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Molecular-dynamics simulations of the crystalline silicon-silicon nitride interfaces are performed to inves-
tigate the mechanical failure mechanisms at the interfaces under external strain. At 8% applied tensile strain,
parallel to the interface, regular crack initiation and propagation in silicon nitride and dislocation emission and
propagation in silicon are observed. At larger 16% strain, however, the formation of a pit similar to that in
experiments with lattice-mismatched systems is observed. The simulation results suggest the primary mecha-
nism of pit formation is interaction of a local compressional pinch of the film at the interface with the close
proximity to the arrival of a dislocation at the interface in the highly strained silicon.
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I. INTRODUCTION

The understanding of structure, stability, and mechanisms
of mechanical failure at crystalline interfaces in semiconduc-
tor thin films and quantum dots is increasingly important in
the electronics and quantum devices fabrication technolo-
gies. As the feature and control sizes of such devices con-
tinue to shrink, the contribution of the interface strain in-
duced defects, towards the inefficient operation or failure of
such devices, also increases significantly. Therefore, pit for-
mation and growth have been studied experimentally in great
detail as these pits alter the electronic, optical, and magnetic
properties of semiconducting and magnetic materials
substantially.1–12

Silicon carbide �SiC�, e.g., is a material of great interest
for high-temperature, high-power, and high-frequency elec-
tronics. However, crystal defects, in particular pits at the in-
terface of 3C-SiC/Si, significantly influence the quality of
the overgrown 3C-SiC films,1,2 Tungsten silicide �WSix�
used as Schottky gate metallization in self-alligned GaAs
metal semiconductor field effect transistor �MESFET� and
heterostructure field effect transistor �HFET� devices is
found to induce pit formation in GaAs for a certain range of
WSix compositions.3 SiGe alloy films grown on silicon have
been shown to exhibit strain relaxation by pit formation.4,5

Also nitride alloys �GaN, AlGaN, and InGaN� with applica-
tions in both electronic and optical devices exhibit pit forma-
tion for a certain range of AlxGa1−xN �Refs. 8 and 9� and
InxGa1−xN �Ref. 10� compositions. Sharma et al.11 investi-
gated InGaN multiple quantum wells, which are of interest
for applications as very bright LEDs and lasers, and found
that lower temperatures of InGaN/GaN quantum-well
growth assist the formation of pits. Co thin films as used in
giant magnetoresistive �GMR� devices are found to have pit
concentrations decreasing exponentially with the film
thickness.12

A few proposed explanations of the pit formation at the
interface in particular include: �a� the influence of thermal
annealing during cleaning,1,2,7 �b� the effect of surface chem-
istry at the interfaces during the growth of the films,1,2 �c� the
influence of lattice-mismatch strain2 �and of strain reduction
via buffer layers�, and �d� out diffusion of substrate
atoms.2,3,11 None of these proposed mechanisms has been
observed or validated directly.

Concurrently, on the other hand, atomistic computer
simulations have become important in providing atomistic
details and mechanisms of processes and structures that are
not readily possible to investigate through experimental
means.13–15 Comprehensive simulations have been per-
formed on the continuum,16–18 the atomistic,19–25 and the
quantum-mechanical26–28 scales to investigate mechanical
and structural properties in various materials. In particular,
kinetic Monte Carlo simulations have been used to simulate
�i� etching that results in surface and edge pits,29 �ii� pit
evolution at prepitted surfaces,30 and �iii� morphology evo-
lution of strained epitaxial film resulting in pit formation.31

However, the authors are not aware of any atomistic simula-
tions of buried pits as they occur during the growth of silicon
carbide on silicon1,2 and WSix on GaAs.3

Using extensive molecular-dynamics �MD� simulations of
Si/Si3N4 under externally applied tensile strain parallel to
the interfaces, for the first time, we observe the formation of
the pits at the interfaces. These simulation results will be
important to determine the possible causes and ultimately
control methodologies for such defects.

II. Si„111… /Si3N4„0001… INTERFACE MODEL AND
METHOD

The Si�111� /Si3N4�0001� interface is taken to be atomi-
cally sharp,32 justified experimentally by Kim and Yeom.33 In
our model of the Si�111� /Si3N4�0001� interface32 we distin-
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guish between a total of eight different atom types to account
for the different environments that silicon and nitrogen atoms
experience in bulk and interface silicon and silicon nitride,
respectively. Bulk silicon nitride consists of type 1 silicon
and type 3 nitrogen atoms; the silicon nitride interface layer
consists of type 2 silicon, and types 4 and 5 nitrogen atoms
�see Fig. 1�. The model accounts for the difference between
the fully bonded type 4 nitrogen atoms and the initially two-
fold bonded type 5 nitrogen atoms in the interface plane. In
the silicon, the type 6 silicon atoms are the bulk silicon at-
oms, the type 7 silicon atoms are fully bonded silicon atoms
at the interface double layer, and the type 8 silicon atoms are
threefold bonded silicon atoms at the interface double layer.

LCAO �linear combination of atomic orbitals� electronic
structure calculations34,35 for the crystalline
Si�111� /Si3N4�0001� interface have shown that the interface
affects the electronic charges within a single layer of the
layered Si3N4�0001� film �the layer separation is about
1.3 Å� and the top-most double layer in Si�111�. In our simu-
lations we have not observed any mixing of atoms at the
interface, i.e., no Si atoms from silicon move into silicon
nitride and no Si or N atoms from silicon nitride move into
the silicon system. Therefore, the atom types have been kept
fixed throughout the simulations presented here. The analy-
ses presented here, fully take advantage of having detailed
information for the different atom types, in particular the
atoms in the interface layers of silicon nitride and silicon,
respectively.

In a molecular-dynamics simulation, the velocities and
positions of all the atoms in a system are obtained by nu-
merically integrating Newton’s equations of motion using the
velocity-Verlet algorithm and an appropriate potential energy
function. Due to silicon’s wide range of applications several
interaction potentials between Si atoms within silicon sys-
tems have been developed �for a review see, e.g., Balamane
et al.36� and used in a variety of simulations including Still-
inger and Weber,37 Tersoff,38,39 Chelikowsky,27 Cook and
Clancy,40 Juan et al.,41 Bazant et al.,42 Justo et al.,28

Choudhary and Clancy,43 Demkowicz and Argon,44,45 and
Posselt et al.46 In a comparative study Nurminen et al.47 find
that for surface reconstruction and finite-temperature simula-
tions the Stillinger/Weber potential37 gives the best overall
performance compared to Tersoff potentials38,39 that are
based on bond order. In the context of fracture, it should be
noted that the Stillinger/Weber potential as well as

environment-dependent potentials28,42 do not yield brittle
crack propagation as is seen in silicon experimentally at
room temperature. Marder and collaborators48–50 observe
brittle fracture in silicon when modifying the original
Stillinger/Weber potential by doubling the strength of the
term enforcing fixed angles between bonds. As will be de-
scribed below, the simulations presented here are at 600 K
and therefore near the experimental brittle-to-ductile transi-
tion temperature where the Stillinger/Weber potential yields
the correct mechanical response. The Stillinger/Weber poten-
tial has also been used to successfully describe fluorination
of Si�100� surfaces51–55 and the interaction of hydrogen with
silicon surfaces.56 These authors focus their discussion on the
qualitative agreement of the different structural and dynami-
cal features investigated. Interactions between Si atoms and
F atoms, for example, have been through first-principles-
derived Stillinger-Weber-type potentials. As described later,
a first-principles-based approach has been adapted also for
the silicon/silicon nitride interface potential.32

In the simulations presented here, the Si-Si atomic inter-
actions in bulk are described by the Stillinger-Weber37 poten-
tial for silicon. However, to separate the effect of initial lat-
tice mismatch between silicon and silicon nitride, and to
perfectly lattice-match the two systems, the original param-
eter �=0.209 51 nm in the Stillinger-Weber potential37 was
modified to �=0.213 70 nm. The silicon nitride potential57

consists of two-body terms that account for Coulomb inter-
actions, the steric repulsion, and the charge-dipole interac-
tions, as well as, three-body terms describing the stretching
and bending of the bonds. This potential has proven to pro-
vide excellent descriptions of mechanical and structural
properties of crystalline, amorphous, and nanophase silicon
nitride.58–60

Our model for the Si/Si3N4 interface32 distinguishes be-
tween Si atoms in the silicon substrate and Si and N atoms in
the silicon nitride film. Since the atoms at or near the inter-
face have different charge transfer they have to be treated
differently. Based on LCAO electronic structure
calculations34,35 for the crystalline Si�111� /Si3N4�0001� in-
terface, we find that this system may be adequately modeled
as an eight-component system �see Fig. 1�. Two-by-two unit
cells of Si�111� correspond to one unit cell of Si3N4�0001� in
the respective interface planes. Si atoms in the top layer of
silicon form bonds to N atoms in the bottom layer of silicon
nitride leaving dangling bonds of Si atoms in the interface
layer of silicon nitride. The interface interaction model as-
sumes that the bond lengths and the bond angles at and
across the interface are comparable to those in bulk silicon
nitride.

In a film geometry, surface and interface atoms tend to
heat up. The standard method of scaling velocities of all the
atoms with a common scaling factor would not suffice in this
situation. Therefore, the system temperature is maintained by
using Langevin dynamics61 in which atoms experience a
damping depending on their respective velocities as well as
an additional stochastic velocity. In order to achieve compu-
tational speed up, the multiple-time step method developed
by Tuckerman et al.62 is implemented. Depending on the
stage of the simulation, a time step of 2 or 6 fs is used and
long-range forces are calculated only every other time step.

FIG. 1. �Color� Side �left� and top �right� views of the
Si�111� /Si3N4�0001� interface representing the eight different atom
types. Yellow: silicon atoms in silicon; blue: nitrogen atoms in sili-
con nitride; red: silicon atoms in silicon nitride. Interface atoms are
further distinguished using the polygon key.
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Since the investigation focuses on the mechanical proper-
ties of silicon with a silicon nitride film, a simulation system
preparation scheme that does not describe the growth process
has been employed. The free surfaces in both silicon nitride
and silicon separated by 6 Å are first equilibrated at 0 K, and
then brought together gradually by moving them in steps of
0.5 Å closer to each other followed by relaxation.32 The sys-
tem is heated to 300 K and equilibrated, after which the tem-
perature is increased to 600 K followed by expansion and
additional equilibration to obtain a minimum stress configu-
ration.

III. RESULTS AND DISCUSSION

The MD system simulated consists of a total of 668 160
atoms. The lateral dimensions at 600 K are 270 Å and
280 Å. A 44-Å-thick Si3N4 film is placed on a 95-Å-thick Si
substrate and the interface system is stretched by “holding” a
slice of 8 Å on each end along the x direction. These atoms
are then pulled �see inset in Fig. 2� at a constant strain rate of
2.5�109 s−1 using a time step of 2 fs. While the applied
strain rate is orders of magnitude larger than what would
ever be possible in experiments, it is possible to simulate the
defect formation processes at such high strain rates to extract
the physical mechanism and later develop models that are
applicable at experimentally feasible strain rate, tempera-
tures, and length scale.19

The tensile strain is applied parallel to the interface �see
inset in Fig. 2�, i.e., in the �2 1 0 0� direction for Si3N4 and
the �−2 1 1� direction for Si, with periodic boundary condi-
tions used in the y direction. Therefore, the system cannot
shrink in the y direction and builds up stresses, �yy, follow-
ing on average the features of �xx in the course of the simu-
lation �see Fig. 2�. The stresses �xx, �yy, and �zz build up
linearly with the applied strain according to linear elasticity
theory. The stresses increase elastically until a significant
drop occurs at about 8% of the applied strain. This drop can
be attributed to the stress release due to crack initiation and
propagation in silicon nitride layers. A crack first opens on

the left side of the film followed by another one on the right
side of the film �Figs. 3�b�–3�d��.

An island of Si3N4 thus breaks off from the left and right
side of the film, and, again on average, the bonds relax to the
unstrained value for Si3N4. This is determined via analysis of
pair distribution functions calculated from the appropriate
atomic configurations.63 While the bulk of the Si3N4 film is
approximately strain free, local portions of the Si3N4 side of
the interface are undergoing lateral compression �see Fig. 4�,
starting between 8–10 % when the cracks form. In particular,
a persistent local compressional pinch appears in the region
where the formation of the pit is later observed.

The stresses continue to increase in Si as the system is
stretched until about 14% strain, where stress is relieved by
dislocation emission in Si. Two dislocations are observed.
One dislocation starts beneath the left crack in Si3N4 and
subsequently moves from the interface towards the free sur-
face where the slip creates a step. The other occurs at a
parallel slip plane to the right at the free bottom silicon sur-

15

10

5

0
3020100

tensile strain (%)

st
re

ss
 (

G
P

a)

σyy

σzz

σxx
z

y
x

15

10

5

0
3020100

tensile strain (%)

st
re

ss
 (

G
P

a)

σyy

σzz

σxx
z

y
x

15

10

5

0
3020100

tensile strain (%)

st
re

ss
 (

G
P

a)

σyy

σzz

σxx
z

y
x

15

10

5

0
3020100

tensile strain (%)

st
re

ss
 (

G
P

a)

σyy

σzz

σxx
z

y
x

FIG. 2. Stress-versus-strain graphs for the diagonal stress tensor
components �xx, �yy, and �zz, respectively. Inset: Atomic-scale
view of the Si�111� /Si3N4�0001� interface indicating direction of
applied strain.

FIG. 3. �Color�. Atomic positions in the Si/Si3N4 interface at �a�
7%, �b� 16%, �c� 23%, and �d� 30% of strain. Yellow: silicon, blue:
Si3N4, red: interface layers.
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FIG. 4. Local interfacial lateral strains at the location of the pit
as a function of externally applied strain. �a� Averaged over silicon
nitride interface atoms, and �b� averaged over silicon interface
atoms.
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face and propagates towards the interface �see Fig. 3�b�� ar-
riving at 15% at the interface near the location of the com-
pressional pinch that subsequently develops into the pit.
Immediately prior to the appearance of the pit, the local lat-
eral compressional strain in the interface Si3N4 layers is ap-
proximately 1.5%, compared to the local lateral tensile ex-
pansion of the interface Si layers which ranges from 10–
15 % local strain between 9–16 % external strain. At 16%
external strain, the pit forms and grows in the strained silicon
phase to provide a mechanism of strain release or relaxation
�see Fig. 3�b�� and is located just below the center of the
Si3N4 island. The analyses presented here suggests that the
nucleation of the pit corresponds to the interaction of the
local lateral compression of the film, occurring at a value of
applied strain lower than 16%, with the close proximity to
the arrival of a dislocation at the interface in the highly
strained silicon.

To further investigate the formation and growth of the pit
the average z displacements of the interface atoms in Si3N4
and in Si double layers are analyzed separately and shown in
Fig. 5. At 7% strain �Fig. 5�a��, both the Si3N4 and the Si
interface layers show very small vertical displacements. Fig-
ure 5�b� shows the visible onset of the pit at 16% strain,
where both Si and Si3N4 interface layer atoms show average
negative z displacements. The relaxed Si3N4 interface layer
atoms do not show much further increase in the negative z
displacements, whereas the strained Si interface layer atoms
show large increase in the negative z displacements indicat-
ing the growth of the pit in Figs. 5�c� and 5�d� at the larger
tensile strains of 23% and 30% where it grows by downward
movement of Si double layer atoms. Detailed analysis
showed that �a� the pit grows asymmetrically more in the
positive direction, and �b� that both pit width and depth in-
crease rapidly after the onset at 16% strain. The pit depth
positions also showed that Si3N4 interface layers stay at
about the same z coordinate and the pit grows by movement
of Si double layer atoms downward.

IV. SUMMARY AND CONCLUSION

In summary, from the above analyses of the vertical dis-
placement of interfacial atoms it is clear that �a� the Si3N4
island is essentially strain free after breaking off due to crack
initiation and propagation on both sides, �b� the tensile strain
in Si layers parallel to the interface continue to build up
while several small regions of local compressional strain or
pinch form in the Si3N4 interface layer. Strain induces dislo-
cation slip in the bulk Si, which in combination with the
compressional pinch at the interface nucleates a pit, and �c�
as tensile strain on the Si layers continue to increase, the
interface atoms in Si layers move away from the interface
causing the growth of the pit at the interface. The experimen-
tal observation that larger lattice-mismatch strain enhances
the likelihood of pit formation11 supports the above mecha-
nism. The above suggests a general mechanism of pit forma-
tion for lattice-mismatched systems by which pits nucleate at
a site of local compressional strain where the substrate film
interface is possibly weakened by slip of the underlying sub-
strate, and the visible pit forms. This process is not explicitly
dependent upon surface or interface chemical effects as sug-
gested recently in the experimental literature.1,2,7 However,
the possible effects of surface chemistry at the growing in-
terface, e.g. augmentation of pit formation and growth, need
to be investigated in future studies.

Additionally, as mentioned above, the pit formation and
growth mechanism depend on the kinetic temperature of the
simulations and the applied tensile strain rate. Preliminary
results show the formation of similar pits at the same strain
rate at 300 and 900 K simulations, as well as at 600 K and
twice the strain rate of the present simulation. A systematic
study to investigate the temperature and strain rate depen-
dence of the kinetics of pit nucleation and growth is cur-
rently underway and will be published elsewhere.

Although the model of the interface used here could be
improved by incorporating quantum modeling as charge
transfers may change in the course of the simulation we are
confident that our conclusions regarding the relationship be-
tween strain-relaxation and interfacial failure mechanisms
are comparable to those in heteroepitaxial structures with
high lattice mismatch as found in Si/SiC systems.1,2

In combination with the experimental observations, these
atomistic computational studies lay the foundation for under-
standing and offer the possibility of control of pit formation
at lattice-mismatched interfaces with significant technologi-
cal implications.
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