O]"~ ions.***?! Accord-
ingly, group-type silicates made up from edge-sharing
[Si,Ng]'">~ double tetrahedra (Figure2a) represent the
lowest degree of condensation characterized by single-crystal
X-ray diffraction in pure nitridosilicates. Analogous anions
have been identified in CasSi,N;, Ca;[NbSi,Ny],*!
BasSi,Ng,? and Li,M,Si,N, with M = Ca, Sr.’**! In contrast
to oxosilicates, edge-sharing [Si,N¢]'"~ double tetrahedra and

a) b)

c)

d)

Figure 2. a) Isolated, edge-sharing double tetrahedra in CasSi,N,, Ca;-
[NbSi,Ng],*! BasSi,Ng,? and Li,M;Si,Ng with M= Ca, Sr;?*4 b) iso-
lated dreier rings in PrsSeq[Si;No];1**! c) infinite single-chain in
Eu,SiN;*" and d) edge-sharing double chain in LiCa,Si,Ns.”®!
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ring-type ions in PrySeq[Si;Ny] (Figure 2b) are the only motifs
known in nitridosilicates exhibiting a finite dimension.™!
Generally speaking, the majority of hitherto investigated
nitridosilicates are three-dimensionally condensed frame-
work silicates that have been obtained in high-temperature
reactions starting from the respective metals and silicon
nitride or silicon diimide (Si(NH),). Consequently, the
structural variety of chain-like and layer-like structures is
still minor compared to oxosilicates.!] Recently, the use of
low-temperature approaches led to a considerable number of
unprecedented structure types, such as non-branched single-
chains observed in Li;RE:Si,N,, (RE=La, Ce)* and
Eu,SiN;, where the latter exhibits a maximum stretching
factor of the chains of 1.0 (Figure 2¢).*"* In LiCa;Si,N;, two
zweier single-chains are connected by common edges, forming
a double-chain-type arrangement (Figure 2 d).”*
Interestingly, branched chain-type nitridosilicates
RE;Si;N, with RE=La, Ce, Pr and La[SizN,][SiON;],
(Figure 3a) have been synthesized by high-temperature

a)

b)

Figure 3. a) Branched chain in RE;Si;N, with RE = La, Ce, Pr***" and
b) branched chain with linking edge-sharing tetrahedra in La;¢[SigNy,]-
[SION,,.*"

reactions in a radio-frequency furnace.***>! For RE;Si;N,,
these zipper-like branched chains are intertwinned in both
directions perpendicular to the chain itself to form a three-
dimensionally interlocked structure with the rare earth ions
situated between the chains. Apart from non-condensed
[SiON;]’~ tetrahedra, the structure of La;s[SisN,,][SiON;], is
made up of both corner-sharing and edge-sharing [SiN,]
tetrahedra with additional Q'-type [SiN,] groups®™ attached
to all non-edge-sharing tetrahedra of the chain (Figure 3b).
As expected, all less condensed nitridosilicates discussed in
this section are moisture sensitive and undergo rapid hydrol-
ysis on exposure to air. This might be due to the missing
kinetic prevention of hydrolysis in less condensed nitridosi-
licates compared to more stable highly condensed represen-
tatives.
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4. 2D Nitridosilicates

Regarding the isoelectronicity of SiO, and [SiN,]*", it
could be assumed that similar structures exist for the series of
nitridosilicates MSiN, with M =7Zn, Mn, Be, Mg, Ca, Sr,
Ba.>%8 However, owing to the more varied connectivity
patterns of [SiN,] tetrahedra (vertex sharing, edge sharing,
N N2 N and even ammonium-type N) compared to
[SiO,] tetrahedra (only corner sharing, O}, O?!), compounds
of the formula type MSIN, exhibit alternative structures with
a remarkable diversity. The larger ions Sr** and Ba”* seem to
favor layer-like structures,™ whereas MSiN, with M =Zn,
Mn, Be, Mg, or Ca represent framework silicates (see
Section 5.1). The structures of SrSiN, and BaSiN, are
depicted in Figure 4. Pairs of [SiN,] tetrahedra share edges
to form “bowtie” [Si,Ng¢] units, as previously identified in
M;Si,Ng (M = Ca, Ba).**! These units condense by vertex
sharing to form puckered two-dimensional sheets surrounded
by cations. Accordingly, SrSiN, and BaSiN, are new types of
layered silicates that have no analogues in oxosilicate
chemistry.

a’ T A_A

Figure 4. Layer-like structures of a) SrSiN, viewed along [100] and
b) BaSiN, viewed along [010].”!

The structure of SrSiN, is closely related to that of BaSiN,,
but apparently, decreasing the size of the alkaline earth ion
from Ba®" to Sr’" causes distortion of the layers of corner-
linked [Si,N4] units while lowering the symmetry.”! Recently,
three-dimensionally condensed high-pressure modifications
of SrSiN, and BaSiN, have been predicted by density-
functional methods."”

The oxonitridosilicate CaSi,O,N, exhibits an unexpected
structure. According to the empirical formula and the
respective degree of condensation of x ="'/, a three-dimen-
sional framework structure of corner-sharing [SiX,] tetrahe-
dra (X =0, N) would be expected. However, CaSi,O,N, is a
layer silicate composed of [SiON;] tetrahedra of the type
Q°.1! The unusual composition of the corrugated layer anion
[Si,O,N,]*~ originates from the fact that in this compound
each N atom, unlike O in oxosilicates, connects three
neighboring Si tetrahedron centers (NP!), whereas the O
atoms are exclusively terminally bound to Si (O). The
[Si,O,N,]*~ layers in CaSi,O,N, are assembled from con-
densed dreier rings, a building unit which is unknown in purely
oxidic layer silicates and very rare in highly condensed
oxosilicates (see Figure 5). The closely related (but not
isotypic) structure of MSi,O,N, (M =Eu, Sr) exhibits similar
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Figure 5. Crystal structures of MSi,O,N, with M =Ca, Sr, Ba. Top:
Viewed along the silicate layers; middle: dreier and zweier single chains
indicated by arrows viewed perpendicular to the silicate layers (tetrahe-
dra with vertices up dark blue, with vertices down light blue); bottom:
coordination of the metal sites to O (red) and N (blue).

metal positions but different silicate layers with analogous O/
N ordering.®*? The layers differ in the up/down sequence of
the [SiONj] tetrahedra. In contrast, BaSi,O,N, exhibits a
silicate layer topology similar to SrSi,O,N, but with different
metal coordination sites (Figure 5).1! Nevertheless, mixed
solid-solution series have been synthesized, exhibiting prom-
ising luminescence properties upon doping with Eu®" (see
Section 7.5).! The structural relationship between the min-
eral sinoite (Si,N,O) and SrSi,O,N, can be illustrated by a
formal topochemical intercalation of SrO into sinoite.[*”

The formal substitution of further O into the layers of
highly condensed dreier rings in MSi,O,N, type compounds
leads to elimination of tetrahedra and partial enlargement of
the ring sizes; the layer-like structure is conserved but
additional sechser rings are formed. Note that the so-formed
bridging sites X" are exclusively occupied by oxygen in
accordance with Pauling’s second rule (Figure 6a). Accord-
ingly, the nitridosilicate substructure of M;SisOyN, (M = Ba,

(AL X

D
N

V’V

A

Figure 6. a) Layer-like structure of M;SizOsN, with M =Ba, Eu and
b) M;SigO,N, with M =Sr, Ba, Eu. Tetrahedra with vertices up are
illustrated in light gray and those with vertices down in dark gray.
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Eu)"®! is related topologically to the structure of CaSi,O,N,
by omitting tetrahedra in an ordered fashion.

In contrast, the crystal structure of layered M;SizO,,N,
(M =Sr, Ba, Eu; Figure 6b) can be derived from the structure
of B-Si;N,.°>*"l In silicon nitride, isosteric SigN,, layers are
linked in the third dimension through [SiN,] tetrahedra. A
formal derivation of the structure of M;SigO;,N, from that of
[-Si;N, can be achieved by separation of the SigN, layers in f3-
Si;N, and subsequent intercalation of metal ions. Oxide ions
that are not connected to Si were found in the oxonitridosi-
licate oxide Ce,[Si;O4Ng]O, which is built up from large
complex tetrahedral cations [Ce,O]'*" and an anionic poly-
meric network [Si;O,Ng]'" formed by exclusively vertex-
sharing [SiON;] tetrahedra./®® Though this compound is cubic,
its [Si,O,N¢]""" network can be classified as a layer silicate
with a molar ratio Si:(O,N)=2:5. In this specific case, a
hyperbolically corrugated topology of the layers is observed,
which has been correlated to periodic nodal surface repre-
sentatives. The periodic nodal surface FYxxx envelops the
large tetrahedral cationic complexes [Ce,O]'*" (see Figure 7).

Figure 7. a) Crystal structure of Ce,[Si;O4N¢]O viewed along [111]. The
periodic nodal surface FYxxx envelops the large tetrahedral cationic
complexes [Ce,O]'"" (dark gray). b) Topological representation of the
layer-like structure in Ce,[Si;O4Ng]O (only the Si tetrahedral centers are
depicted and connected to each other), viewed along [100]. The
network contains small Si;N; rings, large Si;sN;s rings (emphasized by
bold lines), and infinite 2, helices of alternating Si and N atoms
running along [100].1¥

5. 3D Nitridosilicates
5.1. Tectosilicates

Silicon nitride is one of the most important non-oxidic
ceramic materials. With respect to its sintering properties, the
high-pressure behavior of a- and B-Si;N, is of particular
interest, and it has been investigated over a wide range of
pressure and temperature. In 1999, a new spinel-type
polymorph of Si;N, was reported (c-Si;N,, y-Si;N,), prepared
by treating the low-pressure polymorphs or by direct synthesis
from the elements under high-pressure (between 10 to 13
GPa) and high-temperature (1800°C) conditions.*”) Further-
more, y-Si;N, was also reported to occur as a result of shock-
wave treatment of low-pressure silicon nitride polymorphs.”
In v-Si;N,, two thirds of the silicon atoms are octahedrally
coordinated and one third remains tetrahedrally coordinated,
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resulting in solely four-fold crosslinking ammonium-type N
atoms. According to the formula (Si®),(Sil¥IN,), this high-
pressure polymorph can be classified as a silicon nitridosili-
cate."? To further elucidate the relationship between the
crystal structure and the mechanical and thermal properties
of y-Siz;N,, extensive first-principles calculations were carried
0ut'[71—74]

As already mentioned, the series of nitridosilicates MSiN,
exhibits an unexpected structural diversity. Nevertheless,
compounds MSIN, with M=Zn, Be, Mg, Mn crystallize
isotypically in a three-dimensional network with vertex-
sharing [SiN,] tetrahedra, forming condensed [SisgN¢] ring
structures building up a cation-ordered wurtzite-type struc-
ture (see Figure 8).°>% Similar structures have been found in
LiSi,N;, Li,SiO;, and silicon nitride imide Si,N,(NH). The

Figure 8. a) Wurtzite-derived structure of MgSiN,®% compared with
b) the cristobalite-derived structure of CaSiN,.*!

latter compound has been synthesized by ammonothermal
methods.**>7 In both LiSi,N; and Si,N,(NH), parallel layers
of condensed [SigNg] rings connected through bridging nitro-
gen atoms can be observed, which is analogous to Si,N,O or
SiPN;.77 Li* jons in LiSi,N; occupy the remaining tetrahe-
dral sites, completing the wurtzite structure. Reactions of
NaNH, and Si;N, yielded the isotypic compound NaSi,N;."

In the past few years, several attempts have been reported
to determine the crystal structure of Li,SiN,, a promising
lithium-ion-conducting material.’** Recently, the structure
was solved unequivocally from single-crystal X-ray diffraction
data.®® The nitridosilicate network is built up from super-
tetrahedra (heteroadamantane groups [Si,Ng]N,,) made up of
vertex-sharing tetrahedra forming two interpenetrating cris-
tobalite analogous nets (Figure 9). The asymmetric unit of
Li,SiN, consists of one [Si,N¢]N,, group and eight symmetri-
cally independent Li* sites. Short Li—Li distances and
coordination numbers 3 and 5 for Li* allowed possible Li*
pathways to be considered for this material.*®!

The structure of CaSiN, contains vertex-sharing [SiN,]
tetrahedra, as already mentioned above (see Figure 8). The
tetrahedra are linked to form a three-dimensional stuffed
cristobalite-type framework that is isostructural with that of
KGaO,. The arrangement of the vertex-linked tetrahedra in
CaSiN, is the Dl-type tilting distortion variant of the
idealized C9-type P-cristobalite framework."®! Figure 8 com-
pares the structure of CaSiN, with that of MgSiN,, showing
that the orientation of the [SiN,] tetrahedra in MgSiN, results
in a non-centrosymmetric structure, as found for the wurtzite
archetype. Recently, density-functional calculations proposed

Angew. Chem. Int. Ed. 20m1, 50, 77547775


http://www.angewandte.org

Nitridosilicates

a)

Figure 9. a) One branch of the [Si;N¢N,/, network of Li,SiN,. b) Crys-
tal structure of Li,SiN,; [SiN,] units are depicted as closed gray
polyhedra, N black spheres, Li* gray spheres.t®

several hitherto unknown high-pressure polymorphs of
MSiN, with M =Be, Mg, Ca.l*

The quaternary lithium alkaline earth nitridosilicates
Li,MSi,N, with M=Ca, Sr form an established network
structure.™ In this case, the structure is closely related to that
of BaAlLS,, BaGa,S,, and the high-pressure modifications of
the borates MB,O, (M=Ca, Sr), which are reported to
crystallize in Net 39.%%1 The cubic structure is built up from
exclusively vertex-sharing [SiN,] tetrahedra forming a three-
dimensional network comprising the alkaline earth and
lithium ions in the voids. Dreier rings of [SiN,] tetrahedra
are connected by vertices, forming siebener rings (Figure 10).

Figure 10. Crystal structure of Li,MSi,N, with M=Ca, Sr. a) Viewed
along [100]. b) Building unit of the Si/N substructure of Li,MSi,N,.
The [SiN,] tetrahedra form dreier rings, four of them build up siebener
rings.

The family of M,SisNg with M = Ca, Sr, or Ba (known as
the 2-5-8 materials) is a prominent example of nitridosilicates,
because upon doping with Eu*", they are used industrially in
pc-LEDs as highly efficient red-to-orange emitting lumines-
cent materials (see Section 7.5).1%%1 M,SisNg with M = Sr,
Ba,™ and Eul" crystallize isotypically in the space group
Pmn2,. The crystal structure is based on a network of corner-
sharing [SiN,] tetrahedra in which half of the nitrogen atoms
connect two (N?) and the other half connect three neighbor-
ing Si atoms (NP!). The [SiN,] tetrahedra form corrugated
layers of highly condensed dreier rings with NF! atoms. These
layers are three-dimensionally interconnected through fur-
ther [SiN,] tetrahedra (Figure 11). Carrying the higher formal
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Figure 11. Crystal structure of M,SisNg (M =Sr, Ba, Eu). a) Viewed
along [100]; corrugated [SiN,] layers gray, interconnecting [SiN,]
tetrahedra black, metal ions gray spheres, nitrogen black spheres.

b) View showing layers of condensed dreier rings; [SiN,] tetrahedra up
(gray), down (black).

charge, the NP atoms mainly coordinate the metal ions, which
are situated in channels formed by sechser rings.

Ca,SisNg is composed of vertex-sharing [SiN,] tetrahedra
exhibiting a similar network compared to M,SisNg (M =Sr,
Ba, Eu) in which half of the nitrogen atoms connect two and
the other half connect three silicon atoms. However, it
crystallizes in the monoclinic space group Cc and differs in the
distribution of the Si/N ring sizes. Furthermore, significantly
less corrugated layers have been observed compared to
M,SisNg (M =Sr, Ba, Eu; Figure 12).
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Figure 12. Crystal structure of Ca,SisN;. a) Viewed along [100]; corru-
gated [SiN,] layers gray, interconnecting [SiN,] tetrahedra black, metal
ions gray spheres, nitrogen black spheres. b) View of layer of con-
densed dreier rings; tetrahedra up (gray), down (black).
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Although Ca,SisNg exhibits a rigid three-dimensional
network, a high-pressure (HP) phase transition has recently
been observed. In this context, HP-Ca,SisNg has been
obtained by means of high-pressure high-temperature syn-
thesis utilizing the multi-anvil technique starting from the
ambient-pressure phase of Ca,SisNg.”! HP-Ca,SisNg can be
described as a centrosymmetric variant of the non-centro-
symmetric ambient-pressure modification, exhibiting signifi-
cantly more strongly corrugated layers of [SiN,] tetrahedra
(see Figure 13). Even though the structures of ambient-
pressure Ca,SisNg and HP-Ca,SisN; are closely related, the
phase transformation is reconstructive and occurs neverthe-
less at quite low temperature and pressure (900°C, 6 GPa).
However, the activation energy for the retransformation into
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Figure 13. Crystal structure of HP-Ca,SisN;. a) Viewed along [100];
corrugated layer gray, interconnecting [SiN,] tetrahedra black, metal
ions gray spheres, nitrogen black spheres. b) View showing layer of
condensed dreier rings; tetrahedra up (gray), down (black).

the ambient-pressure phase is large enough to render HP-
Ca,SisNg metastable at normal pressure.

Solid-solution series of the 2-5-8 phases are also widely
known, resulting in a number of compositions (also Al/O
incorporation), which upon doping with Eu, Ce, Tb exhibit
promising luminescence properties for applications in white
pc-LED:s (see Section 7.5).1%%%

LaSi;N5 has been obtained by the reaction of Si;N, and
La,0; at 2000°C and 725 psi (50bar) N, pressure.”
Nitridation of two-phase alloys RESi; led to RESi;Ny with
RE = Ce, Pr, Nd.®® The structure is built up exclusively of
vertex-sharing [SiN,] tetrahedra forming vierer rings, which
are interconnected by chains of [SiN,] tetrahedra, forming a
three-dimensional network (Figure 14a). According to the
molar ratio of Si:N =3:5, two fifths of the nitrogen atoms
connect three silicon atoms (NPI), whereas three fifths are
connected with two silicon atoms (N2,

Figure 14. a) Crystal structure of LaSi;Ng (viewed along [100], vierer
rings dark, interconnecting [SiN,] tetrahedra light gray, metal ions gray
spheres, nitrogen black spheres. b) Crystal structure of Sm;SigN;;
viewed along [001]; [SiN,] tetrahedra light gray, metal ions gray
spheres, nitrogen black spheres.

Sm;SigN;; was first synthesized from Gaudé et al. starting
from SmN and Si;N,.””! Compounds with the same formula
type were further studied comprehensively by Schlieper et al.
and Woike et al., who reported synthetic approaches starting
from the respective metals and Si(NH), as well as the reaction
of the silicides RESi, with N,."**! The three-dimensional
network consists of vertex-sharing [SiN,] tetrahedra, whereas
nine nitrogen atoms form simple Si—N™-Si bridges and two
of them connect three silicon atoms (NP). This results in
layers of vierer and achter rings of [SiN,] tetrahedra, which are
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stacked along [001] and connected by double tetrahedra
bridging the achter rings (Figure 14b). Although BaEu-
(BaysEuy5) YbSigN,; exhibits the same molar ratio regarding
the anions [SigN;;]°~, a completely differing network topology
was observed.'® This might be due to the appearance of
Ba’" Eu**, and Yb*" in one and the same compound. The
structure consists of two symmetrically independent [N-
(SiN3);] units that are built up of three [SiN,] tetrahedra
connected by a shared nitrogen atom (NP!). Further bridging
nitrogen atoms N?! establish the three-dimensional nitridosi-
licate network. With Ba,_,Ca,SigN,;,O an isotypic compound
has been reported, whereas the smaller negative charge of the
lattice is balanced exclusively with alkaline earth ions.!'""
MSi,N,, (M = Sr, Ba) was the first nitridosilicate with both
edge-sharing and corner-sharing [SiN,] tetrahedra.l'>!%!
Every fifth nitrogen connects two Si centers (N), and the
remaining nitrogen atoms bridge three Si atoms (NP!). The
vertex-sharing [SiN,] tetrahedra are arranged in nearly
coplanar, slightly corrugated layers of highly condensed
dreier rings perpendicular to [010]. Additionally, these
layers are bridged by parallel vierer single chains along
[001] in which every second connection between neighboring
[SiN,] tetrahedra is through common edges (Figure 15).

Figure 15. Crystal structure of MSi;N,, (M =Sr, Ba). a) Viewed along
corrugated [SiN,] layers (gray) and interconnected by [SiN,] vierer
single chains (black); metal ions gray spheres, nitrogen black spheres.
b) View showing layers of condensed dreier rings; [SiN,] tetrahedra up
(gray), down (black).

Therefore, edge sharing does not seem to compete with
vertex sharing, probably owing to the lower ionic bonding
character in nitridosilicates, in contrast to the more ionic
character of the Si—O bonds in oxosilicates. Within the group
of the hitherto known ternary nitridosilicates, MSi;N,, with
M = Sr, Ba adopt the most highly condensed ternary frame-
work structure. The molar ratio Si:N =1:1.43 reaches almost
the value of binary Si;N, (1:1.33).

While the chemistry of oxosilicates is limited to terminal
oxygen atoms and simply bridging O atoms, nitridosilicates
exhibit a much broader range of structural arrangements, as
shown in the previous examples. Thus, apart from edge
sharing of [SiN,] tetrahedra also NI, N and N atoms are
known. One rare example of even fourfold coordinating
nitrogen atoms is MYbSi,N; with M =Eu, Sr, Ba)l’"1041%]
which Si—N network structure is built up from star-shaped
[N(SiN;),] building blocks. The central nitrogen atoms of
theses building blocks bridge four neighboring Si atoms (NI*)
and thus exhibit ammonium-type character (Figure 16). By
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Figure 16. Crystal structure of MYbSi;N, (M =Eu Sr, Ba). a) Viewed
along sheets of highly condensed dreier rings [100]; [SiN,] layers gray,
metal ions large black and light gray spheres, nitrogen small black
spheres. b) [N(SiN;),] building block with NI,

connecting these groups through common NP atoms, a
stacking variant of the wurtzite analogous aluminum nitride
structure is formed. Systematic elimination of tetrahedra
from this arrangement along [100] leads to the formation of
sechser ring channels, containing M?*' and Yb®" ions
(Figure 16). More recently, Li et al. reported the isostructural
compound EuYSi,N;;%! furthermore, SiAION substitutional
variants MRE[Si,_,AL,O,N,_,] with M =Eu, Sr, Ba and RE =
Ho-Yb have been reported by Lieb et al.'”"!

The formal substitution of four-fold coordinated nitrogen
by carbon in nitridosilicates of formula type MYbSi,N; has
also been reported. Reaction of the respective lanthanide
metals with carbon and Si(NH), led to isostructural com-
pounds RE,[Si,NsC] with RE=Y, Tb, Ho, Er.l'%*"% The
structure contains a condensed network of corner-sharing,
star-like [C(SiN3),] units. Apparently, the range of composi-
tion of nitridosilicates can be extended by the substitution of
N by C, leading to carbidonitridosilicates.

Apart from remarkable structural features, such as edge
sharing of [SiN,] tetrahedra and four-fold coordinated nitro-
gen atoms, reduced nitridosilicates with Si—Si bonds (with
oxidation number Si < 4) are also known. Nitrides of formula
type MSigN; with M = Sr, Ba are partially reduced compounds
with a silicate substructure containing Si in oxidation states
+1II and +IV.'"" "2 The framework structure differs sig-
nificantly from any other known silicate structure, as it does
not comprise a strictly alternating sequence of Si and X atoms
(X=0,N). Actually, [SiN,] tetrahedra and disilane analogous
N;Si—SiN; entities, in which each nitrogen atom bridges three
silicon atoms, occur in MSigNg with M = Sr, Ba. Therefore, it
contains additional Si—Si single bonds (235.2(2) pm), similar
to the covalent Si—Si single bond in elemental silicon (Fig-
ure 17a,c). From the reaction of BaCO; and Si(NH),, the
oxonitridosilicate BaSisNz;O was obtained, which crystallizes
in a structure which is homeotypic with that of MSigNs.
Comparing the tetrahedra frameworks of the two compounds,
it is evident that in the oxonitridosilicate, an oxygen atom is
formally inserted into the Si—Si bond, thus leading to two
vertex sharing tetrahedra. Moreover, this results in the
formation of exclusively tetravalent silicon with [SiONj]
tetrahedra along with [SiN,] tetrahedra (Figure 17b,d).
SiAION Sr,AlSi;, (N O,, (x=2) exhibits an isotypic
structure, therefore the analogous silicon atoms are also
bridged by oxygen atoms.!?!
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c) d)

Figure 17. Comparison of the crystal structures of a) MSigNg (M =Sr,
Ba) and b) BaSisN;O. Viewed along [001]. c,d) Comparison of the
silicon surroundings in c) MSigNg (M =Sr, Ba) and d) BaSigN;zO.

5.2. SiAINs

Apart from oxosilicates, nitridosilicates, and oxonitrido-
silicates, there is an extension that further augments the
structural diversity in silicate chemistry. Partial formal sub-
stitution of silicon by aluminum leads to nitridoalumosilicates,
which have been scarcely investigated to date.

Wartzite-type related structures for nitridoalumosilicates
have been reported for MAISiN; with M = Be, Mg, Mn and
Cal""with structures that are closely related to that of LiSi,N;
(see Section 3.1).1%1 CaAISiN; in particular, the most recently
discovered Sr analogue and the solid-solution series (Ca,Sr)-
AIlSiN;, have been intensively investigated as host lattices to
be used in white light pc-LEDs when doped with Eu®" or Ce*"
(see Section 7.5). CaAlSiN; is built up of a three-dimensional
network structure comprising [(Si,Al)N,] tetrahedra where
one third of the nitrogen atoms connect two Si (N?!) and the
remaining two thirds (N®!) connect three tetrahedral centers
(Figure 18). The Al and Si atoms are randomly distributed on
the same tetrahedral sites forming (Si,Al)¢N¢ rings. The
structure of CaAlSiN; can be regarded as a superstructure
variant of the wurtzite-type binaries AIN or GaN.

The nitridoalumosilicate SrAlISiyN; contains a highly
condensed network structure built up of [SiN,] and [AIN,]
tetrahedra.''! SrAlSi,N; (no structural relation to MYbSi,N,

A
AAALAAA

Figure 18. Structure of CaAlSiN;. a) Viewed along [001], Ca light gray
spheres, [SiN,] tetrahedra gray. b) View showing layers of condensed
dreier rings; [SiN,] tetrahedra up (gray), down (black).
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(M =Sr, Ba; see Section 5.1) is a nitridoalumosilicate featur-
ing infinite one-dimensional chains of edge-sharing tetrahe-
dra that are most probably centered solely by aluminum.
Particularly interesting is the geometric situation inside these
chains, which are almost linear. These trans-linked chains are
connected exclusively through common corners with the
highly corrugated [SiN,] layers forming a three-dimensional
network (Figure 19), pervaded with channels alongside the
chains. The channels host two different Sr*" positions that are
coordinated by irregular polyhedra made up of six or eight
nitrogen atoms.

Figure 19. a) Structure of SrAISi,N; viewed along [001]; chains of edge-
sharing tetrahedra are marked in black, Sr gray spheres, [SiN,]
tetrahedra light gray. b) Strand of edge-sharing tetrahedra viewed
along [100].

Ba,AlSisN, is a type of network structure built up of
[(Si,A)N,] tetrahedra, which are connected by bridging N
and N®J atoms."”! It consists of highly condensed layers of
exclusively vertex-sharing dreier rings exhibiting an unusual
up/down sequence of the tetrahedra, compared to layer
silicates such as MSi,O,N, (M = Ca, Sr, Ba, Eu; see Section 4)
and also to partial structures in other frameworks such as
M,SisNg (M = Ca, Sr, Ba; see Section 5.1). The silicate layers
are interconnected by dreier rings made up of exclusively
vertex-sharing tetrahedra that are condensed through two
shared corners, building up one vierer ring per pair (see
Figure 20). The layers are further interconnected by a second
kind of vierer rings made up of two vertex-sharing pairs of
edge-sharing tetrahedra [(Si,Al),N¢] (see Figure 20b,c). This

R MR

Figure 20. a) Structure of Ba,AlSisN, viewed along [100]; interconnect-
ing dreier and vierer rings black, Ba gray spheres, [Al/SiN,] tetrahedra
light gray. b) Interconnecting dreier and vierer rings. c) View upon
layers of condensed dreier rings; [SiN,] tetrahedra up (gray), down
(black).
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kind of vierer ring motif is rather unusual and has not been
observed in other nitridosilicates to date. However, the
nitridogallate Sr;Ga;N5 contains an isoelectronic variant of
such vierer rings.'™ In the resulting voids of the network,
there are eight different Ba®" sites with coordination numbers
between 6 and 10.

Recently, Ottinger et al. reported CasSi,Al,Ng, which
contains a three-dimensional network of both edge- and
vertex-connected tetrahedra [TN,] with T=Al, Sj.[14119120]
The building units are exclusively edge-sharing double
tetrahedra [T,Ng]. Perpendicular to the [001] direction, the
[ALNg] units form sheets connected by [Si,N4] double
tetrahedra with NF! in which the [AIN,] tetrahedra are
arranged forming sechser rings (see Figure 21).

Figure 21. a) Structure of Cas[Si,Al,N,] viewed along [010], double
tetrahedra of [Si,Ng] gray, [Al,Ng] black, Ca gray spheres. b) Layer of
edge-sharing [Al,N¢] units viewed along [001].

Further three-dimensionally condensed SiAIN com-
pounds with more complicated structures are reported for
Ca,SiALN,,M4120 T3 S ANy 02U Li ALy, 5,81, N, (1<x<
3),1% and filled types analogously to the a-Si;N, structure.['”]

5.3. SIAIONss

Oxonitridoalumosilicates (SiAIONSs) are related to silicon
nitrides or nitridosilicates by partial substitution (Si/N) by
(AV/O). For ceramic applications, such SiAIONs have fre-
quently been synthesized by hot-press techniques, and the
first members of this class of compounds were obtained from
the reaction of Si;N, and AL,O;.”? From a structural point
of view, the latter SiAIONs derive mainly from a- and 3-Si;N,.
However, in the meantime, several SiAIONs with anionic
networks and additional cations have also been described.
Interestingly, some of them are isotypic with known nitrido-
and oxonitridosilicate structures, for example, SrErSiAls-
O:N,® and MRESi, ,ALLON, . with M=FEu, Sr, Ba and
RE =Ho-Yb!" (both isotypic to MYbSi,N, with M =Sr,
Ba),ll*1%I Nd,SisAION, '/ (isotypic to RE;SigN;; with RE =
La, Ce, Pr, Nd, Sm),’***1v,Si,  ALO;, N, ['*! (isotypic to
melilite type Y,Si;0;N,), S5, ALSi ;> (Nig O, With x =201
(isotypic to BaSigNg0),'?! or SrSiALO,N, (isotypic to
RESi;N; with RE = La, Ce, Pr, Nd).'"

Whereas other SiAIONs are structurally related to
oxosilicates ,['*) several representatives exhibit unique struc-
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ture types, such as Sr;RE;(Si;zAl;,O3N3 (RE = Ce, Pr, Nd),
which consist of a three-dimensional network of vertex-
sharing [SiON;], [AION;], and [SiN,] tetrahedra.l*! Typical
building blocks of the crystal structure are double dreier rings
formed by three [SiON;] and three [AION;] tetrahedra
connected by bridging O atoms (see Figure 22). These

Figure 22. a) Double dreier rings [Si;Al;0;Ng] in Sr;RE;(Si;pAl;;015N 36
(RE=Ce, Pr, Nd). b) Three-dimensional network in
Sr3RE;SiigAl,015N5¢ (RE=Ce, Pr, Nd). The [SiONj] units are depicted
in dark gray, [AION;] as white tetrahedra with gray hatching, and [SiN,]
tetrahedra as darkly hatched polyhedra.

double dreier rings are further connected through [SiN,]
tetrahedra, building up a three-dimensional network incor-
porating large tetrahedral cations [(St/RE),O]. In this case a
crystallographic differentiation of Si/Al and O/N seemed
possible owing to a careful evaluation of single-crystal X-ray
data combined with lattice energy calculations and powder
neutron-diffraction data.!™!

Two-dimensionally ordered anionic structures have been
observed in Sr;,Sm¢Siz;Al4O,Ns,, which exhibit a capped
double-layer structure formed by vertex-sharing [SiON;],
[SiN,], [AION;], and [AIN,] tetrahedra building up large
channels running along [001]."*" More complex SiAION
structures are known, for example in
SrsAls.,Siy;_Nis_ O, :Eu*™ (with x~0), which exhibits a
complex intergrowth structure consisting of highly condensed
dreier ring layers alternating with sechser ring layers that
include both vertex- and edge-sharing [(Si,Al)(O,N),] tetra-
hedra. Both layer types exhibit pseudo-translational symme-
try, which leads to a more or less pronounced disorder of the
sechser  ring  layers!™  Recently, the SiAION
(St1-.Ca) 11 16y-2522(Sii AL )16(N; :O,)s (x20.24, y~0.18,
7~0.19)"* was reported in which the anionic part of the
structure is built up from highly condensed dreier ring layers
extending parallel to the [100] direction and interconnected
by common N and O atoms.

This review can give only a small impression of the
versatile class of SiAIONs. Generally, the main problem with
the experimental characterization of SiAIONs by X-ray
diffraction methods is the similarity of the atomic form
factors of O and N and of Al and Si, respectively. Con-
sequently, a statistical distribution of Al/Si and N/O is
assumed for the majority of published SiAION structures.
However, both difficulties in the preparation of chemically
homogeneous samples and the uncertainty associated with
the chemical analysis of large samples can limit the validity of
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quantitative conclusions in this class of compounds and
requires further systematic investigations.

5.4. Zeolite-Like Structures

Nitridosilicates are a significant extension of the broad
and varied crystal chemistry of classical oxosilicates, although
on a local atomic scale, both oxosilicates and nitridosilicates
are made up of analogous and isosteric building blocks,
namely [SiO,] and [SiN,] tetrahedra, respectively. Therefore,
it is not surprising that apart from many analogous structural
motifs, even nitrido-analogous zeolite structures have been
found. With regard to the material properties and the high
chemical and thermal stability of nitridosilicates, it seems to
be intriguing to synthesize zeolite-like microporous network
structures made up of [SiN,] tetrahedra. However, at present,
nitridosilicates are solely accessible by high-temperature
reactions and under such conditions, standard templates
known from conventional zeolite syntheses are ineligible.
Furthermore, the kinetic control that is typical for template
synthesis seems difficult at such high temperatures (> 700°C).
The higher charge of [SiN,]*~ networks compared to SiO, or
[SiAlO,]™ is usually compensated by metal ions. Nitridosili-
cates exhibiting protonated N-atoms (imido groups) such as
K;SigNs(NH), are rather sensitive to air and scarcely
known.3*131 In all zeolite-like nitridosilicates synthesized
to date, the cavities are filled by large alkaline earth or
lanthanide ions. In some cases, complex anions such as
[BN;]*" or [CN,J* are also incorporated into the net-
works.?*13l To the best of our knowledge, comprehensive
ion exchange typical for classical zeolites has not yet been
reported for nitridic zeolites. Nevertheless, (oxo)nitridosili-
cates can exhibit unprecedented framework structures. The
framework density (FD) of such nitridic networks (that is, the
number of tetrahedral centers in a volume of 1000 A%) varies
in a range typical for classical oxidic zeolites. In the latter class
of compounds, FD values range from about 12 to 20.%7 It
may be noted that typically Si—N bonds are longer than Si—O
bonds, which is due to the larger radius of N*~ compared with
O?". Accordingly, [SiN,] tetrahedra and the entire nitridic
network are approximately 20 % larger in volume as com-
pared to isostructural oxidic networks."*®! As a consequence,
the FD values of nitridosilicates should be corrected by a
factor 1.2 to afford comparable values for the accessible space
inside the network. In Table 1, such FD values are compared
with two classical zeolites in which fictive [SiN,] values have
been calculated. As an example, the same accessible volume
as in faujasite would be reached in a nitridic zeolite with FD =
10.2.

Oxonitridosilicates Ba;Si;NsOCl and BagSigN;,O,(CN,)
are zeolites with the NPO (nitridophosphate one) framework
type.? ! This network was initially claimed as a possible
SiO, structure type, which, however, has not been observed
for SiO, or oxosilicates as yet. The first representatives of this
topology were oxonitridophosphates, namely
LiHp, . [P1,O,Ny, JX with X=Cl, Br.'""*l The frame-
work is built up from exclusively vertex-sharing dreier rings.
In case of Ba;SisNsOCl and BagSigN;(O,(CN,), the large
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Table 1: Framework density of known zeolites compared to zeolite
analogous (oxo)nitridosilicates.”!

Compound [SiOy) [SiNy]
Zeolite beta 15.1 (12.1)
Faujasite 12.7 (10.2)
Ba;Si;NsOCI (16.3) 13.6
BaSigN160,(CN,) (17.3) 14.4
Li,O@[SrSiN,], (20.0) 16.7
Ba,Nd;Si;;1Ny; (22.2) 18.5
RE,SigN,s (RE=La, Ce, Pr) (18.2) 15.2
Ba,RE;[Si;,;N»;O][BN;] (RE =Pr-Sm) (20) 17

[a] Numbers in parentheses are fictive values, assuming a 20% higher
volume for [SiN,] tetrahedra compared to [SiO,] tetrahedra.

zwolfer ring channels of the NPO zeolite structure type are
built up from [Si(N/O),] tetrahedra, filled with Ba*" ions
surrounding strands of Cl7/[CN,]*~ ions, respectively (Fig-
ure 23 a).

a)

A
o - Bq
‘ ‘hv
< >

Ve
G - B

‘gv 157 ‘gv 157
> ﬁif gY

b - oG
b

Figure 23. a) Structure of Ba,;Si;N;OCI and BagSigN;,O,(CN,) with Ba
atoms omitted, viewed along [001]. CI~ and CN,?™ ions are located in
the middle of the zwélfer ring channels surrounded by Ba" ions.

b) [SiN,] framework of Li,O@[SrSiN,], viewed along [001].

The stacking of layers exclusively made up of vierer rings
leads to the BCT zeolite structure type, which is the first
framework type observed for both oxo- and nitridosilicates. It
exhibits vierer rings and achter rings along [001] and sechser
rings along [100]. The nitridosilicate oxide Li,Sr,Si;Nz;O
adopts the BCT framework type. It can be formulated as
Li,O@[SrSiN,],, as oxide ions together with the Li* ions are
located in the vierer ring channels running along [001]
(Figure 23b). In contrast to classical BCT-type oxosilicates,
the achter ring channels of Li,O@[SrSiN,], are distorted and
filled with Sr** ions. Owing to their distortion, the layers
resemble those of the layered silicate apophyllite."! Accord-
ingly, the framework of Li,O@[SrSiN,], could also be
described by condensation of apophyllite-like layers along
[001]. The compound Ba,Nd,Si;;N,; (Figure 24 a) was the first
example of a nitridosilicate with a framework density in the
range of classical zeolites (FD =18.5; see Table 1) obtained
by a RF-furnace synthesis.'*? The structure is made up from
bridging N and nitrogen atoms, which are terminally bound
to Si (NM), according to °_[Sil*l ;N[N 1%~ With a molar
ratio of Si:N=11:23, the degree of condensation is slightly
smaller than in typical oxidic zeolites ((ALSi):0=1:2).

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

W. Schnick et al.

A) SNA_/ISNSA_SNA D)
LTSI .
\
z_ﬁ\/z_g\/z_g A AALTTA
- - — WA WAWAY AW,
CINLATNLATN TNV V TNV
NANE NN NN \_X_/ \_X_/
Uawawi (n A0 XX
SRR A A 5
I XA AKX AN A ANA
OO (L DO D)
TSI, X T XX
NN AN NN/
/ \_/ \_/ \
T N SNETN d) TR\ T
SRSOA LN
N S B\ A\
T NTY [_/\l\ /[ \l\
9 LAA W7 \N\V

Figure 24. a,b) Representations of the zeolite-analogous framework of
a) Ba,Nd;Si;;N,; along [001] and b) RE;SigN;s (RE=La, Ce, Pr), viewed
along [100], O and N atoms are omitted, and neighboring Si centers
(gray) are directly connected. c,d) In the framework of Ba,RE,-
[Si12N530][BN;] with RE = Pr—Sm viewed along c) [001] and d) along
[100], isolated [BN,]®~ ions (black) are incorporated.

Characteristic for the unprecedented structure of
Ba,Nd,Si;;N,; are sechser rings and achter rings along [001].
The Ba’" ions are centered in the large achter rings and the
Nd** in the smaller voids. For the nitridosilicates M;SigN;s
with M=La, Ce, and Pr, a new structure type with an
interrupted framework has been identified (Figure 24 b).14 It
is built up exclusively of corner-sharing tetrahedra that
appear as Q>-, Q’-, and Q*type forming a variety of different
ring sizes within a less condensed three-dimensional network.

The isotypic compounds Ba,RE,[Si;N,;O][BN;] (RE=
Pr-Sm) are made up from orthonitridoborate ions [BN;]*
encapsulated in oxonitridosilicate cages.'*®! Therefore, the
structure could also be classified as a clathrate, whereas
nitridic clathrates are very rare in the literature, the only other
known example being P,N,(NH),(NH,).l** From a topolog-
ical point of view, the framework of Ba,RE;[Si;,N,;O][BN;] is
composed of exclusively vertex-sharing tetrahedra, exhibiting
all possible ring sizes Si,(O\N), except n=2, 4, and 5
(Figure 24¢,d). The [BN;]* ions are stacked together with
rare earth ions in the sechser ring channels along [001]. With
respect to a rational planning of the synthesis of zeolite-like
(oxo)nitridosilicates, it was assumed that the [BN;]°" units,
like the carbodiimide ions in BagSigN;O,(CN,),*! do not
condense with the nitridosilicate framework but act as high-
temperature-stable templates around which the framework is
organized.

6. Chemical Bonding in Nitridosilicates

6.1. Bond Lengths and Degree of Condensation

A closer look at the [SiN,] tetrahedra in nitridosilicates
reveals a broad range for Si—N bond lengths and N-Si-N
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angles. The values are strongly dependent on the connection
mode of the tetrahedra (for example, vertex- or edge-
sharing). Furthermore, the differing connectivity modes of
the nitrogen atoms (N, N®!, N¥l and N¥)) are responsible for
flexible Si—N bond lengths, which range from 164 to 196 pm.
In Figure 25, typical ranges of Si—N bond lengths of exem-

a-SigN, [ | -0.75
7-SigNy NN -0.75%
SrSigNg1 1 W 075
BaSi;N o [ I 0.7
LiSioN3 I 1 - 0.67
SrySisNg| I 063 Z
CeSipNs| 1 HE L o6 g
BaYbSiyN; [ | N f0.57 §
Ce3SigN11 an F0.55 g
Li;SiN, [ | F0.5 g
SrSiN, [ | F0.5 §
Ba,Nd;Si;1Ny3 s -0.48
LiCa3Si,N5 A ‘o 0.4
Pr3Se,SiN; - =] N'IJF 033
Eu,SiN; [ Eg : -0.33
BasSioNg O m NZNE 0.33
160 170 180 190 200
Si-N/ pm

Figure 25. Si—N bond lengths in nitridosilicates. The degree of con-
densation and the molar ratio Si:N increases from bottom to top.
a) The N atoms in y-Si;N, are part of octahedral [SiNg] units.

b) SrSigN; has additional Si—Si bonds.

plary nitridosilicates are displayed, considering the respective
coordination numbers of the nitrogen atoms. It may be noted
that a direct relation between bond lengths and bond
strengths in nitridosilicates does not allow for the appraise-
ment of the stability of a compound. BaYbSi,N; (Si—NM 189—
196 pm), for example, exhibits a thermal stability up to
1700°C." Calculation of the mean Si'~N bond length for
the majority of nitridosilicates reported to date results in a
value of approximately 174 pm. In comparison to oxosilicates,
Liebau reported an average bond length of 162 pm for Sit*—
0. These differences in bond lengths allow for the assign-
ment of O/N in ordered oxonitridosilicates, such as CaSi,O,N,
(Si—O: 159-162 pm and Si—N: 168-178 pm). The Si-N-Si
angles show a larger flexibility compared to the correspond-
ing values for Si-O-Si in oxosilicates,!!! as they range from 82°
in Ca;[NbSi,N,] (owing to edge sharing)®! to up to 180° in
Ba,Nd,Si; N, or LaSigN,,][SiON;], (crosslinking of
[Si,Ng];o units by one N).H!

In Figure 25, the nitridosilicates are ordered by their
formal degree of condensation ranging from 0.75 for Si;N, to
0.33 for 1D nitridosilicates. The latter value is also found in
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structural elements such as isolated [Si,N]'*~ double tetrahe-
dra, unbranched single chains, and isolated dreier rings. A
degree of condensation of 0.25 as found in non-condensed
orthosilicates has not been structurally verified for nitridosi-
licates as yet, but has been reported for oxonitridosilicates.
The occurrence of Si—Si bonds in the reduced nitridosilicate
SrSigNg leads to a higher formal degree of condensation as
would be expected for a classical nitridosilicate exhibiting
alternating Si and N atoms.'!

6.2. Lattice-Energy Calculations According to the MAPLE
Concept

Electrostatic lattice energy calculation with the algorithm
MAPLE (Madelung part of lattice energy)!*'¥l is an
appropriate method to check crystal structures with respect
to their electrostatic plausibility. For each atom, a partial
MAPLE value is computed, which lies within a characteristic
(empirical) range for each species. These computations
exclusively consider electrostatic interactions in ionic crystals
and depend on the distance, charge, and coordination of the
constituent atoms. Therefore, this method could be especially
useful to assign elements to certain sites, which are difficult to
distinguish with X-ray methods (for example, O/N or Al/Si,
respectively). To determine the total MAPLE value of a
compound, the partial MAPLE values for all atoms can be
summed up. Furthermore, MAPLE values are additive with
high accuracy, allowing for a comparison between the sum of
the MAPLE values of the starting materials with the total
MAPLE value of the product to check the electrostatic
consistency. It should be noted that this algorithm was
designed to evaluate more ionic structures (for example
oxosilicates); nevertheless, the transfer to the more covalent
nitridosilicates still allows for exact calculations. Table 2
compares the partial MAPLE values of Eu,SiN; (calculated
regarding the crystal structure) with adequate starting
materials (summed up to Eu,SiN;).*") In this case, the small
difference of 0.4 % even includes the correct assignment of
the mixed-valent europium sites (Eu**/Eu’").

Table 2: MAPLE calculations for Eu,SiN,.F!

Eu,SiN,
Sum of partial MAPLE values 31146
Sum of MAPLE values of starting materials 31270
EuN +1/2 Eu,SisNg—1/2 SisN,

Difference 0.4%

[a] Values are given in k| mol™".

As mentioned above, the partial MAPLE values for each
ion species exhibit a characteristic range, which was deter-
mined by comparing the partial MAPLE values of the same
ionic species in different but well-defined nitridosilicates.
Table 3 compares the partial MAPLE values for the most
common ions observed in nitridosilicates to date; however,
these values should be regarded as tendencies, as these ranges
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Table 3: Typical partial MAPLE values in nitridosilicates.!

lon Typical partial
MAPLE values
Sit* 9000-10200
APF 5500-6000
(N>~ 4300-5000
(NB)3- 4600-6000
(NB)>- 5000-6200
(oM 2000-2800
(02 2400-2800
Cat 1700-2200
Sr?t 1500-2100
Ba®' 1500-2000
Eu** 1700-2100
RE** 3500-5100

[a] Values are given in k| mol™".

are empirically generated.'*1° Nevertheless, a clear ten-
dency of the partial MAPLE values is as follows:
MAPLE(N) < MAPLE(N®?) < MAPLE(NF)) <
MAPLE(N™),

7. Material Properties

Scientifically, (oxo)nitrido(alumo)silicates are of special
interest because their interatomic bonding is likely to cover a
wide spectrum from partly ionic, as in the more oxidic
representatives, to highly covalent in the nitridic compounds.
The prospect of a plethora of hitherto unknown crystal
structures seems promising, and elucidation of structure—
property relations will be a major goal.

7.1. Nitride Ceramics

In the last decades, a variety of investigations on bulk
silicon nitride ceramics has been performed because of their
physical and mechanical properties, which are of interest for
high-temperature applications. These low-density materials
exhibit high decomposition temperatures (ca. 1900°C) com-
bined with high mechanical strength, good thermal shock
properties, good oxidation resistance, low coefficient of
friction, and good resistance to corrosive environments.!”12¥
However, limitations occur owing to the poor damage
tolerance caused by high sensitivity to flaws or cracks.
Therefore, extensive research on microstructural and compo-
sitional design has been performed. Important microstruc-
tural elements in silicon nitride are elongated matrix grains
that are randomly distributed, interlocked, and interspersed
with a secondary phase, thus influencing materials character-
istics, and particularly the mechanical properties.!*!13
Therefore, much effort has been directed to understand the
formation of these anisotropic grains, as there is a strong
dependence on the sintering additives such as rare earth
oxides and therefore the dopant cations (for example, Y7,
La**, Ce*")."">13 Tnvestigations on doping with oxides led to
the discovery of SiAlONs, which are important because of
special interest in engineering ceramics and improvement of
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fabrication methods by the use of ceramic alloys. Improve-
ments in mechanical strength, oxidation resistance, and creep
resistance of hot-pressed silicon nitride required an under-
standing of oxide—nitride interactions and the formation of
oxynitride glasses.'¥

Apart from quasi-binary doped silicon nitride/oxide
ceramics, bulk nitridosilicates with interesting properties,
such as hardness have also been reported. For SrSi;Ny,
hardness investigations (nanoindentation) exhibit an average
Vickers hardness of 16.1(5) GPa (E =115(2) GPa),l”! which
is comparable to values reported for sintered polycrystalline
a-SiAIONs!'> 2 and  -ALO," (in the range of 21-
22 GPa). This high value could be explained by the presence
of the 3D network for this structure combined with a very
high condensation degree of the [SiN,] tetrahedra (see
Section 5.1). Very high Vickers hardness values of 22.0 GPa
have been measured on single crystals of the SiAION
St3Pr4Si;5Al 0 N6

7.2. Thermal Conductivity

Ceramic materials with high electrical resistivity in
combination with high thermal conductivity are potentially
interesting as heat sink materials in integrated circuits. As
early as 1973, Slack noted that several compounds having an
adamantine crystal structure might have a high thermal
conductivity (>100 Wm™'K™").*® AIN in particular has
received considerable attention,!”®'®! but the nitridosilicate
materials MgSiN, (which can be derived from AIN by
replacing 2AIP* by Mg*/Si*")!® and more recently pB-
Si;N,!"*? have also been considered to be potentially effective
and rather stable thermal conductors. The thermal conduc-
tivities estimated by a modified Slack equation for MgSiN,,
AIN, and f-Si;N, ceramics at 300 K equal 28, 200, and
105 Wm 'K, respectively, in agreement with the highest
experimental  values of 25-27, 266, and 105-
120 Wm ™' K~ 161163164 Pyrther nitridosilicates have been
investigated regarding their thermal conductivity. Although
smaller values in the range of 3-6 Wm ™' K~! were measured
for CaSiN,, BaSi;N,,, and M,SisNg with M =Ca, Sr, Ba, a
trend of increasing thermal conductivity with decreasing M/Si
ratio might suggest a relationship with the network connec-
tivity.[16°]

7.3- Lithium lon Conductivity

Syntheses and properties of lithium nitridosilicates have
been investigated for some time for targeting applications as
efficient ion conductors and nitrogen sensors.>¥ % The
possibility of lithium ions to move effectively through silicon
nitride frameworks renders these materials possible candi-
dates for solid-state electrolytes in lithium batteries.'"”! As
mentioned above (Section 3), several lithium nitridosilicates
have been reported (for example LiSi,N3,P**7 Li,SiN,,*7-
LisSiN5,P4 LigSiN,,P"*! Li¢Si;Ny,, and Li, Si;N;,).”" Lith-
ium ion conductivity has been observed and comprehensively
studied for Li,SiN, (0(400K)=1.1x10"7Q'ecm™) and
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LigSiN, (0(400K)=5x10">Q'cm™").F81188 The orthosili-
cate-type [SiN,]*" tetrahedra and also the high lithium
content might favor the high lithium conductivity of
LigSiN,.** Recent structural elucidation of Li,SiN, revealed
the existence of short Li—Li contacts and edge/face sharing of
[LiN,] polyhedra, allowing an assumption of possible lithium
pathways for Li* ion conductivity.®® According to this
assumption, the Li* ions could move in layers parallel to
[001] (Figure 26). Nevertheless, Li" ion conductivity results
from complex interactions of structural features, defects, and
vacancies, and cannot usually be explained exclusively by
structural arguments.

a)

PN N

g

International Edition

nitridosilicate single crystals, other powder-based techniques
have been used to study the nonlinear susceptibility @,
namely the Kurtz—Perry method"’? and the SHEW method
(second harmonic wave generated by an evanescent
wave).”>74 These SHEW investigations have revealed high
refractive indices for M,SisNg with M =Ca, Sr with values
between 2 and 3. The averaged effective Figure of Merit
M = () (ny1%,) With dy;=0.5 @ (a measure for the
efficiency of the nonlinear interaction process) was found to
be of the same order of magnitude as that of LilO; in the most
efficient samples (see Table 4).'7"'" These values are a
promising starting point for further single-crystal investiga-
tions on nitridosilicate materials; however, crystal-growth
techniques for large nitridosilicate samples appear to be
scarce.

Table 4: Averaged figure of merit Mg

Figure 26. lllustration of possible channels constructed by short Li—Li
distances viewed along a) [001] and b) [010]. The Li* ions are
connected by bonds (shown in dark gray) forming layers parallel to
[001].5#

Recently, a novel synthetic approach to lithium nitrido-
silicates involving the use of lithium melts has been
described.™ This led to the discovery of novel compounds
which might represent some promising lithium ion conduction
materials (for example, Li,M;Si,N; with M= Ca, Sr,**
LiCa;Si,Ns,? Li;RE,Si,N;, (RE = La, Ce)"“! Li,MSi,N, with
M = Ca, Sr®®! and Li,Sr,Si,N,O).

7.4. Nonlinear Optical (NLO) Materials

During the last decades, a growing interest has emerged in
the field of nonlinear optical (NLO) phenomena (for
example, SHG) and development of nonlinear optical mate-
rials that possess commercial device applicability. These
materials can be utilized in computer and optical signal
processing devices (for example, optical switching, optical
data processing),'® " optical frequency conversion, and
telecommunications. With the advancing development of
optotechnologies, new materials with high nonlinear optical
susceptibilities and high damage thresholds are of particular
interest. Transparent and colorless materials with non-cen-
trosymmetric crystal structures, such as alkaline earth nitri-
dosilicates with their superior mechanical properties and their
extraordinary chemical and thermal stability, are attractive
candidates for this purpose. However, nonlinear optical
properties of nitridosilicates have been scarcely investi-
gated."” Owing to the present unavailability of large
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b)
Sample M, N2 Mg [pm?V~7] Meg [pm*V 7]
L /1:‘— L /ll‘.. Kurtz—Perry SHEW
i Vgl X Lilo, 1.72 1.90 1.6 1.6
Ba,SisN; - - - -
l NI F’J Sr,SisNs 25 26 02 0.8
N Ca,SisN, 2.55 2.65 0.04 0.9
BaYbSi,N, - - 0.02 -
CeSiyN, - - 0.4 -
KDP®! 1.49 1.51 0.02 -

[a] Meg= (d%)/ (N2uh”) determined by the Kurtz—Perry and SHEW
methods."”" [b] KDP=KH,PO,.

Furthermore, interesting two-photon absorption process-
es have been investigated in Eu,SisNg upon irradiation with an
infrared laser (A=1047 nm) resulting in red fluorescence
emission.'”) Besides promising luminescence properties upon
doping (see Section 7.5), Ba,SisNg:Eu’" also exhibits a
relatively strong two-photon absorption, which can be used
for upconversion purposes. If this material is excited with
intense ultrashort pulses from a Nd:YLF laser (wavelength
1.047 pm, 7 ps duration), a fluorescence emission at about
600 nm is generated, which amounts to roughly 1077 of the
fluorescence emission after excitation at 523nm by a
frequency-doubled laser.'"”® Achieving such an efficiency
with a relatively low excitation intensity of about 1 MW/cm? is
an indication of a fairly high two-photon absorption cross-
section.

7.5. Luminescence

An exciting new field of research for (oxo)nitrido-
(alumo)silicates, the use as a novel class of inorganic
phosphors, has emerged in the last few years. With the
technological access to p-doped GaN,!'””! Nakamura opened
the path to a formidable development of efficient blue LEDs.
This improvement leads to the need for suitable luminescent
materials (phosphors) to generate white light, which is usually
achieved by 1) using three individual monochromatic LEDs
(blue, green, red); 2) combining an ultraviolet LED with blue,
green, and red phosphors; or 3) using a blue LED to pump
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yellow or green and red phosphors.” To this end, in the latter
two cases in particular, appropriate phosphors as down-
conversion luminescent materials for phosphor-converted
(pc)-LEDs are needed. These phosphors should match a
series of requirements, starting with the efficient absorption
of UV or blue light, which is generated from the primary
LED. Further characteristics, such as high conversion effi-
ciency and high chemical and thermal stability, are necessary
requirements for these materials. During the last several
years, the discovery and development of new phosphors
moved the field of LED phosphors from a single family of
phosphor compositions, the Ce**-doped YAG (i.e. yttrium
aluminum garnet), to a plethora of compounds, such as
orthosilicates,'* %% aluminates,®” sulfides,"**'®" and fluo-
rides!"® '] predominantly doped with Ce** or Eu**. Never-
theless, some of these phosphors exhibit the problem of low
absorption in the visible-light spectrum or high thermal
quenching. Sulfide-based phosphors in particular suffer from
thermal and moisture sensitivity, requiring effective coating
of the phosphor grains in pc-LEDs.

The class of Eu**-doped (oxo)nitridosilicates emerged as
extraordinarily efficient materials that are applicable in pc-
LEDs owing to their high chemical and thermal stability in
combination with low thermal quenching and high conversion
efficiencies.”* % Furthermore, the energy position of the
Eu?'/Ce*" 4f¥'5d" level and the 4~ —4f"'5d" transitions in
inorganic hosts is modified by the covalency and polarizability
of Eu?*/Ce**-ligand bonds.!'>¥" In (oxo)nitridosilicates, the
activator is surrounded by a network of predominantly [SiN,]
tetrahedra. Therefore, the more polarizable nitridic surround-
ings lower the excited state of the 5d electrons of doped rare
earth elements owing to large crystal-field splitting and a
strong nephelauxetic effect compared to oxidic surroundings.
This can shift the excitation and emission bands to larger
wavelengths because it reduces the energy difference between
the ground state and the excited state of rare earth ions.
Furthermore, the structural versatility of (oxo)nitridosilicate
phosphor materials allows generation of emission colors
across the entire visible spectrum from blue to red, and
especially in wavelength ranges in which direct radiation from
non-converted LEDs is relatively inefficient, that is, in the so-
called “yellow gap”.l*!

Today, there are several rare earth-doped (oxo)nitridosi-
licate compounds that exhibit interesting luminescence prop-
erties. This review will give a brief overview on some of the
most promising phosphors; more extensive reviews on
luminescence of (oxo)nitridosilicates have recently been
published by Hoppe,['*! Xie,*!! Setlur,"™! He, "™ and others.

In 1997, Huppertz was the first to report the deep-red
luminescence of Eu,SisNg upon excitation with UV light
(Figure 27).1'7!

One year later, van Krevel et al. reported new phosphors
doped with Ce*", for example Ys(SiO,);N, Y,Si,O,N,,
YSiO,N, and Y,Si;O;N,,™ followed by the doping of
M,SisNg (M =Ca, Sr, Ba) with Eu*" reported by Hoppe
et al.'”®! and van Krevel.'™ Since then, many investigations
on the 2-5-8 family and solid solutions thereof have been
performed regarding luminescence and material proper-
ties.?3431%] These compounds are very useful for pc-
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Figure 27. An image of Eu,SisN; irradiated under UV light.'””!

LEDs, as apart from remarkable optical properties they
allow for a tailor-made tuning of the emission wavelength
through chemical control of the solid-solution series.!'"*!%!
Furthermore, this phosphor class has already found industrial
applications in high-power full conversion and warm white
LEDs.[! Highly efficient monochromatic pc-LEDs with very
good performance and a color purity of more than 96 % have
been developed using a Lumiramic version of a 2-5-8
phosphor (see Figure 28) with inherently good thermal and
drive stability when matched with a high performance TFFC-
LED.[15’89’196]

Figure 28. Translucent Lumiramic wafer made up from Eu*-doped
M,SisNg (photograph courtesy of Philips Research).

Doping with Eu*" of oxonitridosilicates of formula type
MSi,O,N, with M =Ca, Sr, Ba (so called 1-2-2-2 materials)
came out as a very efficient and promising class of phosphors.
The emission varies over a wide range from about 498 nm
(BaSi,O,N,:Eu*") over about 540 nm (SrSi,O,N,:Eu*"), to
about 560 nm (CaSi,O,N,:Eu*")."1%] Again, the availability
of solid-solution series allows for a color point tuning and
application for white-light LEDs.[* Furthermore, the lumi-
nescence intensity of SrSi,O,N,:Eu’" can be remarkably
enhanced by co-doping with Ce**, Dy**, and Mn?"."*! In
2005, Miiller-Mach et al. reported an unprecedented, highly
efficient all-nitride phosphor-converted warm-white-light
LED comprising Eu**-doped 2-5-8 (orange-red) and 1-2-2-2
(yellow-green) phosphor excited by a GaN-based quantum-
well blue LED (see Figure 29).%

Angew. Chem. Int. Ed. 20m1, 50, 77547775


http://www.angewandte.org

Nitridosilicates

a) b)

. Reflector
Phosphor grains

AT

GaN LED 0.1 0.3X 05 0.7

470 nm LED

c) 1.0 .absorption

0.8+ I,'
r/ emission of
0.6 - ,’ color converter
roly
0.44
| light
0o . Source
380 480 580 680 780
Al nm

Figure 29. a) lllustration of a two phosphor-converted LED. b) CIE
color diagram (CIE=Commission Internationale d'Eclairage); by
mixing the three emissions A, B, and C defined by their color
coordinates, all colors within the triangle are accessible by additive
color mixing. c) Absorption and emission spectra of a two phosphor-
converted LED. A: GaN, B: SrSi,O,N,:Eu®", C: Sr,SisNg:Eu*".

CaAlSiN;:Eu*" (CASN), a very promising phosphor with
emission in the red spectral region (4,,,, ~ 650 nm) and QEs >
85% beyond 200°C, was synthesized and characterized by
Uheda et al.'*! Especially interesting is the synthesis of the
solid-solution series (Ca;_,Sr,AlSiN;:Eu*") and the complete
exchange of Ca by Sr as the emission maximum can thus be
tuned down to 610 nm.”*! However, high-pressure nitridation
synthesis (pressure up to 190 MPa) was necessary to yield the
metastable Ca,_,Sr,AlSiN;:Eu** compounds.”?"!!

In recent years, RE-activated a-SiAION luminescent
materials (especially Eu**-activated) have attracted much
attention because the photoluminescence properties can be
influenced by controlling the overall composition of the a-
SiAION host lattice or by altering the Eu** doping concen-
tration.”>2* Intensive research has been performed on Eu**-
doped Ca-0-SiAION, which shows a single intense broadband
emission at 583-603 nm,?*! and Li-a-SiAION, in which
emission can be tuned across a wide range of 563-586 nm
by tailoring the Al/Si or O/N ratios of the host lattice or by
controlling the Eu** concentration.’™ Hirosaki et al.
reported the Eu*"-activated B-SiAION green-emitting phos-
phor, which peaked at 528-550 nm and exhibits low thermal
quenching and a high stability of chromaticity against
temperature.*7-2%!

Much effort has been directed to discover novel phosphor
compounds by intensive investigations of (oxo)nitrido-
(alumo)silicate compositional phase diagram spaces. This
has led to recent discoveries of interesting luminescent
materials, such as yellow Ba,AlSisNy:Eu*™"l and orange-
red SrAlSi,N,:Eu+116] as well as green
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Sr5A15+xSi21 —xNSS—x02+x :Eu2+
Ba;Sis0,N,:Eu?*.[67:20]

Recently, growing interest in first-principles electronic
structure calculations of nitridosilicates has emerged.*'*2'? In
particular, band-gap and bonding-character calculations are
important to gain more knowledge about electronic transi-
tions. However, band structure calculations appear to be very
complex; for example, the band gap of Ba;SisO;,N, was
computed to be 4.63 eV,?™ whereas recent investigations
calculated a band gap of 6.93eV using the mBJ-GGA
potential.® Furthermore, the band gap of Ba,SizO,,N,:Eu**
was measured to be (7.05+£0.25)eV by means of X-ray
emission spectroscopy (XES) and X-ray absorption near-edge
spectroscopy (XANES).") In any case, there is a need for
more progress in the field of first-principles electronic
structure calculations to obtain reliable information of the
band gap and perhaps, in near future, of electronic transitions
involving the excited states of phosphor materials.

The class of (oxo)nitrido(alumo)silicate phosphors has
demonstrated its superior suitability for use in white pc-LEDs
owing to excellent properties of high luminous efficacy, high
chromatic stability, a wide range of white light with adjustable
correlated color temperatures (CCTs), and brilliant color-
rendering properties in conjunction with a wide structural
diversity, leaving space for the discovery of further interesting
materials with promising luminescence properties.

(with x=~0)!"* and green

8. Outlook

Historically, investigation of nitridosilicates and related
compounds was primarily driven by purely scientific curiosity.
Synthetic challenges have been mastered by the development
of new high-temperature reactions, employment of liquid
alkali metals as non-conventional solvents, precursor
approaches, or carbothermal reduction and nitridation pro-
cesses starting from the respective oxides. Subsequently, a
whole new realm of nitridosilicates, oxonitridosilicates, and
SiAIONs with manifold structures and a remarkably broad
range of material properties have become available. How-
ever, compared to the large and multifarious world of classical
oxosilicates, the number of nitridosilicates and related com-
pounds is still small. Nevertheless, a fascinating diversity has
been found in this class of compounds, surpassing the
structural variability (connectivity and cross-linking modes)
of oxosilicates significantly. From a systematic point of view,
oxosilicates as well as nitridosilicates, oxonitridosilicates or
nitridoalumosilicates, are only subsets of the even more
varied superordinate class of oxonitridoalumosilicates
(SiAIONS).

Similar to silicon nitride, a number of nitridosilicates and
related compounds exhibit high thermal, chemical, and
mechanical stability, a high band gap, and a substantial
index of refraction. The crystal structures of highly condensed
nitridosilicates indicate a significant cumulation of non-
centrosymmetric space groups. Accordingly, applications
based on nonlinear phenomena (for example, second-har-
monic generation (SHG), two-photon absorption) seem to be
promising for this class of compounds. In this respect,
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significant advancement in crystal growth would be highly
desirable. Ammonothermal approaches in supercritical NH;
could possibly clear the way to large and optically immaculate
single crystals of these refractory nitridic materials. Extra-
ordinary potential for further scientific development seems to
exist on the field of rare earth-doped non-metal nitrides, some
of them being extremely effective luminescent materials for
down-conversion applications. Unlike most other substance
classes, a number of nitridosilicates and oxonitridosilicates
exhibit promising material properties, such as very high
chemical and thermal stability, no absorption and high
transparency in the visible region of the spectrum, and a
large band gap, rendering these materials ideal host com-
pounds for doping with Eu*" or Ce**. Such compounds have
emerged as highly effective optical functional materials,
affording phosphor-converted light-emitting diodes (pc-
LEDs) based on high-power primary blue GaN-based
LEDs. These devices have the potential to entirely substitute
both incandescent and fluorescent lamps, which would lead to
dramatic global energy savings.™ Currently, Eu**-doped
nitridosilicates, oxonitridosilicates, and related compounds
have the highest potential for application as effective
luminescent materials in pc-LEDs and they are already
being industrially produced.® Such considerations could be a
strong incentive for further exploring the manifold world of
nitridosilicates, oxonitridosilicates, and SiAIONs.
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