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Transmission electron microscopy and diffraction have been used to examine structural aspects of phases
along the BeSiN,-Be; N tie line of the Be-Si—O-N system. Electron diffraction experiments are found to
substantiate previous X-ray evidence for the derived structures of BeSiN,, 8-Be3N,, and a-Be;N; and the
presence of a number of long-period superstructures at intermediate compositions. Real space obser-
vations using direct fringe and structure imaging techniques have been made and are in agreement with the
15R polytype structure derived from X-ray diffraction data. This structure is composed of coherent
intergrowths of BeSiN; and 8-BesN,. Further observations made on a nonstoichiometric BeSiN, sample
suggest that the polytypes may be described in terms of a regularly faulted BeSiN, structure. Each fault
changes the coordination of tetrahedral sites from base sharing to edge sharing in the fault, allowing excess
beryllium atoms to be accommodated in the close-packed nitrogen lattice. For larger deviations from the
BeSiN, stoichiometric composition, a higher density of faults occur which interact to form ordered
arrangements and the observed polytype structures. The present observations establish that polytypism in
the Be-Si-N system is related to the general phenomenon of crystallographic shear as observed in other
complex oxide and ceramic systems. It is suggested that similar faulting may account for the polytype
structures in other stalon systems.

I. Introduction

Since the discovery of the B8’ phase in the
Si-Al-O-N system simultaneously by Jack
and Wilson in Great Britain (1), and Oyama
and Kamigaito (2) and Tsuge et al. (3) in
Japan, the existence of a large number of
nitrogen ceramic phases has been demon-
strated (4—7). This discovery has opened up a
new field of ceramic technology in which the
potential for extensive alloying of ceramics
has been identified. Composition control in
sialon ceramics shows promise as a means by
which properties such as strength, creep
resistance, and oxidation resistance may be
optimized (8-10). Alloying to produce
materia's which are easier to fabricate and
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the possibility of pressureless sintering to
theoretical density in sialon ceramics are also
being investigated (11).

Characterization of the crystal structures
of a number of phases has been carried out
using X-ray analysis in the Si-Al-O-N,
metal sialon (4), Be-Si-O-N (5, 6), and sili-
con lanthanide oxynitride (12) systems and
electron diffraction in the Si-Al-O-N sys-
tem (I13). Nevertheless, a large number of
systems have yet to be analyzed.

One such group of phases is a related series
of structures first reported by Jack (4) at
AlN-rich compositions in the Si-Al-O-N
system. Each phase extends along a line
of constant metal to nonmetal atom
ratio (M :X) and has a narrow range of
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64 SHAW AND THOMAS

homogeneity. Similar series have since been
reported in the Be-Si~O-N (5), Mg-Si-Al-
O-N, and Li-Si-Al-O-N systems. Struc-
tural determinations using X-ray powder
diffraction techniques have identified these
phases as wurtzite polytypes (4, 5), in which
the unit-cell dimensions are determined by
composition rather than by the periodicity of
displacement faulting. In the Be-Si-O-N
system for metal to nonmetal atom ratios of
M, .1:X,,, a series of eight polytypes has
been reported between BesN», BeSiN,, and
BeO (Fig. 1). The index m assumes a mini-
mum value of 2 for 8-BesN, and a maximum
value of m =00 corresponding to both the
wurtzite structure BeO and the ordered
wurtzite structure BeSiN,. The composition
dependence of the series can be explained by
regular insertion of a cubic close-packed
layer in which all tetrahedral sites are occu-
pied by metal atoms (composition M,X)
into the hexagonal wurtzite layer arrange-
ment (5). In the wurtzite structure tetra-
hedral sites share bases, thus only upward or
downward pointing sites may be occupied, to
give the composition MX. The period of the
M,X layers then determines the overall
composition and the unit-cell dimensions of
each polytype. For example, in the 15R
BeoSisNig (Me: Xs) structure an M, X layer
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FIG. 1. Anisothermal section through the Be-Si-O-
N phase diagram at 1780°C after Thompson and
Gauckler (33).

occurs every fifth layer to produce a unit cell
consisting of three rhombohedrally related
blocks each containing five close-packed
layers. In the same way other members of
the series can be produced, i.e., 9R, 8H,
12H, 21R, and 27R after the notation of.
Ramsdell (14).

The object of this investigation was
to examine in detail the crystallography:
of polytypes in the series Be;N,-BeSiN;
using high-resolution transmission electron
microscopy and diffraction techniques.;
Phase contrast was used to examine stacking;
periodicities of the close-packed planes and
so to characterize disorders occurring in the
stacking sequence. Defects in the polytype;
structures were also examined using contrast’
experiments and their role in polytype:
formation was examined. Alternative
descriptions of the polytype phases in terms:
of polysynthetic twinning and crystallo-
graphic shear were investigated. Where:
possible, the results have been extended to
the description of similar series in the Be;N,—
BeO and other systems.

I1. Experimental Procedures

II.1. Materials Preparation

The materials for this study were prepared
at the Max Planck Institute in Germany and
are listed as follows. Details of their prep-
aration are given by Huseby et al. (6).
Sample (1) Beryllium nitride
Composition: 8-Bes;N,
Structure: Be;N,(4H)
(99%)

Beryllium silicon nitride
Composition: BegSizNig
Structure: 15R +trace 8H
Beryllium silicon nitride
Composition: Be;1SisNiy4
Structure: 21R +trace 12H |
Beryllium silicon nitride
Composition: 60% BeSiN, +
400/0 Be(,.5$i3~5N9
Structure: BeSiN,+27R

Sample (2)

Sample (3)

Sample (4)
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All these specimens have compositions lying
along the BesN,-BeSiN, tie line of the Be—
Si-O-N phase diagram (Fig. 1).

I1.2. Transmission Electron Microscopy

Slices 0.02 mm thick were cut from the
bulk materials using a diamond sectioning
wheel. These were then ground by hand to a
thickness of about 0.004 mm using silicon
carbide papers. Ion beam milling was used to
thin 2.3-mm disks cut from each slice to
electron transparency. In order to prevent
charging of the specimen under the influence
of the electron beam and improve image
stability in the microscope, a thin (10-30 A
thick) layer of carbon was evaporated on one
side of the specimen.

Each material was examined by selected
area diffraction, conventional imaging, and
high-resolution imaging techniques using the
Siemens 102 and Philips 301 microscopes
operating at 125 and 100 kV, respectively.
The Siemens 102 was equipped with a high-
angle tilt stage for precise orientation of the
specimen and contrast experiments. High-
voltage electron microscopy was also
employed (Hitachi, 650 kV) for examination
of thicker areas of the samples and accurate
selected area diffraction.

III. Experimental Results

IIT.1. Structure of BesN,

Selected area diffraction patterns from
single grains of sample 1 tilted to high-sym-
metry orientations were recorded in order to
determine the extent of occurrence of the a
and B modifications of BesN, and to
compare them to the structures found by
X-ray diffraction (15-17). All observed
diffraction patterns were indexed and could
be accounted for by one of the two
modifications confirming the X-ray deter-
mined structures. Equiaxed grains 5-10 pm
in diameter of both @ and B structures were
observed, a higher proportion being of the 8
form. From X-ray diffraction analysis sample

1 was determined to consist of 99% g-
BesN,. The high proportion of grains of the «
form found indicates that more material
remained untransformed to 8 during hot
pressing than was found by X rays (6).

ITL.2. Structure of BeSIN,

The structure of BeSiN, has been pre-
viously determined by X-ray analysis of
single crystals to be a partially ordered
wurtzite structure (18). Ordering of the
metal atoms, Be and Si, reduces the
hexagonal symmetry of the wurtzite
arrangement to orthorhombic symmetry
with a;=4.977 A, by=5.747 A, and ¢, =
4.674 A. Three variants of the ordered
structure related by a rotation of 120° about
the [001] direction have been found to occur
in single crystals. Examination of sample 4
showed that grains consisted predominantly
of a wurtzite structure but contained large
numbers of planar defects which will be dis-
cussed later.

Electron diffraction from individual
regions of perfect crystal produced sharp
fundamental reflections corresponding to the
wurtzite structure. Superlattice reflections
resulting from the ordered structure were
observed and varied from diffuse intensity to
sharp, well-defined spots in selected area
diffraction patterns (Figs. 2c and d). A typical
region is shown in Fig. 2a for a foil zone axis
near [001]. A dark field image was taken
using the two reflections indicated by the
arrows and appears in Fig. 2b. This shows
that part of the region contained well-
ordered domains about 400-600 A across.

Stereoscopic analysis and application of
the so-called 2%D technique (19) showed
that reflections marked 1 and 2 (Fig. 2¢) arise
from two ordered variants of the BeSiN;
structure. The third variant contributes to
reflection 3 of Fig. 2c. The speckled contrast
in the image (Fig. 2b) is associated with the
diffuse reflections shown in Fig. 2d and could
be due to short-range order (or small ordered
domains).
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F1G. 2. Ordered domains of BeSiN; structure, (001) orientation. (a) Bright field, (b) dark field taken
using two superlattice reflections indicated by arrows in (c). In (d) diffuse superlattice reflections are
observed in the SAD taken from an adjacent region.

These observations are in agreement with  II1.3. Structure of 15R BeoSizN1o Polytype
the X-ray determined structure of BeSiN.,.
The occurrence of well-ordered regions High-resolution phase contrast imaging
suggests that the structure may, however, be  was used to examine the structure of sample
fully ordered in some regions. 2, reported to consist predominantly of the
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15R polytype structure. Electron diffraction
patterns obtained from single grains
indicated that while extensive regions of
well-ordered polytype structure were found,
in addition, there were regions of mixed or
disordered polytype structures. The latter
will be discussed in more detail in the
following.

Both one- and two-dimensional lattice
fringe images were recorded from well-
ordered regions of the 15R structure. Details
of these results are presented elsewhere
(20, 21), but the essential findings are illus-
trated in Fig. 3 in which a two-dimensional
fringe image of the 15R structure is
compared with the projected X-ray structure
(4, 5). The image is seen to consist of iden-
tical blocks of contrast as outlined. Each
block consists of five closed-packed layers,
adjacent blocks being related by a translation
of %(110). This gives rise to an overall repeat
stacking of 15 close-packed layers with
rhombohedral symmetry. Two out of the five
fringes in each block have lighter contrast

than the rest. This indicates that two out of
the five close-packed layers in each block
have a different stacking arrangement
compared to the remaining three. Examina-
tion of combinations of hexagonal and cubic
stacking of the close-packed layers showed
that a single stacking sequence is consistent
with these observations, i.e., that found by
X-ray diffraction. This structure is shown in
projection in Fig. 3 for comparison. The
structure can be considered to consist of a
mixture of three layers of BeSiN, and two
layers of 8-BegN, as expected from the 15R
composition (BegSisNio) along the tie line
BeSiN,-BesN, (point 2, Fig. 1) (21).

II1.4. Twinning and Disorders in the Polytype
Structure

The contrast behavior of a region of 15R
structure was examined by tilting (Fig. 4).
With the electron beam parallel to the [010]
direction, contrast was uniform throughout
the grain in a bright field imaging mode (Fig.
4a). When the grain was tilted about the

FiG. 3. Comparison of a high-resolution image of the 15R structure with the projection of the structure
found by X-ray diffraction. Marked are the outlines of the three identical structural blocks which make up
the unit cell. Inset is the diffraction geometry used for imaging; X marks the position of the optic axis.
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FIG. 4. The effect of tilting on contrast across a twin boundary in a disordered 15 R polytype structure. (a)
Bright field in a symmetrical (010) orientation, (b and c) bright field images of the boundary, when tilted a
small amount about the directions indicated by the arrows. Differential contrast is seen between the twins.
SAD from either side and across the boundary confirms the twin relation.

directions indicated by the arrows (Figs. 4b
and c) alternate dark and light bands
appeared, with the contrast being reversed
(Fig. 4c¢). This contrast behavior arises from
twins (22), as confirmed by selected area
diffraction patterns. The twin boundary is the

close-packed plane. In addition to the main
twin, two thin twin lamellae (L in Fig. 4)
occur close to the boundary.

In Fig. S the tilted image of a region
containing a large number of such twins is
compared with a high-resolution image of
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the block spacings in the same area. Asso-
ciated with each twin interface is disorder in
the regular 15R block spacing. The way in
which a twin of this kind arises structurally
can easily be visualized.

The 15R structure can be considered as
being made up of identical blocks of five
close-packed layers. Each block is related to
the adjacent block by a displacement of
3[100] as in Fig. 3. This produces a layer of
cubic stacking between the blocks. In the
twin the displacement relating blocks is in the
opposite direction, ie., —3[100]. This is
equivalent to a 180° rotation of the structure
about the [001] direction. A perfect 15R
structure is then represented using the
stacking symbols A, B, and C as

AnC"A™C"A"C i BnCnBnCrnBmA™
+B"A"B"ARC,

after the notation of Thompson (5).
Changing the stacking sequence of the

blocks so that a twin results, the stacking

sequence across the twin plane becomes

matrix :

AmC"A"C"A™C i BCBnCiBmnA™B™ /}1 "
|
|

The change in stacking produces an extra
layer of hexagonal stacking followed by a
cubic M,X layer. This is equivalent to the
insertion of one block of six close-packed
layers instead of five or one extra hexagonal
close-packed layer.

In this way twins can arise in all the thom-
bohedral polytypes by the inclusion of a
block consisting of an even number of close-
packed planes. In the hexagonal polytypes
each block is the twin of the adjacent block as
they consist of an even number of close-
packed planes. Insertion or removal of one
hexagonally close-packed layer locally
removes this twin relationship over a region
of crystal two blocks wide. Each change in
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block size results in a local change in
composition due to the change in the
periodicity of the M>X cubic-stacked layers
in the structure. It is clear from this model
that local variations in composition, dis-
ordering of the structure, and the resulting
twins are inseparable. Also, the twins are of
the type described by Andersson and Hyde,
i.e., chemical twins rather than mechanical
twins (23).

Inclusion of more blocks of the next
member of the series into the 15R structure
results in more frequent twinning of the
structure. The composition of the structure
approaches that of the next member of the
series. Finally, twinning of every block
occurs and the next member of the series
results, having a hexagonal structure. An
example of this kind of intergrowth was
observed by imaging the block spacings
across a single grain as shown in Fig. 6. A
regular spacing of 12.1 A occurs in the top
left-hand corner, indicating a region of well-
ordered 15R structure. However, on crossing
the grain the structure becomes disordered.

twin
B"A"B.C,.B,.C.B,,Cn ATC"A™C"A™E

twin plane

The selected area diffraction pattern taken
using a 1-um aperture centered on the dis-
ordered region contained reflections
corresponding to both the 15R and 8H
structures. By taking laser optical diffraction
patterns from regions of the image 100 A
across using a small aperture, it was possible
to discern regions of well-ordered 15R and
8H block periodicity within the disordered
region. Further across the grain, a region of
well-ordered 8 H structure occurs (bottom
right of Fig. 6), as indicated by the occur-
rence of a regular block fringe spacing of
9.6 A. The transition from well-ordered
15R structure to well-ordered 8 H structure
occurs over a distance of about 0.5 um. The
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F1G. 6. Direct resolution of the block spacings across a single grain of polytype structure showing an
intergrowth between a well-ordered 15R structure (top left) and a well-ordered 8 H structure (bottom

left) via a disordered region.

corresponding composition change is then
BeoSisNig to BesSi;Ng. The transition occurs
via a region of mixed 15R and 8 H structural
blocks. It seems likely that the transitions
from one member of the polytype series to
the next occur in the same manner when local
fluctuations in composition arise within a
grain. Grains with a uniform composition
throughout will then consist of a propor-
tional mixture of blocks of two adjacent
polytype structures. Grains of completely

ordered structure will only occur at the exact
polytype compositions.

IIL.5. Twin Terminations

A number of twins made visible by tilting
were seen to terminate within grains at an
incoherent interface. Imaging the block
spacing in a [100] foil orientation was done
so as to examine the terminations (Fig. 7).
The change in block spacing (A) produces a
twin; the second change in block spacing
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F1G. 7. High-resolution image of a twin termination in the 15R structure.

removes the twin relation (B). The disorders
terminate at the region in dark contrast,
indicating the termination of the twin.
Inclination of the interface is indicated by
broad depth fringes in the boundary image.

Contrast analysis (not presented here)
indicated that the dislocations terminating
the twins were simple partials with their
Burgers vectors in the close-packed planes.
Glissile motion of the twin terminations is
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therefore possible thus providing a mech-
anism by which changes in the spacing
of M,X layers can occur.

II1.6. Faults in the BeSiN,

Examination of grains in sample 4 showed
that many grains consisting predominantly of
BeSiN; contained a high density of structural
irregularities. Two types of planar defect
were observed. The first consisted of defects
which lay in the close-packed planes exhibi-
ting contrast characteristic of stacking faults
or thin precipitates. The faults resulted in a
continuous streak in the [001] direction in
reciprocal space, indicating the faults were
one or two close-packed layers thick. A
second kind of defect was observed to lie on
curved surfaces in the foil, at an angle to the
close-packed plane. These again gave rise to
fringe-type contrast for several diffracting
conditions. The results of Section III.2
showed that the ordering of the Be and Si
atoms is incomplete or consists of small
domains of all three ordered variants.
Macroscopically the crystal structure of
BeSiN, grains can, therefore, be considered
as being disordered possessing the full
hexagonal symmetry of a wurtzite structure.
Drum (24) considered the contrast arising
from such faults in a wurtzite structure.

Reasonable displacement vectors for
faults in the close-packed planes would be
translations (P) between stacking positions
A, B, and C, lying in the close-packed planes,
a translation 3C) of one close-packed layer
spacing perpendicular to the close-packed
planes, and a combination of these two dis-
placements, P+3C (after Drum). The
displacement P+3C corresponds to the
translation between nitrogen atoms in
adjacent close-packed planes.

Isolated faults of both types were imaged
using several different diffracting conditions
in order to determine their fault vectors, as
shown in Fig. 8. The faults in the close-
packed planes were visible for g=0002,
1011, 1010, 2020 and almost invisible for

g=1120 and g =3030. Using the criterion
g - R =integer for visibility, a displacement
vector of 3C (R =1/2[0001]) can be eli-
minated as the faults are visible for g = 1010
and g = 2020. Two types of faults consisting
of P vectors alone can arise. The first is an
extrinsic fault which is produced by a shear
on two adjacent planes of total fault vector
—P + P. As this is a lattice vector, such a fault
should not be detectable by diffraction
contrast and so can be eliminated. The
second possible fault consisting of P vectors
is an intrinsic fault produced by a single shear
of P (R =1/3[1010]). The appearance of the
faults for g =1010, g =2020 and the weak
contrast for g = 3030 and disappearance for
g=1120 suggest the presence of a P
component to the fault vector. It is not
possible, however, to distinguish among the
three possible P vectors by fault contrast as
they differ only by a lattice vector. It is also
difficult to distinguish between faults of the
type P and P +3C as pointed out by Drum
(24). However, as can be seen from Table I
the phase factor introduced by faults of dis-
placement vector P for g =1010 and 1011 is
+2/3 in both cases. For faults of displace-
ment vector P+3C, & = —17/3 for g=1011
and @ = +27/3 for g = 1010. The contrast of
the outer fringe is dependent on «, i.e., dark
for a =—~17/3, —27/3 and light for a =
+17/3, +27/3 (25). A change in contrast of
the outer fringe in images from g =1010 to

TABLE 1

VALUES OF THE PHASE FACTOR a =27 g-R
FOR VARIOUS g AND R FOR FAuLTS IN
BeSiN, STRUCTURE

R P ic P+ic pP-ic

27g {10101 3o0001) £[2033] &[2023]
2m(0002) 0 0 0 0
2m7(1011)  +24/3 - -17/3  ~1a/3
27(1010)  +24/3 0 +27/3  +2m/3
2m(2020) ~27/3 0 -2#/3 -2#/3
27(3030) 0 0 0 0
2m(1120) 0 0 0 0
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F1G. 8. Contrast from isolated faults in a BeSiN, grain for the diffracting conditions (a) g =0002, (b)
g =1011, (c) g = 1010, (d) g =2020, (¢) g =3030, and (f) g =1120.

g=1011 therefore occurs only if a component 3C in the fault vector. The
component 3C is present in the fault vector. probable displacement vector for the faults
The appearance of a dark outer fringe for lyingin the close-packed planes is thus of the
g=1011 (Fig. 9b) and a light fringe for g= type P+3C, i.e., for the faults shown in Fig.
1010 (Fig. 8c) indicates the presence of a 8, R =1/6[2023].
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FI1G. 9. Bright field and two dark fields of enantiomorphic domains in BeSiN,. Differential contrast
between domains arises in dark field (b) g=0002 and (c¢) g =0002. The corresponding diffracting
condition is shown in (d). Operating voltage is 650 kV.

The complete disappearance of faults for
g = 3030 and g = 0002 should occur for R =
1/6[2023], but this is not observed. The
weak appearance of fault fringes for g=

3030 and complete disappearance for g =
1120 suggests that the displacement in
[1010]is not exactly 1/3[1010], but such that
g R =integer+0.02 for g=1120 and
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g - R #integer+0.02 for g=3030 so that
incomplete disappearance occurs for g=
3030. These results follow from the criterion
that g - R =integer £ 0.02 for complete dis-
appearance of faults as demonstrated by
Hirsch et al. (26). The strong appearance of
the faults for g=0002 implies that the
[0001] component of the displacement
vector is not exactly 3C (R =1/2[001]), but
some nonintegral value. These results and
the observation of strain contrast associated
with some of the faults (bottom right of Fig.
8a) imply some distortion of the lattice
and/or change in interatomic spacing is
associated with the formation of the faults.

The curved faults were visible for g = 0002
and g=1011 and invisible for g=1010,
2020, 3030, and 1120 (Fig. 8). These obser-
vations are not consistent with any simple
displacement for the faults. However, the
wurtzite structure is noncentrosymmetric
and exists in two forms: one in which all
upward pointing tetrahedral sites are occu-
pied by atoms and the other in which all
downward pointing sites are filled. A boun-
dary between the two forms would be visible
for all reflections from noncentrosymmetric
planes, i.e., planes not perpendicular to the
close-packed planes with indices A, k, i, /
where [ # 0. The boundary would be invisible
for glu, v, t,0]. The faults lying in curved
planes, therefore, exhibit contrast consistent
for enantiomorphic boundaries in a wurtzite
structure. This result was further substan-
tiated by dark field imaging of faulted grains
using +g = 0002 with several other beams
simultaneously strongly excited. The viola-
tion of Friedel’s law for these noncen-
trosymmetric reflections gives rise to
different intensities from the two enan-
tiomorphic forms (27) (Fig. 9). A thin area of
the specimen was selected to reduce the
effects of inelastic scattering, which reduces
the difference in contrast between the
two forms. The high-voltage microscope
(650kV) was used to reduce further the
effects of inelastic scattering and to excite

more reflections in the multibeam situation.
Contrast from the two forms reversed on
changing the sign of g and it can be seen that
parts of the faults in the close-packed planes
are also enantiomorphic boundaries (28).

The density of faults in the close-packed
planes varied greatly from grain to grain. In
Fig. 10 a series of images across a single grain
of BeSiN, is shown. A very high density of
faults is seen edge on, the density increasing
from top to bottom, along the direction of the
arrows. In the top image to the left, the grain
is fault free. A selected area electron
diffraction pattern from this region indicates
it has a BeSiN, structure. A selected area
diffraction (SAD) pattern taken with the
intermediate aperture centered on the
middle region contained a continuous streak
in the [001]* direction. In an SAD pattern
from the lower region, a continuous streak
was again observed; only seven evenly
spaced maxima in the streak occur from the
transmitted beam up to and including the
reflection from the close-packed planes. The
maxima are suggestive of a preferential
periodicity of seven close-packed plane
spacings in the lattice of 16.4 A.

By using the electron microscopy images
in Fig. 10 as a diffraction grating for a laser
light source the periodicity and spacing of the
faults were examined (29). Using a small
aperture (200 A, effective diameter), iso-
lated regions of regularly spaced faults were
detected giving distinct reflections in optical
diffraction patterns. The camera length of
the optical bench was determined, using a
standard grating in order to determine the
spacing of faults from the spacing of
reflections in the optical diffraction patterns.
Using this technique three distinct regular
fault periodicities were found, 21.1, 16.3,
and 14.2 A from regions 1, 2, and 3, respec-
tively, in Fig. 10. These correspond to
periodicities of nine, seven, and six close-
packed layer spacings between faults.

Assuming each fault in a regular array has
the experimentally determined displacement
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F1G. 10. A series of bright field images taken across a single grain of highly faulted BeSiN, structure.
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vector of £(2023), the structure of a regularly
faulted region can be deduced. The effect of
this displacement vector on a perfect wurt-
zite structure is to shear one layer of nitrogen
atoms to the position of nitrogen atoms in the
next close-packed plane (Figs. 11a and b).
This effectively removes one layer of
nitrogen atoms from the structure leaving an
excess of metal atoms in a cubic stacked

nitrogen lattice. The shear in creating a cubic.

layer forms non-base-sharing tetrahedral
sites capable of accommodating the excess
metal atoms. The composition of the layer is
then M>X and has the same structure as a
single M, X layer in a polytype structure. The
structure produced by a regular array of
faults is thus identical to that of a polytype
structure. The regular periodicities of nine,
seven, and six close-packed layers observed
in Fig. 10 correspond, respectively, to thin
domains 27R, 21R, and 12H structures.

IV. Discussion

IV.1. Stoichiometry and Polytype Structures

The observations made in the previous
sections and their interpretation confirm the
correctness of the Be,SiyN, polytype struc-

MU s @ W

A BCABCABCABC

O Metol atoms sites Be, Si
(O Non matai atoms sites N

7 Non metal atoms eliminated on sheoring

F1G. 11. Diagram of the stacking produced by a
single fault in the close-packed plane of a wurtzite
structure R = 1/6(2023) (referred to wurtzite unit cell).
(0110) orientation planar section. (a) Unfaulted struc-
ture, (b) faulted structure.

tures as determined by Thompson using X-
ray analysis (5). These structures in which a
regular arrangement of faults accommodates
changes in composition are analogous to the’
so-called shear structures observed in
complex metal oxides (30-32). In such
oxides, two-dimensional arrays of ‘“crystal-
lographic shear faults” transform the basic
oxide structure to a structure of different’
composition and unit-cell dimensions. The
unit-cell dimensions depend on the spacing
between shear faults, and as the spacing
varies with composition, a complete
homologous series of structures occurs as
composition changes. The above results
suggest that in the BeSiN,~Be;N; system, a
one-dimensional array of crystallographic
shear faults (R =1/6[2023]) form in the
ordered wurtzite BeSiN, structure as the
composition changes. These faults produce a
series of structures in which only one unit-
cell dimension is changed with composition,
i.e., the observed polytype series. The extra
metal atom site per nitrogen atom in the fault
makes them favorable sites for lower valency
Be?* atoms as this results in local charge
compensation within the structure and so
reduces the electrostatic imbalances between
fault and matrix. Complete charge compen-
sation can be produced if all metal atom sites
in the M>X layer and the net MX layer are
occupied by beryllium atoms to form a block
two close-packed layer thick of composition
Be;N;. In this way an excess of beryllium
atoms can be accommodated in the BeSiN,
structure.

For small deviations from the exact
BeSiN, composition toward a composition of
BesN,, isolated faults of this kind can
accommodate the excess of beryllium atoms;
their density increasing as larger deviations
from stoichiometry occur., At some com-
position along the BeSiN,-Be;Nj tie line the
faults can no longer be considered as being
isolated and start to interact with adjacent
faults due to their high density and hence
close proximity. Regular arrays of faults then
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arise so as to minimize their interaction
energy, tending to form the polytype struc-
tures. The overall composition of a region of
faulted structure is determined by the
number of BeSiN, close-packed layers per
fault. Clearly, perfectly regular faulting can
only occur for integral values of this ratio and
hence for specific compositions and metal to
nonmetal atom ratios. At intermediate
compositions, intermixed fault spacings will
occur producing irregularly twinned struc-
tures, as observed in Section I11.4.

The results of Section I11.6 suggest that the
first member of the polytype series is 27R as
found by X-ray analysis (5). This cor-
responds to a fault spacing of nine close-
packed layers, although interaction probably
extends over larger distances as suggested by
the common occurrence of fault pairs 30~
40 A apart. The anomalous absence of evi-
dence for a 16 H polytype in Section III.6
and X-ray diffraction patterns (5) remains to
be explained. It is possible, though, that such

a regular spacing of faults (eight close-
packed layers) has an unfavorable inter-
action energy, preventing its formation. All
other regular fault arrangements have been
observed using X-ray techniques (5, 33).

At compositions approaching Be;N,,
BeSiN; layers can no longer separate all the
faults. The structure produced by such an
arrangement is that of 8-BesN, consisting of
two cubic stacked Be;N, fault layers dis-
placed with respect to each other to form a
hexagonal unit cell.

Each BesN, fault layer resembles a block
two close-packed layers thick of 8-Be;N,
structure in a BeSiN, matrix. By a propor-
tionate summing of the extreme members of
the series in each polytype, a composition for
each polytype can be predicted (Table II).
The predicted compositions are found to
match those found experimentally. Adopting
a simplistic view of each polytype structure
by considering them to be made up of nonin-
teracting layers of B-BesN,; and BeSiN,

TABLE II
COMPOSITIONS AND c-SPACINGS OF POLYTYPES IN THE BeSiN,-Be;N, SERIES”

No. No. Compositions c-Spacings (A)
layers layers
Polytype M:X  BesN; BeSiN, Predicted  Experimental® Predicted Experimental®

4H/Be;N, 3:2 4 — Be;N; Be;N2 9.693 9.693
9R 4:3 6 3 Be;SiNg — 12.567 —
8H 5:4 4 4 Be,SiN, Be,SiNg 19.064 19.22
15R 6:5 6 9 BeoSisNig BegSisN;g 35.625 36.32
12H 7:6 4 8 Be;Si;Ng BesSipNg 28.44 29.10
21R 8:7 6 15 Bellsi5N14 BeuSi5N14 49.68 50.98
16H? 9:8 4 12 BegSizNg — 37.81 —
27R? 10:9 6 21 Bey3Si7N g Be,3SisNyg 63.74 65.11
BeSiN, 1:1 — 2 BeSiN, BeSiN, 4.69 4.69

“ B-BesN,: hexagonal ag=2.842 A, ¢q=9.706 A, close-packed layer spacing 2.423 A. BeSiN,: orthorhombic,
ordered wurtzite structure, ap=4.977 A, bo=75.747 A, co=4.674 A, close-packed layer spacing =2.343 A. For
convenience, a unit cell with the same base vectors as those for BeSiN, was chosen to describe the polytype
structures, viz., a,=4.9 A, by=5.7 A, and ¢, a variable multiple of close-packed layer spacing. This enables all the
polytype structures to be described using the same base vectors for the unit cell. The unit cell described in this way
does not reflect the full symmetry of each polytype, which may be rhombohedral or hexagonal, depending on the

stacking of the planes.

® From Huseby et al. (6).
¢ From Thompson (5).
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structures, stacked in the appropriate
manner, a prediction of the unit-cell dimen-
sions in the [001] direction can be made
(Table II). Superficially the agreement with
experiment seems good but it is found that
the linear variation with composition pre-
dicted is not obeyed. A more realistic view in
which interatomic forces and matching of
atomic positions across the block interfaces
are considered may account for this. Indeed
some evidence was found for elastic dis-
tortion of the matrix being associated with
isolated faults and fault pairs and also a
change in close-packed layer spacing being
associated with fault formation (Section
II1.6). It is conceivable also that such an
elastic distortion could play an important
role in fault interactions and so polytype
formation.

IV.2. Polytypes in Other Sialon Systems

Similar polytype series to those in the
BeSiN,-Be;N, system have been reported in
other sialon systems (4). In the Be-Si-O-N
system an almost identical series of polytypes
occurs for compositions BeO-Be;N,. Both
nitrogen and oxygen atoms form the close-
packed lattice, and beryllium atoms occupy
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tetrahedral cation sites. X-Ray analysis has
identified the arrangement of nonmetal and
metal atoms as being the same as those in the
BeSiN,-Be;N; series. The series may be
described as in the BeSiN,-Be;N, system as
the faulting of a wurtzite structure (BeO) to:
accommodate changes in composition along’
the BeO-Be;N, tie line. Description of the
polytypes as intergrowths of blocks of BeO
and Be;N, structure in a manner analogous
to that of the BeSiN,-Be;N, series allows the
composition of each polytype to be correctly
predicted (Table IIT). A prediction of unit-
cell dimensions, again assuming no inter-
action between structural blocks, shows
better agreement with experiment than
found in the BeSiN,~BesN; system (Table
III), a linear variation in the c¢ unit-cell
dimension occurring with composition.
Identical polytype phases in the two
systems were found to extend along the same
lines of constant metal to nonmetal atom
ratio in the Be-Si-O-N system (Fig. 1).
Continuous solid solutions between each
polytype, however, were not found. It is
possible that polytype structures consisting
of more complex structural intergrowths
occur in this region of the phase diagram.

TABLE III
COMPOSITIONS AND ¢-SPACINGS OF POLYTYPES IN THE BeO-Be;N; SERIES®

No. No. Compositions c-Spacings A
layers layers
Polytype M:X  BesN; Be,0, Predicted Experimental® Predicted Experimental®

4H/BC3N2 3:2 4 —_ BC3N2 BC3N2 9.693 9.693
9R 4:3 6 3 Be,ON, — 21.099 —
8H 5:4 4 4 Be,O;N, — 18.44 —
15R 6:5 6 9 Be603N2 36603N2 34.22 34.58
12H 7:6 4 8 Be;O4N; — 17.19 —
21R 8:7 6 15 BegOsN, BegOsN, 47.34 47.87
16 H? 9:8 4 12 BeoOgN, — 35.94 —
27R? 10:9 6 21 Be;00;N> — 60.47 61.05
BeO 1:1 — 2 BeO BeO 4.38 4.38

? Close-packed layer spacing of 8-Be;N, =2.423 A; close-packed layer spacing of BeO =2.187 A.

b From Huseby et al. (6).
¢ From Thompson (5).
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High-resolution electron microscopy of
samples of these materials should help es-
tablish this point.

Extensive polytypism similar to that in the
Be-Si—O-N system also occurs in the Si-Al-
O-N system at AIN-rich compositions, only
with the role of metal and nonmetal atoms
reversed. Again, their description as fauited
versions of the wurtzite structure (AIN) is
possible, wherein extra nonmetal atoms are
accommodated at sites with favorable coor-
dination created by the faults.

Conclusions

The main results of this investigation can
be summarized as follows:

(1) The stacking sequence of close-
packed planes of atoms in the BeSiN,~BesN,
polytype structures derived from X-ray data
is confirmed by real space high-resolution
electron microscopy studies.

(2) The polytypes may be described in
terms of regular faulting of the ordered
wurtzite BeSiN, structure. Each fault (dis-
placement vector 1/6(2023)) creates a layer
of cubic stacked nitrogen atoms in which
tetrahedral metal atom sites no longer share
bases. Ths allows an excess of beryllium
atoms to be accommodated in the structure.
For a small excess isolated faults occur, their
density increasing as the beryllium content
increases. At high densities the faults interact
and so form regular arrays for specific
compositions.

(3) Each fault may be considered as a
coherent layered intergrowth of 8-BesN,ina
BeSiN, matrix. This model allows the correct
composition of each polytype as well as other
prominent crystallographic features to be
directly predicted.
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