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Following a brief review of the past work published on the structural and mechanical properties of the
b-SiAlON crystal, anab initio computational method is outlined, which was employed to investigate the
material properties and electronic structure of theb-Si6−zAl zOzN8−z, wherez=0–5, single crystal configuration.
Using data of preferred lattice configurations published previously, optimized lattice constants, elastic con-
stants, the bulk modulus, bond length and angle, electronic band structure, and density of states were deter-
mined. The results, where possible, were compared to published works, with reasonable agreement obtained.
The SiAlON system, forz=0–5, wasfound to exhibit lattice softening and the atomic structure was found to
conserve directionality of the bond angles. Additionally, the bulk modulus was observed to decrease from 251
to 194 GPa, forz=0 to 5, respectively. The electronic structure exhibited a significant monotonic decrease in
the band gap for an increasingz, along with a decrease observed for eachz configuration, as the applied strain
was increased.
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I. INTRODUCTION

b-SiAlON sRefs. 1,2d is a quaternary solid solution that is
isostructural to theb-silicon nitride sb-Si3N4d polymorph,
and usually defined asb-Si6−zAl zOzN8−z, where z, deter-
mined from experiments, is any value between the limits 0 to
approximately 4.3 It is well documented that silicon nitride
exhibits excellent high-temperature properties, which,
clearly, is also the case in the SiAlON system.4,5 Various
types of additives are employed to produce SiAlON solid
solutions with desirable mechanical and electronic proper-
ties, which are easier to densify and exhibit greater
ductility.5–7 It has been shown that the mechanical properties
of sintered silicon nitride composite materials, at elevated
temperatures above 1200 °C, are directly related to the inter-
granular glassy phase, which is in most cases made up of
oxides.8 The properties of the intergranular phases are depen-
dent on the sintering additivessin most cases rare-earth ele-
mentsd employed during fabrication.7,9 In particular, the ad-
dition of aluminum and oxygen during sintering is known to
effect the growth of grains and the strength of the crystalline-
glass interface.

Numerous studies have been reported that have investi-
gated the mechanical and electronic properties of the
SiAlON system. Specifically, the studies attempted to under-
stand better the atomic structure, over a wide range of addi-
tive concentrations, relating the observed mechanical proper-
ties to the atomic structure. Experimental techniques, such as
neutron diffraction sNDd,10,11 nuclear magnetic resonance
sNMRd,12 magic angle-spinningsMASd nuclear magnetic
resonance13–16 sNMRd, and extended x-ray absorption
sEXAFSd,17 have been employed to investigate the preferred

site occupancy of the Al and O elements. As a matter of
brevity, the complete results of each technique are not pre-
sented. From the experimental observations, however, two
conclusions are drawn. First, preferred site occupancy is ob-
served where Si and Al form preferred SiN4 and AlOxN4−x
tetrahedra, respectively. Second, the formation of Al-O and
Si-N are preferred over the Al-N and Si-O bonds. From the
experimental results, it is concluded that the Al and O site
distribution and bond preference are not random. It has been
suggested that within the lattice structure, “microdomains”
form where Al-O and Si-N bonds are partitioned between
layersssimilar to structures such as phenacited.15

Parallel to the experimental studies are the numerous
computational studies, which have also investigated pre-
ferred site distribution, and, in particular, the electronic struc-
ture of the SiAlON system. Tanakaet al.18 employed elec-
tronic structure calculations, using the molecular orbital
method, to investigate the relationship between structure and
mechanical properties. The workers calculated density of
statessDOSd for different atomic clusters, and observed lat-
tice softening, which was attributed to the weakening of in-
teratomic bonds. Chinget al.8 also employed DOS calcula-
tions, using the local density approximationsLDA d, and
observed that the bulk modulus and bond strength varied by
a small amount over a range of solute concentration. The
workers highlighted a significant decrease in the band gap
energy for high solute concentration: a decrease from,4.2
to 1.3 eV forz=0 to 4, respectively. The workers also ob-
tained band gap energies in agreement with experimental ob-
servations,,3.9–5.0 eV,19 for b-Si3N4. Band-structure cal-
culations reported by Okatov and Ivanovskii,20 using the
tight-binding band structure method in extended Hückel
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theory sEHTd approximation, provide greater insight. The
workers conclude that preferential bond formation produces
one-dimensional impurity channels that are characteristic of
long-range atomic ordering. Furthermore, the workers dem-
onstrate approximate solute concentration dependence for
the mechanical and chemical properties: three well-defined
solute concentration intervals. The principal result from the
dependence characterization illustrates an increase in the
strength properties ofb-Si6−zAl zOzN8−z, for z.4. Other
workers have also reported such findings independently.21,22

Recently,ab initio calculations reported by Tatsumiet al.23

and Fang and Metselaar24,25 have confirmed the primary ob-
servations of other workers: stable atomic configurations ex-
hibit preferential Al-O and Si-N bonding. In particular, Tat-
sumi et al. present a detailed calculation of the optimized
structure ofb-Si6−zAl zOzN8−z, for z=0–6,which is in agree-
ment with the structural data presented by Okatov and
Ivanovskii.20

The current authors have previously publishedab initio
computational data of the mechanical properties, and behav-
ior, of the three phases of silicon nitride:a-,26 b-,26 and c-
Si3N4.

27 In particular, the authors have investigated the
stress-strain behavior of the silicon nitride system, in order to
estimate the ideal tensile and shear strength of the crystal
polymorphs. The ideal tensile and shear strength are impor-
tant parameters required to understand better mechanical
behavior.28–30In this study, the authors utilize the same com-
putational procedure as outlined in previous publications,26,27

and outlined in the following sections, to investigate the ho-
mogeneous single crystals ofb-Si6−zAl zOzN8−z, for z=0–5.
The lattice configurations employed in this study are ob-
tained from the lattice configuration data reported by Tatsumi
et al.23 Calculations were carried out by the authors to char-
acterize mechanical properties, such as optimized lattice con-
stants, elastic constants, etc., and specifically, the stress-
strain behavior of the lattice, and electronic properties. In the
following sections, the calculation procedure and the calcu-
lated data are presented. The results are compared, where
possible, to previously published works and discussed.

II. METHODOLOGY

A. The computational procedure

In this section, the computational procedure is outlined.
As a matter of convenience, the crystal structure is not out-
lined in this discussion, however, in the following section,
‘B. The crystal lattice structure,’ the primitive cell configu-
ration for all cases is given in detail. The equilibrium struc-
ture, elastic constants and other properties of a homogeneous
single crystalb-Si6−zAl zOzN8−z, for z=0 to 5, are determined
using a numerical procedure previously employed by the
authors.27 Nevertheless, as a matter of completeness the pro-
cedure is outlined in the following discussion. The procedure
was implemented using the Vienna Ab-initio Simulation
PackagesVASPd.31–33 The package can be used to describe
the core region and valence electrons of individual atoms
using the Vanderbilt ultrasoft pseudopotential34 or the Projec-
tor augmented wave method.35 Additionally, the electron-
electron exchange interaction can be characterized using ei-

ther the generalized gradient approximationsGGAd or the
local density approximationsLDA d, where the GGA employs
a Perdew-91sPW91d functional form,36 and a Ceperley-
Alder37 form is employed in the LDA. The data presented in
this paper uses the Vanderbilt ultrasoft pseudopotential and
the LDA method.

To characterize the mechanical properties of the SiAlON
crystals, the numerical integration of the Brillouin zone was
performed using a discrete 43438 Monkhorst-Pack38

k-point sampling, and the plane wave cutoff was chosen as
36.35 Ryd. The atomic structure of the supercell was relaxed
using the conjugate gradient method. After pair substitutions
of impurity elements, during the relaxation process the space
group symmetry of the supercell was fixed. The relaxation
process was performed for a peak force at each atomic site of
0.01 eV Å−1. Subsequent calculations were performed for a
system temperature of 0 K. From the procedure the opti-
mized lattice parameters were obtained for each crystal struc-
ture modeled.

In addition, the VASP package was employed to obtain
the band structuresBSd and density of statessDOSd of the
unstrained, and strained, atomic configurations. In each case,
the numerical calculation was performed as described above,
however, a larger number of predefinedk-points, over the
Brillouin zone, were employed.39 The greater number of
k-points was employed so as to ensure the accurate descrip-
tion of the electronic structure in each atomic configuration.
Additionally, in each case the BS and DOS data was shifted
such that the top of the valence band is at the zero energy
level. The results are presented, and discussed in detail, in
the ‘III. Results and Discussion’ section.

B. The crystal lattice structure

The underlyingb-Si3N4 structure, described extensively
in the literature,40–45 was obtained from the hexagonalP63
configuration. It is generally accepted that between the
P63/m and P63 configurations, both of which have been
used to describeb-Si3N4, the difference is insignificant.8,46

The initial SiAlON structures were obtained by simple sub-
stitutions of Si and N pairs with Al and O, respectively. As
mentioned, during the simulation process structural relax-
ation was taken into account. The underlyingb-Si3N4 primi-
tive cell structure, also the supercell configuration, for the
simulation was made up of 14 atoms with the initial lattice
parametersa0 andc0, defined as 7.595 and 2.902 Å, respec-
tively, from experimental data.47 The ideal Wyckoff positions
of the primitive cell configuration are given in Table I. In
addition, in Table I the atomic positions at which pair sub-
stitutions were made are given. The pair substitutions were
made at sites based on preferential sites obtained from the
data published by Tatsumiet al.23 The optimized lattice con-
stants for each case modeled are given in Table II. The
single-crystal structure is illustrated in Fig. 1. In Fig. 1sad,
the three-dimensionals3Dd structure of the single-crystalb-
Si3N4 structure is illustrated. In Fig. 1sbd the primitive cell
configuration, projected onto thef001g plane is illustrated,
with atom sites labeled with respect to the data given in
Table I. In Fig. 1sbd the position of the atom sites along the
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s001d direction are obtained from the stacking sequence
ABAB ¯ ABAB, whereswith respect to theP63 symmetryd
the A layer is located at approximately1

4c0 and the B layer at
approximately3

4c0, with the 2c nitrogen atomsfatoms 1 and
2 in Fig. 1sbdg offset by ,−1

8 and the 6h offset by ,+ 1
16,

from their respective layers. Unlike in theP63/m symmetry,
the nitrogen atoms are not exactly coplaner with neighboring
silicon atoms.

C. Mechanical properties characterization

To characterize the stress-strain behavior of the SiAlON
crystal, for a predefined direction, a monotonically increas-
ing, in steps of 0.01, uniform strain was applied. The strain
definition used in this study is equivalent to the “engineering
strain” definition used by Morriset al.48 For an applied strain
step, the atomic configuration was relaxed, following the
procedure given previously, with the supercell boundary in
the direction of applied strain fixed. For a subsequent step of
strain, the relaxed lattice configuration of the previous step
was employed.49 The induced stresses were calculated for an
applied strain deformation in theg11, g22, andg33 directions
fthe coordinate axis is defined in Fig. 1sbdg. Beyond the point
of maximum induced stress, the curve would be expected to
monotonically decrease, indicating failure. In some cases,
however, a clear decrease in the induced stress is not ob-
served. It is found that in certain cases, the change in the
structural configuration is sudden and drastic, and thus, an
accurate value for the stress at this point is not calculable.
Nevertheless, this is an indication that the structure has failed
and the last calculated stress value is presumed to be the
maximum stress level for the corresponding applied strain.

The elastic constants, and bulk modulus, for the various
lattice configurations were determined directly. It is impor-
tant to note that the relevant independent elastic constants are
different between theb-Si3N4 and the b-Si6−zAl zOzN8−z
structures. This is the case since the symmetry of the lattice
changes with the inclusion of impurity atoms. Theb-Si3N4
lattice structure is hexagonal, thus, the relevant independent
elastic constants are theC11, C12, C13, C33, andC44 compo-
nentsfit should be noted that there is one dependent compo-
nent C66=sC11−C12d /2g. For theb-Si6−zAl zOzN8−z, wherez
=1–5, cases, however, the crystal symmetry suggests a
change from hexagonal to orthorhombic. Therefore, in these
cases, the relevant independent elastic constants are theC11,
C12, C13, C22, C23, C33, C44, C55, andC66 components. The
elastic constants, and the bulk modulus, were determined by
applying a small strain, less than 0.005, in the appropriate
directions. For the bulk modulus calculation and applied iso-
tropic strain was employed. The direct method employed in
all cases is well documented.50

III. RESULTS AND DISCUSSION

A. Mechanical properties

In this section the data, obtained from the computational
procedure, directly related to the mechanical behavior of the
crystal structures under investigation are presented, and dis-
cussed. As a matter of convenience, not all the calculated
data, in all cases, will be presented. Therefore, in most cases
the conclusions presented in the following discussion are af-
firmed by presenting the data of typical cases. It should be
noted that in all cases variations from the typical data is
negligible. Furthermore, it should be noted that all references

TABLE I. The initial atomic positions of the 14 atom primitive cell, forb-Si6−zAl zOzN8−z, where z
=0–5. Thepair substitutions of Al-O elements are given for eachz lattice configuration. Atom Nos. 1 and 2
are the 2b site for the first group of nitrogen atoms, 3–8 are the 6c site for the second group of nitrogen
atoms, and 9–14 are the 6c site for the silicon atoms, in the P63 noncentrosymmetric structure, using the
Wyckoff notation.

Fractional coordinates b-Si6−zAl zOzN8−z

Atom No. x y z b-Si3N4 z=1 z=2 z=3 z=4 z=5

1 0.3333 0.6667 0.7390 N N N N N O

2 0.6667 0.3333 0.2390 N N N O O O

3 0.0300 0.3290 0.2630 N N O N N O

4 0.6710 0.7010 0.2630 N N N O N O

5 0.2990 0.9700 0.2630 N N N N O N

6 0.9700 0.6710 0.7630 N N N N O O

7 0.3290 0.2990 0.7630 N O N N N N

8 0.7010 0.0300 0.7630 N N O O O N

9 0.7690 0.1740 0.2500 Si Si Al Al Al Al

10 0.8260 0.5950 0.2500 Si Si Si Al Al Al

11 0.4050 0.2310 0.2500 Si Al Si Si Al Si

12 0.2310 0.8260 0.7500 Si Si Si Si Al Al

13 0.1740 0.4050 0.7500 Si Si Al Si Si Al

14 0.5950 0.7690 0.7500 Si Si Si Al Si Al
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to atomic positions are given with respect to the position data
presented in Table I and illustrated in Fig. 1sbd.

As mentioned, at present the emphasis of most research
into b-SiAlON systems has been to characterize the atomic
structure. In particular, many researchers have employed
various methods to elucidate the site preference of the Al and
O elements. In this study, no attempt was made to determine
the most stable configurations for the various solute solutions
under investigation. Rather, the atomic structure data of Tat-
sumiet al.23 was employed to predefine the crystal structures
for the simulation process. It has been confirmed that the
preferred configurations determined by Tatsumiet al. are en-
ergetically stable.25 There are, however, two outstanding
questions related to the Tatsumiet al. structural configura-
tions. First, the Tatsumiet al. data shows no preferredc-site
occupancy of oxygen, and second, the formation of localized
clusters was considered unlikely by the authors. These two
questions are interlinked, and remain unanswered. Neutron
diffraction10,11 and NMRsRef. 12d experiments indicate that
oxygen exhibits a slight preference forc sites. Nevertheless,
the difficulties inherent in the experimental techniquessi.e.,
the averaging over many unit cells in the case of neutron
diffraction and the broad peaks observed using NMRd do not
allow for definitive conclusions.25 There is some indication,

from computational studies, that a microdomain structure
configuration exhibits a site preference for oxygen.24,25 The
formation of clusters, or microdomains, however, is too still
open to question. Tatsumiet al.23 do show that the energy of
a cluster is lower than that of the configurations presented in
Fig. 1 of the Tatsumiet al.23 publication, however, the en-
ergy is higher than the segregation energy. The workers sug-
gest that the lower energy of the cluster maybe due to the
calculation method, since entropy terms are not included in
the calculation procedure. To resolve these fundamental
questions further investigation is required. It is of ongoing
work to resolve these questions by investigating other con-
figurations using the procedures employed in this study.

The results of the optimized lattice constants, elastic con-
stants and the bulk modulus, are presented in Table II, and
compared to values obtained from published works, where
available. It is clear that the results are in reasonable agree-
ment for theb-Si3N4 sz=0d structure. Asz is increased a
considerable change in the lattice constants and the elastic
constants is observed, this does indicate a change in the sym-
metry of the crystal structure. In particular, forzù1 theC23
andC44 constants exhibit unexpected changes between solute
concentrations. The physical process linked to this behavior
is not known. The authors suggest that the variation could be

TABLE II. The material parameterssfor a temperature of 0 Kd, optimized lattice constants, average bond angle, average bond length,
elastic constants, and bulk and shear moduli. Values obtained from the literature are given in square brackets. It should be noted that all data

are presented for a single primitive cell. The change in angle of the primitive cell basis vectors is less than 1.8% betweenaY to bY, and is less

than 10−3% betweenbY–cY andaY–cY, respectively.

b-Si6−zAl zOzN8−z

b-Si3N4 z=1 z=2 z=3 z=4 z=5

Optimized lattice parametersfÅg
a0 7.555f7.501–7.622g sRefs. 43,44d 7.570 7.669 7.761 7.863 7.368

b0 7.555 7.564 7.746 7.485 7.708 7.943

c0 2.884f2.866–2.910g sRefs. 43,44d 2.895 2.906 2.950 2.963 3.018

Bond lengthfÅg
Si-N 1.722f1.730g sRef. 33d 1.724 1.726 1.732 1.725 1.726

Si-O 1.694 1.716 1.713 1.755 1.724

Al-N 1.791 1.796 1.769 1.777 1.777

Al-O 1.789 1.773 1.781 1.783 1.788

Bond angle

N-Si-N 119.94f119.90g sRef. 33d 119.93 119.79 119.62 119.81 119.88

O-Al-O 119.81 119.91 119.90 119.64 117.04

Elastic constantsfGPag
C11 420 f448g sRefs. 43,44d 369 372 336 322 191

C33 536 f580g sRefs. 43,44d 511 471 442 409 382

C12 196 f215g sRefs. 43,44d 184 162 171 158 131

C13 116 f165g sRefs. 43,44d 107 102 124 116 96

C44 104 f115g sRefs. 43,44d 87 66 82 69 72

C22 403 339 287 270 310

C23 112 104 107 114 142

C55 79 74 73 60 76

C66 99 77 71 68 68

Bulk modulus 251f278–292g sRefs. 43,44d 242 229 220 206 194
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due to the small supercell employed in the study; however, it
is clear that further investigation is necessary. The average
bond angles and bond lengths for the optimized unstrained
structures are also presented. The comparison of these results
also exhibits good agreement with previously reported data.
The agreement of the structural and mechanical parameters
to published results confirms the accuracy and reliability of
the computational procedure employed.

In Figs. 2–4 the simulated stress response as a function of
applied strain is plotted for an appliedg11, g22, andg33 strain
sincluding data calculated for theb-Si3N4 single crystal26d,
respectively. The stress-strain data exhibits some interesting
behavior. First, as expected, in all cases the maximum stress
level is highest for the pureb-Si3N4 single crystal. This is
expected because it has been shown that the introduction of
Al-O impurities leads to lattice softening,18 and as with the
ideal tensile strength of the structure, other properties, such
as hardness, decrease for increasing impurity amounts. Sec-
ond, the maximum ins11 does not increase or decrease
monotonically for changingz values. Rather, it is observed
that forz=2 the maximum induced stress is higher compared
to z=1 and forz=4 the maximum induced stress is higher
compared toz=3. Furthermore, the bond order data pre-
sented by Chinget al.8 indicates a relatively small change in
the strength of the SiAlON crystal for increasingz, however,
the data presented here exhibits a greater change. For theg22
strain case thez=5 lattice exhibits a higher maximum than
z=3 and 4. Thez=5 case is a special case since it represents
a solute concentration not observed experimentally. In the
g11 and g22 cases thez=5 structure exhibits the minimum
tensile strength, which is expected in theg33 case. Neverthe-
less, the large number of impurities may have resulted in an
increase in the structural strength due to charge redistribu-
tion, as suggested before.8 It is also suggested that there may
exist anisotropy between thes11 ands22 stress components
because of the resulting primitive cell configuration obtained
with impurity substitutions. This is currently under investi-
gation by the authors since further data is required to isolate
the particular process of interest.

FIG. 1. sad An illustration of theb-Si3N4 three-dimensional lat-
tice structure, where the single supercell structure is highlighted.sbd
Crystal structure ofb-Si3N4 single crystal projected onto the basal
plane, in which the Si-N layers are stacked along thez axis as AB
¯ AB sthe coordinate axis is illustratedd. The Si and N atoms in the
A sfilled circlesd and Bsopen circlesd layers are labeled accordingly
and given in the legend presented in theure. The atom numbers are
given, where these numbers are related to the Cartesian coordinates
of the primitive cell in Table I.

FIG. 2. The s11 induced
stressessin units of GPad for z
=0–5 as a function of applied
strain deformationsfor a tempera-
ture of 0 Kd. The plot is of the
LDA pseudopotential results only.
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B. Electronic structure

In addition to the structural and mechanical data presented
in the previous section, an estimate was made of the band
structuresBSd and total, partial, and density of statessTDOS
and PDOS, respectivelyd. It is accepted that the LDA method
employed in this study is not best suited for quantitative
predictions of the electronic structure, however, a compara-
tive analysis is expected to be reliable. In Fig. 5, the BS is
presented for the solute casesz=0 to 5. In Fig. 6, the TDOS
are presented, following this in Fig. 7 the PDOS are pre-
sented, for the solute casesz=0 to 5. In Fig. 7, the PDOS is
given as the TDOS for each element type only, thus, for
example, Fig. 7sad is the TDOS of all the N atoms only. In
addition, the TDOS data obtained for thez=1 case, for an
increasing applied strain, is presented in Fig. 8. It is impor-
tant to note that in the data presented in the following dis-
cussion the PDOS does not reproduce the TDOS results, be-

cause of interstitial contributions to the TDOS that are not
included, where this is a direct issue related to the computa-
tional procedure.

The result of Fig. 5sad, for b-Si3N4 sz=0d, was compared
to the data of Xu and Ching,51 where the prominent features
observed were found to correlate well. For increasingz, sev-
eral features worth highlighting are observed. First, for an
increase inz, it is found that the degeneracy of the bands
decreases, where this corresponds to the splitting of bands.
The splitting is attributed to the change in symmetry of the
crystal structure fromz=0 due to the substitution of Al-O
pairs. Likewise, atz=5 the band splitting is found to increase
again. The bottom of the conduction band in all cases is at
theG point. The top of the valence band, however, does vary,
for z=0 it is at a point along the A toG line. For increasing
z, the top is at a point along theG to K or G to M line. At the
top of the valence band, in all cases, the bands are relatively
flat because in each case the bands in this region are derived

FIG. 3. The s22 induced
stressessin units of GPad for z=0
to 5 as a function of applied strain
deformationsfor a temperature of
0 Kd. The plot is of the LDA
pseudopotential results only.

FIG. 4. The s33 induced
stressessin units of GPad for z
=0–5, as a function of applied
strain deformationsfor a tempera-
ture of 0 Kd. The plot is of the
LDA pseudopotential results only.
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from the delocalized nonbonding 2p orbital of nitrogen.51

The top of the valence band becomes increasingly level asz
increases, with an unexpected almost horizontal band ob-
served forz=5. For z=2 and above, bands located at ap-
proximately220 eV are attributed to the oxygen 2s orbital.
This grouping has been reported for Si2N2O sRef. 51d and
cubic SiAlON,52 and increases for increasing oxygen con-
tent.

In Fig. 6sad, the data ofb-Si3N4 sz=0d was directly com-
pared to previously published results, with good agreement
observed at the prominent peaks.53–55 The TDOS of b-
Si3N4 sz=0d has been studied extensively in the past and,
thus, it is well known that the valence band is formed from
the nitrogen 2s sfrom 214.1 to219.2 eVd and, nitrogen 2p
and silicon 3p sfrom 0 to210.8 eVd states. The peak located
at ,−2 eV is due to the nitrogen nonbonding orbital. The
conduction band is formed from a mixing of the silicon 3d,
3p, and 4p states.8,51 As z is increased from 1 to 5, Figs.
6sbd–6sfd, respectively, several differences in the TDOS are
observed. First, a clear decrease in the band gap is observed,
however, this decrease is small compared to previously pub-
lished results, with an increase observed forz=5. For ex-
ample, Chinget al.8 report a decrease of approximately 80%,
which the authors attribute to impurity like states. Further-

more, the presented data8 exhibits a sudden decrease in the
band gap atz=1, with almost no change observed forzù2.
Although, the data presented by Tatsumiet al.23 of the band
gap for the lowest energy models exhibits a similar decrease
to the present results, this is expected since identical crystal
structures were employed. More importantly, the present
data, however, exhibits a gradual decrease in the band gap
from z=1 to 4, the meaning of which is somewhat ambigu-
ous at present. Second, the lower valence band centered at
approximately217 eV, is shifted towards higher energies
and the relative intensity of the main peak decreases. Again,
this result is in disagreement with the Chinget al.8 data. In
this case, it is suggested that the difference maybe due to the
computational method, however, additional data is required
to clarify this point. Thirdly, as mentioned above for the BS
data, an additional valence band is observed centered at ap-
proximately220 eV. This emerging band is due to the oxy-
gen 2s orbital, which is also illustrated in the PDOS results.

In Fig. 7, the PDOS data for the N and Si atoms inb-
Si3N4 sz=0d, Figs. 7sad and 7sbd, respectively, are presented.
As with the TDOS data, the PDOS data is in good agreement
with previously published results.53–55 In Figs. 7scd–7sfd, the
N, Si, O, and Al, respectively, PDOS data are presented for
z=1. The PDOS does clarify the origin of the lower valence

FIG. 5. The electronic band structure ofb-Si6−zAl zOzN8−z, for
z= sad 0, sbd 1, scd 2, sdd 3, sed 4, andsfd 5. In all cases, the zero of
energy is at the top of the valence band.G is the s0,0,0d point K
s1/3,1/3,0d, H s1/3,1/3,1/2d, A s0,0,1/2d, M s1/2,0,0d, and L
s1/2,0,1/2d.

FIG. 6. The total density of statessTDOSd of b-
Si6−zAl zOzN8−z, for z= sad 0, sbd 1, scd 2, sdd 3, sed 4, andsfd 5.
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band, the influence of which is clearly due to the 2s orbital of
oxygen. It is also evident that the lower valence band exists
in the N and Si PDOS, Figs. 7scd and 7sdd. The edge of the
conduction band, however, is directly due to N and Si. The
change in the PDOS ofz=1 is especially evident in the
change observed for Si, which exhibits a reduced influence
in the upper valence band. The introduction of oxygen into
the lattice does modify the DOS considerably, compared
with the Al PDOS.

The authors did find an interesting effect with respect to
changes in the electronic structure of SiAlON. In Fig. 8, the
TDOS of z=1 is presented for an increasing applied strain,
starting from the no-strain case. In addition, the inset of
theure is the magnified region at the top of the conduction
bandz=0 to 5 for the case of maximum applied straing11, as
given in. 2. It was found that for an increase in applied strain
the band gap in all cases decreased. The decrease was ob-

served to occur gradually, with the maximum decrease, in
each case, observed at maximum applied strain. It is inter-
esting to note that the maximum decrease over all cases oc-
curs forz=2. This behavior is highly unusual and cannot be
explained. It was thought that the location of the impurities is
a major factor. No variation, however, in behavior was ob-
served when the direction of applied strain was changed. A
decrease in the band gap, under applied shear strain, has been
reported previously by Umeno and Kitamura56 for the Si
crystal. The authors, however, observed a greater decrease in
the band gap for lower levels of applied strain, and could not
provide an explanation for the observed phenomena.

C. Bond angle and length

In addition to the mechanical properties presented above,
a brief analysis of the bond angle, and bond length, of ele-
ment pairs in the crystal structure was performed, and the
data is reviewed in this section. In. 9, the average bond
angles and lengths, as a function ofz are presented. For
increasingz the average bond angle is found to be approxi-
mately constant. In the case ofz=5, however, the Al-O-Al
angle is found to decrease significantly. This is directly at-
tributed to the significant change in the lattice symmetry.
Data of the O-Al-O and N-Si-N are not presented since no
new insight could be gained from this data. Furthermore, the
relative change between the bond angles is illustrated in the
data presented in. 10. The average bond lengths are observed
to be approximately independent ofz, which indicates a
minimal change in the crystal structure for an increase in the
number Al-O impurity substitutions, which is an expected
result.23 It is important to note that thez=5 case exhibits a
significant change in crystal symmetry, as indicated by the
data presented thus far.

For an increase in the applied strain the band angle was
found to be approximately constant, expect at the point of
failure. In. 10 the average bond angle change as a function of
applied strain is presented, for theg11 applied strain where
z=1. From the data a significant change in the crystal struc-
ture is observed at a strain of 0.17 and this is consistent with
the stress-strain results. The decrease observed in the O-Al-O
bond angle prior to material “failure” may be indicative of
lattice softening. This decrease, however, is not completely
understood. Lattice softening mechanisms are to be investi-
gated as part of ongoing work.

For thez=1 case, the bond strainschange in bond length
divided by the initial bond lengthd, as a function of applied
strain is presented in. 11. The data is of the three atomic
bonds in the structure, compared to all other bonds for the
z=1 case, which exhibit the greatest change in bond strain
over the range of applied strains. Again, the bond strain data
exhibits a significant change at the 0.17 applied strain level.
The significant difference between the different crystal struc-
tures is the bond to which failure of the crystal structure is
attributed. From the bond angle, and bond length, data an
individual bond was identified as the point of failure in each
case: the “failure” bond. Interestingly, the “failure” bond ex-

FIG. 7. The partial density of statessPDOSd, resolved for ele-
ment types only, with the atom numbers with respect to Table I
given, ofb-Si6−zAl zOzN8−z, for z=0 sad N atoms 1–8,sbd Si atoms
9–14, andz=1, scd N atoms 1–6 and 8,sdd Si atoms 9, 10, and
12–14,sed O atom 7, andsfd Al atom 11. The atom numbers are also
identified in. 1sbd with respect to the primitive cell. The PDOS in
thisure is the TDOS calculated for each element type, thus, for
example,sad is the TDOS for all N atoms only andsbd for all Si
atoms only.
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hibits the greatest change in bond length, compared to all
other bonds in the crystal structure, at each level of applied
strain.

The “failure” bond identified in all cases is not the same.
It has been suggested previously, based on bond order calcu-
lations, that the Al-O and Si-O bonds are much weaker in
strength than the Al-N and Si-N.8 The difference in bond

strength does suggest that the impurity substitutions should
be a point of weakness in the structure. It is observed, how-
ever, that this is not the case. Forz=1 and 2, the “failure”
bond is identified as an Si-N bond and forz=3, 4, and 5 it is
at an Al-O bond. Furthermore, this is only observed in the
g11 andg22 strain cases. In theg33 case, failure is observed
over a group of bonds.

FIG. 8. The total density of states ofb-Si6−zAl zOzN8−z, wherez=1, for no-strain and an applied straing11 of 0.03, 0.09, and 0.16. The
0.16 level of strain is the maximum observed prior to structural failure. Inset: the total density of states at the bottom of the conduction band
for z=0–5, at the maximum applied level of straing11 prior to structural failure, as taken from. 2.

FIG. 9. For the optimized, unstrained lattice configuration, the average bond anglesin units of degreesd, scaled by the left vertical axis,
and the average bond lengthsin units of Åd, scaled by the right vertical axis, ofb-Si6−zAl zOzN8−z, for z=0–5.
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D. Conclusion

In this study, anab initio computational technique was
employed to determine mechanical and electronic param-
eters. The computational technique is reliable since results

compared with data found in the literature are in reasonable
agreement. The preferred crystal structures for different lev-
els of impurity substitutions were not determined directly.
Rather, the structural data employed in this study were ob-

FIG. 10. Forb-Si6−zAl zOzN8−z, z=1, the average bond anglesin units of degreesd, as a function of appliedg11 strain.

FIG. 11. Forb-Si6−zAl zOzN8−z, z=1, the variation of the bond lengthsin units of Åd, as a function of appliedg11 strain, for the three
bonds exhibiting the greatest change in bond length over the range of applied strain. The bonded elements and the position of these elements
with respect to the coordinate data in Table I, are given in the plot.
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tained from data published by Tatsumiet al.23 The structural
data were obtained after a vigorous investigation of the pre-
ferred configurations for impurity substations, based on first-
principal calculations. From the data presented in this study,
the main conclusion are summarized as follows.

First, the elastic constantsspresented in Table IId for the
b-Si3N4 sz=0d case exhibit reasonable agreement with pre-
viously published data. In general, for thez=1–4 cases a
decrease in the elastic constant values is observed. Signifi-
cant fluctuations, however, are observed for theC12, C23, and
C44 components. At presents it is suggested that this is di-
rectly related to the supercell employed in this study. The
fluctations have been, in the past, associated to lattice soft-
ening due to the introduction of impurity elements.18 The
bulk modulus exhibits a steady decrease for increasingz.

Second, the stress-strain curvesspresented ins. 2–4d char-
acterize the ideal tensile strength of theb -
Si6−zAl zOzN8−z for the z=0–5 system. For an increase in the
impurity elements the tensile strength of the crystal struc-
tures decreases. The decrease in strength, however, is not
simple to characterize. For example, the maximum induced
stress for an applied strain in theg11 direction, exhibits a
decrease fromz=0 to 1, with an increase fromz=1 to 2.
Further investigation is required in the case.

Third, from the electronic structure dataspresented ins.
5–8d it is observed that the introduction of the impurity ele-
ments results in a significant change of the crystal symmetry.
Changes in the BS for increasingz are small, however, the
data is limited and further investigation is required. The band
gap is observed to decrease, with the indication of new states
at the bottom of the valence band forz.2. The emergence
of a lower valence band is directly related to the 2s orbital of
the oxygen impurity.8,51 A significant decrease in the band
gap is observed for increases in the applied strain of the
crystal. The relationship, however, between the solute con-
centration and the decrease in the band gap is not monotonic.
A maximum decrease in the band gap is observed at the
maximum strain forz=2.

Finally, the atomic data of the bond distances and bond
anglessFigs. 9–11d of the Si-N Al-N, Si-O, and Al-O pairs
characterize the crystal structures. The bond distances and
angles were discussed in detail by Tatsumiet al.23 with re-

spect to the stability of the structure for variousz values. For
an increase in the applied strain level, the bond angles are
approximately constant, where the bond distances exhibit a
greater relative change. The relative small changes in bond
angles, coupled with the small changes in the shear elastic
constants does suggest that the SiAlON structure maintains
directionality in the atomic bonds: suggestive of a covalent
system. The strain level, at which structural failure is pre-
sumed, is clearly identified using the stress-strain, bond dis-
tance and bond angle data. Using these data, the “failure”
bond was identified in each solute case. It was found that the
“failure” bond is not always the Al-O or Al-N bond. Forz
=1 and 2, it is observed that failure can be attributed to a
single Si-N bond.

IV. SUMMARY

Initially, a brief review of the past work published with
respect to the impurity site preference within theb-SiAlON
system was presented. Following this, theab initio compu-
tational method employed in this study was outlined. The
computational technique was employed to investigate the
material properties and electronic structure ofb-
Si6−zAl zOzN8−z, where z=0–5, single-crystal configuration.
The preferred lattice configurations utilized were obtained
from a vigorous investigation of several lattice configura-
tions, the dada of which was published previously. For the
preferred configurations, in this study, the optimized lattice
constants, elastic constants, bulk modulus, bond length and
angle, electronic band structure, and density of states were
determined. The elastic constants were found to be in reason-
able agreement with published results, forz=0. The bulk
modulus was found to decrease from 251 to 194 GPa, forz
=0 to 5, respectively. Additionally, the maximum induced
stress, from an applied strain, in all cases, was observed to
decrease for increasingz. Interestingly, in some cases the
change of the maximum induced stress was observed to in-
crease fromz=0 to 1, and then decrease fromz=1 to 2. This
behavior could not be explained and requires further inves-
tigation. The electronic structure results indicate a decrease
in the band gap for an increase inz, with no applied strain,
and a decrease for eachz configuration for an increasing
applied strain.
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