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Abstract

In recent years, a lot of work has been focused on the synthesis of novel carbon nitrides, especially cryshjlplea€es. Numerous
attempts to synthesise the theoretically predicted solids have been published. This review summarises the theoretical work as well as tt
attempts to prepare carbon(lV) nitrides by chemical and physical vapour deposition, and in particular on the concepts and results of bulk
synthesis routes. Although very interesting materials have been obtained, a comprehensive characterisation of a cejtalliaseCis
still missing. In 1999, a novel class of nitrides, which posses the spinel structure, has been discovered. The synthesis and properties of tt
high pressure phasgsMs;N, with M = Si, Ge and the first tin nitridg-SrsN,4 are reviewed. Related oxide nitride spinel compounds, other
ternary phases such as Si/C/N as well as subnitrides, sialons and amorphous phases are mentioned briefly.
© 2004 Published by Elsevier B.V.

Keywords:Binary nitrides; GNg4; SisNg4; Synthesis; Properties; Structures

1. Introduction amorphous solids which are most frequently synthesised by
chemical or physical vapour deposition (CVD and PVD)
For most elements of the periodic table, significantly techniques. This field of research was initiated and pro-
fewer nitrogen compounds as compared to oxygen com-pelled by speculations that saturated3¢bgbridised) car-
pounds are known. This also holds true for the fourth main bon(1V) nitride phases should be as hard or even harder than
group, i.e. group 14Table 1. Nevertheless, among the ni- diamond, causing excitement in the scientific community.
trides of group 14 elements C, Si, Ge, Sn and Pb there are Accordingly, during the 1990s the number of publica-
some very interesting materials, and recently exciting dis- tions—especially concerning CVD and PVD synthetic ap-
coveries have been made. This review article is focused onproaches to €Ns—has increased exponentially. Due to the
these new developments, which include the prediction andfact that several review articldd—4] have been published
preparation of C\l compounds as well as the discovery of discussing the major results, this review mainly deals with
spinel nitrides. The former represents a group of materials, chemicalandbulk routesto CN,-phases, which so far have
including postulated crystalline phases, which are expectednot been treated to the same extent. High pressure/high tem-
to possess diamond-like mechanical, optical and electri- perature (HP/HT) attempts to generate a crystallindlL
cal properties as well as a number of non-stoichiometric phase led to the discovery of a novel high-densityNgi
phase. Silicon nitride is without doubt, the most important
Table 1 and most investigated material of the binary nitride com-
Comparison of the number of results of data base researches for binaryPounds of group 14 elemerits 6]. The synthesis, structure,
oxygen compounds with the number of binary nitrogen compounds of properties of thex- and B-modifications have been inves-
group 14 elements tigated in detail. SN4-based ceramics are used in various
CAS-registry file[427] ICSD-databas§428] applications, e.g. as cutting tools, for bearings and other
extremely demanding structural components or as an amor-
phous film material in electronic devices. Their development
Oxygen 3582 15832 114 103 78 14 323 25 20 50 still continues. Due to this background, the discovery of a
Nirogen 1601 441 28 4 9 13 45 3 1 5 novel high pressure form of $il4 with a 25% higher density

C Si Ge Sn Pb C sSi Ge Sn Pb
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was surprising. It initiated the synthesis of spinel germa- Recently, nitrogen-rich carbon nitride coatings were

nium nitride y-GesN4) as well as the first spinels within the  utilised as functional layers in humidity sensors and micro-

system Si/Al/O/N §pinel-sialon These spinel sialons may electromechanical (MEM) gas detectof$0]. Also, an

be the first members of a new class of high pressure-derivedion-sensitive field effect transistor has been patented with a

nitride oxide compounds and have the potential to be- gate consisting of a carbon nitride layéd].

come relevant for applications as functional and structural Examination of the optical and electrical properties of

ceramics. C/N-coatings indicated that these materials can be com-
pletely transparent, which corresponds well with the theo-
retically predicted large band gdp2,13] Furthermore, a

2. Binary C/N-compounds—carbon nitrides high electrical resistance and a low dielectric constant were
measured for amorphous C/N-filrf4].

In principle, all binary carbon—nitrogen compounds can  Many carbon nitride coatings are characterised by good
be considered as carbon nitrides. There are on the one handorrosion resistance, low coefficient of friction and excellent
molecular carbon nitrides similar to the well known carbon resistance to wegfl5,16] The mechanical and tribologi-
oxides CQ, CO and other @O, species. On the other hand, cal properties, including the hardness, were determined as
solid state C/N-phases have been described, which are usua function of several different parameters such as elemental
ally not very well characterised (s&ections 2.3 and 2)4 composition, film thickness and deposition conditions (see
Carbon(IV) nitrides, especially crystalline phases, have beenSection 2.4.3 In some studies, very high hardness values
predicted to be stable. They are comprised of an alternat-of >40 GPa were measurgti’—21] It was reported, that the
ing arrangement of carbon and nitrogen atoms, i.e. they doH/E-ratio (hardness/elastic modulus), which is an indicator
not contain any C—C and/or N—N bonds (with very few ex- for the wear resistance, exceeds the value of other tribo-
ceptions). Why could these compounds be interesting? Andlogically relevant materials. In some cases H/E was found
what is known about the classes of molecular and polymeric to be 0.18, while sapphire, tungsten, quartz and diamond
C/N compounds? These questions are addressed in the folshow H/E = 0.06, 0.08, 0.12 and 0.1, respectivdB2].

lowing sections. This observation may be explained by the formation of par-
tially graphitic C/N-networks, which contain fullerene- or

2.1. Motivation: properties and applications of C/N/(H) nanotube-like structures, that are known to sustain extreme

compounds strains via buckling of the graphitic layers without any plas-

tic deformation[23]. As a matter of fact, several authors

Many nitrogen-rich organic compounds are characterised have described the successful deposition of, @Bnotubes
by very good oxidative as well as thermal stability. For exam- and CN-fibres[24—26]
ple, the molecular compound melamingNgHg. Melamine CN,-polymers with low nitrogen content (< 0.5), which
resins and related materials are known to be of low flamma- were deposited by PVD and CVD techniques, showed prop-
bility. Therefore, they are used in fire protection applications. erties similar to DLC-coatings. IBM and possibly other com-
Reasons for this property are the relatively high bond disso- panies as well used C/N-coatings on computer hard discs
ciation energy of C—N-single and multiple bonds, as well as due to the decreased surface roughness as compared to pure
the relatively high electronegativity of nitrogen atoms, since carbon films[27].
it causes a partial oxidation of the carbon atoms. Oxidation  For many researchers, interest in C/N materials has been
reactions are therefore less likely for nitrogen rich C/N/(H) attracted by predictions on the properties of saturated, i.e.
compounds compared to other organic compounds such asp’-hybridized, crystalline gN4-phases. Such carbon ni-
hydrocarbons. trides were postulated by Sung and Sung, speculating that

The C/N materials described in the literature show in they could be harder than diamorjdg], seeSection 2.4.2
part highly interesting chemical, mechanical, tribological This initiated further theoretical as well as experimental ac-
and other functional properties, independent of the prepara-tivities. The results have attracted attentj@@—33] and an
tive procedure, the chemical structure and the composition.intense development is ongoing.

CN,-coatings, for example, synthesised by laser-ablation ex- High pressure techniques have been proposed to trans-
hibited thermoluminescence with two maxima at 150 and form suitable precursor compounds with high nitrogen con-
290°C [7]. The authors suggest use of this material for ap- tent into a crystalline gN4-phas€g34,35,103] However, in
plications in thermoluminescence dosimeters. contrast to thidbulk-approach most of the experimental ef-

A PVD technique (ion beam sputtering) was also used to forts (see below) as well as the numerous patent applica-
deposite CN-coatings, which were successfully applied as tions[11,36,37]are concerned with the preparation of thin
functional layers in ITO/a-CNAI thin film-Schottky-solar C3Ng-films by different vapour phase deposition routes (see
cells[8]. A comparison of amorphous GMNoatings, which Section 2.4.% Although there have been many indications
contained 23% nitrogen, with amorphous carbon indicated for the existence of crystalline carbon nitride phases, no pure
that field emission of electrons starts at lower electric field single phase has been obtairigd4]. This gives further mo-
strength and yields higher current densifigk tivation to search for a macroscopic bulk synthesis route in
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order to comprehensively characterise such a material, e.g. dimers, trimers

. ) NC—NCN—CN _— ' '
by a single crystal X-ray structure analysis. One way to reach oligomers, polymers
this goal is to prepare a molecular or polymeric precursor dicyancarbodiimide, C;N,
with C3N4-stoichiometry. A successive high pressure trans-
formation into a hard crystalline carbon nitride appears to

‘N . .
be promising34,35,38,103] Nef Nen . ———— onglomn?:; ‘L‘g‘;[:érs
CN ’

2.2. Molecular CN compounds tricyanamine, C;N,

. . . Fig. 2. Tricyanamide N(CN)and dicyancarbodiimide NC-NCN-CN are

Relatively few binary molecular and polymeric (s€€ the smallest molecular carbon(lV) nitrides. None of these isomers were
Section 2.3 compounds are known that consist solely of experimentally shown to be isolable or stable. Formally, by a hypothetical
carbon and nitrogen. This is demonstrated by a Chemical oligomerisation via the C-N-triple and/or the C-N-double bond, numerous
Abstracts Registry database search: 1601 hits are found for(C3N4),l-species may be postulate_d. These structures cqn?ain alternating

. . C- and N-atoms and can be considered as carbon(IV) nitrides.
single component CNcompounds. In contrast, 3582 single
component binary COcompounds have been described,
and an analogous search for Cépecies gives even more
hits.

The reason for this finding is probably the stability of ~ BY far the largest group of binary C/N compounds is
the respective molecule-terminating groups: For oxygen— the class of percyano compounds. Syntheses, structures
carbon—as well as for fluorine-carbon-compounds th©€ and important chemical characteristics of binary pernitriles
and C—F-functions provide a stable saturation of terminal Were summarised and discussed in several review articles
valences of the carbon atoms. G@mpounds may also be ~ (see e.g[41]).
terminated by Cyc”c 0XO0- Or peroxo_groups_ Most of the percyanO'CompoundS like molecules B, D,

For C/N compounds there are many different functional F G, | and J inFig. 1 contain C—C bonds. They could be
groups known, e.g. cyano- (NC_)' isocyano_ (:CN_), azido- considered as subnitrides with oxidation numbers for the
(N3-) and diazo-(’N=)-units, but these groups are gen- Ccarbon atoms ok4.
erally more labile and reactive compared to carbonyl and  The nitrogen-to-carbon ratio has a wide range. Stable, bi-
C—-F-groups. The most stable terminating C/N-function is hary molecular C/N-compounds with the highest N-content
certainly the cyano group. It may form oligomers or poly- are cyanoazide, CN and its trimer tri-azido-s-triazine,
mers due to the relatively reactive and polar C—N-triple bond. C3N12 (Fig. 1, L). Nitrogen-containing fullerenes like

Fig. 1 displays a small number of typical binary molec- N@GCso or N@Cyo are most likely the molecular species
ular carbon nitrides. Some of these species like the With the highest C:N-rati¢42].

gaseous cyanogen NC-CEB9], or tetracyanoethylene, A carbon(IV) nitride, GNa, exhibits a nitrogen content
(NC),C=C(CN), [40], have been examined in detail with 0f 40 wt.%. Dicyandiazomethane E and 1,3,5-triazido-2,4,6-
respect to their chemical and physical properties. tricyanobenzene K, which have been prepared and de-

scribed in the literature, posses the carbon(lV) nitride
(C3Ny),,-stoichiometry. However, due to the C—C bonds

NC_ CN ~ _CN NC ~ CN these molecules cannot be described as carbon(lV) nitrides.
NC;\CN NC>Z<CN e Nﬁj_i(,iN The smallest “true” molecular carbon(lV) nitrides are
B ¢ b tricyanamide and dicyanocarbodiimidéid. 2). Both mole-
NC - cules have been examined theoretically using ab initio
Wy e con e e v calculationg43-45]
£ Interestingly, dicyanocarbodiimide was predicted to be the
N Na Ns most stable isomer, because of its extendeslystem. It is
NCININICN N e M N A followed by the trigonal planar form of tricyanamide. A py-
NG ON N en e YN Na N)\ BN ramidal conformation of tricyanamide is energetically disfa-
| cN CN ¢ E‘ Ne voured by 5.13 kcal/mol according to these calculat|d«$.
J K Tricyanamide was also mentioned in an earlier experi-

Fig. 1. Exemplary selection of some binary molecular,@¥mpounds. mental StUdy' “_: was d_escnbed as _a reactive intermediate
While cyanogerA and tetracyanoethylene (TCNB)belong to the species _[46]- A synthesis f_or this m0|eCl_"|e is not known. N(Cé\l)
that have been examined in detail, most of the other molecules have beenis a very exothermic compound, i.e. thermodynamically sta-
described or mentioned in just one or very few publications. Dicyanodia- ble, at least with respect to the elements, according to the
zomethaneE and 1,3,5-triazido-2,4,6-tricyanobenzeieexhibit (GN4), calculations[43].

stoichiometry, but due to their structure and the formal oxidation num- very r ntlv. di n rbodiimide w. hotolvticall
ber of the carbon atoms they cannot be described as carbon(IV) nitrides. ery recently, dicyanocarbo € was photolyucally

Besides, the molecular carbon(IV) nitrides tricyanoamine and dicyanocar- g_enerate_d fro_m triaz?do's'triazme at _20 K'in a nitrogen ma-
bodiimide have been mentioned in the literature, but are most (see text). trix and identified using IR and UV-Vis spectroscogy].
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NC CN

— > [C;N,],-polymers, but no PTFE analogon
Nc>='<CN [C3N,],-poly g

TCNE
300-400°C i I ?: vE
/ ’ Z N /(
N n ;q N%
NC—CN paracyanogen NC 2 /N_(CN
cyanogen NAS_N?g
ON\__glectro " ol
N
ERG RS
n

polymerisation

NC—NC: ——> paraisocyanogen
isocyanogen

NC—=——=CN » polydicyanoacetylene

Fig. 3. Compilation of the most important hydrogen-free \@dlymers that have been synthesised in bulk. Furtheg-@idterials were fabricated by
CVD and PVD techniques (see alSection 2.4.%

2.3. “Traditional” CN, polymers synthesis routes. These materials will be described briefly
in the following sections.

Very few hydrogen- and heteroatom-free GCpblymers
that have been synthesised in bulk amounts have beer2.4. Carbon(IV) nitrides N4 and related materials
described in literature Hig. 3) [48]. Polymerisation of
TCNE via the GC bonds in analogy to the polymerisa- 2.4.1. Historical work (till 1990)
tion of other ethylene derivatives like tetrafluorethylene  First attempts to prepare §84), were reported as early
forming PTFE has been attempted several times. However,as in the 1830§2]. It was not possible at that time to char-
the polymeric products were always formed by reactions acterise the structure of these materials. In 1922, Franklin
of the cyano groups. They are usually characterised by adescribed the formation of an amorphous C/N material by
high degree of crosslinking rather than forming chains. thermolysis of mercury(ll) thiocyana{®3]. The composi-
No commercially used bulk TCNE polymers are known tion of the product was very close to a carbon(lV) nitride,

[48]. C3Ng4, according to the elemental analysis results. This
Cyanogen can be polymerised by different techniques report is presumably the basis for the description of “a
furnishing products with different structurdd8]. Ther- normal carbon(lV) nitride”, which is found in some inor-

mally induced reactions at 300-400 provide a more or  ganic chemistry textbooks from the 195[s!]. However,
less ladder-like product which is generally called para- no information about the chemical structure was given.
cyanogen. Electropolymerisation gives polymers, where The C/N/H compounds melam, melem and melon, also
only one cyano group per cyanogen molecule reacts to formdescribed in the above mentioned publication, can be syn-
a chain-like structure. However, none of these materials hasthesised by calcination of melamine and several other com-
been fully characterised and it is likely that less regular pounds such as cyanamide or cyanoguanidine. Again these
and disordered network structures are also forrfzd]. compounds were synthesised and studied almost a century
The result of a theoretical study is interesting as it suggestsearlier by Liebig as well as other authd&?,55,56] The
that paracyanogen is one of very few polymers exhibiting characterisation was very difficult due to the insolubility or
intrinsic metallic conductivity[49,50] Isocyanogen and very low solubility of melam, melem and melon in water
dicyanoacetylene were also transformed into polymers, butand organic solvents. In the early literature possible forma-
there is very little known about the structures and properties tion mechanisms for §N4 were discussed. In analogy to the
of these material§t1,48,51] (formal) dehydration of tertahydroxymethane via carbonic
In addition to the pure C/N polymers there have been sev- acid to carbon dioxide
eral reports about related materials with very small hydrogen
content. Some authors incorrectly denote these structures ag (OH)2 — H2CO3 — CO;
carbon nitrides (see below). An important example is melon, a similar, but more complicated reaction sequence may be
with an ideal composition §NgHz. Due to the low molec-  suggested for carbon(lV) nitride starting from tetraammi-
ular mass of hydrogen atoms, the hydrogen weight fraction nomethane Kig. 4). Due to the lack of knowledge about
in melon is only 1.5%. Furthermore, there are a number the structures of melam, melem, and melon, triazine-based
of non-stoichiometric Ch-polymers with various graphitic,  cyclic and linear motives were discussed, which later turned
amorphous or (partially) crystalline structures, which have out to be wrong[53,56] Pauling and Sturdivant were the
been prepared by CVD, PVD and in some cases via bulk first to suggest, in a theoretical paper, that the heptazine
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NH,
< NH,
C(NHp)s ——> N='<NH2 2, H/N N — AN <
NH NH -NHg N < “NH3 H NH
’ o ONH, NC
uanidine cyanoguanidine
E biguanidine vanog
X2 l+H2N—CN
x3
H,N—CN ——> C3NgHg
cyanamide melamine
cyano- X3
guanidine N\Hg‘
. CGNlqu = C6N|10H5 = ceNT,H3 — > Cas
melam melem melon
melamine /Nng
NH, NH,
NH, NH, )\ )\
)\ )\ NTN NN
) 3 A J A
x x
PP N NSNS

N N
HoN N ’I\‘ N NH; )I\ )\ )\ I )\ )\
H H,N N

Z
N NH» N \} NH- B
melam melem melon
2,2’-Iminobis(4,6-diamino-s-triazin)  2,6,10-triamino-s-heptazin poly[(8-amino-1,3,4,6,7_,9,_9b_-
N-(4,6-diamino-1,3,5-triazin-2-yl)- 1,3,4,6,7,9,9b-heptaazaphenalen- heptaazaphenalen-2,5-diyl)imine]

1,3,5-triazin-2,4,6-triamine 2,5,8-triamine

Fig. 4. Formal description of the formation of melam, melem and melon by oligomerisation and condensation starting from C/N/H-precursors, and the
hypothetical generation of 48l4 from melon via separation of N The lower section displays the structures of melam, melem and melon and the
corresponding systematic names according to the CAS-registry database.

unit (tri-s-triazine, GN7) is the basic structural motif for Several papers of Russian authors describe the forma-
melem and its derivativels7]. In the following years, the  tion of carbon(IV) nitrides by thermal decomposition of
first molecular heptazine-derivatives were synthesised andthiocyanates and related sulphur-containing organic as well
characterise{b8]. Nevertheless, the pyrolysis of melamine as inorganic compounds. According to a report from 1972
was again examined by different authors. The structure of thelanthanum(ll) thiocyanate decomposes at 400forming
products was a matter of controversial discus§eEs-61} C3Ng, LapS3 and CS [70]. In the mid 1980s, studies
None of the authors succeeded in transforming melon into on the pyrolysis of the sulphuric acid adduct of semicar-
C3N4 by separation of ammonia. It was found that melon bazide, [(N—CO-NHNH)2-H2SOq] were published. It
decomposes into volatile C/N/H-fragments above D0 was claimed that at 29% carbon(lV) nitride is formed
From the mid 1950s until the end of the 1970s, in addition to other product$71], although others had
Finkel'shtein et al. performed extensive investigations on the previously described the thermolysis of thiosemicarbazide,
synthesis and properties of hepatzin derivati@fs62—65] H2N-CS—-NHNR, and certain derivatives of this substance.
Based on a thorough analysis of the vibrational spectra andlt was found that one mole thiosemicarbazide reacts at
determination of important chemical properties, the theo- 400°C quantitatively to form 1 mol hydrazine, 0.5 mo}8l,
retical postulate by Pauling and Sturdivant was confirmed 0.25mol C$ and 0.25 mol @N4 [72]:
experimentally. Up to date there are only very few hep-
tazine compounds which have been analysed in detail usingdCHsN3S — 4NaH4 + 2HS+ CS + CaNg
NMR, UV-Vis and MS or X-ray structural analyses. One of
the exceptions is the hydrogen-substituted parent moleculeSince all products of this reaction are volatile except for the
tri-s-triazine GN7H3. This compound was synthesised via carbon nitride, pure §N4 should be obtained. Later, this
a three step route starting from an amino-s-triazine deriva- reaction was re-investigatd@d3]. It was found that signifi-
tive. Tri-s-triazine was carefully examined with respect to cant amounts of sulphur are formed and that the reaction at
physical and chemical properti§®6—69] 350°C should be described as follows:

HaN{ 182°C )k )k 183-266°C HN
CS —> NpHy + —  NyHs + HyS + HI

/Z

HN—NH HN© N—N" NH, N\(
H H 5

WN/( 287-320°C

NH & —

CiNy + N+ H,S + S
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Itis very likely that a pure carbon nitride phase is not pro- modulus “comparable to” or larger than that of diamond,
duced by this pyrolysis and the product should be describedand that they could be metastable at ambient conditions.
as a multinary phase or a mixture of several phases, containNevertheless, it appears that many researchers had already
ing hydrogen and sulphur as well as carbon and nitrogen. been infected by theHharder-than-diamond fevémwhich

Synthesis of cyanoisocyanate (NC-NCO) from AgOCN led to a large number of experimental attempts to prepare
and CI-CN gave a polymeric substance, which formed car- the postulated phase, but also gave motivation for further
bon dioxide upon heating to 140240 [46]: theoretical studies on carbon(lV) nitrides (see below). In a

review article in 1998, Teter reminded the science commu-
2NC-NCO— €Oz + CaNa nity that theshear modulus @rather than compressibility

The non-volatile polymeric residue should possess the « (=1/Bp) is a good predictor for hardnefar]. A fact that
composition of a carbon(IV) nitride, since other volatile should not be surprising, since both, solids and fluids, have
products such as £ Ny, CO or GN, were not detected.  compressibilities, but the presence of a finite (and static)

However, these results have not been confirmed. shear modulus is exactly the property that makes the dif-
Attempts to prepare carbon nitrides by vapour phase de-ference between the solid and the liquid state. Teter backed
position techniques were published (sgection 2.4.%in his statement by a systematic comparison of experimental

the 1970s and 1980s, and theoretical work at the end of thehardness values with experimental bulk and shear moduli of
1980s caused an exponential increase of the number of puba large variety of materials. It can be concluded that all hard
lications on vapour phase deposition studies on carbon ni-materials have a high bulk modulus, but not all materials

trides. A chemical abstracts search for the period from 2000 with a very high bulk modulus are very hard. However, the

to 2002 gives approximately 600 hits for “carbon nitride” theoretically estimated values for the shear mod@ysof

and “GNg". 320-390 GPa for different4Dls phases are still very high.
These values are higher than all industrially important hard
2.4.2. Theoretical work concernings, phases materials except for c-BN and diamonthble 2.

As already mentioned irSection 2.1 in 1984, Sung Teter pleaded for the search of “materials that are more
and Sung, by their own account, postulated that a car- useful” than diamond, rather than harder. Carbon nitrides
bon(IV)nitride, with a structure analogousdse or B-SisN4 with unusual mechanical behaviour could be among these
(x-C3Ng4, B-C3Ng), could be harder than diamor@8]. more useful materials: Backed by force field calculations,

The basis of this speculation was provided by a well known Guo and Goddard speculated that a single crystatG§N4
relationship between the bond lengttand the modulus of  would beauxetic(negative Poisson rati¢y8]: tensile stress
compression (or bulk-moduluB) of a solid: AsBg is given would cause an expansion in the perpendicular direction.
by the second volume-derivative of the enebgy/9V? and So far, only crystals that exhibit this property into one or
the volume may be expressed by the third power of the two directions are known, e.g-cristoballite[79]. Auxetic
bond length ¥ ~ d3), By should scale ad~°. This means  behaviour into all directions of space in combination with
that the smaller the bond length, the mameompressible  a comparatively high elastic modulus would certainly be
the material. Typical bond lengths of 1.47 A for a C-N interesting for a number of applications.

single bond were known from organic, nitrogen-containing  In many other studies, the authors concentrated on the
molecules, while the C—C distance in diamond is 1.54A. electronic structure and relative stabilities of different
The theoretician M.L. Cohen developed a quantitative model

in order to estimate the hardness of the postulated phase

and in 1985 calculated a bulk modulus of 461-483 GPa Table 2

for a “tetrahedral compound.. formed between C and A comparison of Vickers _hardness, bulk and shear moduli for different
N, which i significanty larger than diamond7a]. This _ SXTles of hrd crie 4 tres posloefyases (o o
calculation was based on a semiempirical approach, and

the effective correlation between bulk modulus and bond Material Vickers Bulk Shear

~ J-35 ] hardness modulus modulus
length was fount_j_ to be‘}_o d_ . In 1989/_1990, Liu (GPa) Bo (GPa) Gy (GPa)
and Cohen specified their prediction to the discrete crystal —
. . Diamond 96 443 535
structure c_>fB—C3N4 and qsed pseud_opotenual calculations . gy 63 200 409
to determine the cohesive propertiggs,76] The result “Zincblende-GN,” _ 448 390
was Bp = 427 GPa, and by comparison with the value for c-CsN4 - 496 332
B-SisN4, obtained by the same calculational method and B-CsN4 - 437 320
experimental results, the authors judged that this might ?;'(33'2\'4 g§—3o ;gg 2255‘
_be slightly overestimatgd. It should be stregsed here, thatTiBz 33 244 263
in none of the publications of Cohen and his co-workers, sjc 28 226 196
the terms “harder than diamond” appefpi4—76] The BaC 30 247 171
only statement that was made is that these materials areP-SisN4 21 249 123

likely to be extremely incompressible, i.e. possess a bulk * stishovite.
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carbon(1V) nitrided80-84] It was concluded that there are [113]) as well as single reactive species likeNCand CN

only small energy differences between carbon(lV) nitrides [111,112]

such asx- andp-C3Ng4 [85—-87] Some studies also included In addition to the prediction of relative stabilities and the
amorphous phasdg8l1a,82]as well as hexagonal-graphitic  structural modelling of carbon nitrides, the simulation of
[85,81b,83]modifications, which is very reasonable due to spectroscopic properties was addressed by theoreticians. The
the tendency of C- and N-atoms to form multiple bonds. results of such studies allow a facile comparison of exper-
Moreover, a graphitic gN4-phase with orthorhombic sym-  imental and theoretical data similar to the calculated XRD
metry [88] and aspinelC3N4 [89] analogous to the novel pattern for crystalline phases. Various publications were ded-
spinel-SiN4 [90] (see below) were postulated. Furthermore, icated to the calculation of X-ray absorptioft04], 13C

a new, dense, 3-4-linkeds84-modification was proposed, NMR- [116], 1¥1°N NMR- [116,117] FTIR and Raman
which contains C—C and N-N-bon§l1]. [118,119] as well as ELNES120] (electron-energy-loss

C/N phases with higher nitrogen contents were also a near-edge spectroscopy) spectra and electi{@dis,115]or
matter of theoretical examinations, e.g. £N a pyrite-type dielectrical[119] properties of CN-materials.
structureg[92], as well as carbon-rich materials with compo-
sitions such as GN4 [93], CN[94], and GN [95] were stud- ~ 2.4.3. Postulated §Ns-phases
ied recently. Some amorpho(86,97] fullerene-like[98] A number of carbon(IV) nitride phases has been theoret-
and crystalline[99] modifications with different nitrogen ically predicted or intuitively suggested by several authors
contents were taken into account by the theoreticians. Thein the literature. In order to get an overview concerning
bulk modulus for non-graphitic highly cross-linked struc- these phases they are briefly described and compared in
tures is usually found to be very high, which is due to the the following paragraphs and are listedTiable 3(see also
short and strong C—N (and C—-C, N—N) bonds. For example, Figs. 5-7. None of the mentioned solids has been synthe-
the very nitrogen-rich ChH pyrite-type material was pre- sised or unambiguously pI’OVGd to exist experimentally.
dicted to have a bulk modulus of 405 GP2&].

The electronic, optical, mechanical and thermodynamic 2.4.3.1.a-C3Ng (P3;c). After being postulated in an un-
properties of the postulatecs®4-phases were investigated ~published patent disclosure letter in 1984 by Sung and
with different calculational methodi28,78,100-105] All Sung[28], Guo and Goddard were the first to investigate a
structures are metastable with an energetic minimum lo- carbon(IV) nitride phase in analogy to the very well-known
cated only slightly above the graphitics®s-forms, the ~ «-SisNa [78]. The structure can be described as an
three-dimensionally crosslinked, dense modifications possesAB-stacking of undulate@-C3Na-layers (see alsSection
a large electronic band gap. According to the calculations, 3.1 and Fig. 79. The C- (or Si-) atoms are tetrahedrally
amorphous phases are significantly less stable. Based or¢0-ordinated with N-atoms. The corner-sharing tetrahedra
force field calculations (MM2) it was concluded that a lay- form a covalent network of three-, four- and six-membered
ered graphitic @N4-network comprised of triazine units  rings. In contrast to th@-SisN4 phenacite structure, where
linked via nitrogen atoms should have a curved structure at least one half of the N atoms are constrained to a trigonal
[106]. Contrarily, more recent ab initio calculations show planar conformation by symmetry, theSizN4 structure, in
that the most stable conformation is completely pldhas). principle, allows all nitrogens to be pyramidal. Regardless of
Nevertheless, the formation of (metastable) curved struc- these additional degrees of freedom, N is found to be almost
tures should certainly be possible, as this is well known planar in botha-SisN4 and 3-SigNa. In the case of N4
for graphite (fullerenes and carbon nanotubes) as well ashowever, the force field calculations of Guo and Goddard
many other layered materigl$07]. Nanotubes with the ex- ~ suggest that removing the constraint of a trigonal planar ni-
act GNy stoichiometry were examined theoretically with trogen conformationg-CgNy is 25.1 kcal/mol more stable
respect to their mechanical properti@®8], but could not  thanp-C3sN4 and exhibits negative Poisson ratios between
be synthesised so f§t09]. v = —0.025 to—0.053 in all three directions of space.

Recently published DFT-calculations indicate that 3D
structures consisting of non-coplanar s-triazine rings and 2.4.3.2. 8-C3Ns (P63/m). As already mentioned above,
connected via N-atoms are more stable than the correspondSung and Sung[28] recommended examination of a
ing graphitic analogueld 10]. B-SizNs-analogous3-C3N4 (seeFig. 7b). Liu and Cohen

A detailed investigation of certain molecular, oligomeric [75,76] used the same relative positions of the atoms in
and polymeric building blocks for carbon nitrides showed the silicon nitride phase and replaced the Si—-N bond by
that a high pressure transformation of unsturatetN& the shorter C—N. A possible pyramidal arrangement around
polymers to (ultra) hard carbon(lV) nitrides should be pos- the nitrogen atoms was not taken into account. Similar to
sible[91]. the a-phase, the silicon or carbon atoms are tetrahedrally

There are a few theoretical publications focused on the gasco-ordinated by N-atoms. Guo and Godd#8], Teter and
phase deposition of carbon nitriddd1-115] Some authors ~ Hemley [85], Ortega and SankefB86] as well as others
investigated the fragmentation of nitrogen-containing CVD [87,102] re-calculated the same mod@tCsN4 structure.
precursors such as GNH, [114], gas mixtures (gH2/N» Different methods of simulation were applied and several



Table 3
Postulated and theoretically modeledNG-phases (see also text afiys. 5 and $

C3Nas-phase Space group Hybridisatfon Network-topolog§ 8¢ (glcn?) By (GPa) Gp (GPa) Literatur@
C-atom N-atom
a-C3Na P3:c (159) sp sp? 3 [CHINE 3.58 198/425 - [78,85]
B-C3Ny P3 (143) sp sp? 3 [CHINE 3.58 451 320 [78,85-87,102]
Pseudo-cubic-§Ns (pc-GsNs)  Pd2m (111)  sp sp 3 [CHINE 3.81 448 390 [85,87]
c-CaNgy 143d (220) sp sp? 3 [CHINE 3.89 496 332 [85]
Spinel-GN4 Fd3m (227)  spd? sp? 3 [cllcrINg) 3.77;3.92 369 - [89,121]
A-C3Na P4522 (95) sp s? and sp 3 [CHINEI] (c-C and N-N-bonding) 3.02 - - [91]
&-C(NCN) P4,2,2 (94) sfandsp  sp(and sp) 3 [CHICZINGT] or 3 [CHI(NCN)) 1.05 - - [91,122]
B-C(NCN), 142d (122) spandsp  sp(and sp) 3 [CHICINEY] or 3 [c(NCN) ) 1.20 - - [91]
g-CsNyg Pem2 (187)  sP sp 2 [CRINBINDY or 2 [(C3N3)BINE] 2.02 - - [85]
g-CsNyg R3m (160) sp sp 2 [CEINBINDY or 2 [(C3N3)BINE] 2.20 51 - [87]
g/0-C3N, P2mm (25) sp sp? 2 [CEINBINDY or 2 [(C3N3)HINE2) 2.48 - [80a,88]
Amorphous GNg4 - sisp sp/sp/sp® - 2.9 113 - [127,128]
0-[(CsN3)(NCN)y 5], - sFandsp  sp(and sp) 2 [cBICINE] or 2 [(CaNg)BI(NCN)!E] <25 - - [91,122,123]
g-[(CeN7)(NCN) 5], - s andsp  sp (and sp) 2 ICICINEING]] or 2[CoNpBI (NN EL] - - - [126]
3D-srs-GNy - sp s? and sp 3 [CEINBINGY or 3 [(C3N3)BINE]] 1.59 - - [110]
3D-ths-GN, - s sp? 3 [CEINBINDY or 3 [(CaN3)BINE] 1.65 - - [110]
3D-srs-{(GN7)(N)], - s s? and sp 3 ICFI GNP or 3 [(CeNp)BINE]] - - - e
3D-ths-[(GsN7)(N)] - sp sP 3 [cBICINE] or 3 [(CoN7)BINEI - - - ¢
[(CeNa)(NCN)g], - sfandsp  sp s (and sp) S [CHICEINSINGY] or 3 [(CoN)BANCNE] - - - e
[(C2N2)(NCN)], - s sp? LI AN - - - e
g-{(CeN7)Y(N)1, - s sp? 2 [CHINEINGT) - - - [126]
9lo-{(CeN7)(N)]. - s s 2 [CHINEINGT) - - - [126]
9-[(CaN3)(CsN7)(NCN)g], - s and sp  sp (and sp) 2 [CICEINEINGY - - - [126]

a |dealised hybridisation states according to the valence bond model.

b In the denotatior(i[A[m]N[”]], x: network-dimensionalityy: degree of extension of the structure (degree of oligomerisation), m: co-ordination number of the atoms or fragmeantsokdination
number of the atoms or fragments B.

¢ Calculated density.

d Further literature is cited in the text.

€ This paper.
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Fig. 5. Simple examples for (graphitic) carbon(IV) nitride networks with relative high symmetry, which are based on the s-triazin unit and #zéns-hept
(tri-s-triazine) unit. Originally, it was found by theoretical studies that strucfurshould be the thermodynamically most stablgNg-modification.
Recently, it was shown tha@ is significantly more stable thaA. Due to the lack of aromaticity within the heterocyclic rings the struct@esnd H

are expected to be non-planar and destabilized.

aspects of the structure and its stability and properties werecorresponds to the-Cdln,Sey-structure type, and called the
discussed. When a pyramidal environment of the nitrogen respective carbon nitride phase “cubighG” (seeFig. 79.
atoms was allowed, a more stable and more dense structurdhis structure contains C-atoms co-ordinated tetrahedrally
was obtained. However, in some cases the bulk modulus wago nitrogen, while the N-atoms are located in a trigonal
found to be substantially lower than had been previously pyramidal environment of C-atoms. In further studies this
calculated. Guo and Goddaf@d8] concluded that the pre- phase was again examined by theoreticians. They used the
dicted diamond-like compressibilities of crystallingNG, terms “defect-zincblendeBl;” and “pseudocubic-gNg”
phases were a result of the arbitrary assumption of planarto designate this carbon nitride modificatif@%].

nitrogen in these early calculations. A comprehensive dis-

cussion of the geometric differences between the nitrogen2.4.3.4. “Cubic” or “willemite-11"” C 3N4 (143d) according

co-ordination in GN4 anda- andB-SisNy is given in[3].

2.4.3.3. “Pseudo-cubic” or “(defect) zincblende"4Bls
(P42m). Liu and Wentzkovitch87] removed one quarter

to Teter and Hemely. A cubic GiN4-phase can be con-
structed on the basis of the high pressure modification of
the mineral Willemite ZpSiO;4, by replacing the O-atoms
with N-atoms and the Zn- and Si-atoms with C-atoms. This

of the Zn-atom positions in the cubic ZnS-structure, which structural variant was first suggested by Teter and Hemely
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Fig. 6. Polymeric (graphitic) carbon(lV) nitrides, which are based on s-triazihseheptazine unit by connecting them via cyanoamide or carbodiimide

bridges (structureé andB), as well as NCN-linked three-dimensionag\z-networks, which can be constructed by combination withsybridised
C-atoms (structureE and F) or hexamethylenetetramine groups (structu€eand D).
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B: X'= N=C—N__

[85] (seeFig. 7d. The phase is characterised by an ex- urated, three-dimensionally cross-linked carbon(IV) nitride
tremely high bulk modulus of 496 GPa. However, according network ig. 6, structureE). The structure can be derived
to the simulations it is energetically less stable than both, from SiO,-structures by replacing the Si-atoms by C-atoms
thea- and theB-phase. But according to very recent results and the O-atoms by NCN-groups. A variation of the bond
of a comparison and possible transformations between  angles at the silicon and carbon atoms has relatively small
spinel- and willemite-ll EN4-phases it is more favourable effects on the energy of this network. It is known from other
than the spinel modification at least at ambient pressurecarbodiimide compounds that the NCN-unit can form the

[121]. tautomeric cyanamide grouify. 6, structureF) and that
the Si—N-bond angle in silylcarbodiimides is very flexible

2.4.3.5. Spinel-gN4 according to Mo et al. (Fd3m). Af- [123]. Similar to the graphitic carbon(lV) nitrides (see be-

ter the discovery of a novel spinelsBis-phase (se&ection low) this phase is to be considered as a very soft material,

3.2andFig. 79 the possible existence of a cubic carbon(lV) which may be used as a precursor for the high pressure syn-
nitride with spinel structure was discussed and theoretically thesis of hard gN4-phases.
investigated89]. This structure contains carbon atoms octa-

hedrally surrounded by nitrogen, which is energetically very 2 438 “4-C(NCN)” according to Kroll and Hoff-
unfavourable—even at extreme pressures. Furthermore, thenann [91] (142d). As with the hypothetical modifica-
calculations predict that the zero-pressure atomic density oftjon described in the preceding paragraph, this phase is a
spinel-GN4 would be the same as diamond, but its bulk  cyN-variant of a crystalline carbon dicarbodiimide net-
modulus notablyower (Bo = 369 versus 442 GPa). work (Fig. 6, structure E). Most important properties of
both postulated solidae- and 3-C(NCN), such as thermo-
2.4.3.6. A-CgN4 according to Kroll and Hoffmann (P22) dynamic stability, bulk modulus and density are similar.
[91]. Upon simulation of a compression of a hypotheti-
cal carbon dicarbodiimide (see below) Kroll and Hoffmann 5 4 5 9. “Graphitic” C3N4 according to Teter and Hemley
discovered a new and unusuaNG-solid state structure. g1 (pgm2). When tri-s-triazine rings are connected via
This phase consists of tetrahedrally co-ordinated C-atomsygona planar co-ordinated N-atoms layered structures can
and both three-fold, planar and pyramidal co-ordinated ni- |, designed, which are similar to graphite in the sense

trogen atoms. In contrast to the other phases mentionedy, they should be planar and aromatic with (at least par-

here, this structure contains C~C—and N-N-bog. (7). tjally) delocalisedw-electrons Fig. 5, network A). How-
Hence, based on the formalism of oxidation numbers this ever, the layers contain “holes” “filled” by electrons in the

C3N4-modification cannot be considered as a carbon(1V) ni- non-bonding sporbitals of the N-atoms in the s-triazine
tride. .Ne\'/erth'eless, the solid c.:c_)uldl be an mterestlng hard rings. Such graphitic §N4 structures have been mentioned
material just like the Ns-modifications with alternating iy, the Jiterature together with the C/N/H-polymer melon (see
C/N-atom arrangement. above). In 1994, Kouvetakis et #.24] attempted to synthe-
2.4.3.7. ‘@-C(NCN)" according to Greiner[122], Kroll sise bulk amounts of this phase. Later, several other attempts
and Hoffman91] (P4,2:2). Carbon atoms may be con- were published (se®ection 2.4.h An ABAB stacking of the
nected via carbodiimide units (f}C=N-) forming an unsat-  graphitic GNg-layers, results in a structure with the space
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-
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Fig. 7. Six of the carbon(lV) nitrides that have been proposed in literature and which were examined theoretioaiyzXa)(P3.c), see e.g[78]; (b)
B-C3Ng (P63/m), see e.g[75,76,78,85—-87,102)(c) “pseudo-cubic” or “(defect) zincblende’s8, (P42m) [85,87] (d) “cubic” or “willemite-1" C 3Ng

(143d) [85,121] (e) spinel-GN4 (Fd3m) [89]; (f) A-CaNa (P4s22) [91].

groupP6m2. This was first calculated by Teter and Hemley
in 1996. In addition to this graphitic (3ghybridised) struc-
ture several other layered and/or unsaturatgil/phases
may be postulated (see below).

2.4.3.10. “Graphitic” C3N4 according to Liu and Wentz-
kovitch [87] (R3m). In addition to the AB-stacking de-
scribed above, the graphitigN4-layers €ig. 5 networkA)

can adopt alternative stacking. Liu and Wentzkovitch sug-
gested a rhombohedral ABCABC-stacking, which leads to
a crystalline network with the space groRgm.

2.4.3.11. “Graphitic-orthorhombic” GN4 according to
Alves et al[88] (P2mm). Layered, sp-hybridised GN4

phases may also be constructed by connecting s-triazine
rings via two-fold co-ordinated N-atomsFif. 5 net-
work G). This unusual structure was proposed by Alves
et al., and later examined theoretically in the simplest
stacking variant AAA by Mattesini et a[80a]. The elec-
tronic properties and the stability were calculated us-
ing a DFT method. Due to the non-existing aromaticity
of the six-membered rings the most stable conforma-
tion of this structure should be most likely non-planar
[125].

2.4.3.12. "Polydi(triazine)tri(carbodiimide)-structures”
according to Greiner[122,123] Connecting s-triazine
rings via carbodiimide groups provides gNG-structure
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with alternating C—N-atom arrangemerfiid. 5 network
C). These unsatutratedsN4-networks may form layered
(graphitic) structures. Nevertheless, due to the flexibility

505

w-electron systems of the graphitic structures is compen-
sated.

and large ‘mesh size’, a number of interpenetrating phases2.4.3.16. Tri-s-triazine-3D-gNs-phases “3D-srs-[(GN)

could exist. Kroll and Hoffmann91] examined model
structures in the space group$/amd (141), P42/n (86)
andC2/m (12). Furthermore, the isomeric cyanamide form
may by postulatedFig. 5, networkD).

2.4.3.13. “Heptazine-based, graphitic"{8ls-phases. We
proposed several carbon(lV) nitride structures, which
contain the heptazine (tri-s-triazine) unit (see Hig. 5
networks B, E, F, and H and Fig. 6, structuresA and

B) [126]. A graphitic network based on trigonal planar
co-ordinated N-atoms g-[@D7)(N)], is the so far most
stable GN4-phase according to ab inito calculations. Ad-
ditionally, it is possible to formulate further tri-s-triazine
containing carbon(lV) nitrides which are analogous to the
above mentioned carbodiimide-bridged triazine network
as well as the “graphitic-orthorhombic” triazinesd,-
variant.

2.4.3.14. Further “carbodiimide- and cyanamide-based”
C3Ny-phases. In addition to the already described for-
mation of carbon(lV) nitride structures by connect-
ing sp-hybridised C-atoms, s-triazine-units 4d3) and
s-heptazine-units (§N7) via NCN-groups, it is possible
to interconnect 1,3-diazacyclobutadiene-rings;Ng) or
hexamethyleneteramine-unitsgly) with carbodiimide (or
cyanamide) groups (sd€g. 6, structures C, D, G and H)
[126]. As mentioned above the networks [C(NGN) and
[(C3N3)(NCN) 5], have been calculated by Kroll and Hoff-
mann[91]. According to this study these phases should be
less stable than the-C3Ng-structure by 80 and 180 kJ/mol,
respectively. The bulk- and shear moduli are expected to

(N)],.” and “3D-ths-[(CsN7)(N)],”. By analogy with the

above described s-triazine-based 3D-structures, it is possi-
ble to design the corresponding heptazine-based carbon(1V)
nitride networks. To our knowledge, these novel structures
have not yet been examined experimentally or theoretically.

2.4.3.17. Amorphous 4Dls-phases. Generally, any num-
ber of amorphous §Ngs-structures may be theoretically
postulated. Nevertheless, numerous different amorphous
CN,-structures have been prepared experimentally depend-
ing on the synthetic method (see below). It is therefore very
difficult to design a realistic model structure and very few
theoretical studies on amorphougNG-phases have been
published[127,128] Trends counteracting the formation of

a low-compressibility phase were found: “(i) N incorpora-
tion strongly catalyses C under-co-ordination, which in turn
(ii) causes the nitrogens to develop paracyanogen-like (CN
double and triple) bonding, and (iii) the most favourable
densities for a-CN occur much lower than for the desired
hard crystalline materials”.

2.4.3.18. Summary: comparison of postulatedsNg
phases. In summary, several dense, i.e. hard, saturated or
sp*-hybridised carbon(1V) nitride structures have been pos-
tulated. Additionally, a large number of soft, unsaturated
structural variants may be suggested, which are probably
suitable precursors for the synthesis of a hagtl£phase.
Especially the former hard phases have been examined with
various theoretical approaches. Although the results with re-
spect to the expected stability of the different modifications
do not always agree quantitatively, itis possible to conclude a

posses very small values similar or even lower than those gy gjitative sequence of stability (under ambient conditions):

of the graphitic carbon(lV) nitrides.

2.4.3.15. s-Triazine based 3D;N4-phases “3D-srs” and
“3D-ths” according to Vodak et al.[110]. In addition

to graphitic GNg-structures s-triazine units may be con-
nected via N-atoms to form 3D-networks. Two recently
investigated examples are “3D-srs” and “3D-ths”. These
hypothetical networks are derived from Sr&ind ThSp
structures, respectively. DFT-calculations indicate that the
3D arrangements are more stable than the layered sys
tems. This is a consequence of the lone-pair repulsion
of the non-bridging triazine nitrogens, which would be
in close vicinity to each other in coplanar structures like
those shown irFig. 5a However, the density of both in-

vestigated phases is much lower than the calculated den-

sity of the graphitic GNg-structures. This might indicate

that at higher pressures the graphitic phases are more

stable. It is interesting to examine if the 3D-structures
may form interpenetrating networks and how the stabil-
ising effect due to the conjugation between the aromatic

3D-ths-GN4 > g-[(CeN7)(N)],, > 3D-srs-GNy
> g-C3Ng > a-C3Nyg > B-C3Ng
> g-[(CgN3)(NCN)1,5], > N-C3N4
> ¢-C3Ng > a-C(NCN), ~ B-C(NCN)2
> pc-GNg > spinel-GNg
Concerning the compressibiliBp the following compar-

ative sequence can be proposed based on the literature avail-
able up to date:

Cc-C3Ng > a-C3Ng ~ B-C3Ng ~ pc-GNg
> g-C3Na ~ g-[(CeN7)(N)],

~ g-[(C3N3)(NCN)1 5], ~ a-C(NCN)2
~ B-C(NCN)2

At this point, it should be stated once again, that the shear
modulusGq correlates much better with the hardness of a
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material than its bulk moduluBy. Provided that the phases simultaneous irradiation with nitrogen ions (0.1-50 keV),
are stable under ambient conditions, the following order of furnished interesting C/N-coating$55,156] C:N-ratios in

hardness is suggested: the range between 0.5 and 3 were repoftes6]. Those
films with a C:N-ratio of 0.6—-0.7 showed an extremely high
pc-CGNg > B-C3Ng ~ c-C3Ng4 ~ a-C3Ny Knoop-hardness (6500 N/nfnfior 1 um thick coatings).
> g-C3Ng ~ g-[(CsN7)(N)], In the second half of the 1990s as well as from 2000 to

2003. Most experimental efforts and patent applicat[86%

~ g-[(C3N3)(NCN)1 5], ~ a-C(NCN)2 focused on the preparation of thin Gioatings. Several re-

~ B-C(NCN)2 search groups reported on the successful deposition of vari-
ous, hard amorphous and (partially) crystalling\Ng-phases
2.4.4. Thin films by vapour phase deposition from the gas phase. As described for the first half of the

First attempts to prepare GMNoatings were published in  1990s CVD-technique$10,12,15,18,22,24,157-202nd
the 1970s and 198(0429,130] After the above described PVD-methods[7-9,13,14,203-268}vere used. A few pa-
theoretical work by Liu and Cohen in 1985, 1989 and 1990, pers describe the formation of amorphous and mainly
which indicated thaB-C3sN4 should possess diamond-like sp?-hybridised carbon nitride phases (see £69-272).
properties and be metastable, there was an exponential in- Practically all known variants of chemical vapour depo-
crease in attempts to synthesise the postulated material vissition techniques were applied to produce ,Gddatings.
gas phase deposition techniques. Numerous papers hav&hese include thermal low-pressure CVD (see §1@)),
been summarised and analysed in several review articlesmicrowave- and RF-plasma-enhanced CVD (see e.g.

[1-4], and a brief overview is given here. [15,169b,178,182,186,188,18%¥ser CVD (e.g[163,170)
Early studies published during the first half of the 1990s, or hot filament CVD (e.g[171,179,180).

used plasma-CVD with NEICH4/H2- [131], CH4/N2- or Similar results were obtained from PVD syntheses. Here,

NH3/CHgs-gas mixtures as precursdfs32] obtaining amor- the range of applied techniques goes from ion implanta-

phous C/N-coatings. However, similar CVD-experiments tion (e.g.[220,252) or ion beam deposition (e.§263])

gave products that containegt and B-C3Ng-crystallites to magnetron-, ECR- and other sputtering methods (e.g.
[133] or exclusively a-C3N4-crystals [134] according to [13,149,204,227,228,239,243,257,260-262] laser abla-

the XRD (XRD) analysis of the authors. Song et[4B5] tion (e.g.[205,213,230,240,241and vacuum arc deposition
reported the formation of microcrystalline 3Bs-phases (e.0.[233a,273] or laser-induced gas phase reaction (e.qg.
in an amorphous matrix by ammonia-enhanced ion beam[264]).

deposition on graphite. Similar results were published by  The number of papers indicates that the CVD-approaches
Zhang et al[136], although this contribution was subject are dominated by plasma enhanced techniques, while in the
of a critical discussion published latg¥37]. Badzian and PVD area predominantly various kinds of sputtering meth-
Badzian[138] obtained graphitic C/N-coatings with a tur- ods were used. Important deposition parameters like tem-
bostratic structure. Pulsed laser ablation of graphite underperature, pressure, precursors and/or target materials were
nitrogen ion beam irradiation allowed control of the nitro- varied in a wide range. Silicon was frequently used as a sub-
gen content of the products up to a maximum of 40%. The strate, but metals such as nickel and quartz glass were also
composition of the films was not homogenous, and electron utilised.

diffraction analyses indicate that crystallites with high ni- Independent of the respective vapour phase deposition
trogen content are presgiB9-141] Sputtering techniqgues  methods and the applied apparatus or experimental tech-
have been frequently used to generate C/N-filid2—148] nigues, a number of reports on the successful synthesis of

Again, it was reported that the nitrogen content of the coat- partially or fully crystalline coatings was published (e.g.
ings can be selectively adjusted. However, in most studies[37y,188,201]. Many authors believe that they proved the
the maximum nitrogen content was 2q%4], 28% [143] formation of B-C3Ns-crystallites [167,170,171,173,207a,
or 50%[142], depending on the respective study, which is 208,209,215,217,218,220]a-C3Ng4-crystallites [15,168]
still below the required value of 57 at.% for a single phase «- and B-C3Ny-crystallites[18,163,166,169,206,21Qaju-
material with GN4 stoichiometry. At least two research bic C3N4 [212], B-C3N4 and cubic GNg4 [219], graphitic
groups claim to have reached this stoichiometry for a ho- C3N4 [176] or unknown crystalline Ng-phases[210b]
mogeneous material and reported nitrogen contents of 58%in their coatings. Other authors also found indications for
[148] and 60.87 wt.% £57.1 at.%)[149], respectively. In crystalline materials in the deposition products, but are
both cases, the films were amorphous. more careful with the interpretation of their results. This is
The implantation of N-ions with low energy (500eV) reasonable since in many cases there are only very small
[150] or high energy[151-154] (80-100keV) in differ- crystallites formed, sometimes with various compositions
ent carbon substrates provided various C/N-films. Some or mixed with other (amorphous) phases. Most conclusions
authors report the formation and detection of crystalline are based on XRD and TEM studies, but even when the
fractions in the product§l51,153] lon beam PVD tech-  possibility of C:N ratios different from that of 4Dls is
nigues, which involve the evaporation of carbon under neglected, the diffraction intensities and lattice constants
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match usually relatively poorly with the calculated values caused a (partial) decomposition into nitrogen and carbon-
for the theoretically proposed modifications. rich materialg277].

Matsumoto et al[2] provided a detailed systematic anal- Sekine et al. performed high pressure pyrolyses of tetra-
ysis of the diffraction data published until 1999. They came cyanoethylen TCNE (EN4) and 1,3,5-triazine (H3N3)
to the conclusion that in all cases the reported X-ray and/or obtaining graphite-like products with low nitrogen con-
electron diffraction patterns may also be assigned to dif- tents (below 20%)278]. In another study the following
ferent crystalline carbon phases. Moreover, the determina-organic substances were pyrolysed at 70225 MPa:
tion of the elemental composition of the coatings is usually melamine (GH3Ng), cyanoguanidine (&H4Ng), 1,2,4-
investigated with techniques such as EDX (or RFA), XPS triazol (GHsN3), diaminomaleonitrile (@H4N4), poly-
(ESCA), RBS or EELS, which are in general not suitable to merised HCN, dicyanoimidazol gEioN4), tetracyanoethy-
provide an exact and reliable quantification of the light ele- lene (TCNE, GNg), TCNE with ammonia as well as hex-
ments C, H, N and O. Even the C:N-ratio is usually very dif- aazatriphenylene hexacarbonitrile §815). All starting ma-
ficult to be determined for a small single crystal. However, terials provided pyrolysis products, which deviated from the
in some studies it was possible to obtain evidence throughideal GN4 composition. The authors concluded—primarily
HR-TEM and EELS212] that the crystallites as well as the due to the fact that in almost all cases significant amounts
surrounding amorphous matrix consist of carbon and nitro- of ammonia were formed—that an ideal precursor should
gen. In many cases itis clear from the vibrational spectra that contain no or at least the lowest possible hydrogen content
a significant contamination with hydrogen is present in the [279].
coatings (see e.§207]). Many authors ignore the presence Several attempts were published to synthesise graphitic
of the additional element hydrogen, discussing their results C3N4 materials, especially the netwokkin Fig. 5. Kouve-
simply on the basis of the C:N-ratio. This is not sufficient, takis et al. developed a single source precursor route to this
since molecular or polymeric crystalline C/N/H-phases may structure[124,280]
also be formed.

Amorphous non-stoichiometric GNmaterials are never- i )Nf"“‘es)z
theless interesting from a fundamental as well as from a N SN, Nsnvey, - h .
practical point of view, and much of the recent work in the C,)\N)\CI ~SnMesCl Cl)\ %CI ~ 2SnMe,Cl
field of carbon nitride coatings is focused on the synthesis
and characterisation of amorphous, homogeneous materials The pyrolysis products contained only small amounts
[182,187,202,209,213,239] of tin. According to Rutherford-back-scattering (RBS)

Finally, it should be noted that extremely hard, ternary they exhibited a nearly perfect elemental composition (e.g.
phases such as crystalline Si/C/N-modifications may c;N;oSm 07). In contrary, Purdy obtained a residue with
be formed when silicon is used as a substrate material 3n empirical formula goNggSn after pyrolysis at 520C,
[274-276] It is not unlikely, that many of the crystalline \yhjle upon prolonged heating df at ~50°C, a metal-
phases described in experimental reports contain significantyrganic trimer (SnN) six-membered ring was formed,
amounts of oxygen, hydrogen or other elements. Neverthe-yhich was identified by single-crystal XRP30]. How-
less, it is relatively unlikely that the discussed techniques eyer, no crystalline material has been prepared based on

lead to a C:N-ratio which igxactlyequal to 3:4. this approach.

) ) ) Martin-Gil et al. pyrolysedN,N-diethyl-1,4-phenylen-
2.4.5. Bulk synthesis approaches for Céblids (since diammoniumsulfate (@H1gN204S) in a nitrogen atmo-
1990) sphere and in the presence of $Se&3 catalyst. A hetero-

Several authors suggested use of bulk synthesis ap-geneous product was formed, which contained crystalline
proaches in order to generate hard, ceramic carbon nitridecarpon nitride with zinc blende structure, according to
materials in macroscopic amounts. According to the theo- 4R TEM-examinationg22]. The authors propose that this
retical studies mentioned above, itis clear that high pressuremgaierial is a carbon(1V) nitride N4, generated by incor-
techniques similar to the HP/HT-synthesis of diamond and noration of molecular nitrogen at 860G in the gas phase.
c-BN should be applied to preparesXly hard materials.

This requires suitable precursors with high nitrogen con- C;yH;1gN204S + 8Ny — 3C3N4 + CO, + 6NH3 + SO,

tent. Compared to the literature discussed in the preceding

section there is a much smaller number of publications The composition of the crystalline product could only be
on this topic. In the following paragraphs these papers are estimated with electron energy loss spectroscopy (EELS)
summarised and discussed. because of the small crystallite size of 5-50 nm. The crys-

Wixom tried in 1990 to synthesise a carbon(lV) nitride tallites are surrounded by an amorphous matrix with a
by shock wave compression of a pyrolysed melamine- varying nitrogen content. It was possible to determine a
formaldehyde resin and a tetrazol derivative. Diamond was micro-hardnesd of about 35 GPa and aB-modulus of
the only detectable crystalline phase in the product. Ob- 190 GPa by AFM22]. These values are significantly below
viously, high peak temperatures during shock treatment the corresponding values found for diamoitl ¢ 100 GPa,
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E ~ 1000GPa), but they are at least comparable with Ho H
amorphous CN-coatings (see e.§281,282). N
Montigaud et al. tried to prepare the triazine-based struc- N)\N 7 GPa, 1400°C & 5 on
ture A (Fig. 5 via solvothermal techniques at 250/ J\ Ni catalyst o & B-CNs
130 MPa starting from cyanuric chloride and melamine in N H
the presence of ethyl-diisopropylamif83]:
cl NH2 Under these conditions, the bulk of the material was con-
N)\N N)\N 6HCl verted to graphite, but a layer of “rod-like crystals with
2 2\ o A T N size of several micrometers” was found at the interface
cr Nk HN N N with Ni-Mn—Co alloy plates, which had been introduced

The orange-brown product was characterised using XRD, & cata_lyst at the top an_d at the bottom of the pressure cell.
REM, EDX, Raman and XPS. The authors describe the ma-/ccording to XRD studies, most of the-values showed
terial as a “novel graphitic §N4”. Since no information ~ 900d agreement to those calculated &or and B-CgNa.
about the hydrogen content was provided and the carbon-to-1N€ nitrogen content—measured by EDX—varied from 47
nitrogen-ratio was not determined by chemical (combustion) 1© 62%, but the authors admitted the experimental error of
analysis, it is very likely that the C/N/H-polymer melon was this method to be large. It is interesting that the formation

formed (see above53]. of C3Ng4 could also be observed if pure cobalt was used as
catalyst. Urea and NHHCO;3 did not lead to the formation
i )N\Hz of the crystalline layer, neither did Fe, Ni and Pd as cat-
NN NP N -3 HCl alysts. In spite of these promising results, it appears that
. \NJ\O - N)\NJ\NH Tase)  [CoNordn these authors published no further work on this issue.
2 2

In continuation of the above described works, Todd

Melon, GsNgH3, contains only 1.5wt.% hydrogen, its €t @l-[280] published further attempts to prepare a carbon
composition is therefore very close to the carbon(lV) ni- (IV)nitride-related ternary phases such agNeP [287]:

tride stoichiometry. Recentlyz the same p(_)lyme_r was pro_ba- X P(SiMes),

bly formed by a similar reaction of melamine with cyanuric )\

chloride. Interestingly, the_ authors suggested to use the prod-  N* i\l + P(Si_Mea)s NZ IN _ CaaP
uct as a new “host materia[284]. X )\NJ\X - XSiMes X )\N )\x -2 XSiMeg

An alternative method to synthesise the graphitgiNg
precursor A Fig. 5) is based on reactions of cyanuric chlo-

ride with metal nitrides and/or amides. The major challenge  The polymers formed by pyrolysis were air sensitive and
of this approach is the separation of the side product, i.e. thereacted spontaneously to forgXizPO. Experiments to pre-

X=CI,F

metal chloride, from the polymer. . pare sp-hybridised GNsP-hard phases via HP/HT routes
Kawaguchi et al. used lithium nitride and tried to remove gre planned287).

the LiCl by extraction with watef285]; In 1998, Nesting et al. were the first who reported

C3NsCls + LisN — “C3Ny” + 3LiCl the formation of nitrogen-rich carbon nitrides in dia-

mond anvil cells[288]. TCNE (GNg4) was transformed at

Two different products were obtained, with the composi- 2500°C/42 GPa into a carbon nitride, which was free of any
tion C3N4.501.2H4.1 and GN3601.1H42. The oxygen con- cyano groups. However, the material decomposed to form
tent indicates a hydrolysis reaction during the treatment with molecular nitrogen, diamond and nitrogen-depleted carbon
water. Remarkable is that the first material exhibited ferro- nitride phases. A more interesting product was generated
magnetic properties: according to the authors it was possi-by high pressure pyrolysis at 2500/115 GPa using a 2:1-
ble to separate the product from the reaction mixture using mixture of TCNE with cyanuric triazide (§Njo, Fig. 1L).
a permanent magnet. However, in the preliminary proceedings contribution, only

Lu et al. reduced chloroform with sodium amide and an XRD-diagram was published. A detailed analysis of the
obtained a C/H/N-material with a N:C-ratio of 0.23 upon diffractogram was not possible since it contained strong
annealing under a flow of nitrogef286]. The XRD pat- signals of the metal used as a gasket for the diamond anvil
tern showed six peaks, which were assignea-G3Na. In cell. No information was given on the elemental compo-
order to provide a comprehensive characterisation of the sition or spectroscopic properties of the product. It seems
crystalline phase further examinations such as TEM and that no full paper on this study has appeared up to date.
elemental analysis are required. However, support that the synthesis of a crystalline Car-

Another synthesis af-C3N4 andp-CsN4 crystals in 1997 bon (IV) nitride phase still remains possible, comes from
is reported by a Chinese research team. He et al. subjected recent success on the corresponding carbon (IV) oxide.
3-amino-1,2,4-triazine (§N4H4) to a pressure of 7 GPa and Obviously, sufficient pressure can convert even the volatile
1400°C: CO, into a polymeric solid. In 1999, Lota et al. reported on
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a quartz-like, sp-hybridised CQ-modification, prepared in  cyanuric chloride (@N3Cls) with lithium amide[294]. Sim-

a diamond anvil cell at 1800 K/40 GPa. The substance canilar conditions, i.e. 350C/<5MPa in benzene, had been
be quenched down to 1 GPa at room temperd288]. Also used before by Kawaguchi et al. (see above) forming a fer-
1999, a carbon nitride phase with high nitrogen content was romagnetic material with the compositionsKl4.501 2H4.1
prepared by anodic deposition of a cyanoguanidine solution[285]. In a short communication, an XRD pattern is
in acetone. The material was deposited on silicon and pol- discussed, which shows only three signals. An electron
ished graphite substrates. The reaction was performed bydiffraction image indicates the presence of a polycrystalline
applying a voltage of 1000V & = 50°C. XPS and FTIR sample. The authors concluded thatCsNy-crystallites
were used to characterise the products. C-C, C-N,C  were formed. However, except for an XPS measurement
CN and N-H-bonds were detectable. Annealing at€D0 no detailed analysis of the elemental composition of the

increased the fraction of C—N-bonf90]. crystallites was reported. Furthermore, the IR spectrum in-
Four articles, which appeared almost at the same time, dicates that large amounts of hydrogen are present in the
describe solvothermal approaches tgNg materials. sample, which is most likely due to the treatment of the raw

Melamine was treated in a belt-apparatus at 803 GPa, product with HCI, HNQ and HF.
using hydrazine as a de-hydrogenating agent. The authors Recently, Lu et al. tried to reproduce the solvothermal

report on the formation of the graphiticsR4-form with carbon nitride synthesis using cyanuric chloride with lithium
orthorhombic structure (sdeg. 5 networkG) under evo- amide as reactants in benzene solution at°856-6 MPa
lution of ammonig 88,291} [295]. They claimed the formation of- and B-CzNg.
NH, Solvothermal reaction of Cglwith NH4Cl at 400°C was
reported to provide graphite-likes®4 nanocrystal§296].
)N\/ JN\ HaN—H, > CaNa *+ 2 NHs Due to thg small crystallite size qfll nm, a comprehen;ivg
N SN SNH, 800-850°C/3 GPa characterisation was not possible. A Russian publication

from 1999 reports the high pressure synthesis of hexago-
The product was characterised with XRD, SEM, XPS, nal a-C3N4 at 6 GPa[297]. The presented XRD-diagram
electron microprobe analysis (EMPA), elemental analysis shows ten signals located a®2values, which are in good
and IR-spectroscopy. A hydrogen content of 2wt.% was re- agreement to the calculated data. The IR-spectrum is prob-
ported. This is a significant amount of hydrogen indicating lematic, showing strong bands for C—-H and N-H or O-H
the presence of a C/N/H-phase, possibly a crystalline form vibrations. Moreover, an elemental analysis of the products
of melon, which has the molecular formulagfoH3),, and was not reported.
contains 1.5wt.% hydrogen. This problem was discussed A shock-synthesis of-C3Ny4 is described in a proceed-
above and it is encountered in many publications. Very re- ings contributior{298]. Two mixtures of sodium cyanamide
cently, Ma et al. obtained similar results upon melamine py- (NaN(CN)), tetracyanoethylene (TCNE), sodium azide and
rolysis [292]. tetraiodomethane with an excess of copper were precom-
Similar solvothermal conditions~800°C/3 GPa) were  pressed in steel capsules. These capsules were shock com-
applied to test two further triazine derivatives for their suit- pressed for 1.8-3,6s at 20-40 GPa. The following reac-
ability to prepare a gNa-precursor: 2-amino-4,6-dichloro-  tions were proposed:
1,3,5-triazineA and 5-azacytosiB [293].

NC  CN
I 1

2 >:< +3 jcf +12NaNs —> 5CgNg + 12 Nal+ 12N,
N ||

NH» OYNYNHZ N
N)\I\l H/NYN NaN(CN), + I[jc’: +NaNg  —> CoNg + 2Nal + Np + I
C|AN*C| H
A

However, the products were only characterised by IR
spectroscopy. Comparison with the IR-spectrunizN4
CompoundA was supposed to evolve HCl and compound led the author to conclude thAtC3N4 had formed.

B

B was expected to form Hand HO thus forming a car- High-energy ball mills may also be used to generate high
bon(IV) nitride as the solid residue. Neverthelessyas re-  Ppressures up to >5GPa as well as high temperatures. The
acted with CaO in order to prepareN according to the  highp/T conditions occur at very localised spots in the reac-
following equation: tion mixture. Fahmy et a[299] tried to react pure graphite
with liqguid ammonia in a high-energy ball mill. The prod-
800-1100°C/3GPa : ;
C3NaH>Cly + CaO ——=75"C3N,4 + CaCh + H,0 ucts were examined with XRD, EELS, FTIR, XPS, HR-

TEM and elemental analyses. A nano-crystalline phase was
All reactions with compoundé andB formed products  detected, which could b@-C3N4.
with relatively high hydrogen contents and/or significant  In another mechano-chemical-synthesis approach using
oxygen impuritied293]. high-energy ball mills, C\-phases are reported by reacting
A further solvothermal synthetic route for carbon(IV) ni- graphite with elemental nitrogel8300]. The authors found
tride phases was applied to the above described reaction okvidence for the formation of C—N bonds using IR and XPS
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spectroscopy. However, the overall nitrogen content was de-

termined to be about 1-10%, which is rather low. The prod-
ucts contained hydrogen and iron (wear debris from the ball
mill).

Recently, further reports on the mechano-chemical-
synthesis of nano-size-C3N4 were published by a Chi-
nese groud301]. Graphite nanopowder was reacted with
ammonia in a high-energy ball mill. The product was char-
acterised by XRD, FTIR and TEM, but no clear evidence
for the correct composition of the crystallites was provided.
In another communication HRTEM, XPS and EELS were
used to analyse crystalline nanorod-shaped prodG6&].
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The results seem to support the above interpretation of ©f the polymer melon §NgH3 (see above). The “voids” in
B-C3N4 formation. However, although a very nice powder this structure are filled with chloride anions, a correspond-

diffractogram is depicted in the publication, no Rietveld

ing number of protonated N—H-units is also present in the

analysis was performed and the true elemental composition”Etwork- Furthermore, the describ_ed results are C(lnnfirmed
of the products remains unclear (especially the hydrogen PY €lemental analyses, EELS-studies as well as IR- 4ad

and oxygen content). Since it is stated that the high-energy NMR-measurements.

ball mill synthesis route provides a “convenient, well-
repeatable, mild, low-cost, effective and large yield (on
a 20g synthesis scale)” way ®C3N4 nanorods, a bulk
combustion chemical analysis should be performed.
Graphitic GNg4-hollow spheres have been reported to be

The high pressure synthesis @C3N4 was described in
a brief communicatiofi306]. The authors reported that car-
bon(IV) nitride crystallites were deposited on silicon wafers
by laser evaporation of graphite in a nitrogen plasma. These
crystals were used in a second step as a seed to crystallise

formed upon reacting cyanuric chloride or fluoride with &namorphous CNprecursor in a high pressure experiment.
lithium amide[106]. One year earlier, the authors had de- 1he latter precursor material was synthesised by decomposi-
scribed the formation of amorphous carbon nitrides using tON of mercury(ll) thiocyanate according to older literature

the same starting materia]803]. In this paper, the suc-
cessful synthesis of 4§Dls-materials in a Monel-reactor is

reported. While solid state reactions between both starting HI(SCN)2

materials did not give a positive result, an interesting prod-

uct was obtained using a solvent. Similar results had been

(see above).

7GPg550°C/2h
B—C3Ny

180°C
—_— C3N4,2 _—
CN,—beschichtetes Si

It is reported that macroscopic amounts of aNg

described before (see above) as well as in a recent reviewphase are formed in a 30nmimhigh pressure cell at

article[304]. Interestingly, the addition of materials such as

7 GPa/550C/2h. However, again the product was not

glass wool to the educts seems to have a catalytic effectcomprehensively characterised, only X-ray and electron

resulting in the formation of hollow spheres with diame-
ters from 30 nm to 2um [106]. SEM, TEM, FTIR, XRD

diffraction as well as XPS were us¢806]. Another short
communication describes the high pressure synthesis of a

and solid-state-NMR-examinations indicated the presence ofhexagonal gN phase at 6—7 GPa/30C [307]. The prod-

spherical CN-particles with graphitic structure. The authors
supported their interpretation with force-field calculations
(MM2), which indicate that triazine-based4-structures
crosslinked with nitrogen atoms (structuken Fig. 5) tend
to form curved layers. However, recent ab initio calculations

uct was investigated using IR- and AES as well as XRD,
but the structure could not be solved.

Much more analytical data is available for nitrogen-rich
CN,-networks which were prepared by slow thermal decom-
position tri-azido-s-triazine, §N3(N3)3 (=C3N12) [308]. A

show that the energetically most favoured conformation is few years before we had used the same molecular precursor

completely planaf125]. Nevertheless, metastable curved

C3N12 attempting to prepare a carbon nitride by a “deto-

structures similar to carbon fullerenes and nanotubes arenative synthesis”, but the formation of carbon nanotubes

certainly also quite stable.

(CNTs) and nanoparticles was observed ins{8a8]. Deto-

One further attempt to synthesise triazine-based graphitic nating of GN12 in ambient atmosphere yields only gaseous

C3Ng-structures from melamine and cyanuric chloride was
reported by Zhang et al. in 20gB05]. At 1-1.5GPa and
500-550C, a crystalline phase was obtained, which con-

tains stoichiometric amounts of HCI. The phase can be con-

sidered as a §N4-derivative. The same product is formed
when the single source precursor 2-amino-4,6-dichloro-
1,3,5-triazine is used:

The crystal structure of this phase was determined by
powder XRD. The material consists of a N—H-group bridged

products[310].
NC—CN + N,
A
p = 1bar
N3
A A
CNTs p >> 1bar N)\N p >> 1bar

CNx(Oy)

slow
(2 days)

+ NN
. ast N
nanopatrticles (~1 ps) 3 N N3
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Table 4 K3[(CeN7)(NCN)g], with heptazinetrichloride, gN7Cl3
E_Ien_ﬁental c_on_ﬁposition of the products of slow thermal decomposition of [314c]. In order to separate the side product KCI from the
triazido-s-triazine @N3(N3)s (CsN12). C/N-polymer, the reaction residue was washed with boiling
c N H o CsN:H,0; aqueous HCI (35%) and hot water. This purification step
WL96) (Wi.%) (Wto6) (wt.%) probably causes a partial hydrolysis of the product, since
185°C/lbaf 380  57.5 153 3.08  4N3gH14002 small amounts of hydrogen were detected. The chlorine,
iggogggzz 22'35 22'38 <016}37 25'3:’;8 §4'7gl~300~“ oxygen and potassium content of the products were not
: : : : 2oz determined. On the basis of IR- and MS-examinations as
well as XRD and analysis of the C:N-ratio determined
by combustion chemical analysis the author describes the
product as a “prototype carbon nitride”. Komatsu sug-

The slow decomposition under pressure provides amor- gested a network structure like that shownFig. 5B, but
phous materials with C:N-ratios betweegNg and GNs. according to the starting materials, networks likeor D
Thermal analyses (TGA), IR-, UV-Vis- an&’C MAS- should have formed. The presented data do not show that
NMR-spectroscopy as well as XRD, elemental analyses anda single phase, heteroatom free, graphitic carbon(lV) ni-
electron microscopy indicated that a C/N-network based tride has formed. Nevertheless, the approach to prepare a
on s-triazine rings is formed. The rings are crosslinked heptazine-based graphitigs-polymer appears to be very
primarily via N-atoms and diazo groups. Due to a wash- promising.
ing treatment after synthesis and probably due to contact
with air, the products contained hydrogen and oxygen as 2.5. Summary and outlook
impurities (Table 4.

Nevertheless, these materials have been proposed to be All theoretical studies indicate that dense saturated car-
promising precursors for high pressure transformations us-bon(lV) nitrides should be very hard materials. However,
ing e.g. multi-anvil- or diamond-anvil-presses. We have per- the calculated shear moduli clearly suggest hardness values
formed compression experiments withNG 2> as a starting well below diamond. What is more important, both carbon
material in laser-heated diamond anvil cells at pressures upand nitrogen are well known alloying elements for steel.
to 45GPa. Unfortunately, only amorphous carbon nitride Hence, cutting of ferrous alloys—one of the commercially
materials were obtaingl@11]. most important fields of metal working—may be prohibitive

In another high pressure synthesis approach a 1:6 molarfor carbon nitrides just as it is for diamond. Nevertheless,
mixture of hexachlorobenzene and sodium azide was com-the relatively large structural variety amongN phases
pressed in a tantalum cylinder at 7.7 GPa/1@00or 0.5h remains an interesting academic challenge. The most sta-
[312]. The obtained products were characterised by XRD, ble phase so far considered is a 3-dimensional network of
SEM and IR-spectroscopy. No clear evidence was found nitrogen-bridged triazine units with ThSitopology, fol-
for the presence of a carbon(lV) nitride phase in the re- lowed a heptazine-based graphitic structure, while for the
action product. In a later study, the same starting materi- hard phases;-C3N4 is predicted to be the most stable modi-
als were heated for 50-70h in the presence of a sodiumfication.
flux [313]. An amorphous material was formed, which con- ~ Numerous attempts to prepargNg-films via CVD and
tained carbon and nitrogen in a ratio close to th&lgstoi- PVD have been performed. There are many hints from
chiometry. different groups that crystalline C/N-phases are obtainable,

Preparation of graphitic §N4 -materials based on the but no unambiguous prove for the existence of such a
tri-s-triazine nucleus gN7 by chemical synthesis at ambi- phase is available. Also amorphous and (semi)crystalline

@ Washed with dry toluene.
b Unwashed sample.

ent pressure was reported in 2001 by Komatsu €BaH]. carbon nitride coatings have been shown to be very hard
This is a very interesting approach since it has been demon-materials, sometimes with interesting functional pro-

strated by ab initio calculations that the struct8rén Fig. perties.

5 is the most stable N4 modification[126]. In contrast A detailed analysis of the bulk synthetic approaches

to this result most authors have discussed their experi- shows that many nitrogen-rich materials have been gener-
mental (and theoretical) data with respect to triazine-basedated, but similar to the gas phase routes, no unambiguous
graphitic carbon(lV) nitride structures (see above). In a first characterisation of a carbon(lV) nitride network is available.
attempt Komatsu tried to synthesisgNG by pyrolysis of The sophisticated tools of preparative organic and inor-
tricyanomelamine at 80CC [314a] This experiment gener-  ganic chemistry should however allow design of a precursor
ates the C/N/H-polymer melon, as discussed above. The IR-which is suitable for a transformation into a;-phase.

and MS-spectrometry data as well as the C/H/N-analyses From a fundamental point of view there is still a lot
published in the paper clearly support this interpretation. of work necessary to gain a comprehensive understand-
Similar results were obtained upon pyrolysis of mixtures ing of the relations between synthetic parameters (for each
of melamine with metal halides like Zn£[314b]. Much method), composition (i.e. C:N-ratio), chemical structure
more promising are the reactions of potassium melonate and properties of C/N-materials. This kind of understanding
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would also be very useful for the development of industri- silicon nitride was found. The reaction of elemental silicon
ally relevant materials and their optimisation. with nitrogen gives relatively coarse products, which have
to be milled prior to further processing; (ii) carbothermal re-
duction utilises a fine mixture of carbon- and Siffowders
3. Silicon nitrides in a flowing Nb-atmosphere at 150Q; (iii) the so-called
diimide-process is a liquid- or gas-phase route tegNgi
Silicon carbidg315,319]and silicon nitridg[5] form the powders, which was discovered as early as in 1830.4SiCl
basis of the most important non-oxide ceramics. At least is reacted with NH at ~0-20°C to form amorphous, poly-
six different crystalline polymorphs of §\4 have been de-  meric silicon diimide ([Si(NH3],)) which transforms into
scribed in the literature: In addition to the well known hexag- amorphous silicon nitride upon annealing at >1000 be-
onala- andB-forms, which have almost the same density of fore it crystallises tax-SizN4; (iv) CVD techniques using
3.2 g/cnt, a novel high pressure form with spinel structure volatile silicon compounds such as SiCBiH, or related
(c-SsN4 = v—SizN4) was discovered in 1998/19990] molecular compounds yield $h4-powders upon gas phase
and will be described in detail iBection 3.2High pressure  reaction with ammonia. Due to the predominantly homoge-
experiments oi8-SisN4 at room temperature led to the for- nous nucleation, very fine powders can be produced with
mation of a so-calle@-SisN4 with tetragonal symmetry in  specific surface areas of 2—28fm and high sintering ac-
2001[316]. It is most likely a metastable intermediate be- tivity. In addition to these classical routes tgSi, several
tweenB- andy-SizN4 (seeSection 3.4 In 2002, Cai et al. variants and alternatives have been suggested. These include,
found crystallites of a novel hexagonal silicon nitride formed for example, plasma- or laser-enhanced techniques or the so
during pyrolysis of an Si/B/C/N precursor-derived ceramic at called SHS-process, which is based on very exothermic re-
nitrogen pressures between 1 and 10 NB2&/a] By subse- actions directly forming ceramic bodi§¢319]. The pyroly-
guent TEM investigations, the space group of this phase wassis of silicon-containing polymers, especially polysilazanes
identified asP-62c [317b,317c] Most likely a defecteous  gives amorphous as well as crystalline silicon nitride, de-
non-stoichiometric silicon nitride with space groBg»2,2 pending on the pyrolysis temperat821]. Independent of
that occurred during nitridation experiments of silicon was the synthetic method, the resultinggSi-powders primarily
reported in 1986 by Saha et &818]. To our knowledge,  contain thea-modification and only small amounts of the
these results have not been reproduced. There is little knowng-form.
about (crystalline) silicon subnitrideSéction 3.4 in gen- In comparison to other non-oxide ceramics like SiGCB
eral. Amorphoussilicon nitride in contrast is an important diamond and c-BN, the processing and sintering gNgiis
material for barrier coatings in electronic devic&e¢tion better understood. With few exceptionszI$j-ceramics are
3.3). Amorphous SiN4 powder also occurs as an interme- prepared by liquid phase sintering: At typical temperatures
diate in the synthesis @f-SizN4 via the diimide-route (see  >1700°C, oxidic sintering additives (e.g. MgE5iO,) form

next section). a melt, which dissolves the-Si3N4 crystallites.B-SizNa-
nuclei grow by reprecipitation. The in situ grovwiSizN4
3.1. - and B-SiN4 is characterised by a rod-like crystal morphology. These

elongated crystals build effective bridges in the wake zone

A comprehensive treatment of the syntheses and prop-of a crack, leading to a high fracture toughness aNgi
erties ofa- and B-SizNg4 is well beyond the scope of this ceramics. In combination with the high intrinsic thermal
review article. These issues have been addressed in severalonductivity of3-SizNa, this results in a very good thermal
books and review articles, e $,319,320}to name only the  shock resistance.
most recent ones. Hence, only a few remarks on the struc- Compared to most oxide ceramicsgl$i-ceramics are
ture, properties and significance of the classical silicon ni- characterised by relatively high tensile and shear strength.
tride phases will be presented here. By carefully controlling type and amount of the sintering

a- andB-SizN4 contain distorted Siltetrahedraand trig-  additives, high temperature stability and chemical inertness
onal planar NSj-units. All silicon atoms are $p and the have been attaingj®]. Due to this property profile, silicon
nitrogen atoms sphybridised. The SibHetraedra are in-  nitride ceramics are increasingly used for cutting tools as
terconnected via common vertexes. The planarity of thesewell as special machine parts such as bearings, seals or turbo
connecting nitrogen atoms in these low pressure modifica- charger rotor§322]. The quality of silicon nitride ceramics
tions has been comprehensively reviewed3h Electronic (SN) depends strongly on many factors, including the start-
interactions between the Si an N orbitals, such as (d-p) ing material, amount and type of sintering additives as well
(n—-o*) were considered as possible explanations. as the method of production. So called SSN, GPSN, HPSN,

Most commercial silicon nitride products are prepared by HIP-SSN, HIP-SN, RBSN, SRBSN and HIP-RBSN silicon
different sintering techniques starting from powders. There nitride ceramics are available, denoted depending on the pro-
are basically four different synthetic routes for these pow- cessing which may be standard sintering (S), gas pressure
ders, which differ in purity, morphology and sintering activ- sintering (GP) (uniaxial), hot pressing (HP), hot isostatic
ity: (i) in 1910, a direct synthetic method of stoichiometric pressing (HIP) or reaction bonding (RB), respectively.
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3.2. Spinel-SiNg but also the presence of a liquid phase in order to occur
[326].

Several authors have used high pressure techniques to
compressx- and/or-silicon nitride. Apart from the above  3.2.2. Nomenclature
mentioned HIP and hot pressing techniques, methods for As the spinel-type structure belongs to the cubic sys-
the generation of extremely high pressurgs> 10 kbar) tem, the new SNy phase was initially given the symbol
have been developed in the fields of earth sciences. In the“c-SisN4” [90]. The connotation to the most commonly
1950s to 1970s, the synthesis of diamond and c-BN wasused symbol for high-pressure boron nitride, c-BMjas
one of the few research fields outside the geoscience com-ntended and c-SN4 was adopted in subsequent publica-
munity, where these techniques were employed. In the pasttions (see e.g[89]). In the original works on the almost
decades, an increasing trend towards utilisation of extremesimultaneously discovered spinel nitrides of the heavier
pressures also in preparative inorganic chemistry and mate-group 14 elements Ge and Sn, Leinenweber et al. used the
rial science occurred. It is reflected by several recent review prefix y- for GesNg [329], whereas Scotti et al. completely
articles[323]. A main objective in the high pressure studies omitted the allocation of a prefix to determine the new
on silicon nitride was to obtain very dense ceramic bodies SrgN4 phase[330]. The nomenclaturei-M3N4 was also
that do not contain any sintering additives and hence exhibit used in a highlight article on the novel group 14 element
improved (thermo)mechanical properties. For example, Li nitrides by Schnic331] and at least in two other review
et al. sintered amorphous silicon nitride nanopowders underarticles [323e,332] As the spinel modifications of many
pressures of 1-5 GHa24]. Other researchers employed di- oxides and also oxide nitrides are traditionally indicated by
amond anvil cells to determine the bulk moduluse®izN4 v (e.g. y-Al203, y-Fe304, y-alon [333)), this appears to
up to 48 GP4325] or measure its melting curve up to 37 GPa be more systematic. Consequently, this convention will be
[326]. In none of these studies, a phase transformation wasused preferentially throughout this review article. It should

reported. be noted however, that we initially hesitated to use the sym-
bol v because of an unconfirmed report on the synthesis of
3.2.1. Discovery: DAC-syntheses tetragonal silicon nitride back in 198818] which would

Spinel silicon nitride was first discovered by diamond have been the third discovered polymorph in chronological
anvil cell high pressure experiments which were aimed order.
to synthesise a crystalline 384 phase. The underlying
idea originated from reported attempts to synthegdse  3.2.3. Structure
C3Ng4 by gas phase processes uspy$isNg as a substrate A comprehensive treatment of the spinel structure can
for heteroepitactical growtli327] and the occurrence of be found in[334]. The general formulation of spinel com-
C3_,Si;Ng-layers[134,177] where silicon substrates have pounds is ABX,4, space groupFd-3m. The structure is
been used for similar experimengsSizN4 crystallites were usually described as a (distorted) face-centred-cubic (fcc)
used as seeds in order to initiate the crystallisation of an array of anions X, located at 32e (Wyckoff-notation). The
amorphous C/N precursor material which was generated byanion position is not entirely fixed by symmetry, but can
annealing triazido-s-triazinesBl12 in a diamond anvil cell. deviate along thé€l 1 1) direction, which gives rise to one
Surprisingly, it was found that the seed crystals transformed free parameter, sometimes called “spinel parameter” and
into a novel cubic phase while the C/N matrix remained denoted withu. Only for u = 1/4 the anions are ideally

amorphoug328]. cubic close-packed. In most cases however, there is a finite
o 15 GPa /> 2000 K dilation, given .byl/-t = (_1/4) +34. This hgs several important
3Si + 2N, AC N ~ crystallographic |mpI|c.at|ons., including changes in bond
V-SiaN lengths, ponq angles, interstice vqlumes and the symmetry
»15GPal>2000K of co-ordination polyhedra. In particular, the existencei of
a-SigNg or B-SizNg AT AT allows for a broad range of cations A, B with different sizes.

The A cations are located within one eighth of the tetra-
At the same time Zerr performed high pressure high tem- hedral intersticies and the B in one half of the octahedral
perature experiments in laser heated diamond anvil cells oninterstices within the (distorted) fcc anion sublattice. In this
elemental silicon in a nitrogen pressure medium as well as particular case, Si atoms occupy both A and B sites. Hence,
on the hexagonat- andB-SisN4 polymorphs. A thorough ~ a more precise formulation foy-SisN4 is SI*![Sil61],Ny.
TEM investigation revealed the formation of spineti$i The six-fold co-ordination of silicon by nitrogen #1SizNg,
[90]. which previously was known only for some complex inor-
Interestingly, in earlier studies no phase transforma-
F;;S]Waésugrzzz\fjegtu:lor:‘ofj?}rgr)t;}e:t-sls‘tﬁfl\:isgo S‘t?r\fvzas 1 ¢-BN is not th.e only high pres§ure pqumgrph of boron nitride:
analogous to the existence of carbon in a cubic (diamond) and a hexagonal
HP/HT treatment at 4.9GPa and 16@ and that the modification (lonsdaleite), there is also a hexagonal wurtzite-tygaN,
long known a-to-B-transformation requires not only heat whilst the structure type of c-BN is sphalerite.
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ganic anion$335] and oxide nitride$336], was regarded as  3.2.4. MAP-syntheses
one of the most striking structural features at the time of its  The MAP technique allows compression of much larger
discovery.Stishovite the corresponding high pressure poly- sample amounts as compared to the DAC. Typical pressures
morph of siliconoxidecontains solely six-fold co-ordinated up to 25 GPa and temperatures in excess of 2@06an be
Si atoms. In the nitridey-SisNg4, one third of the Si atoms  achieved337,323a] Due to the larger sample size the prod-
remain in tetrahedral co-ordination, as in the low pressure ucts may be characterised using XRD, FTIR or elemental
polymorphsa- and 3-SizNg, but the co-ordination number analyses. These methods are essential in determining de-
of the nitrogen atoms is increased: While being in a trig- tailed information on the composition and structure of novel
onal planar configuration within the low pressure phases, phases.
the y-phase has four-fold co-ordinated, i.e3dyybridized We synthesiseg-SizN4 in a set of MAP-experiments (see
nitrogens, similar to the conditions in the ammonium-ion, Table §. Two amorphous precursors hamely silicon nitride-
NH4". Compared with conventional oxide spinejsSizN4 imide (SkN2NH) and amorphous silicion nitride were used
and the other group 14 nitride spinels are unique in many [338].
regards. In the first MAP-experiment, the high temperature of
While the binary oxide spinels based on transition met- about 2300C caused the silicon nitride to react with the
als, such as B®4 or FeS;, still contain differently charged  capsule material. The-SisN4-phase was successfully ob-
cation species (RX4 = F6§+X3 - FETX, “2-3 spinels”) tained from subsequent experiments at pressures of 13 GPa
the electronic structure of the light main group elements or higher. The fact that th-modification was obtained at
does not allow different oxidation states, so that all sites 10 GPa indicates (i) thgs-SisN4 and nota-Si3N4 is the
will be occupied by ‘cations’ with a formal charge af4 thermodynamically stable modification fpr< 10 GPa and
(‘4-4 spinels’). As a consequence, there is an absence of(ii) that the phase boundary between fiieand they-phase
local electroneutrality: the tetrahedrally co-ordinated nitro- lies within 10 and 13 GPa. This latter result agrees well with
gen ‘anion’ shares its formal charge ef3 with four sur- theoretical predictions valid fof = 0K [90].
rounding silicon atoms of charge4. This results in finite The morphology of theg-SizNy4 differs significantly from
effective charges located at thel*iand S¥®! sites. Their  the characteristic rod-like shape @-SizN4 crystallites
formal magnitude can be calculated according to the sim- (Fig. 8). Elemental analysis indicated an oxygen content
ple electrostatic Pauling rule, resulting irle at Si and of up to 12wt.% in the cases where a platinum capsule
—0.5¢ at Si%l. In reality, these charges will be somewhat surrounded by MgO was used as capsule matfg&d]. El-
lower due to redistribution of the electron density, but they ement mappings of cross sections of the cylindrical samples
will nevertheless remain of finite magnitude. An indication were measured with electron probe microanalysis (EPMA).
for a high electron density around thd®isite was found The data indicated that the oxygen content at the outer parts
via 2°Si MAS-NMR by Sekine et al. (seBection 3.2.6.9 of the sample is much higher than in the centre. Therefore,
We can expect an intrinsic polarity to be a common fea- it was concluded that oxygen diffused into the cylinder dur-
ture among all spinel nitrides of Si, Ge and Sn andf ing the heat treatment. It was also shown that each of the
they exist—also those of Ti, Zr, and Hf, as well as all their y-SisNs-crystallites was surrounded by an oxide layer by
possible ternary and multinary solid solutions. The resulting dissolving the oxidised surface in HF followed by analysis
ionic interactions will have important implications on the of the silicon content in HF-solutions. An amorphous, most
electronic structure of these compounds and their physicallikely oxidic film was also detectable in HR-TEM investi-
properties such as thermal expansion behaviour or thermalgations[338]. In order to decrease the contamination with

conductivity (seeSection 3.2.6.6 oxygen, multiple encapsulation using molybdenum in com-
Table 5
Summary of a set of multi-anvil-press experiments performed at the Bayerisches Geoinstitut in Bayreuth (Germany) on the synthesis of spiitetsilicon
Experiment no.  Precursor Capsule material Sample size @(mm) Press Pmar (GPa) Tmar (°C)  thoid (8) Product

1 a-SigNg4 Re 1.6x 2.9 Sumitomo 15 ~2300 120 Reacts with $Wy

2 SbN2(NH)  Re 1.6x 2.6 Hymagd - 1800 60 c-SiNg

3 a-SgNas Pt 1.6x 2.6 Sumitomé — - - c-SiN4

4 SbNa(NH) - 2.0x 3.7 - 10 - - B-SizNg

5 - - 16x 2.7 - 15 - 120 c-SNy

6 - Re 2.0x 3.4 Zwick® - - 900 -

7 - Pt/Mo 2.0x 3.5 - - - 90 -

8 - Pt/Mo/BN - - - - - -

9 a-SgN4 - - - - - - -
10 ShNo(NH)  — - - 13 1600 300 -

@ Hymag and Sumitomo press, maximum load: 1000t.
b Zwick press, maximum load: 5000t.
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Fig. 8. (a) SEM image of the products obtained from MAP-experiment 4 (10 GPalad#e 5: rod-like B-SizN4 crystallites are formed in a porous
amorphous matrix. (b) SEM image of the products obtained from MAP-experiment 2 (15 GiMy:c8ystallites with distorted octahedral and hexagonal
morphology are present. Nevertheless, an amorphous phase is also present.

bination with boron nitride was used for the high pressure
experiments 7-10T@ble 5. The products contained much
less oxygen compared to previous sampled \t.%).

For a detailed structural analysis of theSisN4 pow-

der, X-ray diffractograms were recorded and subjected to
Rietveld-analyses. The data obtained by the former HR-

TEM studies[90] were confirmed and refined by these ex-

system Si/Al/O/N [341], where a solid solution series
Siz_ Al O,N4_, with B-SigNg-structure (the so callei-
sialons[333]) is known. Theses-sialons were transformed
into the respective spinel compounds (Ssetion 8.2

3.2.5. Shock synthesis
Shock-wave synthesis methof#12] can be subdivided

aminations. The most important results are summarised ininto three classes: (i) so called “flyer-plate” or “impact’-

Table 6

experiments, where a shock wave is created due to the mo-

The multi-anvil technique was also chosen by other groups mentum of a projectile (flyer) that is shot onto the sample,

as a means for the HP/HT synthesisye8i3N4. However,
instead of amorphous precursors, the crystalline phases

andp-SizsN4 were used as starting materials. Jiang et al. syn-

thesised monolithig/-SisNs—samples, starting from a mix-
ture of a- and 3-SisN4 powders[339]. Tanaka et al. em-
ployed a high purity3-SisN4 powder with 0.5wt.% oxygen

content, in order to produce pure samples suitable for hard-

ness measurement340]. In both cases, an average grain
size between 100 and 200 nm was reported.

(i) shock-compressions or shock-compactions, which usu-
ally are based on an explosive charge, which is acting more
or less directly on the material to be densified and (iii) det-
onative syntheses, where a precursor—explosive-mixture is
detonated in a suitable vessel. All three techniques offer the
opportunity to produce larger amounts of products. The dis-
advantages of shock wave experiments are obvious: The de-
siredp-T-condition can only be perpetuated for a short time
(~1ms). Besides, there are usually safety precautions and

In the experiments described above, based on amorphouspproval regulations to be taken into account. However, for

Si/N precursors, only porous-SisNg-products were ob-

a comprehensive characterisation of the spinel phase of sil-

tained with crystallite sizes up to several micrometres. Thisis icon nitride it was very desirable to obtain larger amounts

most likely due to the formation of gaseous side products, i.e.

hydrogen, nitrogen and ammonia in the case gNgNH,
and/or the larger crystallisation-induced shrinkage.

than are accessible by the multi-anvil-approach.
Shortly after the discovery of spinel silicon nitride, Sekine
et al. obtainedy-SisN4 in high yields by flyer plate shock

Dense bodies, suitable for microhardness measurementsvave experiment§343]. Sub-micrometre-powders of pure
were obtained in a subsequent and separate study in the3-SisNg or aa-/B-SizNg-mixture were blended with copper.

Table 6
Summary of the structural data determined for spinel silicon nitride by
X-ray powder diffraction and Rietveld-refinemej338,339,351]

Distance/angle Fron351] From [339]
a (A) 7.7381(2) 7.7339(1)
Sie=N (A) 1.8051(2) (&) 1.7849(16)
Sioc=N (A) 1.8626(1) (6) 1.8718(9)
Sioc—Shct (A) 2.7358(1) Ea/~/8) 2.7343(1)
N—=Sie=N () 109.47 109.47
N—Sioee=N () 85.30(1) n.n.

u? 0.25968(1) 0.2583(1)

The results of other authors deviate only slightly from each other (see
also text).
@ So called spinel or anion-parameter.

Targets wrapped in copper- or platinum-hulls were impacted
with steel- or platinum-projectilg843a] By variation of the
projectile velocity between 1.5 and 2.1 km/s, peak pressures
of 12-115 GPa and peak temperatures up to >3000 K were
generated. The duration of thegeT-conditions was about
1ws. The products were isolated by dissolving the copper
in HNO3 and were analysed with XRD and transmission
electron microscopy as well as EDX. A maximuBizNg-

yield of 80% was obtained at 50 GPa/2400 K. Decomposi-
tion of the silicon nitride was observed at still higherand
T-values. The particle size of the synthesise8isN4 was
determined to be 10-50 nm. Interestingly, it was first found
that a-SizN4 does not transform to the spinel phase under
the same condition843]. The authors assumed a diffusion-
less (martensitic) transformation frofa to y-Si3Ng4. Later,
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the same authors reported thaSizN4 can indeed be trans-  3.2.6. Properties of spinel silicon nitride

formed and leads to a higher yield th@rSi3N4 under the In addition to the structural details of a novel crystalline
same shock conditiori844]. phase it is also very interesting and useful to examine im-
In a further report of the same research grq8p3b] portant physical properties. This is especially true for spinel

sintered dense3-SisNs-discs (1cmx 1.2cm x 0.3cm) silicon nitride since the low pressure phasesindp-SizN4
were impacted with polycarbonate-, steel- and tungsten- are used in several areas as structural and functional mate-
projectiles in order to determine the Hugoniot-curve of rials, as was already mentioned abo®e¢tion 3.2. Since
B-SisN4. In these experiments, the sample material was not its discovery in 1999, several studies have been focused on
recovered, but the onset of tife — ~ transformation at  certain properties of-Si3N4. The results are summarised
36 GPa was determined from shock velocity measurements.in the following paragraphs.
This much higher transition pressure compared to the static
experiments is due to the low temperature of 460K (at 3.2.6.1. General properties.Spinel silicon nitride is a
p = 36GPa). A complete transformation into the high colourless solid, or slightly greyish powder if synthe-
pressure phase was not observed even at the highest pressised via shock wave techniques. Porous as well as dense
sure of 150 GPa generated in the experiments, but a 100%samples have been synthesised by static DAC- and MAP-
conversion was extrapolated fpfax = 180 GPa. However,  experiments. A thin amorphous layer was observed at the
according to recent calculations for this pressure range, asurface ofy-SisN4 particles using high-resolution TEM
further high pressure modification should be formed, which [338]. It is assumed that this is an oxide-passivation layer
is similar to the CaTiOs-structure containing SigNprisms which results from partial hydrolysis at the surface. A sim-
as well as Silj-octahedra (seS&ection 3.4on post-spinel ilar behaviour is well known from many other non-oxide
phases). compounds—especially silicon nitrides. The higher the sur-
The successful shock wave synthesis of spinel silicon ni- face area, i.e. the smaller the particles and the higher the
tride was a break-trough for a comprehensive characterisa-open porosity, the higher the contamination with oxygen,
tion of the novel phase (see below). However, the title “mass if the material is handled in air. The oxide layer (or the
synthesis of cubic silicon nitride succeeded” in a press re- oxygen content) in turn influences nearly all chemical and
lease in STA Today, a monthly magazine of the Science physical properties.
and Technology Agency of Japan, in June 2000 appears to
be a little bit overstatedi345]. Nevertheless, 2 years later 3.2.6.2. Hardness. The determination of the hardness of
in September 2002, Ito et al. from Nippon Oils and Fats almost any material is a challenging task, since a large num-
(NOF) Corporation, Japan, reported on the shock synthesisber of factors, which can influence the results, have to be
of y-SisN4 powders in a multi-gram sca[846]. Applying taken into account. Hardness values of different materials
an explosive compaction technique Ito and co-workers were can only be compared with each other, if they are measured
able to convert up to 60% af- or B-SigN4 into the spinel ~ under exactly identical conditions.
phase. Purey-SisN4 consisting of spherical agglomerates ~ Nano-hardness measurements with MAP samples are
of nano-crystallites could be obtained by a two step acid Summarised irTable 8 [350] The examinations were per-
treatment with HNQ@ and HF dissolving the copper and formed with a modified AFM-device using loads between
IB-SiaN4 [347]. The abrasive performance of the product 3 and SmN. A cube-corner geometry diamond indentation
was tested in lapping experiments in comparison to diamondtip was used. Due to the fact that the investigajeBisN4-
powders. samples were polycrystalline, porous materials with crystal-
Since shock wave experiments orgl$j date back to lite sizes around um (as was evidenced by SEM-images),
the 1980s, it is surprising that spinel silicon nitride was the obtained hardness values need to be critically consid-
not discovered earlier. In 1980, Motomo and Setaka shock- ered, especially when they are compared with reference
compacted pre-compressedSisNs powders at dynamic ~ Mmaterials like single crystal c-BN or sapphire.
pressures around 40 GPa using a flyer plate technique. The The results of the nano-hardness study show a large varia-
post-shock phase content varied between 87 and 100%¢ion from measurement to measurement. This indicates that
B-SisN4, depending on the nature of the starting powder the sample is rather inhomogeneous, which was confirmed
[348]. The spinel phase was not detected. Flyer plate shockby SEM[350,351] Nevertheless, a trend of decreasing hard-
experiments were also reported by Hirai and Kondo in ness with increasing oxygen content could be identified. Ex-
1994 [349]. Nanocrystallinex-SizN4 powders with mean  trapolation to estimate the hardness of oxygen-fr&izN4
crystallite sizes of~70 nm were used as starting materials. gave a maximum Vickers hardness value of VA3 GPa.
The shock conditions were = 18, 30, 40, 46, 50 and Further studies on the hardness of spinel nitride were re-
60 GPa andl ~ 700, 1000, 1200, 1400, 1500 and 1700K, ported in the literature. Jiang et §52] determined a mean
respectively. No indications for an unknown phase were Vvalue for the Vickers hardness of 35.31 GPa using a set of
found. A summary of all successful syntheses approaches40 indentations in a MAP-deriveg-SizN4-sample, which
(including the static techniques) tg-SisN4 is given in ~ was obtained from a crystalline precursor (see abf8&9].
Table 7 However, it has to be stressed that no load values were



Table 7

Overview of spinel silcon nitride synthesis reported in literature

Reference Starting materials Sample environment Sample size (mm) Pressure genepatipiiGPa) Tma: (°C) trToId (s) Result

[90] Si, a-, B-, a-SgNs N2 n.n. DAC 15 1800 60-600 v-SizNa

[357] a-SgNy/a-B N2 n.n. DAC 20 15-20W (Nd:YAG laser) n.n. NaneSizsN4?/a-SgN4

[339] a-SigN4/B-SizNa Pt 2.0x 3.5 MAP 17+ 0.5 1800 3600 v-SizN4 and unidentified phase
[340] B-SizN4 Pt 10x 1.8 MAP 18 1800 1200 v-SizNa

[343] B-SizNy Pt, Cu n.n. Flyer plate 12-115 (1-3) 1063 1077 to 10°®  B-SizN4, nano-SisNy

[343] B-SizN4 (sintered bodies) - 1& 12 x 3 Flyer plate 28-150 187 16 to 10°%  B-SisNg, v-SisN4 (not recovered)
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Table 8
Results of the nano-hardness study{350]

E. Kroke, M. Schwarz/Coordination Chemistry Reviews 248 (2004) 493-532

Material MAP-y-SizN4 (~4wt.% O)

MAP+-SisNg (~14Wt.% O)

a-Al203-single crystal c-BN-single crystal

Nano-hardness (GPa) 36 (8) 30 (9)

32 (2) 97 (3)

The numbers in brackets give the maximum deviation from the mean value. The oxygen content of the silicon nitride samples was determined with

electron probe micro analysis (EPMA).

reported in this study. Tanaka et al. investigated a bulk MAP-

Mo et al. calculated a somewhat smaller value of

v-SizNg-sample which was obtained from a very pure, crys- Bo(y—SiaN4) = 280 GPa and found that for a first deriva-

talline starting material (see aboVi@40]. For the smallest
load of 9.8 N which was applied in this study, the au-

tive with respect to the pressure 8f(y—SisNg) = 3.48
[89]. Later, Kroll refined his investigations and estimated

thors report a hardness of 43 GPa. However, for a load of a shear modulus for polycrystalline spinel silicon nitride

981 mN a much lower value of13 GPa was found. The

of Go(y—SisN4) = 261 GPa[356]. Soignard et al. re-

strong load-hardness dependence determined in this reporported a shear moduluSo(y—SizN4) = 258 GPa[357].

may be caused by a weak grain boundary phase.

In this publication, a violation of the Cauchy-condition

In summary, it can be concluded that all the hardness (cas/c12 > 1) was found, which indicates a strong cova-
values reported for spinel silicon nitride up to date deviate lent bond characteristic foy-SiaN4 as well as for other
significantly from each other. Even within each study the spinel nitrides. More recently, Kocer et al. estimated the

variation of the determined values is relatively higkSizN4
is about twice as hard as andp-SizN4. However, facing the
minimum required pressure of 12 GPa f@iSisN4 and the

bulk and shear modulus of-SizN4 with ab initio cal-
culations to be 311 and 349 GPa, respectivi$8]. It
is to be noted that this high latter value is based on

extrememacroscopichardness values of about 50 GPa that the average of the tetragonal and rhombohedral shear
have been achieved for polycrystalline translucent c-BN at moduli, while the above mentioned values of Kroll and

‘only’ 7 GPa[353], it is obvious that favourable properties
additionto its hardness will determine whether spinel silicon
nitride will ever become an industrially relevant material or
remain a scientific curiosity.

3.2.6.3. Fracture toughnessindentation methods have

Soignard et al. were an average of the Hashin—Shtrikman
bounds.

The shock wave transformation experiments mentioned
above were used for a first experimental determination
of the elastic properties of-SisN4. Fitting the Birch—
Murnaghan-equation of state to the derived Hugoniot

been developed for the fracture mechanical analysis of ad-data, Bo(y—SizN4) = 300+ 10 GPa andB;(y—SizN4) =

vanced ceramics (see e[§54]) and are especially useful

3.0 +£ 0.1 were found. These results are based on the as-

in cases where the achievable sample size prevents thesumptions that the thermal coefficient of expansign the
application of more reliable methods, such as the single- heat capacityCy and thea—B-phase transformation energy

edged notched beam or compact tension samfiBs].

In the aforementioned work on polycrystalline translucent Cv(y—SisN4) ~ Cv(B—SisNg) =
c-BN [353], an indentation method has been used to esti- AE(B—SizNg

AE are:ay (y—SisNg) ~ av(B—SisNs) = 1.0810°K 1,
98.2 J/(molK) and

— vy—Si3gNg) ~ AE(a—quartz —

mate the fracture toughness of the material. In spite of the stishovitg = +821 J/g. With the exception of the last value

fact that the synthesis of dense, polycrystallin&SizNg
was reported352,353] no indentation fracture toughness
(Kic—icL) study on purey-Si3N4 has been published to the
present day. In the case of the spinel-siadeB®i>AION3,

a meanKc_icL of ~4.6 MPan¥/2 at indentation loads of
0.5 and 1.0kg was founfB41] (see alsdection 8.2

3.2.6.4. Elastic properties. In contrast to the hardness and

all results are close to the later experimentally determined
data for spinel silicon nitride (see below).

Also static high pressure techniques were used to deter-
mine the bulk modulus of-SisN4. Soignard et al. derived
from DAC-investigations up to 35GPa the following val-
ues: Bo(y—SisN4) = 308+ 5GPa andB’o(y—SisNg) =
4.0+ 0.2 [357].

Zerr et al. performed similar experiments up to 53 GPa and

fracture toughness considered above, elastic moduli like thefound: Bo(y—SizNg) = 290+ 5 GPa andB’o(y—SizNg) =

bulk modulus (or compressibility or the shear modulus
G can be theoretically calculated. Initially, Kroll predicted a
compressibility ofBg(y—SizNg) = 300 GPa and an elastic
shear constants4 of 340 GPa[90]. The analogous values
for a- and 3-SizN4 were calculated to b8¢(B—SisNg) =
249 GPa,By(a—Si3gNg) = 227 GPa and44(B—SizNg) =

4.9 + 0.6 [350]. The latter value is the highest reported
so far for the first pressure derivative of the bulk modulus
of y-SisN4. High values of B’g have also been reported
for stishovite, the high-pressure modification of silicon
oxide SiQ (Bp = 5.3) [359]. This gives evidence of a
high anharmonic proportion of the interatomic potential

150 GPa. These results support the conclusion of the pre-around the octahedral silicon site. Also the larger thermal
ceding section that the hardness of spinel silicon nitride is expansion coefficient of-SizN4 is a consequence of this
about a two times as high as that of the low pressure phasesanharmonicity (see below).
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Jiang et al. also determined the bulk modulus8i3N4 many applications. Shortly after the discoveryye5izNg,
employing DAC-experiments. They reported the following first examinations with regard to the decomposition temper-
data: Bo(y—SisNg) = 317+ 11 GPa andB’g(y—SizNg) = ature were undertaken. The results of these experiments in-

2.3+ 2.1 [360]. It should be stressed that for the latter dicated that the spinel phase is stable at least up to 700K
value the reported deviation is almost as large as the ab-[90]. Later, in two following studies, it was found that
solute value. A very interesting part of Jiang’s investiga- SizN4 is stable up to much higher temperatures.

tions is the Rietveld refinement of the diffraction data at  Sekine and Mitsuhashi examined purified (low oxygen
high pressure, which provides a more detailed insight into content), shock wave synthesise@tSisN4 via DTA/TG

the structural changes of the spinel under compression. Aswith heating rates of 5 and 20 K/min under argon to 1480
these structural refinements also revealed deviatoric strainand 1520C, respectively[364]. A back transformation
above 20 GPa, induced by increasing shear gradients withininto 3-SizN4 was found to start at1400°C and they-to-

a solid argon pressure medium, Jiang et al. decided to in-B-SizNg-enthalpy of transformation was determined to be
clude only data that had been measured below this pres-—29.2+ 3.5 kJ/mol. This indicates that the thermal stability
sure. (If shear indeed has a significant influence on theis much better than that of the Sithigh pressure phase
determination of the compressibility of-SisN4 by com- stishovite, which is converted into an amorphous phase at
mon methods, the investigations of Soignard and Zerr may ~600°C [365]. The observed transformation temperature
have to be revised.) The structural refinements of Jiang etis in the range of the c-BN/h-BN-equilibrium temperature
al. indicate that the SiNtetrahedron is more compress- (~1400°C) [366,367] and also close to the temperature

ible than the Sily octahedron withiry-SisN4. This cor- where diamond starts to convert thermally into graphite
responds to a decrease of the anion positional paramete(~1500°C) [368].
with increasing pressuréu/dp < 0 which was also pre- Jiang et al. investigated MAP-synthesised bysisNg-

dicted by Ching et al[361]. This phenomenon can be un- sample with respect to the thermal stabilityair at 1150,
derstood that upon pressurisation, the nitrogen sublattice1250, 1400 and 1600 for 0.5h [339]. The colourless
starts approaching the ideal cubic packing arrangement atstarting material contained significantly more oxygen as
u = 0.25 (recallSection 3.2.3 This trend was confirmed compared to the purifieg-SisN4 used by Sekine. Black,
by Jiang et al.’s own calculations: The polyhedral bulk mod- cracked products were obtained. XRD-examinations proved
uli B§® = Bo(SiNg) and BE' = Bo(SiNs) were found to  thata- andB-SizN4 are not detectable even after annealing at
be 361 and 298 GPa, respectively. The bulk modulus of the 1400°C. At 1600°C, both low pressure modifications were
spinel structure as a whole was calculated to be 328 GPa.detectable by XRD in addition to the high pressure phase.
This confirms that the simple average of the polyhedral mod- The reported results indicate that spinel silicon nitride
uli provides a good prediction for compressibility of the is thermally stable up to temperatures, well above those
bulk—a fact that had been established previously for ox- typically occuring in cutting and grinding applications. It
ide spinels by Finger and colleagui@6é2] and Recio et al. remains to be clarified which mechanisms lead to the de-
[363]. composition and/or transformation §fSisN4 and which
From the previously mentioned bulk modulus of 290 GPa phases are formed first. A direct, diffusion-less (marten-
and the reduced elastic moduldsobtained from the load-  sitic) solid state reaction might occur, but dissolution-
displacement curves of the nanoindentation measurementsreprecipitation processes, which are well known for the

Zerr et al. calculated an estimate for the shear modGk®]. a-to-B-SizNg-transformation are also possible. Neverthe-
The result, 148 16 GPa, is more than 100 GPa lower than less, the back-transformation may proceed via more than
the theoretical predictions of around 260 GRB&6,357] one mechanism simultaneously.

However, while the presence of a weak secondary phase
such as silicon oxide was considered for the extrapolation 3.2.6.6. Coefficient of thermal expansiorin order to de-
to the possible microhardness of a dense, pu8:N4 ma- termine the coefficient of thermal expansief, the lattice
terial, the effect of this phase on tetasticresponse of the  parameter ofy-SisNs was measured at temperatures be-
sample was not. Assuming that the entire 4% oxygen im- tween 25 and 758C [351]. Independently and for almost
purity is represented by amorphous silica, this would cor- identical temperature ranges of 20—8@) Jiang et al[360]
respond to~10vol.% of SiQ. Back-calculating to pure as well as Hintzen et al. (25-726) [369] performed sim-
v-SigNg, it was found that the experimentally determined ilar studies to determinew. The results correspond well
indentation elastic modulus df; = 303 GPa would sup-  with each other: while the coefficient of thermal expansion
port a shear modulus of up to 241 GPa Poisson’s ratio: for B-SizN4 [370] increases from 1 to 8 10~ K~1 within
v = 0.18). Final conclusions may be gained by measure- the said temperature range300-1000 K), the correspond-
ments on sufficiently large-SisNa4 single crystals yet to be  ing values fory-SigN, increase from 3 to 6 x 1076K~!
synthesised. which is significantly higher. A recently published theoret-
ical study supports these resul&/1]. These calculations
3.2.6.5. Thermal stability. The thermal stability of (ce- resulted incn(y—SisNg) = 3.3 x 106 t0 65 x 108K~
ramic) materials is a property which is very important for for 7 = 300-1000 K.
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Table 9 Table 10
Predicted thermodynamic properties of spinejN\Gi (after [371]) Calculated and experimentally determined (via Raman spectroscopy) vi-
Property Symbol _ Unit AL300K At 1000K brational modes of spinel silicon nitride
- Calculated vibrational modd871] Observed Raman signals
Heat capacity Cp J/(mol K) 92.72  166.95
Heat capacity (o J/(mol K) 82.39 162.99 Symmetry  Frequency |R/Raman [90] [339]
Entropy S J/(molK) —106.4 216.72 (cm™b activity
Helmholz energy F J/mol -5.13 92.39 Ty 317
Grilineisen parameter yp? - 1.19 1.35 T 406 (410) IR
Thermal conductivity A, W/mK 60-70 - Tag 415 R
Debye temperature ~ ©pP K 1050-1100 B 455
Tig 504
a8 The thermodynamic Griineisen-parameter is a measure for the Eig 522 R 522 (vs) 522 (vs)
volume- and pressure-dependence of the lattice vibrations and for the T, 619 (718) IR
force which is developed when the material is heate: aonstant def- Tou 631
inition, yin: aVBgt [429]. Tag 726 R 754 (W) 727 (m)
b Maximum temperature at which higher vibrational frequencies are T, 729 (764) IR
not yet activated. Ey 775
Azy 782
. . T1u 819 (1030) IR
3.2.6.7. Further thermal and thermodynamic properties. Tag 840 R 864 (m) 845 (vs)
Based on a density functional theory approach and usingAa, 946
experimentally determined values for the coefficient of Aalg 972 R 979 (w) 979 (m)
thermal expansio (see above) Hintzen et al. estimated - - 1034 (w) 1055 (m)
further thermal and thermodynamic propert{831]. The 2 No signals according to theory.

results are summarised irable 9

So far there have been no experimental studies publishedwith the reported-values of—46.1 and—48.2 ppm fora-
on the determination of the properties listedleble 9 For SisN4 and —48.8 ppm forB-SisN4 [373].
a deeper understanding of the physical properties of spinel |n contrast, the chemical shift of the SNinits represents
silicon nitride and the relations with (chemical) structure a record value, since all reportédSi NMR $-values in
and bonding parameters, experimental work would be de-the Si/C/N/O element system were found to be within the
sirable. The predicted thermal conductivity §fSisN4 is range from-10 ppm for SiG-units and-200 ppm for Si@-
significantly lower than the experimentally determined val- octahedral units in stishovite. The strong high field shift
ues forB-SizN4 of >100 W/mK][370]. This property is very indicates an efficient, electromagnetic shielding of the Si-

important for many practical applications. atoms. The ratio of the integrated signal intensities for the
two resonances was 1:2 and corresponds very well with the
3.2.6.8. Vibrational spectroscopic propertiesThe vibra- SiN4:SiNg-ratio in the spinel structure.

tional properties of spinel silicon nitride were experimentally
investigated with FTIR- and Raman-spectroscopy as well as3.2.6.10. Electronic properties.The electronic structure
theoretically[90,339,371] The FTIR-spectra show unusu- of a solid is the basis for almost all physical properties.
ally strong variation from sample to sample. The Raman- Therefore, the experimental and theoretical examination and
spectra are in better agreement. Reason for these observadescription of this structure is extremely important. Theoret-
tions might be the varying oxygen content which is contained ical studies on this topic are discusse®ction 7or binary
on the surface (as a passivation layer) and in the crystal lat-and ternary phases. One of the most important figures is the
tice of each sample. IMable 1Q the theoretically predicted  band gap, which was predicted to be of direct character with
vibrational modes are compared with the experimental Ra- a value of 3.45 eV fory-SizN4 [89]. This value is identical
man data. to the band gap of gallium nitride, a lll-V-semiconductor,
which is increasingly used for applications in optoelectronic
3.2.6.9. NMR spectroscopic propertiedn order to gain devices such as LEDs and lasers (see[8.1)).

information about the NMR-spectroscopic propertiesyof First attempts to determine the band gap«3isN4 were
SizgNy it was attempted to use MAP-synthesised products for focused on measurements of the optical absorption edge. Di-
measuring??Si-nuclear magnetic resonance spe¢8a2]. rect and diffuse reflection techniques were used, which did

Due to the relative small sample amount these experimentsnot give any conclusive resyB75]. Scattered light measure-
were not successful. Based on the shock wave synthesis oiments on powdered samples indicated an absorption edge
larger amounts ofy-SizN4 it was possible to obtaiR®Si beyond the limits of the spectrometer, i.e. a band gap of
NMR data[373]. Two resonance signals were identified at AE > 5.2 eV [375]. Transmission measurements in a DAC
—50.0+ 0.2 and—2250+ 0.2 ppm, which can be assigned did not show a sharp absorption edge, but based on a thor-
to the tetrahedrally and octahedrally co-ordinated Si-atoms. ough analysis of the absorption profile a preliminary value
The chemical shift of the SiNunits correlates very well  of 3.3eV was determine[876].
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3.3. Amorphous SiN using XRD and TEM. A distorted tetragonal structure based
on the high pressure modification of the mineral Willemite
Amorphous silicon nitride phases may be prepared by Zn,SiO4 (space groupd3d) appears to be the best candidate
several different synthetic routes. Bulk amounts are for ex- (see alsdSection 2.4.3 In this case, all silicon atoms are
ample available by the diimide process, i.e. by reacting sil- four-co-ordinated by nitrogen. ConsequenthsizN4 would
icon tetrachloride with ammonia followed by annealing at not be a post-spinel phase rather than a metastable inter-
temperatures below 120C, where crystallisation is usually  mediate betweef-Si3sN4 andy-SizgNg4. The two remaining
not observed. Other methods include polymer pyrolysis us- possible structures are tetragonal and orthorhombic. They
ing perhydropolysilazanes (PHPS) as precursors or vapourwould be more dense thapSisN4 and hence post-spinel
phase deposition techniques (CVD and PVBg1]. structures.
Amorphous silicon nitride (hano)powders have been used Other phases which were taken into closer consideration
to fabricate sintered silicon nitride bodies. This may provide by Tatsumi et al. were calculated to lessdense thary-
an opportunity to produce dense sintere&izN4 which is SizN4 at ambient conditions, which does not make them very
usually not obtainable by classical sintering due todhéo likely candidateg380]. In both theoretical studies however,
B-transformatior{324]. the CaTpO4-type silicon nitride is the most dense phase and
It is well known that silicon nitride—just like silicon  was calculated to have the lowest transformation pressure
dioxide—is an insulating material. It is used in the form of (Table 1J.
coatings, which are usually deposited via gas-phase tech- Itis interesting to compare these findings to a theoretical
niques, for electronic devices. A detailed discussion is pro- and experimental compression study @iGesN4 by Dong
vided, e.g. in[6,377]and will not be treated in this review. et al. (see als&ection 4 [382]. Compressing the homolo-
gous germanium nitride witi3-SisN4 structure to 38 GPa
3.4. Post-spinel nitrides a symmetry reductiorP63/m — P& — P3 is predicted.
Formation of a phase corresponding to the previously men-
In addition to the spinel phase of silicon nitride discussed tionedd-SisN4 was not observed, but the development of the

above, so called post-spinel phases have been investigatet@man shifts op-GesN4 andp-SisN4 [383] under pressure
theoretically as well as experimentally. For these structures, '€ similar. _ _ _
co-ordination numbers for the (semi)metal atoms 6fhave It seems thaB-GesN, is more stable thag-SisN, against

to be taken into accouf®78]. For the case of silicon nitride, ~ cOmPression. An equal trend was found for the wurtzite-to-
it was predicted by Kroll and von AppgB79] and Tatsumi roc.ksalt transformation of_group 13 nitrides AIN and GaN:
et al. [380] that at pressures around 160 GPa—which are While wz—AIN — rs—AIN is reported to occur between 15
achievable in the laboratory only with maximum efforts—a [384] and 20 GPg385], both theoretical and experimental
phase with CahiO,-like structure should form, which con- ~ results give values between 31 and 50 GPa for Gz86]
tains SiNy-prisms and Sily-octahedra. In a highlight article Corkill et _aI. pomte(_j out that this is most likely cau_sed by
published in 1999 Schnick suggested®j with a distorted ~ the repu_lswe po_tentlal of the core d-electrons of ga_lll_um and
EusOs-type structure and MgNFs (defect NaCl) as post- ~ 9érmanium, which are absent in the case of aluminium and
spinel candidate§381]. Recent experimental studies with  Silicon [387].

diamond anvil cells indicate that even at much lower pres-

sures of 34 GPa and at room temperature a fourth crystalline3.5. Silicon sub- and hypernitrides

SizNg-phase is formed, which was nam&eSizN4 [316].

The corresponding phase transformation was evidenced by a Only very little is known about silicon subnitrides. Orig-
significant reduction of the number of Raman modes with re- inally, Hengge[388] reported on the formation of (&),
spect to3-SisNy4 (at 38.2 GPa only 10 bands remain) and the phases. Kniep et g389] recently performed a thorough re-
appearance of new lines in the diffraction pattern. The crys- examination and a structure determination of a phase with
tal structure oB-SisN4 could not be unambiguously solved —the composition $SN. The material is obtained by a reaction

Table 11

Two sets of theoretically predicted silicon nitride post-spinel phases

Kroll and von Appen[379] Tatsumi et al.[380]

Structure type Space group Vga'c/ Vspinel ~ AE (eV/at)  Structure type Space group Vga'c/ Vspinel ~ AE (eV/at.)
B-SizNg P63/m 1.256 —-0.16 B-SizNg4 P63/m 1.26 -0.2
NisSey C2/m 0.986 0.27 KNiF4 14/mmm 112 1.5
CaFeOq Pnma 0.976 0.54 SrPi0D,, (MgFe)SiOy Pba Pbnm 1.06, 1.03 0.2,0.1
CaThOy4* Cmcm 0.928 0.51 CatiOy Cmcm 0.93 0.5

Peq(y-SisN4 < *) (GPa) 160 210
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of calcium silicide with ammonium bromide:

CaSp — ANH4Br 225 SipN + 2CaBp + 2NHs + 5Hs

This phase possess a layered structure and may be used

as a filler or additive as well as a precursor for other silicon
based ceramic materials. At 1000, it forms silicon nitride
and elemental silicon:

45N 2225 /B—SisNy + 5Si
Ar or Na
A binary crystalline silicon supernitride is not known,
although amorphous nitrogen-rich SHghases may be
formed in suitable CVD and PVD experiments (Szxrtion
3.3). A hypothetical SiN-phase with a pyrite-type structure
was recently examined by theoreticidfg].

4. Novel germanium nitrides

The germanium(1V) nitrides-GesN4 andB-GesNg4 with

structures analogous to the corresponding silicon nitrides
have been described in literature. Nevertheless, a germa

nium(ll) nitride has been mentioned in papers published in
the 19304390].

> 14 GPa /> 2000 K

3Ge + 2N,

DAC/N, T~
y-GesNy
>12 GPa/> 1000 K
a-/B-GesNa (8:2) DAC or MAP —

The synthesis of spinel G4 was realised independently

E. Kroke, M. Schwarz/Coordination Chemistry Reviews 248 (2004) 493-532

annealing at 300C at ambient pressuif898]:

6SnBr + 12KNH;
1bar/243K 10-°bar/573K
NHz) 2—5days

SmgN4 + 3Sn+ 12KBr

The side products KBr and tin were separated by wash-
ing with water and concentrated hydrochloric acid. Sub-
sequently, the structure of the first crystalline tin nitride
was determined using X-ray as well as neutron diffraction
(spinel, space groupd3m, Z = 8). A further bulk synthesis
of y-SrsNy4 is reported by Shemkunas et al., who employed
a solid state metathesis reacti@®9]:

3Snk + 4LisN + xNH4Cl
Z50Ra SreNg + 12Lil + xNH4CI
623K
In this experiment, a piston—cylinder apparatus was used
to create the elevated pressure and ammonium chloride acted
as a moderator to lower the reaction temperature. Previous
synthesis attempts without NEI led to the formation of

tin metal. They-SrsN4 produced by this method was re-
ported to have an improved crystallinity with respect the
products obtained by Scotti et al., possibly an effect of the
high pressure conditions. The smaller lattice constant-6f
9.0144(1) A (compared ta: = 9.037 A determined by Scotti

et al.) was attributed to this fact. With the lattice parameter
of the third spinel nitride known, one can now recognise the
systematic increase fromSisN4 (@ = 7.738 A) toy-GesNy

(a = 8.213A) further toy-SrgN4 (a = 9.0144 A) as was

at the same time by two research groups, who utilised dia-to be expected. The high pressure-derivedNansamples

mond anvil cell§391,392]and MAP[391].

exhibit four sharp Raman peaks located at 160, 416, 524,

By analogy to the above described shock wave prepa-and 622cm' and a relatively broad feature at 252th

ration of spinel silicon nitride it was also possible to
generate spinel-G&l, via this techniqud393]. The static
high pressure synthesis gfGesN4 was reproduced by a

all corresponding to the five active modes predicted by the-
ory and shifted towards lower frequencies with respect to
those ofy-GesNg as a consequence of the higher mass of

third group in order to ana|yse and compare the Raman Sn. The |R-SpeCtrUm exhibited Only one absorption around

spectra with the hexagonal and B-modifications[394].

547 cmt! that was assigned to the SN Ty, stretching

In this study the phase transformation was also investi- mode. Shemkunas at al. also point out that with hindsight,

gated theoretically. It seems th@8tGesNys is equally or
even more stable against compression tRBaBisNs (see
Section 3.4.

5. Tin nitrides

Very few reports on tin nitride phases appeared in the
literature. Non-stoichiometric SnNtin nitride films have
been prepared via CV[395] and PVD[396] and examined
with respect to their electrical and optical characteristics.
Compounds with the stoichiometriessBl» and SaN4 were

v-SrsN4 could be identified within some of the previously
reported CVD and PVD layers.

6. Lead nitrides

Interestingly, although there are several binary lead phases
known for non-metallic elements such as oxygen and sul-
phur, very little is known about the binary system Pb/N. This
holds also true for the older literature published before 1970
and in the last century. While for many elements includ-
ing tin (see above) binary phases have been reported, noth-

mentioned, but their structure, properties and even existenceing had been published on lead-nitrogen compoJaas].

remained unclegi397].
In 1999, spinel-SgN4 was synthesised by Scotti et al. by
reacting SnBy or Sni with potassium amide followed by

Later, two binary lead azide phases have been identified:
a-Pb(Ns)2 [401] and B-Pb(Ns)2. However, although high
pressure syntheses using diamond anvil cells have been at-
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tempted402], to the best of our knowledge there is no lead is strongly partitioned into thectahedralsites. Synthesis
nitride known to date. from a precursor with a homogeneous distribution of Si and
Ge would be desirable in order to confirm these results.
Elaborate calculations on 20 differeptMM »'N4-phases
7. Theoretical work on spind nitrides indicate thaty-TiSioNg andy-ZrTioNg would be unstable.
The remaining ternary nitride spinels are—at least with re-
Theoretical calculations assisted the experimental work spect to decomposition into the binary spinels—predicted
on spinel nitrides right from the beginning: Zerr et al. were to be stable or metastable. One interesting aspect of these
able to show why spinel and not willemite ll—type is the works is the prediction thagap and the electronic and op-
preferred structure type of 4 at high pressure$d0]. tical properties vary considerably among these spinels and
Shortly after the announcement of the first spinel nitride, hence should be tailorable to discrete values by an exact
several theoreticians focused their work on this new materi- control of the composition. Meanwhile it may be doubted
als family. Binary solids (spinel-§iN4 [89,90,105,358,403] if these calculations are of any relevance for possible appli-
spinel-GN4 [89,105] spinel-TgN4 [404,105] spinel- cations: In 2002/2003, an experimental work by Zerr and
GesN4 [105,382,394,403,405,406]spinel-SAN,  [105], Miehe showed that spinel izt the preferred structure type
spinel-ZgN4 [105], spinel-FgN4 [407]) as well as ternary  for the nitrogen-rich group 4 compounds: Heating Hf metal
phases (MM'N4 with M, M’ = C, Si, Ge, Sn, Ti, Zr) at 18 GPa and 2800K in a DAC with nitrogen pressure
[105,403,404,408)were investigated. Before considering medium yielded a novel hafnium(lV) nitride, kN4 with
some of these results in more detalil, it should be noted thatthorium phosphide (T4P,4) structurg410]. Analogous syn-
recent experiments suggest that the regular high pressurgheses of ZsN4 were successful, and a subsequent theoreti-
polymorph of the heavy group 4 nitrideszM4 (M = Zr, cal investigation of the three thorium phosphide-type nitrides
Hg) is not spinel-type[410], see below). In a first work on  of Ti, Zr and Hf by Kroll predict interesting properties such
v-C3Ng and y-SigNg4, Mo et al. found that the compress- as potential superconductivif@ll]. The ThP, structure
ibility of y-SigNy is significantly decreased in comparison type exhibits an eight-fold co-ordination of the metal atoms
to the low pressure modifications and predicted a direct by nitrogen, which itself is six-fold co-ordinated {RYNI®!;
electronic band gap energigap = 3.45eV that would average co-ordination numbai; ~ 6.86). The ThPs-type
be interesting for blue solid state emission and other op- nitrides are therefore significantly more dense than the cor-
toelectronic application§89]. Moreover, it was suggested responding spinels, where one-third of the metal atoms are
that the necessary pressure for the formationy8izNy in M4 co-ordination (V¢ &~ 4.57). As the regular group 4
could be decreased by doping with titaniyé®]. Ab ini- mononitrides MN, M= Ti, Zr, Hf crystallise in the rock-
tio calculations indicate that spinelsNg4, the hypothetical  salt structure and prefer alflWNI€! configuration, a high
end member of this doping or exchange process, shouldpressure modification wittVe > 6 is not surprising. It ap-
be more stable than the defect-rocksalt structure previouslypears that while theoretical methods have grown to a high
assumed for this compourjd04]. According to these cal- degree of precision in calculating the properties qiaa-
culations, spinel-BN4 would be a semiconductor with a ticular phase, efficient concepts for actuafiyedicting the
small direct band gapHEgyap = 0.25eV)[105,404] For the structure typeof the most stable phase in a given system are
solid solution, series-Si[Sii;—,Ti,]2N4 metallic character  still under development.
is predicted forx = 0.44. Similar calculations foy-SizNg,
v-GesNg, v-SiGeNy, andy-GeSpN4 indicate that within
these solids,Egap could be adjusted between 1.85 and 8. Multinary phases
3.45eV, and the bulk modulus varies from 258 to 280 GPa.
Assuming that the larger germanium atoms preferentially 8.1. Si/C/N
occupy the octahedral lattice sites, the authors point out
that especiallyy-SiGeN4 could be an interesting synthesis Numerous papers on the synthesis, structure and proper-
target, because it had a high cohesive energy and a directies of ternary Si/C/N phases have been publi§Bad,412]
band gap ofEgep = 1.85eV. However, more recent the- A detailed consideration of these solids is beyond the scope
oretical results indicate that the occupation of tetrahedral of this review article. Badzian reviewed the structure and
sites is energetically favoured for the germanium atoms, stability of silicon carbide nitrides, also making some side
instead of the silicon atomgl08]. HP/HT-experiments in  views on the binary C/N systefd13]. According to his lit-
the system Si—-Ge—N suggested thabizNs andy-GesNa erature survey, Si/C/N materials are most commonly found
are not totally misciblg409]: heating different mixtures of  to be amorphous, consisting either of random networks of
a-SigNg and B-GesNg, two discrete compositions with a SiN4C4_, tetrahedra or are dominated by short-range struc-
non-integer Si:Ge ratio (i.e-(Si,Ge;—,)3N4 with x ~ 0.05 tural features of SNy or SiC, respectively. Many materials
and 0.6) emergedyrespectiveof the initial ratio of the synthesised by gas phase processes contain hydrogen as a
starting materials. Analysis of the X-ray patterns indicates fourth component, typically in the range of a few at.%, some
that the St*, normally considered to be the smaller ion, as low as 0.9 at.%, and show a pronounced variation in ther-
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mal stability: some can be deposited at 1700 whereas  with x = 1.0, 1.1, 2.0 and 2.1. HP/HT experimentsat-
others decompose at 1400 to give SNy and SiC. 13GPar = 1800°C furnished the corresponding spinel
In comparison to the binary C/N phases, materials in the sialons. Thesey-Siz_ Al O;N4—, were structurally char-
ternary system Si/C/N and especially in the quaternary sys-acterised in detail. The lattice parameter shows a linear in-
tem Si/B/C/N may be interpreted as carbon nitrides which crease with increasing Al-O-content starting frep®isN4
are stabilised by Si or Si and B atorn#s4-416] Doing so, [341,351] First examinations of the mechanical properties
the stability depends strongly on avoiding an agglomeration using the Vickers method revealed that the novel ceramic
of N-atoms. Any formation of N—N bonds is the first step to materials are characterised by a hardness significantly higher
the generation of the very stable Molecules, which leads than that of the low pressure sialon modifications (HV
to the decomposition of the solid. ~28 GPa at 0.5-1 kg foy-SipAION3). The fracture tough-
Extremely hard amorphous Si/C/N films with microhard- ness, as determined by the indentation crack length method,
nesses up to 6500 kg/nfnhave been reporteld17]. Crys- was K1c_icL = 4.6 MPant/2. This is in the upper range
talline and nanocrystalline Si/C/N phases were also synthe-of a- and 3-sialon ceramics, which have typically fracture
sised. Studying the C insertion int®-SizNg by plasma- toughnesses of 3-4.5 MPd#th [341]. Theoretical studies
deposition, Badzian found a terminal concentration of 6% C. on vy-sialons have been published recerjgd23-425] The
Given the well documented instability of C/N compounds, experimental characterisation of functional properties and a
carbon obviously shows a pronounced preference to act as amletailed structure analysis (with respect to anion and cation
anionwithin the Si/C/N system. This means that phases lo- distributions) remains a topic for future research.
cated at or close to the$pi4—SiC tie line are, in general, ex- Furthermore, numerous very interesting ternary and
pected to be more stable than those located betweg;'C multinary phases with a large variety of structures have been
and SgN4. Nevertheless, at least two crystalline examples of prepared in the Si/AI/O/N and related element systems.
this type of Si/C/N phases exist: Synthesis and structure elu-These include, for example, the nitridosilicates examined by
cidation of SiGNg4, poly(silylcarbodiimide), Si[NC=N]2 Schnick et al[426]. However, even a very brief discussion
and SpCNg, silicon nitride carbodiimide, SN2[N=C=N], on this topic would go beyond the scope of this review.
was reported in 1997 by Riedel et §18].

8.2. Oxide nitrides and sialons 9. Summary and conclusions

In the quaternary system Si/Al/O/N and related multinary  In the past 15 years, numerous researchers have dealt with
systems, numerous glasses and crystalline phases are knowiheoretical as well as experimental investigations of the ni-
In the past three decades, especially the so callednd trides of the lightest group 14 elements, the carbon nitrides.
B-sialonshave gained significant technological importance, Many interesting crystalline phases with useful properties

similar to silicon nitride and silicon carbide ceram[d20]. have been predicted to be metastable by several authors and
TheB-sialons can be formally derived by a coupled substitu- are a promising target for preparative materials scientists and
tion of Si—N pairs versus Al-O within th&-Si3N4 structure, chemists. The majority of the experimental approaches are
which gives rise to a solid solution serieg SiAl ,O;Na_, based on vapour phase deposition routes (CVD and PVD),

[5¢,419] In a similar manner, thex-sialons are derived  which furnished many interesting, such as very hard and
from a-SizgNg4, but contain additional metal ions such as Li, wear resistant, amorphous and (partially) crystalline coat-
Ca, Y or rare earth elements. The phase behaviour of theings. Although there are various reports in the literature
Si/Al/O/N-system has been examined extensively since the claiming the synthesis of a crystalline carbon(1V) nitride
1960s (se¢420] and references therein). While in the vast C3Ng4, none of the studies provides a comprehensive charac-
majority of these publications, only temperature and com- terisation of a single phase material. A smaller but increas-
position were varied, until 1999 only one research group ing part of the literature on carbon nitrides deals with bulk
focused on the behaviour of sialons at high temperdture  syntheses. Again, several interesting results have been ob-
combinationwith high pressures in the GPa-regime. In the tained, but a crystalline 4D, phase remains to be identified.
three studies reported; andp-sialons were pressurised up In 1999, three novel nitride phases of the heavier group
to 6 GPa and 180TC [421]. While the a-phase was ob- 14 elements silicon, germanium and tin were discovered.
served to decompose in a complicated manner, forrBing  These are the first examples of the new materials class of
sialon and other unidentified phases, the authors claim thatspinel nitrides. A large number of multinary spinel nitrides

the maximum substitution levelya, in B-Siz— Al OyNg_, can possibly be prepared by high pressure techniques. The-

decreases dramatically with pressure. oretical studies and the recent synthesis of the first spinels
Sekine et al. succeeded in synthesising the first spinelwithin the system Si/Al/O/N support this assumption.

sialon via shock wave high pressure experim¢sg?]. In- The structure and materials properties of the binary spinel

dependently, we also found spinel sialon phases in the coursenitrides, especially-SisN4, were investigated since its dis-

of our MAP HP/HT experimentf341]. Four3-sialon start- covery. It turned out that this material is about twice as hard

ing materials were employed, namebySiz_,Al ,O;Na_, as the well known low pressure modifications of silicon ni-
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tride. Further hints for promising mechanical properties such [14] M. Aono, S. Nitta, T. Iwasaki, H. Yokoi, T. Itoh, S. Nonomura,

as a high thermal stability have been found. Many interest-

ing functional properties (e.g. a metal-to-insulator transition)

depending on the solid solution composition, have been pre-

dicted theoretically for ternary and multinary phases con-
taining transition elements in addition to Si.

Thus, in summary it can be stated that a fascinating new
field in the area of nitrides has been discovered, which gives
motivation for further studies dedicated to fundamental ques-

tions as well as the exploitation of the novel materials for
industrial applications.
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