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Abstract. Methods of preparing silicon nitride and silicon nitride
materials as powders and as materials consolidated from the
powders, and also as films and coatings, are reviewed. Informa-
tion on the structure and on the physicochemical properties of
silicon nitride materials is analysed and discussed. The bibliog-
raphy includes 172 references.

1. Introduction

The synthesis of silicon nitride by heating elemental silicon in an
atmosphere of nitrogen generated by the decomposition of
potassium cyanide was first reported by Balmen in the middle
of the last century.! Thus, though first synthesised about 150 years
ago, silicon nitride (like silicon carbide) has played a leading role
among all known refractory compounds (judging by the number
of publications, seminars, conferences, etc.) only during the last
two decades. The most ‘productive’ period was the autumn of
1993, when a symposium on silicon ceramics was held in Tokyo in
September, the conference ‘Silicon nitride 93’ was held in
Stuttgart in October, and a symposium on silicon ceramics as
construction materials was held in Hawaii in November, in spite
of the authoritative symposia held in December 1992 and in April
1993 respectively, in the USA, by the Materials Research Society
and by the Ceramics Society, aimed at the scientific and the
technological aspects of silicon nitride materials. This sustained
interest is not fortuitous: it can be attributed to at least two
factors. Firstly, to the remarkable properties of silicon nitride
(high hardness, good tribological and elastic characteristics, low
density, adequate mechanical and thermal stability, inertness
towards many aggressive media, unique electrical properties, and
readily available starting materials). Secondly, it is stimulated by
the relative complexity of silicon nitride as the object of
physicochemical research and technological development.
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Whereas the first of these factors accounts for the wide range
of possible applications of this compound (in structural, cutting
tool, and tribotechnical materials, and also in materials with
special physical and physicochemical properties), and therefore
for the interest shown by specialists in different disciplines, the
second factor explains the need for comprehensive investigations.

One of the most notable contributions was made in the
1950-1970s by Samsonov, who reported a comprehensive study
of refractory compounds in general and silicon nitride in
particular. -2 Monographs so far published on this topic are
few,?~5 and deal with aspects which are now obsolete: the more
recent information is to be found in journals and in relatively
obscure symposia. ®~2 The latest reviews 12-12 deal with specific
aspects, and do not consider the overall problem. It should be
noted that the chemical and physicochemical aspects are among
the most important in the development of modern silicon nitride
materials, and that their relevance is increasing continuously.

The aim of the present review is to discuss and generalise as
fully as possible the most recent data on the synthesis and
properties of silicon nitride in the form of powders and materials
made from the powders, and also in the form of films.

11. Powders and their consolidation

1. Synthesis and thermal dissociation

Si3N4 powders can be prepared by many of the standard powder
technology methods: direct synthesis in its numerous variants,
carbothermic reduction, gas-phase synthesis and dissociation
reactions, and mechanical comminution as an additional
treatment. These methods are listed in Table 1 with some of
their modifications.

The main methods of preparing Si3N4 powders used recently
have relied on mechanosynthesis, now widely used in the
preparation of powders of many refractory compounds and
intermetallics. 13~ 15 It has been shown !° that the use of ammonia
during the milling of silicon is much more effective than the use of
nitrogen. The hydrogen formed during the dissociation of
ammonia reacts with oxygen impurities in the atmosphere
and decreases the probability of forming oxynitride surface
films, which suppress the nitridation of the silicon particles.
Intensive milling of silicon in ammonia for 150 h, followed by
vacuum treatment at 800 °C (t = 8 h), produces a-Si3Ny, but the
product contains 14.22 at.% of oxygen, 1.28 at.% of iron, and 1.99
at.% of titanjum. This result is undoubtedly encouraging, but it
also makes clear the need for further optimisation of the regimes
adopted in the preparation of Si3N4 by the mechanosynthesis
method.
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Table 1. Main methods of synthesis of silicon nitride powders and their
variants.

Method Main variants

of the method

Main reactions

3Si+2N; — SizNa
3Si+4NH; -
— SisNy+6H»

Direct synthesis
of components

Self-propagating
high-temperature
synthesis (SHS).
Plasmachemical synthesis.

Mechanosynthesis
Carbothermic 38i0;+6C+2N; — -
reduction - SisN4s+6CO
Gas-phase 3SiCls+ 16 NH3 — Plasmachemical
synthesis — SisNg+ 12 NH4CI synthesis. Laser

3SiH4+4NH; —
— SizsNs+12H>

synthesis

Dissociation 3Si(NH); —» Laser induced

(pyrolysis) — SisNg+2NH;3
(1/n)[SiR2—NR], —
— SisNs+RH +H;
Milling - —
T/K a n
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2600

2500

T/K
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Figure 1. Effect of the nitrogen pressure on the adiabatic combustion tem-
perature and on the extent of reaction of the silicon (n*). (a) Si; (b)
Si:SisNg = 50:50. Calculated for an assumed porosity of 65%. I—I1I see
text.

The kinetics of the interaction of silicon with nitrogen are
strongly influenced by the density of defects in the initial powders,
as shown by X-ray structural analysis and by ESR and IR
spectroscopy methods applied during the milling of silicon. 7

The mechanism of the reaction of silicon with nitrogen has been
analysed in detail also by earlier workers,*'© and we shall not
dwell upon it further here.

Detailed studies of the interaction of silicon with nitrogen
during the self-propagating high-temperature synthesis (SHS) of
the compound!8-2! have been reported. Fig. 1 shows the
dependence on the nitrogen pressure of the calculated adiabatic
combustion temperature of silicon and of the extent of reaction.
The effect of diluting the initial silicon with silicon nitride, which
lowers the nitrogen pressure and the combustion temperature, is
also shown. Three regions of the reaction have been defined: %! in
the first (1) the rate of combustion is limited by the transport of
nitrogen, in the second (/7) the reaction is controlled by the high-
temperature dissociation of the silicon nitride, and in the third
region (IIT) rate limitation is provided by the reaction kinetics. In
the latter region complete conversion of the silicon into the
nitride is observed at the front of the combustion wave (n* = 1).

T/K

2000

1000

5 10 15 t/min

Figure2. Typical thermogram for the combustion of a mixture of Si: SisN,=
50:50 in nitrogen at a pressure of 50 MPa (porosity 65%).2!

On the whole these calculations are confirmed by experiment.
Fig. 2 shows one of the thermograms obtained in the combustion
of silicon (50 mass%) + SizN4 (50 mass%) in nitrogen under a
pressure of 50 MPa. The maximum combustion temperature
recorded in these experiments (~2500 K) differs by approx-
imately 100-150 K from the calculated values: in view of the
approximate nature of the calculations this result can be accepted
as fully satisfactory. However, at other temperatures the agree-
ment between the experimental and the theoretical results was
not so good.

One of the advantages of the silicon nitride powders prepared
by the SHS method is their relatively low oxygen content
(0.4%—0.6%). 22 This is due to the use of pure starting materials
(semiconductor-grade silicon and thoroughly purified nitrogen).
Commercial-grade powders prepared by the SHS method have a
much higher content of impurities (for example, their oxygen
content is between 1.5% and 2%). Some recent papers?3-23
describe their technological and other properties.

The favourable economic indicators of the SHS method have
been discussed by Golubjatnikov et al., 2¢ who calculated that for
an annual production rate of 50 t by the SHS method the cost of 1
kg of Si3N,; powder would be ~US $28, compared with
~US $33.7 for material produced by the normal method.
Characteristically, in both cases the main contribution to the
cost comes from the economically inefficient milling operation.

The tempting idea of preparing silicon nitride powders by the
self-propagating combustion of silane —ammonia mixtures with-
out additions of oxygen has not so far been realised.?” Only the
synthesis of silicon oxynitride powders has been reported.

The carbothermic reduction of silicon oxide in a nitrogen
atmosphere has long been of interest as a method of using widely
available materials including waste products (for example rice
husks 28). However, the powders obtained by this method do not
offer a high purity and require additional milling. Their purity
can be improved by chemical purification (acid etching) of
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the materials. ! A detailed study of the mechanism of formation
of SisN, under the conditions of carbothermic synthesis (" =
1400 — 1550 °C, pn = 0.1 —6 MPa) in relation to the properties of
the carbon black and of the silicon has been carried out. ?® It was
shown that at nitrogen pressures between 2 and 6 MPa the
evaporation of the silicon monoxide and the formation of
nonequilibrium phases can be largely suppressed, thus bringing
the carbon and oxygen content of the reaction products under
control. The special features of the carbothermic reduction of
silica in nitrogen were discussed also by several contributors to
the Stuttgart conference® in 1993. For example, it was reported
that the well-known Dow Chemical Company (USA) had
developed a technology for the carbothermic synthesis of
Si3sN4 which produced a powder of submicron particle size
with a high content of the a-phase (>95%) and a relatively small
content of oxygen (2% —2.5%) and of carbon (0.3%—0.5%). 3 The
moderate cost and the useful technological characteristics of this
powder were stressed.

Most of the work reported during the last few years relates to
the gas-phase synthesis of silicon nitride, and is mainly aimed at
the production of ultrafine powders (UFP) with a particle size of
less than 100 nm (usually d < 20 nm). 15 The reactions between
ammonia and the vapours of silicon tetrachloride or silane, or
their derivatives, have been widely studied. !1-31 35 Work aimed at
the preparation of carbide nitride powders should also be
mentioned. 313

Under appropriate conditions the gas-phase synthesis
stimulates homogeneous nucleation, and thus allows silicon
nitride to be prepared in the form of UFP. As has been pointed
out, 1! the use of silicon tetrachloride or of silane as the starting
materials involves some important considerations. On the one
hand the low cost of SiCly must be weighed against the need to
take special steps to remove corrosive side products (NH4CI). On
the other hand the less easily available silane, which also requires
special precautions in handling, gives a better-quality product.
Nevertheless silicon tetrachloride is widely used in the industrial
production of silicon imide Si(NH),. This material decomposes
at ~ 1000 °C with formation of amorphous SizNy4, which is then
annealed to induce crystallisation at 1500 °C.3¢

The most significant results of the studies of gas-phase
reactions include the recognition of the special features of the
laser-assisted synthesis of silicon nitride as non-agglomerating
UFP, *? and also calculations of the thermodynamic equilibrium
in the Si—-H-CI-N system in the temperature range 800 to
2600 K using SiH4, SiCls, their many derivatives, and the
imide.3” The pyrolysis conditions in various media (argon,
oxygen, nitrogen, helium) of crosslinked organosilicon polymers
have also been analysed in detail. -3 The formation of various
intermediates during these experiments was demonstrated by

atomic ratio Si: N:C = 3:4:0 cannot be prepared by the method
used successfully for SiC. The traditional plasma methods of
synthesising these products are still proving valuable.3!-32. 41
Laser technology is used mainly on the laboratory scale. An
increasing number of publications on the use of gas-phase
reactions in thermal reactors of the flow type is now
appearing. Thus, the thermal dissociation of hexamethyldisila-
zane Me3SiNHSiMe; introduced in a stream of helium as the
carrier gas (rate 8.55 x 10~3 mol min—!, silazane concentration
16.5 mol%) has been described; some characteristics of the silicon
nitride UFP thus obtained are listed in Table 2.3

The low density values (up to ~15% lower than in silicon
nitride and carbide) and the acceptable agreement between the
particle sizes calculated from measurements of the specific
surface by the BET method and from transmission electron
microscopy (TEM) data are noteworthy. However, the oxygen
content of the powders was fairly high. The amorphous powders
first obtained were then annealed. Annealing in an argon
atmosphere caused crystallisation of cubic B-SIC (I =
1300 °C), whereas a-SizN4 was crystallised by an anneal at
1400 °C in a mixture of NHa:H; = 1: 1.

The residence time of the precursor —gas mixture in a high-
temperature reactor 25.4 mm in diameter and ~ 200 mm long was
less than 0.1 s. The extent of conversion increased from 30% to
51% at temperatures between 1100 and 1400 °C. Approximately
2 g of the powder was deposited in 30 min on a rotating drum
cooled in liquid nitrogen. It was noted that the preparation of
nonagglomerating UFP required a low concentration of the
precursor in the carrier gas (which minimises the probability of
cluster coalescence in processes of short duration), a fast
expansion of gas stream at the outlet from the high-temperature
region into a low pressure of inert gas (102—5 x 103 Pa), and
rapid cooling of the particles. These assemblies also include
special attachments for collecting the powder and for consolidat-
ing it in situ at high pressures with complete protection from the
surrounding medium.

Studies of the milling of silicon nitride are still being
reported. %43 Contamination of the product from the material
of the milling balls and of the lining can be avoided by using piece
parts made from silicon nitride, but milling is invariably
accompanied by oxygen contamination. This effect is well
illustrated by the milling of a powder of Hl grade (produced
by H C Stark Co.) in a specially lined attrition mill (Table 3).42

Table 3. Some characteristics of a powder of H1 grade from the H C Stark
company after milling for 4 h and 12 h.

Milli S/m? g—! d, (6] %
NMR and IR spectroscopy. timel/nhg e fom (mass?)
It should be noted that the use of organosilicon polymers of

the polysilazane type {[SiR;~NR], and [SiR2- SiR>-N],} as the 0 8.4 220 0.9
precursors in the synthesis of UFP of silicon nitride and of its 4 20 95 2.1
mixtures with silicon carbide is now being widely adopted.4® 12 30 ’ 60 3.0
Unfortunately, polymeric precursors of SizN4 with the ideal
Table 2. Effect of the dissociation temperature on the properties of an ultradispersed SiC.N,O: powder.
T/°C y/gem—3 S/m?g—1 Particle size 4/nm Composition

from BET fromTEM x ¥ z

data data
1100 2.614 568 4 10 1.26 0.35 0.61
1200 2.737 555 4 10 1.35 0.40 0.47
1300 2.781 360 6 8 1.45 0.48 0.29
1400 2.783 272 8 6 1.51 0.49 0.28

Notes. v is the pyknometric density; S is the specific surface.
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The use of milled powders increases the density of sintered
and hot-pressed samples.

To conclude this section we shall list the various forms of
commercially produced silicon nitride: fibres, monocrystals, and
SiAION ceramics. The production and properties of SizNj fibres
have been discussed in recent reviews.!l.44 Almost all the
chemical methods listed in Table 1 are applicable to the
production of fibres, but they require an additional organisation
of the crystallisation processes in the liquid — vapour —crystal or
vapour —crystal systems for the successful growth of fibres or of
filamentary crystals (whiskers). For example, the formation of
fibres by heating silicon imide with small addition of iron or of
silicon oxide in an oxygen-free atmosphere at 12001500 °C or
by high-temperature treatment of polycarbosilane in ammonia
has been reported. It has also been pointed out35 that mono-
crystalline nanofibres (30~40 nm diameter, length to diameter
ratio > 500) can be produced in a very perfect structural state. It
was suggested that the growth of these fibres takes place by the
formation of liquid microdrops of silicon during the reduction
and decomposition of the ultrafine SiCiN, powder, followed by
dissolution and subsequent crystallisation of the nitride. The for-
mation of single crystals of the o phase (up to 1 um in diameter,
several micrometres in length) was observed also in the synthesis of
silicon nitride in the SHS regime at pressures of 10— 180 MPa. 2!

Single crystals of o-Si3N4 (1-3 pm diameter, 6— 10 mm in
length) have been obtained 4° by the gas-phase method using the
reaction SiH, + N2> — SisNy with iron as a catalyst: they were
used in studies of the physicomechanical properties of these
crystals. Crystals of «-Si3N4 several millimetres long were
produced*® in a graphite crucible 300 mm in diameter at
1300 °C by the reaction of HSiCls + N; + H, (pressure
~65 Pa). Crystals were isolated from the polycrystalline sample
with a diamond cutting tool. It was pointed out that single
crystals grown in the (1010) direction contained far fewer defects
(cracks) than monocrystals with a [0001] orientation, though the
latter were larger.

Table 4. Composition and size of silicon nitride powders.

The term SiAION usually refers to compounds formed in the
Si3N;-SiO2~AIN-AlO3 system and having the -general
formula Siz_ ;Al,ON4_. An authoritative review of the proper-
ties of these ceramics has recently been published, 47 and we shall
not dwell upon them further.

2. Properties of the powders
The compositions and particle sizes of most of the industrial
silicon nitride powders and of some samples now being developed
are shown in Table 4. These data, collected by the present writer
from various publications, 11:22-25.36.48-50 are on the whole
consistent with the considerations discussed above on the
advantages and disadvantages of the different methods of
synthesis. According to Cambier et al.>° in the late 1980s 18
companies in the USA, Japan, and Western Europe produced
~ 40 grades of SisN4 powder, of which 35 were made by the direct
synthesis method, 3 by the dissociation of the imide, and only one
by the carbothermic and one by the gas-phase synthesis method.
An additional comment should be made concerning the
specifications placed on the powders. Thus, the content of free
silicon, which can be as high as 1%—2%, has to be specified. %°
High concentrations of free silicon are usually found in the
powders prepared by nitridation of the silicon. In the prospec-
tuses of the H C Stark Co. the quantity of free silicon in the HI,
LC10, and LCI12 grades is stated to be not more than 0.1 mass%.
The content of metallic impurities is controlled in order to avoid
the formation of vitreous phases, which seriously lower the high-
temperature strength of silicon nitride materials at the grain
boundaries. An associated requirement is the control of the
oxygen content, but this effect is also influenced by the activation
of the agglomeration process caused by the formation of a liquid
phase, which we shall examine below. As was recently pointed
out, 5! halogen impurities can also degrade the properties of the
powders. In most of the commercial grades of silicon nitride
the content of fluorine and chlorine is claimed to be
0.001 —0.009 mass%. 3% The phase composition of the powders

Supplier Grade Method of Composition (mass%) a-Si3Ns, S/m2g—! d/um
of powder synthesis (mass%)
N O C Fe+Al+Ca
H C Stark, LCI12 DS 38.2 1.8-2.1 <0.2 < 0.015 >92 19-22 0.6
Germany LC10 DS 38.2 1.7-2.0 <02 <0.1 > 04 13-16 0.8
H1 DS 38.2 1.3-1.8 < 0.5 < 0.16 > 90 7-10 0.9
GP GS 38.5 1.1-1.6 < 0.05 < 0.016 > 90 10-13 0.5
Ube Ind., SN-E10 ID 38.6 1.3 0.1 0.008 97 11 0.55
Japan SN-A ID 39.0 0.9 0.2 0.043 88 7 0.65
Toshiba Cer., A-200 CS 37.5 2.0 0.9 0.217 98 10.2 0.9
Japan (SN-D)
SN-B DS 38.2 1.1 0.48 0.16 96 8.5 1.0
Denka, SN-P21B DS 38.6 0.3 0.02 92 9 0.7
Japan
Institute of — PCS 38 3.1 0.18 0.19 9130
Inorganic (Si)
Chemistry, Latvia PCS 38.5 1.6 0.07 0.08 45
(SiCly)
Institute of - SHS 38.8 1.5-2.2 0.14 Fe 75 3-6
Structural Macro- SHS 39-393 0.4-0.6 < 0.05 < 0.08 Fe 80 1-4

kinetics, Russia

a Here and elsewhere the following symbols are used: DS direct synthesis, GS gas-phase synthesis, ID imide dissociation, CS carbothermic synthesis,
PCS plasmachemical synthesis using silicon or silicon tetrachloride as the starting material.
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has a marked influence on the microstructure of the sintered and
hot-pressed materials. A predominance of the a-phase in the
initial powders is thought to be the best composition.

Lastly, properties of UFP related to their agglomeration
capacity have attracted special interest in recent development
work on nanocrystalline materials. 135 The presence of agglom-
erates affects the formation in the structure of sintered materials
of relatively large pores, which degrade the physicomechanical
and other properties. More detailed formulations of the
requirements on SiiN4 powders are continually being pro-
posed, and therefore the data in Table 4 may have to be
revised. We should also add that clear criteria for the
agglomeration capacity of powders have not yet been formulated.

It follows from the above discussion that the chemical and the
phase composition of silicon nitride powders possibly exert a
dominant contribution to the final properties of the materials.
Not surprisingly, therefore, the distribution of the components in
the powders and the special properties of their surface layers
continue to be studied in depth. We know that powder surfaces
are usually enriched in oxygen; this effect is also seen* in Si3sNa.
The most successful recent studies of this type#®31-57 used
various methods of measurement: IR spectroscopy, X-ray
photoelectron spectroscopy (XPES), Auger spectroscopy, and
others. Szepvolgyi et al. ¥ showed that no correlation existed
between the overall chemical composition and the particle size of
the powders (between 40 and 115 nm). The same workers
observed an enrichment of the particle surface by carbon as
well as by oxygen. The nitrogen was distributed more or less
uniformly over the cross-section. The segregation of oxygen,
fluorine, and carbon in the surface layer was observed also by
other workers, 52.34-57

Data on the oxygen content of the powders are of special
interest. Possible sources of oxygen include the starting materials
and substances specially added to facilitate the sintering process.
The presence of oxygen can also be associated with special
features of the preparation and pressing technology, and of the
conditions under which the powders are stored and treated. In
silicon nitride oxygen can be accommodated as so-called lattice
oxygen (found in SiO; and in oxynitrides of variable composition,
such as Si;N,O and complex SiAION ceramics), and also in the
composition of hydroxyl groups [Si(OH) (x > 2)] with different
degrees of hydration and of carbonate compounds. The presence
of the last two forms was established by XPE spectroscopy. 3 The
presence of oxygen in the adsorbed gases (CO, CO,, water
vapour) should also be noted. As reported,*® the amount of
oxygen in the surface layers is 220 times greater than in the
bulk. According to chemical methods of analysis the oxygen
content in the surface was 3—4 times greater than in the bulk. %’
According to calculations based on XPES data the N: Si ratio in
the surface layers of powders supplied by the H C Stark company
was 0.8 — 1.0, which differs markedly from the theoretical value of
1.63 but is almost indistinguishable from the value for the
oxynitride Si;N>QO. 58 The most uniform distribution of oxygen is
found over the cross-section of carbothermic powders. 36.48

The large segregations of carbon on the surface are also of
interest: they can exceed the bulk content of carbon by a factor of
several hundred. 8 The results of studies of the gas evolution dur-
ing heating of the powders are of interest from this point of view.

The temperature and time dependences of the gas evolution
from silicon nitride powders heated in high vacuum, prepared by
the SHS method (with an oxygen content of 0.5%) are shown in
Fig. 3. We note the dominant presence of carbon monoxide in the
desorbed gases, whose evolution effectively ceases after 1.5 h
annealing at 1000 °C. (The same treatment was applied to the
Si3N4 powders to remove adsorbed and other gases before
determining the dissociation pressure of the silicon nitride.) Gas
evolution was studied also in other samples of SizN4 powder
(Table 5). As can be seen, the correlation between the total
amount of adsorbed gases and the specific surface, though often
observed, is not invariably followed. There is also no regularity in

V/em—3 g~1 g—! a
1
10-4+
2
10—5 -
10-6 1 1 1
200 400 600 800 1000 T7/°C

Viem—3 s—1 g—! b

1000 °C 1200°C

20 40 t/min

Figure 3. Temperature (a) and time dependence (b) of the rate of gas
evolution during high-vacuum heating of a SisN4 powder prepared by the
SHS method.® (1) CO; (2) Hy; (3) Na; (4) COz; (5) Na.

the temperature at which the rate of gas evolution is a maximum.
We know that silicon nitride undergoes hydrolysis when stored in
insufficiently pure media. In powders heat treated in vacuum for 1
h at 1200 °C after brief exposure to the air a substantial decrease
in the gas content was observed, the desorbed gases consisting
mainly of CO.

Thus the results in Table 5 reflect not only the difference in
grain size and in the general impurity level of the particles but
also the difference between the storage conditions, which were
markedly different in the powders listed in Table 4. The role of the
storage conditions has been independently confirmed. 43 Whereas
the overall level of impurity is determined mainly by the
preparation technology, the distribution of the impurities over
the cross-section of the particles is controlled by the conditions
under which the powders are stored and subsequently handled.

It is important to note that in all the powders the pre-
dominant component of the desorbed gases is carbon monoxide
(as was also observed, for example, in a study of the gas evolution
from titanium nitride powders %%). This effect can be correlated
with the above mentioned segregation of carbon on the surface of
the Si3Ny particles. 485457 According to Vaivads et al.5* the
carbon can exist on the surface as carbonates and carboxyls.

Table 5 also shows that the temperature of the degassing heat
treatment should be about 1000 °C for almost all the powders.
However, it is not clear why the dominant species in the
desorbed gas below 1000 °C is carbon monoxide, and not carbon
dioxide, as could have been expected from the well known
equilibrium of the Bell - Boudouard reaction.
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Table 5. Parameters of the gas evolution during high-vacuum heat treatment of some silicon nitride powders.5°-62

Method of S/m? Q/cm?®  Predominant gas Temperature of maximum rate of gas evolution/°C
preparation g~} g~! concentration (mass%)

(see?)

CcO H: N2 H,0 CO H, N: H,0 CO,

SHS 0.7 0.9 65 21 10.5 - 500-1000 200-900 300-800 — —
SHS 1.7 2 see seeb see® - 300-1200 300-1200 300- 1200 - -
SHS 7.1 23.7 62 2.5 23 — 1000 1000 700 — -
DS 2.5 35 see® seeb see® - 300 300 300 — -
PCS 37.5 223 seeb see® see® - 800-1000 300 8001000 — -
PCS 109 263.7 see® see® see® - 700 300 700 - -
PCS® 125 625 59 11 21 7 500-900 500-900 500-900 300-400  300-400
PCS¢ 125 89 79 7 10 6 450-900 450-900 450-900 250-400  250-400

(after annealing

for 1 h at 1200 °C)

a2 Qis the amount of gas evolved. ® In the earlier work °*6! (in contrast to Refs 59, 62, and 63), carbon monoxide and nitrogen were not distinguished in the
mass spectroscopy determination of mass number 28. <This writer’s results, obtained with the help of R A Lyutikov and V 1 Chukalin.

Figure 4. Schemes of the location (top view) of molecules of various adsorbates on the silicon nitride surface. (a) CO2; (b) CO; (¢) H20 (4 molecules);
(d) NH; (4 molecules). The adsorbate molecules are shown as filled circles. This figure was kindly supplied by N V Goncharova and E F Sheka ¢
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A complex picture of the structure of the surface layers of
silicon nitride powders from different producers was observed in
a study of these materials by the inelastic neutron scattering
method. 6455 An analysis of the spectra revealed the presence in
the surface regions of the powders produced in a ‘chlorine’ plasma
of adsorbed complexes of the NH4Cl type, and also of NH3 and
HCI. In the case of powders produced by direct nitridation the
presence of hydroxyl groups and water is suggested. Quantum-
chemical calculations showed that silanol and silamine groups are
the principal functional groups of the reaction centres on the
surface. % Schemes of the proposed arrangement of CO,, CO,
H,0O, and NH; molecules on the silanol centres of the SisNy
surface are shown in Fig. 4.

Other impurities also have been detected on the surface of
SisNj4 and SiC particles: iron, aluminium, calcium, and sodium. ¢
However, on the whole we must acknowledge the need for further
systematic studies in this direction, using a range of modern
methods and carefully standardised materials at all stages
(preparation, storage, and applications of the powders).

We shall conclude our discussion of the powders by
reexamining their relative costs. A figure of ~US $30 per
1 kg has been stated. 26 This was independently confirmed, %% and
a cost of $115 was quoted for 1 kg of UFP of Si3N4 (d=~0.017 pm)
produced by laser synthesis. It was stressed that the main
contribution (~96%) to the cost of the Si3N4 powders came from
the cost of the silane. Thus the range $30-115 is typical of the
cost of SisN4 powders (including the UFP materials); for
carbothermic powders it can be even lower than $30.

3. Consolidation

Consolidation processes (compaction, sintering, hot pressing,
high-energy methods such as static or dynamic high pressures)
are used to prepare silicon nitride materials having a prescribed
density. In this context we must allow first of all for the covalent
nature of the bonds in SizN4, which accounts for the high
brittleness, the high temperature of the brittle — ductile transition,
and the low diffusional mobility of the material.
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Figure 5. Pressure dependence of the relative density (@) in the compaction
of Si3N4 samples of different granularity.’® /-3 compaction in the
hydrostat; /'3 compaction in standard dies; !”-3" compaction in
high-pressure apparatus; d/um: 1, I', 1" 1; 2, 2, 27 0.05; 3, 3, 3 0.017.

Figs 5—7 show the results of a study of compaction over a
wide range of pressure and temperature, and also of the sintering
of SizNy powders. 6-62-73 As can be seen from Fig. 5, even at very
high pressures (~9 GPa) samples with a relative density greater
than 0.85 cannot be obtained at room temperature. The poor
compressibility of SizNy is associated with a poor plasticity. In the
case of UFP the limiting relative densities fall to 0.6-0.7 as a
result of the negative effect of the interparticle friction. Only the
use of combined high temperatures and pressures result in full
densification, when the granularity effect of the powder is to a
large extent suppressed (see Fig. 6). Sintering without the
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Figure 6. Effect of the compaction temperature and pressure on the density
of Si3N4 powders of different granularity.”' -7 d/pm: (1) 1.1; (2) 0.75;
(3) 0.05; (4) 0.45; (5) 0.08; P/GPa: (1-3) 85; (4,5) 3.

0.3 0.5 0.7 0.9

Figure 7. Temperature dependence of the densification during the sintering
of various powders. % 71.72 (1) ZrOy; ( 2) TiN; (3) TiOg; (4) Ni; (5) CaFa;
(6)Mo;(7)ZxC; (8)MgO; (9)WG; (10) AIN; (11)B; (12) SisNy; (13) Si.

application of external pressure should produce a temperature
of active densification greater than 0.85 Ty, in silicon nitride as in
other covalent solids (for example, boron and silicon) (see Fig. 7).
This conclusion, previously formulated by me,4%7! was
recently confirmed by Kryl>7 It is interesting to note that
whereas in powders of metals, alloys, intermetallics, and ionic
compounds the transition to UFP is accompanied by a
substantial lowering of the sintering temperature (see Fig. 7)
in UFP with covalent bonds this effect is practically undetectable.

Because of the poor sintering properties of Si;N4 powders
various oxides are added to them (A1,03, MgO, Y03, singly or in
combination) in order to form a liquid phase and thus to
accelerate the sintering and hot pressing of the powders.4 This
artifice is used mainly in the hot isostatic pressing variant, which
has been widely discussed (see, for example, Refs 69 and 75— 79).
The liquid phase is formed at high temperatures by the
interaction between the added oxides and the films of silica
and of oxynitrides present on the surface of the powder particles.
The oxygen content of the initial powder plays a limiting role, and
it is usually held at the 1%-2% level, though under these
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Figure 8. General scheme for the formation of a microstructure during the liquid-phase sintering of silicon nitride materials. !° (a) initial powder; (b) a—

transformation; (¢) microstructure of the densified sample.

Figure 9. Microstructures of SisN4 obtained in an optical (a), a scanning electron (5), and a transmission electron microscope (c).'°

conditions the high-temperature strength and creep indices may
undergo undesirable changes. Undoubtedly in this case the high-
temperature consolidation is complicated by the dissociation of
the silicon nitride. Consideration of the complex crystallographic
processes associated with the crystallisation of the amorphous
phases, the o —p transformation, and the crystallisation from the
melts, and also for the normal shrinkage and recrystallisation
during sintering and isostatic hot pressing, shows that the nature
of the physicochemical mechanism of formation of the structure
and properties of silicon nitride materials is far from being trivial.

The mechanism of the liquid-phase sintering and of
the isostatic hot pressing has been analysed in many
papers. 4 10.11,48,79-81 A geperal scheme of structure formation
during liquid-phase sintering is shown in Fig. 8, while Fig. 9
shows real microstructures obtained by optical microscopy,
scanning electron microscopy, and transmission electron micro-
scopy. 10

Suttor and Fischman 3¢ have quantified some features of the
sintering mechanism. Fig. 10 shows the effect of temperature on
the density and on the amount of § phase during the sintering of
Si3sN4 containing 10 mol% of (1:1) ALO3 + Y203.5 As can be
seen from this figure, a significant change in density begins at
1400 °C (the temperature of the ternary eutectic in the
$i05 - Al,O3 - Y203 system is 1350 °C). A relative density of
0.93 is reached at the temperature (7= 1650 °C), when the a—f
transformation is only 23% complete. Microstructural studies of

] B (%)
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Figure 10. Effect of temperature on the relative density and on the content of
B phase during the sintering of SisN4 + 5% AlyO3 + 5% Y203 (see Ref. 80).

quenched samples showed that the characteristic columnar
structure (elongated grains of the P phase, see Figs. 9a and
9b) is formed only during the closing stage of the sintering.
Comparing the kinetic coefficients calculated from the experi-
mental data with those of Kingery’s theory of liquid-phase
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sintering showed that under practical conditions a more complex
mechanism must be postulated. NMR was used in a study ® of
the role of additives during sintering, which accounted for the
distribution of the elements (*°Si, 2’Al, 2*Mg, 3%Y) in the different
component phases.

The activating effect of additives of REE oxides (LaOs,
Ce0O,, and others) and of yttrium oxide drew attention to the
possibility of finding an active influence on the formation of the
so-called self-reinforced fibre structures and of increasing the
strength and crack resistance parameters of the material at room
temperature and above.32-35 Thus, fracture toughness values
Kic = 8-9 MPa m'/2 have been obtained for the composition
SiaN4 + 1% ALOsz + 5% CeO,, exceeding almost two-fold the
normal values for silicon nitride materials.3? The length of
individual elongated grains in the structure of these compositions
reached 40-50 pm. The bending strength (¢) at room
temperature and at 1300 °C for the composition SisNg + 2%
AlOs + 5% Y03, into which the additives were introduced by
chemical mixing, was 1084 + 49 and 722 + 38 MPa respectively,
which is also much higher than ordinary values. This effect is
attributed to high-melting silicates, which are deposited at the
grain boundaries in small quantities. 33 The following parameters
have been reported ®* for hot-pressed SisN4 + (8—10%) Y203
powders synthesised in a plasma: ¢(20 °C) = 650-900 MPa,
¢ (1400 °C) = 550-780 MPa, K. = 6—10 MPa m!/2. Higher
values were obtained for Si;N4 doped with oxides of the rare-
earth metals: ¢ (~1500°C) ~ 800 MPa (see Takahashi et al.3%).

Even from this brief survey it is clear that the concepts of
grain boundary engineering are of great importance in the
development of silicon nitride materials: this is a relatively new
area in materials science,8 which is only now beginning to be
applied to silicon nitride. Some aspects of the recrystallisation of
silicon nitride have been analysed in detail. 87-88 TEM was used *°
to examine the behaviour of the SizNy4 structure at high
temperatures and pressures (7 = 1300-2300 °C, p = 7.7 GPa).
The development of plastic deformation with formation of a high
density of dislocations and fragmentation of the larger grains was
observed (at 7 = 1300- 1500 °C), and also dynamic recrystallisa-
tion, produced both by the migration of grain boundaries and by
the rotation of fragments (at 7 > 1500 °C). The formation of a
microstructure is completed by collective recrystallisation, which
proceeds rapidly at 21002300 °C.

Several studies of the crystallisation of amorphous Si3N4
have been published. 3¢:90-94 Fig 11 shows the kinetic plots for
the crystallisation of the o phase as equiaxial grains from an
amorphous powder prepared by the ID method. 3¢ The calculated
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Figure 11. Kinetics of the crystallisation of «-Si3N4 from an amorphous
powder prepared by the ID method. 36 T/°C: (1) 1440; (2) 1430; (3) 1420;
(4) 1400; (5) 1385; (6) 1360.

activation energy of the process was 890 kJ mol—!. As can be seen
from the figure, the crystallisation of Si3sN4 is completed at
1440 °C. At higher temperatures we observe the formation of the
o phase as needle-like grains, and carrying out the process under
high nitrogen pressures (up to 100 MPa), at which gas-transport
reactions are suppressed, shifts the temperature of the incipient
formation of needle-like grains to the region of 1800 -2000 °C. %!
Under high-pressure conditions the crystallisation of amorphous
SisNy, sets in at lower temperatures: ~800 °C at P = 5 GPa. %
During sintering and hot pressing the amorphous powders are
more inert than the crystalline powders: their active densification
temperatures are shifted into even higher temperature ranges, but
this effect is almost completely compensated by the use of
activating oxide additives. °>°2 The crystallisation of a mixture of
amorphous ultrafine powders of SizN4 + SiC begins at 1500 °C
and is completed at 1600-1700 °C, i.e. at higher temperatures
than for the undoped silicon nitride. %

Studies of the consolidation of SizN4 by the shock
compaction method have been reported.®-%7 It is claimed
that samples with a relative density of 0.99 were obtained
from powders of SN-E10 grade (see Table 3) at pressures of
~40 GPa and temperatures of ~1200 K; their hardness was
Hvy ~ 23 GPa, and their grain size (calculated from TEM data)
was 50-60 nm.”” The suggested densification mechanism
includes plastic deformation and surface melting of the particles.

In conclusion we should note one of the earliest methods of
consolidation of silicon nitride materials: reactive sintering.
However, this method is rarely studied at present because it
does not produce high-density articles. We shall only refer to one
report ?® of the use in reactive sintering of fine silicon powders
prepared by the laser treatment of silane, which markedly
shortened the time of the process.

A relatively new method (infiltration by chemical deposition
from the vapour phase, ‘chemical vapour infiltration’) has not yet
found extensive application in the preparation of silicon nitride
because of the presence of residual porosity in the final product
and because of phase interactions. The use of this method to
prepare composite materials of the graphite fibre —silicon nitride
type has been reported.®®

I1L. Films, coatings, and layers

Both chemical (CVD) and physical (PVD) methods of deposition
from the gas phase are used, in different variants, to produce
silicon nitride films, coatings, and layers. SiF4 (or SiHg,
SiCly)-NH3~-H; mixtures are most commonly used. The
thermodynamics and kinetics of the deposition of thin layers
(up to ~1 pm) of SizN4 have been discussed in monographs >3
from the standpoint of problems in microelectronics. Japanese
workers # 190 obtained coatings and layers of polycrystalline and
of monocrystalline (as well as amorphous) SizN4 up to 3-4.5 mm
thick by deposition from SiCls— NHj - H; mixtures onto graphite
substrates at 12001500 °C. Fig. 12 shows the effect of the total
gas pressure on the temperature limits of the deposition of the
above forms of silicon nitride.

In recent years chemical deposition has been carried out
mainly in a high-frequency plasma discharge: the main variants
are called plasma assisted and plasma-enhanced CVD processes
(PACVD and PECVD respectively). The effect of the power of the
high-frequency (13.56 MHz) discharge on the thickness of the
coating deposited from a SiF;—NH;-H; mixture has been
studied. !%! The increase in thickness was substantial: at a power
of 400 W the thickness increased by more than 50% and reached
700 pm. This result can be explained in terms of the increase in
the electron temperature produced by the increased power of the
plasma. A high electron temperature increases the rate of
dissociation of the gas molecules characterised by a high
bond energy, thus increasing the concentration of the corre-
sponding free radicals. Since the bond energy of the SiF,
molecule (~600 kJ mol~!) is much higher than the bond
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Figure 12. Regions of existence of amorphous (7), polycrystalline (II), and
monocrystalline deposits ({I]) of SizN4 (see Ref. 100). The points denote
some specific regimes used to prepare amorphous or polycrystalline
samples of size 10 x 40 x 1(3) mm and single crystals 2-3 mm long.
The broken line shows the upper limit of the possible formation of deposits.
Ps is the total pressure of the mixture of gases (SiCls + NH; + Hy).

energy of NH; (~435 kJ mol—!) it is assumed that the relative
number of radicals containing silicon is higher in PECVD.

The optimisation of the regimes used in the deposition of
Si3Ny films from SiH4-NH3—N;-H; mixtures under PECVD
conditions has been examined. 192193 In particular, it was shown
that when the power of the high-frequency discharge is increased
the residual stresses in the films change sign and are converted
from tensile (up to ~270 W) into compressive stresses (>270 W);
hydrogen in the gas phase has a similar effect. Table 6 shows the
results of an analysis of the composition of films prepared under
different conditions.!®®> The width of the forbidden gap (Egopt),
one of the most important characteristics of these films when
used as isolating elements in semiconductor devices and in thin-
film field effect transistors in liquid-crystal display systems, is
also given in Table 6. As can be seen, the Si:N ratio, the
concentration of hydrogen in the films, the presence of Si-Si
bonds, and the Egope parameter show a complicated dependence
on the power of the discharge and on the composition of the gas
mixture. The use of stoichiometric nitride films, deposited under
conditions of minimum residual compressive stress, is recom-
mended.

Problems of hydrogen and other impurities in films of SisNy
have a long history. Many different methods have been used to
characterise the films: IR spectroscopy (in different variants),
XPES, Auger spectroscopy, RBS, Raman spectroscopy,
etc.3>5102-105 Fig 13 shows the IR spectrum of a film of
Si3N4 deposited from a SiHs—NH3 - N> mixture at 293 K in the
plasma of a high-frequency discharge (450 kHz). !°° The peaks at
825, 2215, 3000, and 3400 cm—! correspond to the vibrations of
the Si—N, Si—H, N-H...N, and N-H bonds. Traces of oxygen
and carbon (~1 at.%) were detected in these films by Auger
spectroscopy. IR and XPE spectroscopy methods were used to
study the composition of SiNC, coatings prepared by deposition
from an SiCls— CCly— N, —H; mixture at 1100-1700 °C onto a
tungsten filament. 194 It was found that under these conditions
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Figure 13. IR spectra of a film of SizN,4 0.8 pm thick prepared by PECVD
at 293 K (see Ref. 105).

(for example, at a deposition temperature of 1185 °C) the
composition of the coatings corresponds to the formula
SiNgsCo, and that silicon carbide, silicon, and silicon nitride
are undetectable.

The thermodynamics of the deposition of condensed phases
in the Si—-N-C-H system at temperatures up to 2800 K have
been discussed by Varlamov et al. 16 It was shown that ‘pure’
silicon nitride (without codeposition of other condensed phases)
is formed in the presence of an excess of nitrogen (N: Si>1.5) at
relatively low temperatures (7 < 1100 K). The regions of
coexistence of different phases for C:Si = 4 and H:C = 225
are shown in Fig. 14. The thermodynamics of the formation of
Si3Ny in the Si—N-Cl-H system have been analysed by Kruis
et al. ¥’
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2000

1200

S?N4 +SiC

iy

[=]

N:Si

Figure 14. Regions of existence of condensed phases in the Si—-N-C-H
system with C:Si = 4 and H:C = 225 (total pressure 105 Pa). 106

Table 6. Results of analyses of amorphous films of Si3N4 by Rutherford back scattering (RBS) and XPE spectroscopy methods. 193

Deposition regime Egopt/eV Si:N Concentration of components (XPES) (at.%)
(from RBS

W/W Hz:H2+ N2 (%) data) SizNy SiNH Si—Si

100 100 4.1 0.98 76 13 1

400 100 5.6 0.78 76 15 9

300 50 5.3 0.90 85 5 10

300 0 5.3 0.75 90 0 10
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Various PVD methods have also been actively applied to the
preparation of silicon nitride films. They include a.c. and d.c.
sputtering (in different variants), ion-beam deposition (including
ion implantation), etc.107-112 Si;N, films prepared by d.c.
sputtering have a columnar structure.'!® The effect of oxygen
on the composition and properties of films prepared by r.f.
sputtering was analysed by Volkov and Satunkina.!'> A new
theory of ion-beam deposition (or ion beam assisted deposition,
IBAD) identifies the effect of various technological factors on the
composition and certain other properties of silicon nitride films
prepared by evaporating silicon and bombarding the amorphous
films with nitrogen ions. 10°

IV. Structure and properties

1. Crystal structure and nature of the bond

The crystal structure and the nature of the bond in silicon
nitride have been discussed in detail by many workers (see, for
example, Refs 3—5 and 10), and therefore we shall dwell on
them only in the most general terms, mentioning some new
results.

As we know, silicon forms only one chemical compound with
nitrogen: Si3N,, which exists in two modifications (@ and B).
Silicon nitride crystallises in the trigonal («) and the hexagonal
crystal system (B). The crystals have identical structures of the
Be,Si04 type (phenacite). The main structural element in silicon
nitride, as in many silicates, is the tetrahedron ‘SiNg4’. A set of
three of these tetrahedra share a common nitrogen atom, being
arranged with angles of 120° between the tetrahedra. The
structures of the o and B modification differ in the arrangement
of the tetrahedra along the ¢ axis, and therefore they contain
different numbers of formula units in the unit cell. The structure
of silicon nitride and its main parameters are shown in Fig. 15 and
Table 7.

bR
P>~

y

Figure 15. Structure of silicon nitride. 4(a) group of three ‘SiNy’ tetrahedra;
(b) scheme of the arrangement of tetrahedra along the ¢ axis in the o phase;
(c¢) ditto in the B phase; (d) unit cell of B-SisNa.

The special aspects and the mechanism of the a«—f
transformation have been widely discussed in the litera-
ture. 41011113 Tt was shown that only the a—p transition is
possible: the reverse transition does not take place. This indicates
a monotropic transition, and shows that the a—p transition can
be classified as a transformation in the second coordination
sphere, in which the mutual location of groups of atoms

Table 7. Crystal structure and density parameters of SizN4 (see Ref. 4).

(tetrahedra) is changed but the structure within these groups
stays unchanged. A calculation of the Madelung energy showed
that above 7= 293 K the B phase is more stable than the o, which
again confirms the monotropic nature of the a—p transform-
tion. !4

The temperature and the detailed aspects of the a—f
transition are still not entirely clear: we know, for example, that
heating «-SisN4 samples prepared by gas-phase deposition does
not induce the transition at temperatures below 1800 °C.# It was
pointed out #6 that hot isostatic pressing of the o single crystals at
1600 (P = 5 GPa) and at 2200 °C (P = 70 MPa) is also not
accompanied by an a—p transformation. At the same time
additions of oxides (MgO, Al,Os, Y,0s, and others) to activate
the sintering and hot pressing processes (see Fig. 10) activate also
this transformation as a result of liquid-phase crystallisation. An
intensification of polymorphic transformations as a result of
dissolution —deposition processes in the presence of a liquid
phase is also characteristic of transitions of the rearrangement
type in the second coordination sphere. Lastly, under high-
pressure conditions (8.5 GPa) the a— B transformation begins at
800 °C and is completed at 1200 °C.¢115 As was stated above,
high pressures also lower the crystallisation temperature of
amorphous silicon nitride. °® However, on the whole we should
stress the need for further studies in this area. The structure of
amorphous films has been discussed in monographs. *3

NMR is an effective method of localising various structural
states and of producing a phase analysis of SizNy, especially if the
sample is rotated through the so-called magic angle. 3116 Jts
main advantage over the traditional X-ray phase analysis (XPA)
is the possibility of identifying not only the crystalline
modification but also the amorphous phase, and of localising
the position of the other elements (1°C, 15N, Mg, 27Al, %Y,
1891 a), as was stated above in the context of the sintering
problem. Fig. 16 shows the forms of the 2°Si NMR spectral lines
for the different modifications of silicon nitride. !'® As can be seen
the NMR method offers information on both the o and the B
modification, as well as the amorphous phase.

Though the covalent or covalent—ionic character of the
bonds in silicon nitride has long been recognised, a clarification
of the details of the electronic structure of this compound remains
a topic for discussion. !17- 12! Fig, 17 shows a general scheme of
the transformation of the atomic orbitals of silicon and nitrogen
during the transition to the electronic states of silicon nitride. !1°
The conduction band is formed mainly from the 3s and 3p states
of the silicon, and the s and p states of the nitrogen give rise to the
valence band. Of course, this is a simplified picture of the
electronic structure of silicon nitride, whose details are being
determined by quantum-chemical calculations and by an experi-
mental study of the emission and absorption spectra by various
methods (XPES and others). The results of a calculation of the
density of states in SizN4 by the tight binding approximation and
the corresponding spectroscopic data are shown in Fig. 18. The
electronic structure of SizNj is controlled mainly by the local
short-range order, and therefore the o and the p modification and
the amorphous phase have almost identical pictures of the density
of states. According to quantum-chemical calculations!!® the
width of the optical gap is 5.3 €V, which is fairly close to the
experimental results (see Table 6). The constitution and the
electronic structure of the Si—H and N - H bonds and the defect
states in amorphous silicon nitride films (-SiN, : H) have been

Modification Space Lattice parameters/nm Length of Number X-ray
group Si—N bond/nm of formula density/gcem —3
a ¢ cla units in cell
o P3lc 0.78183 0.55914 0.715 0.1715-0.1759 4 3.148
B P63 0.7595 0.29023 0.382 0.1704-0.1767 2 3.211
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Figure 16. Forms of the NMR spectral lines of 2°Si for different
modifications of Si3N4 (see Ref. 116).
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Figure 17. Scheme of the transformation of the atomic orbitals of nitrogen
and silicon into the band structure of SisN4 (see Ref. 119).

studied in depth. 1¥9-12! The contribution of the ionic component
to the bond energy of SizN,4 was estimated to be between 30% and
50%'114,119

Calculations of the band structure in B-SizN4 and in the
hypothetical compound B-C3N, have been reported. 18 In silicon
nitride the crystal structure parameters and the bulk elastic
modulus based on these calculations were satisfactorily con-
sistent with experimental data. A substantial amount of charge
transfer towards the nitrogen atoms and a higher ionicity
contribution were also observed in Si3N4 as compared with
SiC and C3Na.
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Figure 18. Calculated partial (/-7) and total (8) densities of states for
B-SizN4, and results obtained by the photoemission method (9) for
amorphous films. 11

2. Phase equilibria and physicochemical properties

The silicon —nitrogen phase diagram has been known for more
than 30 years, and very few changes have been made during this
period. Fig. 19 shows the diagram calculated for a pressure of
10° Pa. 122 Unfortunately, variants of this diagram for pressures
above 10° Pa have not been produced. For a long time the melting
point (T, of silicon nitride was given as ~1900 °C in standard
handbooks, this being the temperature at which the dissociation
pressure of the compound reaches ~10° Pa.

T/K
3200

2800

2400 Liquid + gas
2600 2113.6K
Liquid + Si3Ng
1600 - 1687K SisN, + gas
Si(s) + SizNa
1 1 1
0 0.2 0.4 0.6 0.8 1.0
Si XN N

Figure 19. Silicon-nitrogen phase diagram calculated for a pressure of
105 Pa (see Ref. 122).

An attempt to determine the melting point was made by me
earlier. #6%123.124 A value of T, ~ 2600 °C was obtained by
using the correlation between the melting point and the elastic
modulus. An analysis of the diffusional mobility in silicon carbide
and silicon nitride gave a similar value (T, & 2700 °C). An
analysis of data on the sintering of SisN4 (see Fig. 7) suggested an
intermediate value of T}, (2650 °C), which led to fully acceptable
results.
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Figure 20. Calculated phase diagrams for SizN4 + AIN (a) and Ti-N-S8i
(b).}22.133 Regions in the isothermal section: (/) three-phase; (2) two-
phase; (3) region of existence of TisSis.

Other workers adopted the following values of T in
calculations of the phase diagram and of the isostatic hot
pressing  diagrams: = ~2400 °C;12%12¢ <2330 °C; 122,127
2564 °C.7® It was pointed out!?’ that the value Ty =~
2330 °C was calculated by comparing the properties of BeO and
ZnO (see Weiss’s thesis 123). The entropy of melting of SizN4 was
given as 80.5 J K—! mol—!. An experimental determination of the

Table 8. Thermodynamic properties of silicon nitride.

melting point of SizNy4 under high nitrogen pressures showed that
in the pressure region 120—198 MPa this parameter varies
between ~2290 and ~2500°C, and that the melting is
incongruent. 129 Thus our estimates of Tp, have been confirmed
on the whole, but the need for further and more exact
experimental determinations of the melting point has not
disappeared.

Information on the phase diagrams of Si3N4 can be found in
many publications (for example in Refs 4, 122, 125-128,
130-134). Computational methods are now widely applied,
and have been used (for example) to construct the diagrams
for Si— N -0 (see Refs 126 and 130), Si—C—-N -0 (see Refs 130
and 131), Si— Al-N (see Refs 122 and 125), Si—-M —-O —N, where
M = Al, Mg, Y, Ce, Ti (see Refs 130, 132, 133), and others. The
regions of existence of the condensed phases in the Si—-N-C-H
system were shown above in Fig. 14. 196 In Fig. 20 we show as an
example the SizN4—AIN (see Ref. 122) and Ti— N -Si diagrams
(see Ref. 133), calculated ignoring the gas phase (whose role,
however, is substantial in the first of these systems). Experimental
data on the polythermal sections of these and other diagrams for
systems including SizN4 are few.

Until recently data on the dissociation of silicon nitride
were mostly inferred from results obtained at relatively low
temperatures (up to 1500-1700 °C). In the writer’s laboratory
this temperature was increased to 2000 °C, and the samples
included powders prepared by DS, GS, and SHS methods (see
Table 4).58.5%.62.135 Iy Table 8 we show some of the results
obtained in this way; Fig. 21 illustrates the temperature
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Figure 21. Temperature dependence of the dissociation pressure of silicon
nitride. (1) GS powder (see Table 8); ( 2) DS powder; (3) SHS powder; 3859
(4) from Ref. 136.

Method of Composition (mass%) lgpn(Pa) = A~B/T —A¢Hss/ AsGr/ T/K
preparation kJ mol—! kJmol—! (pn =
0 C Fe Al Ca A 10-3B 10° Pa)

GS 1.6 0.021 0.0043 0.0006 0.0002 16.13 22.30 763(11) —854+0.426T 2005
763.4(111)

DS 1.25 0.15 0.0045 0.03 0.004 15.92 22.37 752(1T) —856+0.418T 2050
775(11I)

SHS 0.5 0.05 0.08 - — 1593 22.76 795(11) —871+0.4187 2084

803.6(I1I)




304

R A Andrievskii

dependence of the dissociation pressure of silicon nitride. The
effect of the composition of the powders, and in particular of the
oxygen content, on the dissociation pressure is evident. Some
results published more than 30 years ago % and included in most
of the standard handbooks 137138 were obtained in a manometric
study of the monovariant equilibrium in the Si-Si3sNs-N>
system using pure components (99.95% Si, and Si3Nj in the form
of a nitrided layer with a purity of 99.94%) at nitrogen pressures
up to 10* Pa. The results of our experiments on the determination
of the dissociation pressure by using powders were higher,
which we attribute to the effect of oxygen though the detailed
mechanism of this effect is not yet clear. This is because before the
determination of the dissociation pressure all the powders were
degassed to remove adsorbed gases (see Fig. 5 and Table 3), i.e. a
substantial part of the oxygen was eliminated. However, the
proportion of remaining (lattice) oxygen and its distribution in
the surface layers and in the bulk of the particles, and therefore
the mechanism of the effect of oxygen on the dissociation
pressure, need to be more accurately determined.

It should be noted that no singularities associated with the
a-»P transition can be seen in the 1g pn = £(T) plots, probably
because of the close similarity between the thermodynamic
properties of these modifications. The resuits of the determina-
tion of the dissociation pressure (see Fig. 21) also suggest that
more attention should be paid to the oxygen content in the
determination of the melting points and the ignition temperatures
in the Si— N system (see the already mentioned reports, 2-12% and
Figs 1 and 2), because it can affect the dissociation pressure by a
substantial factor and erroneously identify the character of the
melting.

Values of the enthalpy and of the Gibbs free energy of
formation of silicon nitride are shown in Table 8. The values of
A¢H>9s were calculated by the writer by the second and the third
law of thermodynamics from data on the dissociation of SisNa.
As we know, the agreement between AgHys values calculated in
this way and their closeness to independently obtained calori-
metric data confirm the validity of the evaporation or
dissociation effects. Only one paper!®® on the calorimetric
determination of the heat of formation of SizNa(AfHzes =
787.8 kJ mol—!) has been published so far. Thus our results
appear to be reasonably good, though the need for further studies
is evident.

Values of the specific heat and entropy, and also of the
thermodynamic functions of silicon nitride over a wide range of
temperatures have been reported, 14%-14! but no allowance was
made for the purity of the samples.

Table 9. Parameters of the self-diffusion in silicon nitride.

The self-diffusion parameters of silicon nitride have been
studied in several laboratories. 142~ 145 These results are shown in
Table 9. The higher diffusional mobility in the B phase as
compared with the o phase is noteworthy. The practical problems
met in the study of diffusional processes in silicon nitride were
analysed by Kunz et al. ** Comparing the results obtained by
different workers!4® reveals a difference of 2—4 orders of
magnitude in the absolute values of D. A TEM study of
dislocation loops 146 gave an estimate of the diffusion coefficient
of the vacancies of ~10~8m2s—1 (T = 1700 °C), which is more
than 5 orders of magnitude greater than the value of the same
coefficient obtained 4> by extrapolation to this temperature.
Therefore the need for further detailed studies of the self-
diffusion over a wide range of temperatures and using
monocrystalline samples is obvious.

Problems of oxidation and corrosion resistance in silicon
nitride materials have recently achieved prominence, and call for a
special discussion. Related problems are dealt with in several
monographs, handbooks, and reviews, 147-152 and we shall only
briefly mention these sources. It should be noted that materials
based on Si3N4 have undergone substantial corrosion when under
stress, and that both tensile and compressive stresses can influ-
ence the oxidation processes. 152153 It is also evident that the dis-
sociation and the oxidation of silicon nitride at high temperatures
are two factors which seriously limit the application of materials of
this type above 1500 - 1600 °C. 13 Therefore further studies of the
high-temperature thermodynamics of SizN4 in conjunction with
corrosion tests under the same conditions, including the devel-
opment of satisfactory coatings, are urgently needed.

Data on the contact angles and on the energy parameters of
wetting of silicon nitride materials by liquid metals and alloys
have been reported. 147

3. Physicochemical aspects of the high-temperature strength
Some information on the mechanical properties and structure of
silicon nitride has already been given above in the discussion of
the consolidation of these materials (see Figs 8 and 9).
More detailed information on the physico-mechanical properties
can be found in various monographs, handbooks, and
reviews, 46~12.155-158 jn addition to the many original papers
in scientific journals, and therefore a complete analysis of this
problem goes beyond the scope of the present review. Some of the
characteristics obtained recently for single crystals of the «
modification are listed in Table 10.44-4¢ As can be seen, some
properties of the single crystals have been redefined and made
more specific, 446 though it should be noted that the results of
Ref. 45 apply to thin fibres.

T/°C Component Di/m2s~! (see %) Method Notes Ref.
12001410 Nitrogen 1.2 x 10~ 16exp(—233.2/RT) Isotope o-Si3Ny 142
6.8 x 102exp(—777.5/RT) exchange B-Si3Ny
1230-1450 Nitrogen 2 x 10~ 15exp(—132.7/RT) Nuclear Bulk diffusion 143
microanalysis in the § phase
4 x 10—%exp(—212.8/RT) Grain boundary
diffusion in the B phase
14001600 Silicon (0.45-2) x 10—19 Spectrometric a-SizNyg 144
analysis
900-1300 " 6 x 10~ 19exp(—183/RT) Processing of Effective grain 145

2The activation energy is given in kJ mol—L

data obtained
by hot isostatic
pressing

boundary diffusion
in (o + B)-SizNy
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Table 10. Some physicochemical characteristics of a-SizsNa.

Parameter Value? Ref.
Young’s modulus, GPa 550-750 45
(380) 44
Tensile strength, GPa 30-50 45
(3-11) 44
Temperature of the 1760-1820 46
transition from the brittle (> 1800)
to the ductile state, °C _
Slip system at 1820 °C {1101}(1120) 46
({1101}[0001])
Kic/MPam!”? 15-20 46
Hv|P = (2-5)H]/GPa 34+ 5 {1100}
(32-36)
26 + 5 (0001)
(26-28) 46

2The values shown in parentheses are known for single crystals and
polycrystals,* and also for whisker crystals. 4446

The temperature dependence of the hardness for two
crystallographic planes is shown in Fig. 22. For the (0001)
plane these results are similar to those reported earlier. 1°° The
high values for the (1100) and (1120) plane denote a substantial
anisotropy of the hardness. Furthermore the high-temperature
hardness values for monocrystalline Si3N4 are much greater than
those for polycrystalline and for amorphous samples, even
ignoring the values for silicon nitride containing oxide impur-
ities, 77-100. 158,159 At 1400~ 1500 °C the hardness of silicon nitride
exceeds that in all the data previously reported for other
substances, as was first pointed out by Niihara and Hirai. 1%

Hv/GPa

30 +

Figure 22. Temperature dependence of the hardness for the {11_00} (1)and
(0001) (2) of a single crystal,*¢ and for a sample of Si3N,4 containing
2-4.6 mass% of O (3).1% Data for relationships (/) and (2) were kindly
supplied by I E Reimanis. 4

In this section we shall confine ourselves to an analysis of
only a limited number of the physicochemical aspects of the high-
temperature strength, in view of the wide range of possible
applications of SizN4 in high-temperature technology. In this
context problems of impurity effects are of major importance.

It has long been recognised that the presence of oxide
additives, introduced in order to activate sintering and hot
pressing processes, is accompanied by the formation of liquid
interlayers during heating, which in its turn leads to a substantial
lowering of the strength indices at temperatures above

1100 - 1200 °C. The formation of silicate or oxide nitride phases
at the grain boundaries and at triple joints has been established by
electron microscopy (see Fig. 9).1° Analyses of the effects of
various additives (MgO, Al,O;, Y20s, SiO,, SiC, and REE
oxides) on the high-temperature and other properties have been
reported by several workers (see, for example, Refs 4, 76, 85,
160-165). We can distinguish at least two approaches to
improving the high-temperature behaviour. Firstly the use of
silicon nitride powders without oxide additives, 3! 77.160.163.166
and secondly the use of a special doping designed to avoid the
formation at grain boundaries of vitreous low-melting phases and
to encourage the formation of high-temperature crystalline
compounds (see, for example, Refs 56, 85, 165).

In a high-temperature study of the strength, rate of
propagation of subcritical cracks, elastic modulus, and internal
friction it was shown that silicon nitride without added oxides
can retain its mechanical properties up to 1450 °C. 3177166 [t was
also pointed out that calcium and halogen impurities play an
important role in the high-temperature degradation of the
strength, and that the presence of these impurities affects the
crystallisation and the behaviour of the silicate phases.

As was pointed out above, oxygen impurities are invariably
found in silicon nitride powders. It was shown 8 that samples of
Si3Ny containing 3. 4 mass% of oxygen (in which the oxide nitride
Si;N,0 was detected by XPA in addition to the o phase) retained
their strength at the level of ~600 MPa at 1600 °C. However, the
microstructure of these samples did not contain the characteristic
columnar B crystals (see Figs 8 and 9), and the overall level of
strength and crack resistance in this case (as also found by other
workers) 31:77.166 was low. According to one report !5 substantial
additions of yttrium oxide (up to 15 - 18 mass%), like additions of
other REE oxides, 5 improve both the level and the retention of
the strength: at 1400 — 1500 °C we have ¢ = 800850 MPa, the
fracture surface being characterised by transgranular features
and the Ki. value reaching 13 MPa m'’2. These high indices are
associated with the formation of a complex Y -Si oxynitride
having a high melting point (1850 °C) and with the formation of
columnar crystals 7-10 um long and having a diameter of
0.2-0.7 pm. It is also interesting to note that according to
microprobe measurements the distribution of yttrium in the
structure was uniform.

The findings mentioned above offer only an empirical outline
of new developments in heat-resisting silicon nitride materials.
Other data include the effect of the surroundings on the
mechanical properties, 148.149.152 the problem of compatibility
of the components in composite materials, 12-167 and problems of
high-temperature superplasticity. 162-168.16% A]] these conclusions
underline the importance of the concept of controlling the
grain boundaries in silicon nitride, as was mentioned above.
Unfortunately the nature of the boundaries in these materials has
been studied only on a very limited scale.

V. Conclusion

Because of their many desirable physicochemical and physico-
mechanical characteristics materials based on Si3Ny are finding
increasingly wide applications in ordinary industry and in
industrial chemical equipment, electronics, turbine construc-
tion, and other parts of modern technology.%-%170 One of the
most promising scientific areas for the application of these
materials is in high-temperature techniques. It is thought that the
striking progress in the measurement of the melting point could
lead to the creation of a new generation of silicon nitride
refractory materials, working at temperatures of ~2000 °C. The
results shown in Fig. 22 also suggest major possibilities for the
use of Si3N4 as a material for cutting tools, allowing an increase
in the temperature of the cutting site and in the corresponding
machining parameters. Of course, these forecasts assume the
solution of many nontrivial research and construction technology
problems, some of which are mentioned above. Another recent
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review 154 also deals with problems in the fundamental study of
the creation of a new generation of refractory ceramic materials
for use at temperatures up to ~2000 °C.

Silicon nitride is far from having been fully studied as an
objective of physicochemical research, and has continued to
attract the attention of researchers. Because of the very large
number of publications and of the shortage of space, our
treatment of some aspects of the silicon nitride problems has
been unavoidably superficial. The results of studies carried out
mainly during the past 5-10 years have been selectively
considered. Again we must stress the large number of
publications and the important results obtained in the synthesis
of the material and in the study of its high-temperature
properties. Recent data on the properties of films of silicon
nitride and oxynitride have been reviewed by Habraken and
Kuiper. 17! Tt should also be noted that the unique properties of
silicon nitride have allowed the prediction!!® of the new
compound carbon nitride, which is now being studied inten-
sively in thin film form. 172

This review was written as part of a project supported by the
Russian Basic Sciences Foundation (No. 95-02-03518a).
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