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Molecular dynamics simulations of the atomistic structure of the
intergranular film between silicon nitride grains: Effect of

composition, thickness, and surface vacancies
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Abstract

Molecular dynamics computer simulations were used to study the atomistic structure of intergranular films (IGFs) between two basal oriented
Si3N4 crystals or between combined basal and prism oriented crystals. Ordering of the ions into the IGF induced by the crystal surfaces was
observed using density profiles of the ions, although that ordering is effected by the roughness of the crystal surface. Density profiles of the sum
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f all ions misleadingly shows a rapid decay in the density oscillations and apparent ordering into the IGF. However, this is an artifact of the
oincidence of the maximum in the peaks of one species with the minimum of another species and the actual oscillations of individual species
xtend into the IGF farther than the sum profile indicates. This result would have important implications regarding the density oscillations observed
n physical experiments with regard to the actual extent of ordering into the IGF induced by the crystal surface.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polycrystalline ceramics often contain a glassy intergranu-
ar film (IGF) between the crystals that occupies only a small
olume percentage of the bulk ceramic, but can influence var-
ous mechanical, thermal, chemical, and optical properties. As
uch, there have been a large number of studies to determine
he structure and behavior of these IGFs [1–17]. However, the
lassy nature of the IGF and its very thin width between crys-
als make understanding the atomistic structure and fundamental
ehavior of IGFs experimentally formidable, although recently
here have major experimental breakthroughs [7,15,17]. These
ecent high resolution electron microscopy (HREM) studies are
eginning to provide specific information with respect to the
etailed atomistic structure near the IGF/prism interface in sil-
con nitride [7,15]. Another recent study provides for the pair
istribution function (PDF) of the Si–O interactions in the amor-
hous IGF between silicon nitride crystals [17].

∗ Tel.: +1 732 445 2216; fax: +1 732 445 3258.

The application of computational techniques offers an impor-
tant complementary approach to such experimental studies for
understanding the structural and kinetic properties of these sys-
tems. Computational studies have been used to address the
atomistic structure of IGFs between oxide and nitride crys-
tals [14,18–31]. The ab initio calculations provide very specific
information over small numbers of atoms, thus giving details
about preferential bond formation; the classical simulations pro-
vide details of atomistic behavior over larger system sizes and
longer times. For instance, the ab initio method has been used to
show the energetic differences between specific types of bond
clusters of Al, Si, O, and N in silicate IGFs between nitride
crystals [14,16], thus enabling interpretation of interfacial bond-
ing and its effect on debonding. The MD simulations enable
some direct comparisons to experimentally obtained data, such
as structural data, activation energies for diffusion, and spatial
distributions of specific species within the IGF.

Our earliest simulations of silica, calcium silicate, and
sodium silicate IGFs between ideal �-Al2O3 (0 0 0 1) planes
showed an ordered cage-like structure forming at the IGF/crystal
interface that is enhanced by the presence of the alkali and alka-
E-mail address: shg@glass.rutgers.edu. line earth cations [18,19,21]. Fig. 1 shows an example of the
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Fig. 1. Snapshot of the side view of a portion of the IGF/(0 0 0 1) alumina interface, showing the ordered cage-like structure at the interface facilitated by the
preferential segregation of Ca within the cages. Al, red; O, grey; Si, blue; Ca, yellow.

structure occurring at the interface between the IGF/(0 0 0 1) Al
terminated alumina crystal surface. This order is caused by the
presence of the coordinatively undersaturated ions on the crys-
tal surface that readily interact with the ions in the glassy IGF.
O ions from the IGF readily attach to the terminal Al from the
crystal. These O are also attached to Si towards the IGF, form-
ing the cage. The Ca ions preferentially enter the cage in order
to satisfy the undercoordinated O in the crystal surface and the
zeolitic-like O in the cage sides. These ‘zeolitic O’ are similar
to those O ions found in alumino-silicate zeolites, where the O
attached to an Al in the tetrahedral site requires an additional
charge compensating cation nearby. In the IGF system shown
here, the Ca ions perform this function. Si could have entered
into the cage in lieu of the Ca, but the tetrahedral bonds from that
Si to the O would be unduly strained and the Si are not stable
in such sites. Clarke had previously proposed an ordered inter-
face structure in order to explain the uniformity of IGF thickness
[32]. Our initial simulations clearly showed the atomistic details
of the IGF/alumina structure and the important role of the mod-
ifier cations (Ca in particular) on the structure and mechanical
properties of the system [18,19].

These simulation results also showed the implications of such
adsorption on the inhibition of growth of the basal plane in the
direction of the surface normal, �n(0 0 0 1). Additional simula-
tions were performed using two different alumina crystals with
different surface orientations in contact with the same calcium
a
s
w
c
i
n
A
i
d

tion, which is consistent with experimental studies of anisotropic
grain growth in alumina.

In the work presented here, a summary of some of the results
of the structures observed in the IGFs between silicon nitride
crystals will be presented as well as new data regarding rough-
ened IGF/crystal interfaces.

2. Computational procedure

In all cases, a multibody interatomic potential was used in
the MD simulations, which is given as:

V =
∑
i�=j

V BMH
ij +

∑
i�=j �=k

V
3-body
jik (1)
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lumino-silicate IGFs [27,33]. As shown in Fig. 2, results con-
istently showed little adsorption of Al onto the (0 0 0 1) surface
ith different IGF compositions, with the highest alumina con-

entration in the IGF at the anorthite composition. As also shown
n Fig. 2, these simulations showed adsorption of Al (and O,
ot shown) onto the (1 1 2̄ 0) plane, increasing with increasing
l concentration in the IGF [27,33]. Such simulation results

ndicate preferential growth of the (1 1 2̄ 0) plane in the 〈1 1 2̄ 0〉
irection, but little growth of the basal plane in the 〈0 0 0 1〉 direc-
ig. 2. Ratio of the areas in the density profiles as a function of Al/cation ratio.
rea of the first Al peak from the IGF adsorbed onto the basal and prism crystal

urfaces normalized by the area of the Al in the crystal plane for the specific
rystal orientation.
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where V BMH
ij is the modified Born–Mayer–Huggins (BMH) pair

potential and V
3-body
jik is the three-body potential term.

The modified BMH pair potential is given by:

V BMH
ij = Aij exp

(−rij

ρij

)
+ qiqj

rij
ξ

(
rij

βij

)
(2)

where rij is the separation distance between ions i and j, qi and
qj are taken as full formal charge of the ions, and ξ is the com-
plementary error function which reduces these formal charges
as a function of distance between the ion pairs and the value of
the screening term βij.

The three-body term, V
3-body
jik , is given as:

V
3-body
jik = λjik exp

(
γij

rij − r0
ij

+ γik

rik − r0
ik

)
Ωjik (3)

when rij < r0
ij and rik < r0

ik. Otherwise, V
3-body
jik = 0.

The angular part, Ωjik, is defined as:

Ωjik = (cos θjik − cos θ0
jik)

2
(4)

for the (Si/Ca–O–Si/Ca, Si–N–Si, and O/N–Si–O/N),
(Si)–(O/N)–(Si), and O–Si–O structure, where θjik is the
angle formed by the ions j, i, and k, with the ion i at the vertex.
Since the modifier ion is normally more ionic in these systems,
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Fig. 3. Schematic drawing of the different set-ups used in the simulations. Peri-
odic boundaries in all three dimensions. Set-up (a) is used for the IGF between
the same crystal orientations. Set-up (b) is used when the IGF is between two
crystals with different orientations. In (b), an extra vacuum is above the upper
crystal to prevent the top on the upper crystal from interacting with the bottom
of the lower crystal.

ions). The single Al termination was also found to be the lowest
energy termination plane in ab initio calculations [39,40] and
classical MD simulations using different forms of interatomic
potentials [41–43]. Our own simulations gave a surface energy
for the single Al-terminated (0 0 0 1) surface equal to 2.04 J/m2

[42], close to the subsequently performed ab initio calculations
that put the value at 1.95 J/m2 [39]; the simulations also gave a
significant inward relaxation of the surface Al plane, similar to
the ab initio calculations.

In simulations of silica and silicate glasses, this form of inter-
atomic potential reproduces the bulk and surface structure of
silica and silicate glasses and was applied to silicon nitride sys-
tems after development of a reasonable potential for the nitride
[28].

All systems containing an IGF were made using either of two
techniques. If the IGF was situated between the two terminations
of a single crystal orientation, then Fig. 3a applied, with periodic
boundary conditions in all three dimensions, which allowed the
IGF atoms (stippled) to be in contact with both the top crystal
surface and the bottom crystal surface. If two dissimilar crystal
surfaces were in contact with the same IGF, then Fig. 3b was
used, with a vacuum above the top surface to prevent interac-
tions between atoms in the top crystal with atoms in the bottom
crystal across a periodic boundary in Z. The crystals in Fig. 3b
were ∼5 nm in X, Y, and Z, with ∼14,000 atoms. The IGFs had
similar X and Y dimensions, but had thicknesses ∼0.7–2 nm,
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o modifier ion is used as a central ion in the three-body term.
he three-body term in this potential biases those species where
ond directionality may be involved (currently species like Si,
, Al, B, and N) to a specific angle, but it is fairly weak and
oes not preclude other coordination. For instance, the species
ith the strongest three-body term is Si. While Si is biased

owards tetrahedral coordination, and in amorphous silica has
9.5% of the Si in tetrahedral coordination in the simulations,
e nonetheless do observe the formation of the five-coordinated
i in the trigonal bipyramidal structure during reactions, either
ith a water molecule or during high temperature diffusion.
ive-coordinated Si is seen as a remnant of the melt in rapidly
uenched glasses in NMR [34]. The five-coordinated structure
e observe is the same as that obtained using molecular orbital

MO) calculations [35]. It is also believed to occur during
ol–gel polymerization, which is also what we observe in our
imulations of polymerization [36]. Interestingly, we observe
relative time evolution of the Si Qn species consistent with
MR results [37]. In studies of multicomponent silicate glasses,

he three-body term was centered on the network formers, Si,
l, B, (and O), with no such three-body centered on the alkali

nd alkaline earths in the glasses. The structure of the glasses
as consistent with the data obtained from experimental studies
f glasses and showed changes in structure consistent with the
xperimental data [38].

While this multibody potential is relatively simple, it captures
any of the important atomistic and macroscopic features of

eramic materials.
For instance, the lowest energy (0 0 0 1) surface in �-alumina

s that with a single Al termination layer (as opposed to the O-
ermination layer or the layer terminating with both layers of Al
ith the IGF thickness depending on the number of ions in the
GF and composition. Details of the computational procedure
ave been published [28–30]. These previous simulations of the
GF between nitride crystals used ideally terminated and relaxed
rystal surfaces.

More recent simulations have been performed on nitride
urfaces where crystal surface vacancy defects have been
ntroduced in order to determine the effect of vacancies and oxy-
itride formation in the crystal surfaces on the subsequent order-
ng of ions in the IGF induced by the crystals. The vacancies were
ntroduced into the crystal surfaces by randomly removing a spe-
ific number of ions from the first three crystal layers nearest the
GF in the basal oriented silicon nitride crystal. The outermost
rystal layer closest to the IGF is labeled layer 1, followed by
ayers 2 and 3. The percent of ions removed from layers 1, 2, and
are 80%, 50%, and 20%, respectively. The ions removed from

he crystal were added into the IGF at the onset of formation of
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Table 1
Composition of the IGF after adding the atoms removed from the crystal surfaces
into the IGF

IGF atom numbers Crystal surface atoms removal

Si, 1405; O, 2238 Layer 1: 80%
N, 508; Ca, 142 Layer 2: 50%
Total in IGF: 4293 Layer 3: 20%

the IGF so that the stoichiometry of the whole system is retained.
The surface crystal vacancies could be filled by ions from the
IGF during the melt/quench process of forming the IGF in the
simulations. The composition of the IGF is given in Table 1.
The glassy IGF is made via a melt/quench procedure using both
NVE and NPT ensembles, as shown in Table 2 [28–30]. Two
quench procedures were used, one being much longer than the
other. However, only slight differences were observed in using
the longer Schedule 2 quench in comparison to Schedule 1, as
presented below, and the major trends were unaffected.

3. Results and discussion

3.1. Relaxed ideally terminated nitride surfaces

Fig. 4 shows some density profiles perpendicular to the
IGF/crystal interfaces in a system containing pure silica in the
IGF between two (0 0 0 1) basal oriented silicon nitride crystals.
The lighter line depicts the N ions from the crystal and provides
an indication as to the end of the crystal on each side of the IGF.
The darker solid line is the density profile of the sum of all ions
in the system, including those in the IGF. In this orientation,
both Si and N are in the same (0 0 0 1) plane in the crystal, giv-
ing the larger sum line in the crystal than just the density of the
N. Note the large sum peak in the IGF immediately adjacent to
the crystal surfaces. This is caused by the epitaxial adsorption
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Fig. 4. Density profile as a function of the Z-coordinate of the N ions in the
silicon nitride crystals (dashed line to show the location of the crystals) and the
sum of all ions in the system for two silicon nitride crystals with the basal planes
in contact with the IGF. Only the profiles near the IGF are shown.

However, this may be somewhat misleading, and Fig. 5 pro-
vides a more detailed view of the density profiles of the individ-
ual species. In Fig. 5, the Si from the IGF (Si-g) and the O show
peak intensities in the layer adjacent to the crystal surfaces sim-
ilar to the Si-c and N values of the first crystal layer. Fig. 5 also
shows that the individual Si-g and O species show significant
density oscillations into the IGF that would be missed by the
summation curve of all ions (Fig. 4). This is because the peaks
in the Si-g generally coincide with the minimum in the O curve,
and vice versa for the O peaks, smoothing the resultant summa-
tion curve. Hence, one of the important advantages of using MD
simulations to study these systems is the ability to discriminate
between individual species in such density profiles that would
currently be unattainable by physical experiments.

Fig. 6 shows a snapshot of a side view of a thin section of
a ∼1.6 nm calcium silicate (12% CaO) IGF and a small por-
tion of the two basal oriented silicon nitride crystals adjacent
to the interfaces. The relatively strong Si–O (and Si–N) bonds
are drawn, showing the connectivity of the two crystals via the
siloxane bonds in the IGF. Bonds between Ca to O are not drawn
in order to show the relative weakening of the structure caused
by the calcia additions (Ca–O bond strength ∼1/3 that of the
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f Si and O from the IGF onto the nitride surface, which has
een previously discussed [28]. Density oscillations appear to
xist into the IGF, but at a much lower intensity than the first
dsorbed peak, indicating a relatively rapid dampening of the
ensity oscillations.

able 2
elt/quench procedure used for making the glassy IGF between the nitride

rystals

uench temperature,
(K)

Conditions Time at T (ps)

Schedule (1) Schedule (2)

0000 NVE, crystal frozen 20 20
8000 x, y constant,

Pz = 5 GPa
200 1000

6000 As above 200 1000
4000 As above 200 1000
3000 x, y constant,

Pz =3 GPa, crystal
de-frozen

100 500

2000 NPT, P = 0.1 MPa 50 50
1000 As above 10 50

300 As above 30 30
ig. 5. Individual density profiles of the ions in same system as shown in Fig. 4.
hereas Fig. 4 implied a rapid dampening of the density profile in the IGF, the

ndividual species show density oscillations and ordering throughout the IGF.
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Fig. 6. Snapshot of a thin section into the plane of the image of the region near the interfaces of two basal oriented silicon nitride crystals in contact with a calcium
silicate IGF.

Si–O). This weakening of a silicate phase by the incorporation
of alkaline earths (and alkali) is well known in glass science and
such additives are called network modifiers in that these ions dis-
rupt the strong network bonding of silica. An important feature
observed in the simulations relates to the effect of compositional
and thickness changes in the IGF on the coordination of the O
that are attached to the nitride surface. Fig. 7 shows a side view
of a portion of the interface between one basal surface and the
calcium silicate IGF. The oxygen are labeled as Oi,j in order to
distinguish the different type of Si attached to the O, where i
denotes the number of Si first neighbors that are attached to the
nitride surface, whether they are original Si from the crystal or
Si adsorbed from the IGF onto nitride lattice sites, and j repre-
sents the number of Si attached to this O that are still in the IGF.
The figure also shows that the Si and O from the IGF adsorbed
onto the crystal continue the crystal structure. Fig. 8 shows the
statistics of the different bonding types of O adsorbed onto the
nitride surface. As the figure clearly shows, most O adsorbed
onto the nitride surface are two-coordinated, with most being
attached to 2Si that are in nitride lattice sites (O2,0) or having
1Si in a surface site and 1Si in the glassy IGF (O1,1) (also see
Fig. 7). The main comparisons in Fig. 8 are between the white
and black histograms and between the two hashed histograms.
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The white and black histograms differ only in the concen-
tration of CaO in the IGF. With no CaO, there are few one-
coordinated O (often called non-bridging O, or NBO) attached
to the nitride surface (O1,0). However, increasing the CaO con-
centration causes a dramatic increase in these one-coordinated
O, as shown by the O1,0 black histogram. These O1,0 form at
the expense of the O1,1, as seen by the sharp decline in such
species with increasing CaO content (white to black histograms
in O1,1). Similarly, thinning the IGF from 1.5 to 0.7 nm, shown
in the hashed histograms, shows a sharp increase in O1,0, again
at the expense of O1,1. Because the increased NBO observed in
both cases are associated with O attached to the crystal lattice,
the implication of these results is that too much CaO in the IGF
or too thin an IGF will cause a significant weakening of bonding
along the IGF/crystal interface. This localized ‘planar’ weak-
ening would weaken the connectivity between the two crystal
surfaces, which are otherwise attached to each other via the IGF,
thus enabling easier separation of the two crystals or easier flow
of material. Additional details regarding this behavior and the
effect of O coordination at the interface is presented elsewhere
[28].

Simulations were also performed using IGFs containing N,
which is more realistic than the earlier simulations of pure oxide
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ig. 7. Snapshot of the a thin section into the plane of the image of a region near
he IGF/basal oriented nitride crystal, showing the nomenclature for the different
onding schemes for O attached to at least one Si on the crystal surface. The
ubscripts on the Oi,j indicate (i) the number of Si bonded to this O that are at
attice sites in the crystal and (j) the number of Si bonded to this O that are still
n the IGF.
ig. 8. Concentration of the number of Oi,j at the nitride surface as a function
f CaO concentration at constant IGF thickness (white and black histograms)
r as a function of IGF thickness at constant CaO concentration. Increased
aO concentration or decreased thickness cause significant increases in the
oncentration of non-bridging oxygen, O1,0 at the expense of the O1,1, which
an affect the connectivity of the contacting grains.
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Fig. 9. Normalized pair distribution functions (PDF) for Si–O pairs in the IGF
as a function of N in the IGF.

IGFs. The pair distribution function, PDF, for the Si–O peak as
a function of the concentration of N in the IGF between a basal
(0 0 0 1) oriented crystal and a prism (1 0 1̄ 0) oriented crystal is
shown in Fig. 9. The peaks are normalized to 1. The addition of
N causes an elongation of the Si–O peak as N replace some O in
the anion tetrahedron surrounding the Si in the IGF. Experimen-
tally, the Si–O peak in the IGF occurs at 1.64 ± 0.04 Å [17]. The
structure of the Si–O bond is affected both by the presence of the
interface [30] as well as the presence of N in the IGF, as shown
in Fig. 9. Hence, the spread observed in the experimental data
would incorporate both effects and again shows the advantage
of applying computational techniques to complement physical
experiments.

Since there were clearly differences in adsorption (and
growth) behavior of Al (and O) from silicate IGFs onto the
basal versus prism planes in the alumina system, structure of the
IGF that is in contact with both the (0 0 0 1) basal and (1 0 1̄ 0)
prism planes in the silicon nitride system was evaluated [30].
Results showed behavior opposite to that of the alumina system.
Fig. 10 shows the results of simulations of the calcium silicate
IGF between a basal oriented crystal on the left in the figure
(labeled B), and a prism oriented crystal on the right (labeled P).
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Fig. 11. Ratio of the areas in the density profiles as a function of N to anion
ratio in the IGF. Area of the first N peak from the IGF adsorbed onto the basal
and prism crystal surfaces normalized by the area of the N in the crystal plane
for the specific crystal orientation.

Again, Si-g and O epitaxially adsorb onto the basal side, with no
adsorption of the Ca. The termination plane on the (1 0 1̄ 0) side
is a N layer. O from the IGF adsorb into this layer, completing
the anion concentration needed, allowing for cation adsorption.
Si-g from the IGF is the next peak into the IGF, but it has com-
petition from the Ca ions that adsorb at the same location (in
the Z-coordinate). This competition for sites by the two cations
is consistent with the most recent HRTEM studies of the struc-
ture of the IGF/nitride crystal interface, where Y rather than Ca
was studied [7,15]. The main feature of the simulations and the
experiments is the competition between Si and the other addi-
tives at the prism surface. Such a competition was seen at the
basal surface in the alumina system, whereas it is seen on the
prism surface and not the basal surface in the nitride system.
This adsorption from the IGF affects growth of the crystals.

Fig. 11 shows the area of the first peak of N from the IGF
(N-g) adsorbed onto the crystal surfaces divided by the area
of the N peak in the crystal. This ratio is used here as a mea-
sure of the growth along the surface normal for the basal and
prism orientations in the nitride system. As in Fig. 10, the IGF is
in contact with both orientations simultaneously. Growth along
the basal surface normal is faster than along the prism surface
normal. Again, experimental data of abnormal grain growth in
silicon nitride occurs with growth along the basal surface nor-
mal, �n(1 0 0 0), being greater than that along the prism surface
normal. The simulation results reproduce this experimental trend
i
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ig. 10. Density profile near the IGF of individual species of the calcium silicate
GF between the basal oriented crystal (B, on the left) and the prism oriented
rystal (P, on the right). Arrow locates the width of the IGF.
n silicon nitride, which is opposite to that seen in both the exper-
ments and the simulations of the alumina system.

Therefore, the relatively simple interatomic potentials used
n the simulations of the oxide and nitride systems reproduces
he experimentally observed trends in growth behavior in each
ystem, even though those trends are opposite.

.2. Roughened nitride surfaces

The previous studies employed ideally terminated crystal sur-
aces that were allowed to relax. This created flat crystal surfaces
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Fig. 12. Pair distribution functions (PDFs) for Si–O and Si–N first peak for the
two quench schemes shown in Table 1, showing almost no change in structure
with the different quench times.

in contact with the IGF and enabled relatively easy data analy-
sis and interpretation. The simulation results clearly showed the
effect of the crystal order on ordering into the IGF, as presented
above. Additional simulations were made using defective nitride
basal surfaces in order to determine the effect of disorder in the
crystal surface and a compositional interphase between the crys-
tal and the IGF on ordering at the interface and into the IGF. As
mentioned in Section 2, the nitride basal surfaces on either side
of the IGF had ions removed from the first three crystal layers of
each and two simulation quenches were studied. The Si, O, and
N ions from the IGF had to diffuse into these crystal vacancies,
so the different quench rates were used to affect the kinetics.
The different quench rates had little or no effect on the structure
in the IGF, as shown by the Si–O first peak and Si–N first peak
(Fig. 12) and also observed in the longer range PDF structure (not
shown). Similarly, the overall features of the density profiles are
similar. Fig. 13 shows the results of the longer quench. Ordering
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of the ions into the IGF from the crystal surfaces is not as strong
as that observed in the ideally terminated nitride basal crystal
surfaces [28–30]. The large concentration of surface vacancies
introduced into the outer crystal layer (80%) indicates that such
a large disorder and interphase mixing of O into the N lattice
sites affects ordering of ions into the IGF. Smaller degrees of
disorder might have a lesser effect on ion ordering into the IGF.
One implication of such results is that if ordering is experimen-
tally observed in the IGF, then the degree of surface roughness
and interphase mixing must be limited to values less than that
shown here.

4. Conclusions

Molecular dynamics computer simulations were used to
study the atomistic structure of intergranular films (IGFs)
between oxide and nitride crystals in order to complement the
experimental studies of these systems. Previous simulations of
calcium alumino-silicate IGFs between alumina crystals showed
ordering at the interface, restricted growth along the (0 0 0 1)
plane’s surface normal caused by Ca, and growth along the prism
plane’s surface normal. The results showed that the simulations
could reproduce abnormal grain growth in the alumina system
in a manner similar to that observed experimentally. This work
was extended to the nitride system, where abnormal grain growth
occurs differently from the alumina system. Silica, calcium sil-
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ig. 13. Density profiles of individual ions and the sum of all ions for simulations
f the IGF in contact with two basal oriented silicon nitride crystals that have
0%, 50%, and 20% vacancies introduced into the 1st, 2nd, and 3rd crystal layers
rom the end of the crystal, respectively.
cate, and calcium silicon-oxynitride IGFs were simulated in
ontact with nitride crystals. Again, ordering from the interface
nto the IGF was observed, but evaluation of the summation of
he density profile of all ions perpendicular to the interface looks
ike the order decreases rapidly. However, detailed density pro-
les of individual species shows that these density oscillations
ontinue more deeply into the IGF and the rapid dampening
een in the total summation is an artifact of the particular peri-
dicity of the individual profiles. The simulations also showed
hat growth along the �n(0 0 0 1) direction occurs more rapidly
han growth along the �n(1 0 1̄ 0) direction, consistent with that
bserved experimentally for anisotropic grain growth in silicon
itride. In order to allow for roughening of the nitride crystal sur-
ace and oxynitride formation at the interface, vacancies were
ntroduced into the (0 0 0 1) nitride surface layers, followed by
ong simulations that allowed for mixing between the phases.
esults showed that the ordering of the individual species in

he IGF was reduced in comparison to the ideally terminated
nd relaxed nitride surfaces, although the summation profile is
imilar to the previous work. The results indicate the need for
etailed discrimination of the species in experimental studies in
rder to accurately quantify the induced order into the IGFs.
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