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In view of the considerable progress that has been made over the last 40 years on the 
microstructural design of silicon nitride and related materials of tailored properties for 
specific applications, a clear review of the current understanding of the crystal structure 
and crystal chemistry of silicon nitride is timely. The crystal structures, crystal chemistry, and 
lattice defect nature of silicon nitride are critically reviewed and discussed, with emphasis 
placed firstly on the structural nature of s-silicon nitride (whether it is a pure silicon nitride, 
or should better be regarded as an oxynitride); and secondly on the space group of p-silicon 
nitride (whether it is P63/m or P63). In conjunction with recent observations of vacancy 
clusters in s-silicon nitride, a comprehensive view compatible with all the experimental facts 
with respect to the structural nature of s-silicon nitride is tentatively presented. 

1. Purpose  and s c o p e  of the  rev iew 
The development of silicon nitride (because of the 
uncertainty of the stoichiometry, throughout the text 
we normally use "silicon nitride", but in the case of an 
assured stoichiometric composition, the formula 
"Si3N4" is used) as a structural engineering material 
has spanned more than 40 years [1-3]. In the earlier 
days, research concentrated on crystal structures and 
phase relationships [4-10]. It has generally been ac- 
cepted that (a) there are two phases, c~-silicon nitride 
with trigonal symmetry, and [3-silicon nitride with 
hexagonal symmetry, (b) the ~- to 13-silicon nitride 
phase transformation occurs above 1400~ in the 
presence of a liquid phase through a solution re- 
precipitation process, or above 1600 ~ by a vapour- 
phase process, and (c) the Si-N bond is approximately 
70% covalent and 30% ionic. However, accompany- 
ing the development of silicon nitride-based materials, 
two issues arose. The first concerned the space 
group of J3-silicon nitride: whether it was the cen- 
trosymmetric space group, P63/m, or the non- 
centrosymmetric, P63 I-6, 7, 11 14]. The second 
concerned the structural nature of ~-silicon nitride: 
whether it was a pure nitride [15-22] or whether 

it should better be regarded as an oxynitride with 
structural oxygen and vacant lattice or interstitial sites 
[8, 9, 23-27]. 

For a period of time, experimental effort was 
directed at resolving these questions. Unfortunately, 
before any firm conclusions had been reached, interest 
in these more fundamental aspects was then, to a large 
extent, replaced by the practical need to develop 
materials meeting the requirements for engineering 
applications at high temperature. Research and devel- 
opment activity quickly moved to, and have since 
been maintained in, aspects of microstructural and 
compositional design, such as optimization of process- 
ing and the choice of densification aids, control of 
grain growth, characterization of grain-boundary 
phases, and microstructure-property relationships 
[28-31]. As a consequence of this effort, silicon 
nitride-based materials have now reached a stage 
of microstructural maturity and refinement not 
matched by many ceramic materials, and with proper- 
ties tailored to satisfy specific high-temperature 
or high-load applications [2, 32 34]. However, ques- 
tions concerning the basic nature of silicon nitride 
have persisted and cause uncertainty, as reflected in 
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literature citations and in the treatment of crystal 
structure-related problems [35-37]. 

A number of aspects provided motivation for the 
present review. Firstly, although crystal-structure 
data, and information about lattice defects in silicon 
nitride, have been reported widely, a detailed review of 
this subject does not exist. Secondly, information is 
now being gathered to show that the uncertainties 
regarding the crystal structure of silicon nitride can be 
resolved. Lastly, and more importantly, recent direct 
observations of high densities of lattice defects in a- 
silicon nitride grains and powder particles [38-42] 
and the development of intragranular nano-structures 
E28, 43, 44] have revived interest in the more general 
question of the defect nature of the a-silicon nitride 
crystal lattice, its capacity to accommodate localized 
structural defects, and the nucleation and growth of 
second phases within the lattice. It is considered that 
an overall view, incorporating recent progress, will 
facilitate advances of this subject, and allow areas for 
further study to be more clearly identified. The hy- 
pothesis that 0~-silicon nitride is a defect structure is 
the reason for combining treatments of the crystal 
structure and lattice defects in the review. 

2. Crystal  s t ruc ture  
The earliest crystal structure determinations of a- and 
13-silicon nitride [5-7] provided "idealized" structures, 
but it is still instructive to re-examine these idealized 
structural models to obtain a better insight into the 
actual structures, and especially a better understand- 
ing of the geometric relationship between ~- and 13- 
silicon nitride. Accordingly, we present first the 
idealized structures, and then some important predic- 
tions developed on the basis of building "macro" mod- 
els of the ~- and 13-silicon nitride using rigid balls and 
rods with the idealized structural parameters. Finally, 
the experimentally measured structural parameters 
are summarized, and current uncertainties are dis- 
cussed in detail. 

T A B L E  I The idealized atomic coordinates for c~-Si3N4 with 
space group P31c (no. 159) [7] 

x/a y/a z/c 

6Sil in 6(c) 1/12 1/2 3/4 
6Si2 in 6(c) 1/4 1/6 1/2 
6N1 in 6(c) 2/3 2/3 1/2 
6N2 in 6(c) 1/3 1/3 3/4 
2N3 in 2(b) 1/3 2/3 3/4 
2N4 in 2(a) 0 0 1/2 

T A B L E  II  The idealized atomic coordinates for [3-Si3N4 with 
space group P63/rn (no. 176) [7] 

x/a y/a z/c 

6Si in 6(h) 3/4 1/6 1/4 
6N1 in 6(h) 0 1/3 1/4 
2N2 in 2(c) 2/3 1/3 1/4 

N 

() 

N 

Figure 1 The tetrahedral unit in silicon nitride [29]. 

2.1. General description of the crystal 
structures 

After publication of preliminary structural data I-5], 
Hardie and Jack [6], and Popper and Ruddlesden E7], 
provided the first complete determination of the 0~- 
and 13-silicon nitride structures through presenting an 
"idealized" structural model with the parameters 
listed in Tables I and II for ~-Si3N4 and 13-Si3N4, 
respectively. In both forms the basic building unit is 
the silicon-nitrogen tetrahedron in which a silicon 
atom lies at the centre of a tetrahedron, and four 
nitrogen atoms at each corner (Fig. 1). The SiN~ tet- 
rahedra are joined by sharing corners in such a way 
that each nitrogen is common to three tetrahedra: thus 
each silicon atom has four nitrogen atoms as nearest 
neighbours, and each nitrogen has three silicon atoms 
as nearest neighbours. 

The structures can also be visualised as the arrange- 
ment of puckered Si N layers. Fig. 2 shows the 
idealized Si N layers defined by the parameters given 
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Figure 2 The idealized Si-N layers in c~- and [3-SisN4 ... ABAB ... 
for the [3-Si3N4 structure and ... ABCDABCD.. .  for the ~-Si3N4 
structure [7, 25]. 

in Tables I and II. The idealized silicon nitride struc- 
ture can be described as a stacking of the idealized 
Si-N layers in either an ... ABCDABCD ... sequence 
for 0~-Si3N4 or ... ABAB ... sequence for the 13-Si3N4. 
The AB layer is the same in the cz-Si3N, and 13-Si3N4, 
and the CD layer in the ~-Si3N~ is related to the AB 
layer by a c-glide plane. 



The idealized (x-SigN4 structure has trigonal sym- 
metry of space gro up P3 lc, within which each unit cell 
contains four SigN4 units, and c/a = {. The idealised 
13-Si3N4 structure has hexagonal symmetry with space 
group P6g/m, and each unit cell contains two SigN4 
units with c/a = �89 there are long continuous channels 
parallel to the hexagonal c-axis and centred at (2, �89 In 
(z-SigN4, the c-glide plane relating to the layers CD with 
AB causes replacement of the continuous channels 
of the 13-SigN, structure by large closed interstices at 
(�89 2, 3), and (2, �89 7). In the idealized forms, the (z- 
and 13-SigN4 structures are geometrically related by 
am = a#, c~ = 2% 

However, such idealized structures cannot  be com- 
pletely accurate, because they are based on the as- 
sumption that the projection of a tetrahedral face on 
to a plane normal to one of its edges is an equilateral 
triangle [71. Subsequent experimental determinations 
indeed indicated that the structural parameters for 
both c~- and 13-silicon nitride deviated from those of 
the idealized structures. To obtain an insight into the 
real crystal structures of silicon nitride, Thompson 
and Pratt  [10] and Henderson and Taylor [45] ap- 
proached these problems macroscopically through 
constructing models of (z- and 13-SigN, from rigid, 
regular, SiN4 tetrahedra, based on idealized structure 
parameters. They realized that to form both (z-SigN4 
and 13-Si3N4, different levels of distortion had to be 
introduced into the regular SiN,~ tetrahedra. 

(z-SigN4 cannot be built with rigid, regular, tet- 
rahedra. In order to form the (z-SigN,, structure the 
tetrahedra must be distorted and tilted, and all the 
planar SigN groups made slightly pyramidal. F rom 
the model, the c/a ratio was measured to be 0.715, 
compared to 0.667 given by the idealized structure. 

In 13-SigN~ the tetrahedra can be linked with one 
edge parallel to, and one edge perpendicular to, the 
(000 1) plane, with very little distortion of the tet- 
rahedra or SigN groups. The main distortion is caused 
by forcing the Si Si and N - N  distances to be equal in 
the c direction by distortion of the N - S i - N  and 
Si -N-Si  angles. In consequence, the SigN(i) groups 
perpendicular to the (0001)  plane deviate slightly 
from a planar arrangement. In the model, the c/a ratio 
was measured to be 0.385 for the 13-Si3N4 compared to 
0.333 given by the idealized structure. 

It is reasonable to assume that the distortions pro- 
duced on assembling a ball and rod model are similar 
to the deviations of the actual crystal structure from 
the idealized one. Thus 13-SigN4 consists of superim- 
posed layers of linked, puckered rings formed by join- 
ing six SiN4 tetrahedra with little strain in bonds and 
bond angles. (z-SigN4 consists of two distorted lg- 
SigN4 layers rotated with respect to each other and 
joined in the [0 0 0 11 direction. The actual Si-N layers 
are shown in Fig. 3, which is drawn from the experi- 
mentally determined structural data listed in Tables 
I I I  and IV. Si-N layers in the actual 13-Si3N4 are 
almost identical with the ideal configuration (Fig. 2); 
those of (z-SigN4 are considerably distorted, and nitro- 
gen atoms at heights approximately 3/8 and 7/8 are 
shifted towards the centres of the two respective inter- 
stices. 

N Si 
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D O B  
LS-structu re 

N Si 

D O  A 

B 
n ~z-structure 

N Si 

Q O  c 

O o o  
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Figure 3 The actual Si-N layers in :x- and ]3-SigN 4 ... ABAB ._ 
for the [3-Si3N4 structure and ... ABCDABCD ... for the 0~-SiaN 4 

structure [11,20, 251. 

TABLE III  The actual atomic coordinates for :x.-Si3N4 with space 
group Pglc (no. 159) [20] a 

x/a y/a z/c 

6Sil in 6(c) 0.0829 (1) 0.5135 (1) 0.6558 (2) 
6Si2 in 6(c) 0.2555 (1) 0.1682 (1) 0.4509 
6N1 in 6(c) 0.6558 (3) 0.6075 (3) 0.4320 (5) 
6N2 in 6(c) 0.3154 (3) 0.3192 (3) 0.6962 (5) 
2N3 in 2(b) 0.3333 0.6667 0.5926 (10) 
2N4 in 2(a) 0 0 0.4503 (12) 

a In all tables, the standard deviation is shown as 0.7686 (1) for 
0.7686 _+ 0.0001. 

TABLE IV The actual atomic coordinates for 13-Si3N4 with space 
group P6B (no. 173) [tll 

x/a y/a z/c 

6Si in 6(h) 0.7686 (1) 0.1744 (1) 0.2500 
6N1 in 6(h) 0.0298 (3) 0.3294 (3) 0.2628 (20) 
2N2 in 2(c) 0.6667 0.3333 0.2392 (55) 

2.2 .  s - s i l i c o n  n i t r i d e  

2.2. 1 Space group 
The crystal structure of (z-silicon nitride has 
been determined repeatedly by a large number of 
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inves t iga tors ,  us ing  a var ie ty  of samples  r a n g i n g  f rom 

s ingle-crys ta l  to po lycrys ta l l ine  ma te r i a l s  syn thes ized  

by a wide range  of  m e t h o d s  of p r epa ra t i on .  The  results  
are s u m m a r i z e d  in  Tab l e  V. T h e  space g r o u p  P31c is 
u n a n i m o u s l y  d e t e r m i n e d  as the  correct  one  for the 

a -s i l i con  ni tr ide.  However ,  with regard  to the crystal  
s t ruc tu re  of a -s i l i con  ni t r ide,  two i m p o r t a n t  factual  

po in t s  have to be addressed.  The  first is the ques t i on  of 
oxygen  c o n t a m i n a t i o n ;  the second  is the lat t ice d is tor-  
t ion  because  of cons t r a in t s  i m p o s e d  on  the s t ruc ture  

by the  a l t e r n a t i n g  AB a n d  C D  S i - N  layers. 

2.2.2. Unit-cell d imension 
It is obvious that the unit-cell dimensions of a-silicon 
nitride as determined by different investigators vary 

widely [46, 47]. Such large differences in  the uni t -cel l  

d i m e n s i o n s  c a n n o t  be  a t t r i b u t e d  solely to experi-  

m e n t a l  er rors  i n t r o d u c e d  by  the different inves t iga-  
tors. This  can  be verified i m m e d i a t e l y  by  c o m p a r i n g  
the d i s t r i bu t i ons  of the uni t -cel l  d i m e n s i o n s  deter-  
m i n e d  by  different  inves t iga tors  for a -s i l i con  n i t r ide  
a n d  [3-silicon n i t r ide  as l isted in Tab les  V a n d  VI. F o r  

13-silicon ni t r ide,  the s t a n d a r d  dev i a t i on  is 0.0005 a n d  
0.0004 n m  for the  a a n d  c d imens ions ,  respectively,  
while  for the a -s i l i con  ni t r ide,  the c o r r e s p o n d i n g  
va lues  are 0.0014 a n d  0.0008 nm.  In  fact, even wi th  the 
s ame  inves t iga to r  us ing  the same  m e thod ,  the uni t -cel l  

d i m e n s i o n  a n d  dens i ty  d e t e r m i n e d  o n  samples  pre- 
pa red  by  different m e t h o d s  have  wide var ia t ions ,  
which  are well ou ts ide  a n y  expe r imen ta l  e r ror  [-28]. 
a - s i l i con  n i t r ide  wi th  a needle  m o r p h o l o g y  p repa red  

T A B L E V Structural data for :c-silicon nitride with space group P31c (no. 159). Note the calculated density with respect to the nominal 
oxygen contents 

a (nm) c (rim) c/a Density (gcm 3) Oxygen Sample Ref. 
content 

Calculated Measured (wt %) 

0.7818 (3) 0.5591 (4) 0.715 3.150 -~ 0.05 (3) Single crystal [20] 
0.7765 (1) 0.5622 (1) 0.724 3.176 - Single crystal [15] 
0.7766 (10) 0.5615 (8) 0.723 3.178 - Single crystal [17] 
0.7759 (1) 0.5628 (2) 0.725 3.177 3.18 0.1 CVD polycrystal [52] 
0.7758 (5) 0.5623 (5) 0.725 3.180 - Whisker [46] 
0.7754 (2) 0.5625 (3) 0.725 3.182 3.17 0.3 CVD polycrystal [52] 
0.7753 (2) 0.5625 (3) 0.725 3.182 3.17 0.3 CVD polycrystal [52] 
0.77608 (10) 0.56139 (10) 0.723 3.183 - 0.300 (5) CVD polycrystal [16] 
0.7752 (3) 0.5627 (3) 0.726 3.183 3.18 0.3 CVD polycrystal [50] 
0.7753 (1) 0.5625 (1) 0.726 3.183 0.3 CVD polycrystal [51] 
0.7755 (5) 0.5616 (5) 0.725 (1) 3.185 Powder [10] 
0.7752 (1) 0.5623 (1) 0.725 3.185 3.18 0.6 CVD polycrystal [50] 
0.7752 (2) 0.5623 (2) 0.725 3.185 3.18 0.6 CVD polycrystal [50] 
0.7750 (2) 0.5625 (1) 0.726 3.186 3.17 0.4 CVD polycrystal [50] 
0.7752 (3) 0.5619 (1) 0.725 3.187 - Polycrystal [47] 
0.7751 (2) 0.5622 (2) 0.725 3.187 3.16 0.7 CVD polycrystal [50] 
0.7752 (4) 0.5619 (3) 0.725 3.187 3.16 1.1 CVD polycrystal [50] 
0.7753 (1) 0.5618 (1) 0.725 3.187 - 1.1 CVD polycrystal [51] 
0.7753 (4) 0.5618 (4) 0.725 3.187 3.19 - Powder [7] 
0.77520 (7) 0.56198 (5) 0.725 3.187 - 1.48 b Powder (wool) [9] 
0.77533 (8) 0.56167 (6) 0.724 3.188 3.169 (4) 1.48 b Powder (needles) [9] 
0.7748 (1) 0.5617 (1) 0.725 3.192 3.19 (1) Powder [6] 

o [28] 

a (_) Not available. 
b Si11.~N1500.5. 
c See text for another group of data. 

TAB LE V I Structural data for 13-silicon nitride 

a (nm) c (nm) c/a Space Density (gcm -3) Sample 
group 

Calculated Measured 

Method Ref. 

0.7608 (5) 0.2911 (1) 0.3826 P63/m 3.194 3.192 (2) 
0.7606 (3) 0.2909 (2) 0.3825 P63/m 3.198 _a 
0.7608 (1) 0.2911 (5) 0.3826 P63/m 3.194 - 
0.7605 (5) 0.2907 (3) 0.3821 (2) P6jm 3.201 - 
0.7595 (1) 0.29023 (6) 0.3821 P63 3.214 

P63/m 

0.7600 0.2900 0.3816 P63 3.213 

Powder X-ray [9] 
Powder X-ray [7] 
Powder X-ray [6] 
Powder X-ray [10] 
Single 4-circle [ 11 ] 
crystal diffrac. 
Single CBED b [ 12] 
crystal 
Single CBED [13] 
crystal 

a (_) Not available. 
b CBED stands for convergent beam electron diffraction. 
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by the reaction of silicon monoxide with nitrogen has 
a range of measured densities, 3.167 3.171 g cm-  3 [9]. 
Following investigation of 26 different a-silicon ni- 
tride samples prepared by the reaction of silicon with 
nitrogen, the reaction of silicon monoxide with nitro- 
gen, and chemical vapour deposition from silicon bali- 
des, Thompson observed variations in the unit cell 
dimensions ranging from 0 .77491~.77572nm for 
a and from 0.56264-0.56221 nm for c (experimental 
error _+ 0.00005 nm) while the axial ratios c/a are 
reasonably constant, leading to the conclusion that 
such a variation of the unit-cell dimension must be due 
to a variation in compositions, and specifically in the 
oxygen content [28]. Attempting a better way for 
addressing the above experimental facts forms the 
basis for the considerable controversy over the struc- 
tural nature of cx-silicon nitride with respect to the 
lattice oxygen. 

Fig. 4 shows a [0 0 0 1] perspective view of the c~- 
Si3N~. There are eight distinct Si N bonds ranging 
from 0.1707-0.1779 nm [15] and the average Si N 
bond length is 0.1738 nm. The deviations of the nitro- 
gen atoms from the Si 3 planes are 0.0035 and 
0.017 nm for N(1) and N(2), and 0.0003 and 0.0350 nm 
for N(3) and N(4) [11]. Owing to the stacking of 
alternate layers of AB and CD, there are two closed 
pockets. The ends of these pockets are formed by 
single nitrogen atoms. The remainder of the pocket is 
formed by silicon and nitrogen atoms with bonds 
lying approximately in the (1 1 2 1) planes. The pocket 
has an equivalent sphere of radius of approximately 
0.146 nm. The tunnels connecting the pockets have 
a minimum radius of 0.07 nm. Consequently, large 
foreign atoms or molecules could be trapped within 
the lattice while small ones, such as oxygen, will be 
able to diffuse rapidly within the lattice (the atomic 
radius of oxygen is 0.06 nm; the non-bonded radius of 
oxygen is 0.113 nm; the ionic radius of O-2  ranges 

Figure 4 The [0001]  direction perspective view of c~-Si3N4. The 
large spheres are nitrogen, the small silicon. The unit cell is shown 
by the thick line. 

from 0.135 0.142 nm depending on the coordination 
numbers). 

2.2.3. Structural oxygen in u-silicon nitride 
Based on structural refinement data of bond lengths 
and angles, abnormal site occupation numbers, den- 
sity, and oxygen content, Grieveson and co-workers 
[8, 9] proposed that a-silicon nitride was an oxy- 
nitride with a range of compositions lying between 
Sil 1.4N~500.3 and Sil ~.sNlsO0.5, and with an oxygen 
content ranging from 0.90-1.48 wt %. Thus, e~-silicon 
nitride could be regarded as an oxygen- and vacancy- 
stabilized structure, with oxygen partially replacing 
nitrogen in the N(1) site, with about 25% nitrogen 
vacancies in the N(4) site, and with silicon vacancies 
sufficient to maintain electrical neutrality. This prop- 
osition was used to explain the relatively wide vari- 
ation of densities and unit-cell dimensions observed in 
the a-silicon nitride. Additional supporting evidence 
for this claim was provided by thermodynamic studies 
[23, 24]. 

Further experimental evidence confirmed that oxy- 
gen could indeed dissolve in the c~-silicon nitride lat- 
tice. Detailed analysis of the oxygen distribution in 
a-silicon nitride powder show that oxygen exists both 
as a surface oxide-rich layer, and internally within the 
particle E26, 27, 48, 49]. However, based on the analy- 
sis of oxygen distribution within several fine ceramic 
powders ( ~ 100 nm), it is revealed that the majorities 
of the oxygen exist as a surface oxide layer [49]. 

There is, in fact, a close relationship between meas- 
ured oxygen content and the crystal structural 
parameters. On the basis of a study using CVD poly- 
crystalline a-silicon nitride, Niihara and Hirai [50] 
and Galasso et al. [51] showed that the c-axis unit-cell 
dimension and the unit-cell volume (and density) in- 
crease with decreasing oxygen content, while the a di- 
mension is almost independent of oxygen content. 
Doubt may be expressed regarding this empirical rule 
with respect to its generality, as it does not specify the 
distribution of the oxygen, as a surface oxide layer or 
dissolved in the lattice. Unit-cell dimensions, and unit- 
cell volume, as a function of the measured oxygen 
content, are shown in Figs 5 and 6. Scrutiny of the 
structural data listed in Table VI shows that the cal- 
culated densities obtained with single crystals (ranging 
fi'om 3.150-3.178 g cm-~), are generally lower than 
those obtained with polycrystals (3.177 3.192g 
cm-3). Single crystals of a-silicon nitride contain les- 
ser amounts of oxygen than the polycrystalline form. 
This, therefore, coincides with the general trend, that 
with decreasing oxygen content the unit-cell volume 
increases (Fig. 6). 

However, subsequent structural determinations on 
materials for which it was unnecessary to assume that 
c~-silicon nitride was anything but the stoichiometric 
Si3N4, cast doubt on the oxynitride hypothesis [15, 17, 
19, 20]. Priest et al. E16] carried out neutron activa- 
tion analysis on a single crystal of a-silicon nitride 
prepared by CVD and found the oxygen content to be 
0.3 + 0.005 wt %, an amount substantially less than 
the 0.9-1.48 wt % that was assumed to be required for 
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Figure 5 The unit-cell dimensions of a-silicon nitride as a function 
of the nominal oxygen content. (--�9 a, (- - 45- - -) e. 
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Figure 6 The a-silicon nitride unit-cell volume, V0, as a function of 
the nominal oxygen content. 

small to be accommodated in interstitial sites and so 
Si 3 + was suggested. The corresponding compositions 

~ - 3 + c ~ ' 4 +  ~ T 3 -  t ~ - 3 + c ~ ' 4 +  , , ~ 2 - v . r 3 -  would then be ;510.3b111.8fN16 o r  b10.3;3111.8tJo.5tN15.5 
depending on the availability of oxygen for charge 
compensation. As a consequence of the partial occu- 
pation of the interstitial sites, there might be locally 
structural distortion. 

A compromise view on the role of oxygen in ~- 
silicon nitride compatible with all of the above 
experimental facts, is that c~-silicon nitride is able to 
accommodate variable amounts of oxygen, depending 
on the availability of the oxygen in the processing 
environment, although oxygen is not a necessary re- 
quirement for the stability of the 0~-silicon nitride 
structure. The observed wide variations of density and 
unit-cell dimension of m-silicon nitride are attributed 
to the variation of the oxygen content of the m-silicon 
nitride lattice, resulting from different preparation 
routes. The lowest limit for oxygen dissolved in the 
m-silicon nitride lattice is expected to be zero. Such 
pure and perfect single-crystalline ~-Si3N4 material 
must be essentially transparent and colourless, be- 
cause the optical adsorption edge is about 310 nm 
[52]. In practice, as oxygen is an inevitable environ- 
mental impurity, the purest single-crystalline m-silicon 
nitride to be reported still contains 0.05 wt % oxygen 
[19, 20]. This single crystal was colourless, with 
unit cell dimensions of a = 0.7818 _+ 0.0003 nm, 
c = 0.5591 • 0.0004 nm and c/a = 0.715. It should be 
pointed out that although the majority of the c/a 
values for the m-silicon nitride structure listed in Table 
VI are in the region of 0.725, the lowest value of 0.715 
obtained with this single crystal (known to include 
a low amount of oxygen) is remarkably close to that 
measured on the macro-model of the ~-Si3N4 
structure (0.715) in which oxygen is, in effect, artifici- 
ally excluded [10, 20]. Generally, the colour of 
polycrystalline CVD o~-silicon nitride depends on the 
preparation process, and can be white, purple, brown 
or black [28]. 

the oxynitride. Edwards et aI. [18] also analysed vari- 
ous samples of reaction-bonded silicon nitride and 
found that the oxygen content lay between 0.45 _+ 0.05 
and 0.61 _+ 0.06 wt %, again far too low for Grieveson 
and co-workers et al. oxynitride formula to be correct 
[8, 9]. Later, Kijima et aI. [19] measured oxygen 
contents of 0.05 and 0.09 wt % on m-silicon nitride 
single crystals. In addition, the structural parameter 
determination of Kato et al. [20] was done on the 
same crystal known to have a low oxygen content 
(0.05 wt %) from analytical work. Therefore, on the 
basis of the combined oxygen analysis and structure 
determinations, it was established that m-silicon ni- 
tride did not necessarily require the level of oxygen 
suggested by Grieveson and co-workers for structural 
stabilization. 

Following the discovery of the sialon systems it was 
possible to argue, by analogy with the stabilization of 
the ~'-sialon structure by cations such as Ca 2+ and 
y3+, that the pure a-silicon nitride structure might 
be stabilized by a lower valence silicon species accom- 
modated in structural interstices [28]. Si ~+ is too 

2.3. 13-silicon nitride 
2.3. 1. Space group 
For [3-silicon nitride, the only disagreement concern- 
ing the structure was the space group: whether it is the 
centrosymmetric, P63/m, or the non-centrosymmetric, 
P63 (Table VI). In the structure of space group P63/m, 
the silicon and nitrogen atoms are located on mirror 
planes (z = 1/4 and 3/4) normal to the c-axis, as in- 
dicated by several powder X-ray diffraction deter- 
minations [6, 7, 9, 10, 12], and by a single convergent 
beam electron diffraction (CBED) determination [12]. 
On the other hand, using structural refinement with 
single-crystal X-ray diffraction, Gr/in [11] noted that 
the nitrogen atoms were slightly displaced from the 
mirror planes, implying the non-centrosymmetric 
space group P63. Subsequently, in a determination of 
the space group by the CBED method, Bando [13] 
observed that the apparent CBED symmetry depend- 
ed on the thickness of the sample. It was shown that 
for a thin crystal the space group could be allocated to 
P63/m, in agreement with the previous independent 
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CBED determination [t2],  while for a thick crystal 
the lower symmetry of P63 is revealed. The CBED 
pattern for a thick crystal shows the real crystal poten- 
tial related to both silicon and nitrogen atom 
arrangements, and reveals the true space group as P63. 
Bando's observation apparently biases the current de- 
bate about the space group of [3-silicon nitride in 
favour of Griin's claim. In principle, if P63/m is as- 
sumed, all atoms are located in a mirror plane, so that 
all the Si3N(1) and Si3N(2) groups have to be planar. 
This is not completely true, as proved by actual con- 
struction of the ball and rod model structure, which 
shows that Si3N(1) groups possess a non-planar con- 
figuration. The deviations of N(1) and N(2) from the 
corresponding Si3 plane are 0.0048 and 0.0040 nm, 
respectively. Furthermore, Griin has calculated the 
lattice energy difference between the centrosymmetric 
and the non-centrosymmetric structures, and con- 
cluded that the non-centrosymmetric structure would 
be energetically more favoured. Thus it seems reason- 
able to believe that the space group, P63, is the correct 
one for 13-silicon nitride. 

Figure 7 The [0001] direction perspective view of J3-Si3N4 in 
which the long continuous channel parallel to [0001] can be seen. 
Large spheres are nitrogen, the small are silicon. The unit cell is 
represented by the thick line. 

2.3.2. Unit-ceil dimension 
The large number of investigations of the crystal struc- 
ture of [3-silicon nitride are summarized in Table VI 
[-6, 7, 9, 10 14]. It is apparent that the a and c unit-cell 
dimensions, c/a, and density, measured by different 
investigators are in very good agreement. 

Fig. 7 shows a [0 0 0 1] perspective view of [3-Si3N4. 
The long continuous channels parallel to the c-axis 
can be seen. The average Si N bond length is 
0.173 nm (there are four distinct values ranging from 
0.1704-0.1767 nm) [10, 11]. Using this value, the con- 
tinuous channel has an equivalent cylindrical radius of 
0.145 nm, which in theory may enable large atoms to 
diffuse readily through the lattice. The small six-sided 
space contains a void of radius 0.09 nm. 

2.4. The relationship between the o~- and 
13-silicon nitride structures 

a-silicon nitride and 13-silicon nitride phase relation- 
ship may be addressed from two standpoints: firstly 
the geometric and secondly that of phase stability. 

2.4. 1. Geometric relationship 
The measured unit-cell dimensions of a-silicon nitride 
and 13-silicon nitride have the geometrical relationship 
a ~ > a ~ , c ~ . < 2 %  with c/a=0.715 for a and c/a 
= 0.3826 for 13 (which are in almost exact coincidence 

with the values obtained by Thompson and Pratt  on 
the macro structural models [107). The slight depar- 
ture fi'om an exact relationship between the unit-cell 
dimensions of a- and [3-silicon nitride is unusual and it 
is far more common to find polymorphs where the two 
forms are either structurally unrelated, or are layer 
modifications (e.g. silicon carbide) where the a values 
are precisely equal and the c values are in exact integer 
ratio. However, such a deviation could be superficially 
explained by the fact that even though a-silicon nitride 

consists essentially of alternate layers of the 13-silicon 
nitride (AB) and a mirror image of it (CD), the edges of 
the double layer of the tetrahedra in the a-silicon 
nitride do not lie exactly parallel to the c axis (as they 
do for the single-layer 13-silicon nitride), but deviate 
from this with accompanying distortion of their geo- 
metric arrangement to allow the individual tetrahedra 
to become more regular. Such a distortion would 
reduce the c dimension while increasing the a dimen- 
sion, resulting in a~ > a~, c= < 2c~ [-10, 45]. 

2.4.2. Phase stabil ity 
Various opinions exist regarding the a- and 13-phase 
silicon nitride relationship, and these can be classified 
as follows. 

(i) The a-phase is an oxynitride, while the 13-phase 
is a pure silicon nitride; this possibility has been 
examined in the previous detailed discussion [-9, 23, 
24, 28, 53]. 

(ii) The a- and [3-phases are the low- and high- 
temperature modifications, respectively [10, 31]. This 
view is mostly based on the observations that during 
nitridation of silicon the proportion of a-phase in- 
creases with decreasing temperature, and that above 
1400 ~ the a-phase transforms to the 13-phase [-54]. 
However, if the a- and [3-phases are true high- and 
low-temperature modifications with a specific trans- 
formation temperature, it should be possible to ob- 
serve the reverse transformation, from 13-silicon nitride 
to a-silicon nitride at temperatures below 1400~ 
This has never been observed experimentally (though 
it may be argued that for such a transformation the 
mechanism is not available for surmounting the ac- 
tivation barrier at these temperatures). 

(iii) The 13-phase is the thermodynamically more 
stable phase at all temperatures, and the development 
of the two modifications is controlled by the forma- 
tion mechanism, rather than by thermodynamic con- 
siderations [11,21]. Accordingly, it is argued that 
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formation of the a-phase is kinetically favoured by the 
involvement of oxygen and gaseous species such as 
silicon vapour and SiO, consistent with observations 
that the formation of a-phase is favoured by the 
presence of oxygen during silicon nitridation. Forma- 
tion of the 13-phase is favoured by the presence 
of liquid, as supported by the observation that 
with the same supply of nitrogen, solid silicon reacts 
to yield the a-phase with incorporation of oxygen 
into the lattice, while liquid silicon reacts to yield 
the 13-phase [54-58]. Further support is obtained 
from the following observations: the CVD process 
invariably produces a-phase, or amorphous, silicon 
nitride [28] (however, [~-phase has been formed when 
TIC14 vapour is incorporated into a SiC14-NH3-H2 
reactant system as TiN inclusions have to be necessar- 
ily involved for the reason of formation kinetics [59]); 
oxygen-containing species such as SiO and SiOxNx 
are necessary for the crystallization of amorphous 
silicon nitride (obtained by imide decomposition or 
by pyrolysis of polymeric precursor) to a-silicon 
nitride [60, 61]. 

Calculations show that the a-phase has a slightly 
higher free energy than the 13-phase: a difference of 
about 30 kJmo1-1 at 25 ~ is given by Griin [11], this 
has been used to demonstrate that transformation 
from 13- to s-phase is, in principle, not possible [11-1. 
The driving force for the transformation from a- to 
13-phase lies in the higher thermodynamic stability 
of the 13-phase. From the kinetic point of view, this 
transformation cannot be achieved by a displacive 
transformation because the two sequences of non- 
equivalent tetrahedra are distorted with respect to one 
another around the c-axis. A reconstructive process 
involving the breaking and reconstruction of six Si-N 
bonds in each unit cell is necessary, together with 
a change in position of one nitrogen atom and a small 
displacement of neighbouring atoms. Thus the activa- 
tion energy will be high while the change in internal 
energy on transformation is small [10, 11]. The recon- 
structive transformation can only proceed in the pres- 
ence of liquid phases (metal silicon or metal silicides) 
which lower the activation energy for transformation. 
Studies carried out over the last 30 years show that the 
a-to 13-phase transformation proceeds readily above 
1400~ in the presence of a liquid phase through 
a solution and re-precipitation process [31,62-64]. 
An observation consistent with the necessity for 
liquid for such a phase transformation is that no 
transformation was detected in high-purity CVD 
silicon nitride at 1800~ [16]. A typical value for the 
activation energy in the presence of a liquid is about 
405 kJ mol- 1, that is close to the Si-N bond energy, 
435 kJmo1-1 [65]. 

3.1. Point defects 
3. 1.1. c~-Silicon nitr ide 
3.1.1.1. Powder particles. Transmission electron 
microscopy (TEM) observations of several types of 
a-silicon nitride powder particles prepared by CVD, 
silicon nitridation, carbothermal reduction of silica, 
and the imide decomposition process [38-42, 70-73] 
have shown that high densities of vacancy clusters are 
a common feature of all forms of a-silicon nitride: the 
detailed descriptions of the configurations and fea- 
tures of the vacancy clusters, where a vacancy is 
assumed to be of the Schottky "Vsi3N4" type, are sum- 
marized in Table VII. The clusters are of disc shape 
having a diameter of 15-30 nm. The equivalent overall 
vacancy concentration appears to range from 
10-3-10 .4 depending on the thermal history of the 
materials [41]. Vacancy clusters of size large enough 
to be resolved by TEM are confirmed to be mobile, 
and at high temperature can either fuse to give further 
high orders of cluster, or to diffuse out from the lattice, 
depending on the heat treatment. 

Fig. 8 is a low-magnification TEM image of silicon 
nitride powder produced by silicon nitridation show- 
ing particle morphology and size distribution. This 
powder had been milled giving the mechanically in- 
duced lattice strain and associated dislocation net- 
works, as seen in Figs 9 and 10. Rotation of randomly 
selected particles shows the internal contrast of the 
characteristic strain fields of the point defects. Unam- 
biguous identification of the nature of the those point 
defects was impossible because of the size of the larger 
particles (500 nm), and the disturbance of contrast 
caused by the attached smaller particles. These 

TABLE VII Dislocation loops in a-silicon nitride 

Type, nature Habit plane Burgers Size Ref. 
vector (nm) 

Vacancy, pure edge { i l21}  �89 1 23) 150 [38,711 
Vacancy, pure edge {1 1 2 0} ~11  2 0) 10 30 [-40,71] 
Vacancy, pure edge {000 1} (000 1 ) 10 30 [-42,71] 
Interstitial, mixed (1 23 1) ~11  23) 10-100 [39] 

3. Lattice defec t s  in si l icon nitride 
Vacancies, voids, dislocations, and stacking faults are 
examples of defects, which are well characterized in 
metals and alloys. Research on the possible existence 
of such defects in silicon nitride is limited. Here, va- 
cancies, structural domains, and dislocations are 
examined [34, 66-69]. 
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Figure 8 A low-magnification transmission electron micrograph of 
typical silicon nitride powder obtained by silicon nitridation and 
milling, showing the wide particle size range. 



Figure 10 Bragg distinction contour in a selected particle of the 
powder shown in Fig. 8 indicating that the particle has been severe- 
ly deformed during post-nitridation milling. 

Figure 9 Intragranular spherical features (arrowed) in a selected 
particle of the powder shown in Fig. 8. (a) Bright field; (b) dark field 

features may, however, be vacancy loops on the basis 
of the observations described below. 

Fig. l la is a low-magnification transmission elec- 
tron micrograph of an imide-produced silicon nitride 

powder. On this scale, the range of image contrast 
obtainable is narrow because of the particle thickness. 
The available information is (similar to that obtained 
from TEM observations of powder particles of the 
same range of size) thus limited to particle morpho- 
logy, particle size and size distribution, and possibly 
the agglomeration state of the particle. The particle 
size is uniformly distributed around 600 nm, and par- 
ticles have a very well-defined morphology with 
a straight grain edge parallel to the c-axis. On prep- 
aration of the TEM sample through a suspension 
drying process, the particles are prone to lie on the 
supporting carbon film with the c-axis parallel with 
the film surface, and most of the particles can be easily 
observed with a zone axis around [1 050].  At higher 
magnification, with a small objective aperture and 
bright illumination, internal contrast features, similar 
in appearance to those generated from a precipitate, 
can be seen within individual particles as shown in 
Fig. l lb .  A statistical analysis in the TEM with 360 
particles chosen at random in different areas, showed 
that 97% had these internal structural features. In 
addition to the dislocation loops, some particles (43% 
of the dislocation loops containing particles) concur- 
rently had a stacking fault (arrowed in Fig. llc). To 
identify the origin of the loops, the powder was an- 
nealed at 1500 and 1750~ and cooled slowly to 
room temperature. After annealing, the dislocation 
loops remained and a higher proportion of the par- 
ticles included the stacking fault. Fig. 12 shows a par- 
ticle in the annealed powder with different zone axis. 
Generally, at a zone axis [UVTO] such as near 
[1 050] ,  both the stacking fault and the dislocation 
loops are edge-on, and for such cases, the stacking 
fault appears as a line (Fig. 12a); while at a zone axis 
[ U V T W ]  with W r 0 such as near [40741], both the 
stacking fault and the dislocation loops are inclined; 
hence the stacking fault is clearly resolved (Fig. 12b). 
The stacking faults have four features: (i) invariantly 
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Figure 11 Transmission electron micrograpfis of as-received UBE- 
E03 silicon nitride powder particles (produced by imide decompo- 
sition and crystallization of the amorphous precursor at 
130(~1500 ~ (a) Low magnification, showing the general morpho- 
logy of the powder particles (bright field); (b) high magnifcation, 
three particles in (a) (arrowed) show internal contrast features in- 
dicative of vacancy-type dislocation loops; and (c) a large particle 
observed from zone axes near [1010], showing a high concentra- 
tion of dislocation loops and a stacking fault (arrowed). 

lying on the (0001) plane; (ii) each particle has only 
one stacking fault; (iii) the stacking fault appears at the 
centre of the particle with respect to the c-axis; (iv) the 
stacking fault plane intersects the prismatic plane of 
the particle, indicating that the stacking fault termin- 
ates on the free prismatic surface, dividing each par- 
ticle into two halves along the c-axis. Fig. 13 shows 
dislocation loops and a stacking fault in particles 
annealed at 1700 ~ The standard inside/outside and 
gb ( g the operating reflection and b the Burgers 
vectors) contrast analysis indicate that this internal 
feature is invariably a vacancy-type dislocation loop 
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in a-silicon nitride particles. As shown in Figs 1 lc and 
12b, the majority of the loops have a habit plane 
{0001} and Burgers vector (I/n) ( 0 0 0 1 )  (n = 1 or 2) 
(labelled A), while a small proportion have a habit 
plane {1211} and Burgers vector (l/m) ( 1 2 1 3 )  
(m = 3 or 9) (labelled B). 

From the loop-free zone dimension in as-produced 
powder particles, a critical particle-size effect has been 
expected: as-grown particle of size smaller than twice 
the loop-free zone width should be completely free 
from dislocation loops. However, this will not be true 
for fine particles produced by mechanical crushing of 
a large particle, typical of powder produced by silicon 
nitridation. More broadly, it is inferred that to pro- 
duce a-silicon nitride particles free from dislocation 
loops and vacancy clusters, control of as-grown par- 
ticle size and cooling rate will be needed to allow 
vacancies formed at processing temperature to diffuse 
to boundaries or surfaces. 

3.1.1.2. Grains in polycrystalline silicon nitride mater- 
ials. A number of a-silicon nitride grains in polycrys- 
talline silicon nitride materials prepared by different 
methods have been observed using high-resolution 
transmission electron microscopy (HRTEM) along 
the [000  1] direction [74]. Localized strain centres 



Figure 12 Transmission electron micrographs of typical 1500 ~C annealed UBE-E03 silicon nitride powder particle observed from different 
zone axes, showing the "grown-in" vacancies and their clusters (vacancy-type dislocation loops and the stacking fault), to be a common 
feature of the powder particles. In (a) bright field and (b) dark field, the zone axis is near [1 0 i 0]; in (c) bright field and (d) dark field, the zone 
axis is near [4 0 4 1]. Loops of type A have the habit  plane {0 0 0 1 } and Burgers vector ( l /n)(0 0 0 1 ) (n = 1 or 2); loops of type B have the habit  
plane { 1 i 2  1} and Burgers vector (l/m) ~1 1 2 3 )  (m = 3 or 9) [42,71,73]. 

with a linear dimension of about 10-30 nm are found. 
Around these centres marked lattice distortion exits, 
as reflected in the deviation of the ( 1 0 i 0 )  lattice 
plane spaces giving measured values ranging from 
0.585-0.739 nm, compared with the normal value of 
0.677 nm. Concurrently, regions of amorphous  phase 
with a linear dimension of < 10 nm completely en- 
closed within an otherwise perfect cx-silicon nitride 
lattice, are detected. The amorphous  regions were 

assumed to be the consequence of the electron radi- 
ation damage: however, the nature of the strain 
centres was not specified [74]. Jack [28] has reported 
the observation of 25 nm intragranular, amorphous,  
disc-like features in black and white CVD cx-silicon 
nitride (the same materials used by suzuki [47]), which 
on annealing at 1850~ coalesced and then dis- 
appeared. It was postulated that the discs were pre- 
cipitates of amorphous silica. Similarly, internal 
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microstructural features which were assumed to be 
nano-dimension copper- and tin-rich precipitates 
have been observed in grains of otherwise high-purity 
polycrystalline CVD a-silicon nitride. These features 
similarly disappeared after annealing at 1800 ~ [44]. 

Figs 14 and 15 show typical dislocation loops in 
a residual a-silicon nitride grain within bulk material 
fabricated by hot-pressing at 1700 ~ a silicon nitride 
powder which was produced by silicon nitridation, 
and with a furnace cooling rate. A typical feature is 
the existence of a dislocation loop-free zone which 
represents the elastic interaction of a vacancy with 
a traction-free surface. In Fig. 15 the width of the 
dislocation loop-free zone around the periphery of the 
grain is not uniform. This may indicate that part of the 
boundary is not traction free. Fig. 16 is a high-resolu- 
tion TEM image of a dislocation loop of a habit plane 
(0001) and Burgers vector �89 ]]. 

Figure 13 Transmission electron micrograph of UBE-E03 silicon 
nitride powder particles after annealing at 1750~ showing 
the existence of dislocation loops and a stacking fault (arrowed) 
[42]. 

3. 1.2. f l-Sil icon nitr ide 
Interstitial dislocation loops inhabiting the {10i0} 
planes have been only observed in ]3-silicon nitride 
following irradiation [75]. 

3.2. Planar defects  
Both the a-silicon nitride and the 13-silicon nitride 
structures are non-centrosymmetric and therefore 

Figure 14 Transmission electron micrographs showing the 
vacancy-type dislocation loops formed by agglomeration of va- 
cancies in ~-silicon nitride grains within bulk materials with 
~/[3 = 7/3 fabricated by hot-pressing a silicon nitride powder 
(Starck LCI2N, produced by the silicon nitridation method) at 
1700 ~ and followed by furnace cooling to room temperature: (a) 
general view and (b) higher magnification. The dislocation loops 
have a habit plane {12 1 0} and Burgers vector �89 2 10) [70]. 
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Figure 15 Transmission electron micrographs showing that the dis- 
tribution of vacancy-type dislocation loops possibly depends on the 
condition of the grain boundary. It is likely that the double arrowed 
part of the boundary is not traction free, and hence it is not an 
effective sink for the vacancies. The part of the boundary adjacent to 
the dislocation loop-free region (large arrows) is likely to be traction 
free and hence permits the effective escape of the vacancies. 



Figure 16 HRTEM image of a loop observed from the zone axis 
E13411. The loop is faulted and has a habit plane (0001). The 
partial dislocation has a Burgers vector of �89 

structurally enantiomorphic domains should exist. In- 
version boundaries which separate two domains re- 
lated by a simple inversion have been demonstrated to 
exist in the <*-silicon nitride structure. The inversion 
boundaries lie primarily on (000 1) planes, but they 
frequently change from one (0 0 0 1) plane to another 
by going through some irrational planes in between. 
The configuration, and structural models for the in- 
version boundaries have been analysed in detail by 
Hwang and Chen [76]. 

Other types of structural fault with combinations of 
rotation and displacement components have also been 
identified in crystalline <*-silicon nitride prepared by 
the CVD method [77-79]. The faults form extensive 
facets on basal planes of the a-silicon nitride structure, 
but also extend on to non-basal planes and curved 
surfaces within grains. The formation of the faults can 
be accounted for by the displacement of one stacking 
layer along the ~1 i 0 0) direction within the periodic 
layer stacking ...ABCDABCD ....  

Several domain boundaries have also been identi- 
fied in the [3-silicon nitride structure [80]. Very well 
characterized is the domain boundary parallel to the 
{1 01-0} plane and formed through the relative shear 
of two identical structural domains with -~[2 1 1 0]. 

3.3. Linear defects 
Previous detailed studies of dislocations in silicon 
nitride are sparse. For most cases, the presence of 
dislocations related to densification, grain-boundary 
phase crystallization, and high-temperature creep pro- 
cesses, are only reported as brief comments [81-83]. 
Furthermore, far less information is available about 
dislocations for e~-silicon nitride than for [3-silicon 
nitride, as a consequence of the fact that most dense 
sintered and hot-pressed silicon nitrides are composed 
of [3-silicon nitride grains as a result of the irreversible 
<*- to [3-silicon nitride transformation during densifica- 
tion. There may be several reasons why little attention 
has been directed toward linear defects in silicon ni- 
tride. Firstly, it would be expected that, because of the 
high energies likely to be involved, dislocations would 
be harder to generate and glide in a covalent material 

with strong directional inter-atomic bonding, than in 
predominantly ionic materials, or in metals. Secondly, 
for a crystal to be able to undergo general homogene- 
ous strain by slip, five independent slip systems are 
necessary 1-84]. However, ceramics and especially 
those with hexagonal symmetry, generally possess few 
independent slip systems; it is therefore assumed that 
dislocations do not play an important part in the 
plastic deformation of silicon nitride. Thirdly, al- 
though silicon nitride is expected to be used for high- 
temperature applications, the unavoidable presence of 
the intergranular film defines the maximum temper- 
ature of use at around 1300 ~ at which dislocations 
are unlikely to be activated. 

The information available about dislocations in sili- 
con nitride is summarized in Table VIII. Evans and 
Sharp [85], Butler [86], Kossowsky [87], Marquis 
[88], Lee and Hilmas E89] and Hwang and Chen [76] 
have analysed the Burgers vectors of dislocations in 
hot-pressed and reaction-bonded silicon nitride. In 
both the a-silicon nitride and the [3-silicon nitride 
the most commonly observed dislocations have 
a (0 0 0 1) type Burgers vector, and the perfect a-axis 
dislocation with Burgers vector �89 1 20), and the 
perfect (a + c) axis dislocation with Burgers vector 
�89 123) are also identified. Fig. 17 shows disloca- 
tions with a Burgers vector of [0 0 0 1] in a [3-silicon 
nitride grain within a polycrystalline silicon nitride 
material hot-pressed at 1700 ~ Consideration of the 
strain energies associated with various types of dislo- 
cation in the [3-silicon nitride indicate that (0 0 0 1) is 
the most stable Burgers vector, and an analysis of 
dislocation mobility using the Peierls model suggested 
they would also be the most mobile with {1 050} as 
the primary slip plane and with {1 1 20} and {1 250} 
as the secondary slip planes. Subsequently, indenta- 
tion data indicated that the slip system identified in 
[3-silicon nitride is also identically applicable to <*- 
silicon nitride. For the primary slip systems, 
(000 1){1 050}, two are independent and there are 
three different ways of choosing these. 

In <*-silicon nitride, the dislocations with the 
smallest Burgers vectors are the c-axis (0.5591 nm) and 
the a-axis (0.7818 nm). It seems then that in an <*- 
silicon nitride a- and c-axis dislocations should have 
a similar line energy, and are able to be generated at 
similar frequencies. In [3-silicon nitride, the c-axis dis- 
locations have been commonly reported, but a-axis 
dislocations and the mixed dislocations rarely so. This 
is understandable because in [3-silicon nitride the c- 
axis Burgers vector is only 0.2911 nm, while the a-axis 
Burgers vector is 0.7608 nm, making the a-axis dislo- 
cation energetically unfavourable. 

Although <*-silicon nitride and [3-silicon nitride have 
the same primary slip system, the c-axis dislocation in 
<*-silicon nitride has a much larger Burgers vector than 
the c-axis dislocation in the [3-silicon nitride. It is 
expected, in principle, that <*-silicon nitride will have 
a higher hardness and a lower fracture energy than 
[3-silicon nitride, and experimental observations, in 
fact, indicate that the Vickers hardness on the basal 
plane for the [3-silicon nitride is 28% smaller than that 
for the <,-silicon nitride [90, 91]. 
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T A B L E  V I I I  Dislocations in ~- and 13-silicon nitride 

Type Burgers Slip Phase Ref. 
vector plane 

Perfect, ( 0 0 0 1 )  {1010} c~ and 13 [-81,83,85,87] 
edge 
Perfect �89 2 10)  _a a and 13 [78,79,81,83,85,87] 
Perfect ~(1 2 1 3) c~ and ~3 [78, 79, 81, 86] 

a @) Not known. 

Figure 17 TEM image (bright field) of a group of dislocations with 
the Burgers vector of @ 0 0 1 )  in a 13-silicon nitride grain of as- 
sintered material. 

Kossowsky 1-68] suggested that dislocation motion 
in silicon nitride is unlikely to occur at temperatures 
below 1700~ The contribution of dislocation 
motion to creep can be estimated using the relation- 
ship 

= pbx (1) 

where a is the plastic strain, p the dislocation density, 
b the value of Burgers vector, and x the average 
distance moved by a dislocation. For a 1200~ 
fatigued silicon nitride, values were set approximately 
as p = 2 x 10 l~ m -2, x = 1 ~tm (grain diameter), and 
b = 0.5 nm, giving a contribution to the measured 
plastic strain of < 10-2. This agrees with the general 
observation that the creep of liquid-phase sintered 
silicon nitride is controlled by the intergranular films 
[67, 68]. Dislocations may well play an active role in 
high-temperature deformation mechanisms in both 
monolithic and composite silicon nitride-containing 
materials. This may be supported by the observation 
that dislocation motion in reaction-bonded silicon 
nitride associated with plastic deformation at 1400 ~ 
has been identified [85]. More recently, increased dis- 
location densities have been reported in materials that 
had undergone a creep test [89]. However, any pos- 
sible contributions of dislocation movement to the 
high-temperature deformation behaviour of silicon ni- 
tride is still generally obscured by the behaviour of the 
intergranular films with respect to firstly limiting 
the test temperature of the material, and secondly 
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preventing initiation of dislocations within grains by 
releasing stress concentrations that may be imposed 
on the grains. 

4. Discussion and speculations 
As described above, the observation of vacancy 
clusters in as-grown a-silicon nitride is anomalously 
high. This involves the very interesting subjects of 
the origin of the vacancies, and the structural stability 
of the a-silicon nitride, possibly with respect to 
oxygen contamination. Thermally activated vacancies 
of the Schottky and the structural vacancies gener- 
ated by replacement of nitrogen by oxygen, separately 
or in combination, may be suggested to contribute 
to the formation of vacancy clusters in a-silicon 
nitride. 

The concentrations and cluster configurations of 
the thermally activated vacancies are determined by 
temperature, sample cooling rate, vacancy formation 
energy, and vacancy formation kinetics [42]. 

The consequences of the replacement of nitrogen by 
oxygen in the a-silicon nitride lattice must be the 
simultaneous generation of vacancies in both silicon 
and nitrogen sites to fulfil the electrical neutrality 
requirement as suggested by Wild et al. [-9]. Hence, 
single vacant nitrogen and silicon lattice sites are 
expected within a-silicon nitride containing structural 
oxygen. These silicon and nitrogen vacancies have two 
distinctive features. Firstly, they would be expected to 
be localized in close proximity to the oxygen atom, 
hence the mobility of the vacancies and oxygen should 
then be coupled, and be sensitive to the charge state of 
the defect, and local defect concentration. As discussed 
above, the interstices and the interconnecting channels 
in the a-silicon nitride structure should, in principle, 
allow the fast diffusion of oxygen atoms (the atomic 
radius of oxygen is 0.06 nm, compared with the inter- 
connecting channel radius of 0.07 rim). However, si- 
multaneous movements of oxygen and the coupled 
vacancy at high temperature are believed to be rather 
difficult owing to the high activation energy involved 
[28, 44]. Secondly, the vacancy concentration should 
be determined by the lattice oxygen content. Accord- 
ing to Wild et al.'s formula [9] of Si11.4N1500.3, 
0.9 wt % oxygen is contained in the silicon nitride 
lattice. Each unit cell (Si12Na6) on average has 0.6 
silicon and 0.7 nitrogen vacancies, equivalent to 
a Schottky vacancy concentration of 5 x 10 .2 (three 
silicon and four nitrogen vacancies). This is almost 
two orders of magnitude higher than the estimated 
vacancy concentration in grains of material hot- 
pressed at 1700 ~ This may be a further illustration 
that although most of the a-silicon nitride powders 
contain ~ 1 2 wt % oxygen, only a very small pro- 
portion is actually incorporated within the a-silicon 
nitride lattice. Inward diffusion of oxygen from the 
particle surface oxide layer may be one of the mecha- 
nisms for incorporation of the lattice oxygen. How- 
ever, it is generally believed that dissolution of the 
lattice oxygen mainly occurs accompanying the 
formation process of the a-silicon nitride due to the 
formation kinetics. 



It is possible to try to quantify the point defect 
concentration required for the precipitation of the 
vacancy dislocation loops, on the basis of the observed 
distributions of loops in the a-silicon nitride grains of 
material hot-pressed at 1700 ~ In order to simplify 
the problem, it is assumed that the condensation of 
thermally activated point defects (3Vsi + 4VN) is sol- 
ely responsible for the formation of the loops. The 
volume of the unit cell of ~-silicon nitride containing 
four formula units is 0.293 nm 3 (and assuming that 
a Si3N4 "vacancy" (Vsi.3N4) consists of a Schottky type 
of defect with three silicon (V~'i") and four nitrogen 
(V/~) vacant lattice sites), the mean linear dimension 
for (Vsi~N,) is ~0.42 nm. This indicates that the aver- 
age loop disc of approximate diameter ~ 30 nm and 
thickness of 0.42 nm should require the condensation 
of ~3000 (Vs~N4). Based on Figs 15 and 16, an esti- 
mated Schottky defect concentration [Vsohottky] 
(where the square brackets are used to indicate a frac- 
tional concentration) at 1700~ calculated on the 
basis of the volume of vacancies required to form the 
number of loops divided by the volume of material in 
which they were counted, is 8 x 10 -r Assuming that 
the vacancies are entirely thermally activated defects 
and making use of mass, site, and charge balance 
relationships 

where 

and 

0 = 3[V~'~"] + 4[VN] (2) 

[V~;"] = 3[Vschottky ] (3) 

[VI~'] = 4EVschottky] (4) 

gives a Schottky equilibrium constant, Ks of 

Ks = 3344[Vschottky] v (5) 

o r  

Ks  = 6912[Vsehottky] 7 (6) 

and ~ 1 x 10 -~s. On the assumption that precipita- 
tion of the loops occurs rapidly after initiation of 
cooling from 1700~ mEschottky is ~680 kJ mol-1 
(6.2 eV). This value for the Schottky formation energy 
is very low, given the strong and directional covalent 
bonding of silicon nitride. The values of Schottky 
formation energies in other ceramic materials are of 
interest in this context [921. A value for the Schottky 
formation energy has been calculated for a-A120 3 of 
25.2 eV, equivalent to a mean energy per vacancy of 
5.0 eV, although the calculated values for individual 
cation and anion vacancies are very much higher than 
this. In MgO the corresponding values are 7.5 and 
3.8 eV; however, a vacancy pair-binding energy of 
2.6 eV is found, so that the effective Schottky forma- 
tion energy is reduced to 4.9 eV. A comparable inter- 
action energy of about 3 eV would be expected for 
~-A1203, but even so the final Schottky formation 
energy value for a-A1203 must be at least 20 eV. The 
~-silicon nitride crystal structure has been assumed to 
be strained because of constraints imposed on the 
structure by the linking of the alternate AB and CD 
Si-N layers, and found, in practice, in the construction 

of the ball and stick model with a rigid and regular 
SiN4 tetrahedra. A low value may, in part, be a result 
of the strain energy of the m-silicon nitride lattice 
although the disorder entropy term arising from the 
seven vacant atomic lattice sites must also be 
a counter-balancing factor. Furthermore, the experi- 
mentally observed vacancies should be the sum of the 
thermally activated vacancies and those related to the 
structural lattice oxygen. The above calculation is 
based on the assumption that the experimentally ob- 
served vacancies all come from the thermally activated 
vacancies, giving a higher Schottky vacancy concen- 
tration, hence partly inducing underestimation of the 
AESchottky. It is clear that much more work needs to be 
done to resolve the question of the energy value for 
a-silicon nitride. 

On the basis of Figs 15 and 16 showing the absence 
of loops near the edges of the grains, a very approxim- 
ate measure of the vacancy diffusion coefficient, Dr, 
for the slowest species (believed to be nitrogen) can be 
obtained. A shell of ~ 50 nm is free of loops and using 
the "random walk" expression of 

x = (Dv t )  1/2 (7) 

and a value for t of ~ 100 s gives a mean value for 
Dv of the order of 2 x l 0 - 1 S m 2 s  -1. Thus, a very 
approximate estimate can be made for the self-diffu- 
sion coefficient for nitrogen, ON, in the ~-silicon nitride 
grains at the hot-pressing temperature (1700 ~ This 
can be calculated using the relationship 

D N = 4Dv[Vsi3N4] (8) 

setting Dv of ~ 2 x l 0 - 1 S m 2 s  1 and [Vsi3N4] = 
8 X 10 -4, to give DN~6 X 10-21mZs 1. 

The specific formula for a-silicon nitride with lattice 
oxygen originally proposed by Wild et  al. [91 was 
based on thermodynamic considerations, and obser- 
vations of nitrogen and oxygen partial pressure as well 
as structural parameters apparently required for the 
detection of the ~- and [3-phases. On the assumption 
that a wider range of oxygen contents can be ac- 
commodated within the m-silicon nitride lattice, 
a m o re  general formula for this phase would be 
Si(12 0.25x/N(~5_x)Ox, in which the oxygen is accom- 
modated entirely in the nitrogen sites as O~, 
with charge balance being provided by one quarter of 
the number of the silicon vacancies (Vs4i-). Any ad- 
ditional (y) nitrogen vacancies would also be bal- 
anced by the appropriate concentration of silicon 
vacancies (0.25y), to give the overall composition 
Si(12_0.25(x+y))N(15 r and for which Wild 
et al. have suggested a value ofy  of approximately 1. It 
would be assumed that the two types of lattice point 
defect, Vs4i - and O~ would be closely located, or 
coupled, within the lattice. This proportion of the total 
silicon vacancy concentration might be expected not 
to have the same mobility as the normal Schottky type 
of vacancy, and might not therefore be able to partici- 
pate fully in the Schottky equilibrium equation, 

V 4- 3 V3+ 4 K~ = [ si 1 [ N ] . This discussion of point-defect 
types and concentration is of necessity highly specu- 
lative, because of the almost complete lack of reliable 
information. 
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Extrinsic vacancies in the dislocation loop-free zone 
with size too small to be resolved by conventional TEM 

~ D i s l o c a t i o n  loops 

.,: 
k & - - - .  :. 7 

Figure 18 Schematic drawing of the distributions of vacancies and 
vacancy clusters in association with the extrinsic and intrinsic 
factors in c~-silicon nitride. The extrinsic vacancies are too small to 
be resolved by conventional TEM within the dislocation loop-free 
zone [73]. 

A reasonable speculation, pertinent to the existing 
experimental observation, may therefore be that the 
observed strain centres and vacancy clusters within 
a-silicon nitride are generated by the agglomeration 
of both types of vacancies, thermally activated and 
extrinsic. The vacancy concentration, clustering 
behaviour, and size of the cluster will be determined 
by a variety of factors and further work is needed 
to clarify those interrelations. Because of the differ- 
ent mobilities of the two types of vacancies, caution 
must be taken in interpretation of the distribution 
of the dislocation loops (the dislocation loop-free 
zone). Although the resolution limit of TEM to 
dislocation loops may reach several nanometres, 
further small vacancy clusters may still exist in the 
dislocation loop-free zone as schematically shown 
in Fig. 18 [42]. 

Two reasons may be suggested why dislocation 
loops appear to develop only in a-silicon nitride [40]. 
Firstly, the more stable 13-silicon nitride may be un- 
able to generate the required high concentration of 
Schottky defects, while the more highly strained a- 
silicon nitride crystals do so in order to release lattice 
strain energy. Secondly, higher diffusion coeff• in 
the [3-silicon nitride may permit more effectively the 
escape of vacancies to the grain surface during cool- 
ing. Measured values of diffusion coefficients predict 
that nitrogen tracer diffusion in [~-silicon nitride is 
103-104 times faster at 1300 ~ than in a-silicon ni- 
tride, and therefore vacancies must be expected to be 
correspondingly more mobile in 13-silicon nitride than 
in 0~-silicon nitride. 

5. Conclusion 
Silicon nitride has two polymorphic forms, a-phase 
and 13-phase with the [3-phase being thermodyn- 
amically more stable at all temperatures. The a-phase 
is a slightly strained structure, because of constraints 
imposed by the alternate stacking of the AB and CD 
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Si-N layers. Both the a-phase and [3-phase can, in 
principle, exist as stoichiometric compositions: 
Si12N16 with trigonal symmetry and space group 
P3 lc for the a-phase; Si6N8 with hexagonal symmetry 
and space group P63 for the p-phase. 

Collectively, the experimental evidence strongly 
indicates that the formation of the two forms is mainly 
determined by kinetic factors rather than by thermo- 
dynamic ones. Formation of the a-phase silicon 
nitride may be kinetically favoured by vapour- 
phase reactions involving the presence of oxygen. 
The a-phase appears to have the following basic 
features: firstly, nitrogen can be partially replaced 
by oxygen, of which the content and distribution 
are determined by the availability of the oxygen 
and will depend on the specific production process; 
secondly, high concentrations of vacancies which 
are developed in association with the release of 
the lattice strain energy, and with replacement of 
nitrogen by oxygen to fulfil the electroneutrality 
requirements, seem to be a normal structural feature 
of the phase. Thus the vacancies can be regarded as 
an extrinsic defect in the as-grown a-silicon nitride. 
The concentration and configuration of the oxygen 
and vacancies in a-silicon nitride are therefore 
likely to be dependent on the specific fabrication 
process and environment, and the availability of oxy- 
gen, reaction rate, annealing time and cooling rate. The 
[3-phase is formed mostly through the involvement of 
a liquid phase. The a-phase grains may be distin- 
guished from 13-phase grains in TEM images by the 
positive identification of vacancy clusters, which seem 
to be unique for the a-phase. The wide variation in the 
unit-cell dimension, and densities, of a-phase silicon 
nitride is attributable to the differences in concentra- 
tion and configuration of these lattice defects and 
lattice oxygen concentrations. With increasing con- 
centration of lattice oxygen in the a-phase, the unit- 
cell volume decreases. It is possible that the superlatti- 
ces, nano-cracks, and strain centres earlier claimed to 
have been detected in a-silicon nitride [51], are 
related to differences in the configuration of the 
vacancy clusters. 

Any possible contributio n of dislocation movement 
to the high-temperature deformation behaviour of sili- 
con nitride is likely to be masked by the amorphous 
intergranular films through the release of stress con- 
centrations to prevent initiation and movement of 
dislocations. 

Because a-silicon nitride powder is the basic raw 
material for several groups of materials encompassing 
structural and semiconductor applications, the pre- 
existing vacancies and related defects in a-silicon ni- 
tride powder particles must be taken into account in 
considering the finer details of the microstructural 
development processes: the a- to 13-phase transforma- 
tion; the formation and defect structure of the a'-sia- 
lons; epitaxial grain growth of a'-sialon from a-silicon 
nitride; the high-temperature mechanical behaviour of 
a-silicon nitride and its nano-composite. The exact 
configuration and agglomeration behaviour of va- 
cancies requires detailed study using the positron an- 
nihilation method. 
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