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Dislocation Emission at the Silicon/Silicon Nitride Interface: A Million Atom Molecular
Dynamics Simulation on Parallel Computers
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Mechanical behavior of the Si�111��Si3N4�0001� interface is studied using million atom molecular
dynamics simulations. At a critical value of applied strain parallel to the interface, a crack forms on the
silicon nitride surface and moves toward the interface. The crack does not propagate into the silicon
substrate; instead, dislocations are emitted when the crack reaches the interface. The dislocation loop
propagates in the�1 11� plane of the silicon substrate with a speed of500 �6100� m�s. Time evolution
of the dislocation emission and nature of defects is studied.

PACS numbers: 61.72.Bb, 68.35.Gy
a-
ns
r
c-

rs
ly

d
n

f
n

of
e

al

n
-
n,
d

e
nt
d
s

e

In silicon device technology, multilayered structures a
common which involve interfaces with other material
During the production and operation cycles, high stress
may develop at the interfaces, because of the differen
in thermal and mechanical properties [1]. In multilay
ered materials and at interfaces this can result in cra
initiation and propagation. Fracture at interfaces has be
a subject of numerous experimental and theoretical st
ies [2–5]. Cracking patterns range from surface crac
and channeling in the film to substrate damage, spallin
and debonding of the interface. For silicon nitride, as
dielectric material and passivation layer in silicon an
gallium arsenide devices it is therefore important
understand crack initiation, propagation, dislocation em
sion, and fracture on an atomistic level [6–8]. Molecula
dynamics (MD) is a powerful method to investigate me
chanical behavior of these interface systems [9–15].
way to simulate crack initiation and its propagation
to apply uniaxial strain parallel to the interface an
study time evolution of the system to analyze its failur
resistance.

Our motivation is to investigate the nature of interfa
cial fracture at a ceramic/semiconductor interface su
as silicon nitride (bulk modulusB � 285 GPa) or sili-
con �B � 99 GPa� using large scale MD simulations on
parallel computers. The mechanical behavior of cry
talline, amorphous, and nanophase silicon nitride as
ramic materials has already been studied by molecu
dynamics [16]. We present here the first MD simula
tion of Si�Si3N4 interfacial fracture. Our simulations shed
light on the recent experiments of Ohtaet al. [17]. They
report dislocation generation in silicon substrates at t
silicon nitride/silicon edge during high-temperature fabr
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cating processes. This situation is similar to our simul
tion, where fractured silicon nitride generates dislocatio
in silicon below the crack. However, to the best of ou
knowledge, no direct mechanical tests of interfacial fra
ture on this particular system have been published.

Silicon nitride has a hexagonal structure. It occu
in two forms, alpha and beta, which are very close
related. There are four Si3N4 molecules per unit cell in
alpha Si3N4. Silicon, on the other hand, has a diamon
structure. Structurally, the (0001) plane of the silico
nitride is similar to the (111) plane of silicon. The
2 3 2 unit cell of silicon containing four atoms on
the (111) plane is close to the rectangular unit cell o
the (0001) plane of silicon nitride containing four nitroge
atoms—the lattice mismatch is only 1.1%, with silicon
nitride being larger than silicon. Bonds are formed from
each of the four nitrogen atoms at the interfacial plane
silicon nitride to the four Si atoms of the interfacial plan
in silicon. Silicon atoms in the Si3N4 interfacial plane are
threefold coordinated to the nitrogens instead of the usu
fourfold in bulk Si3N4. This defect is experimentally well
characterized in the Si�Si3N4 interface [8]. In the bulk
silicon nitride the Si-N bond length is1.73 Å and the
Si-Si nearest-neighbor distance in silicon is2.35 Å.

In our simulations, silicon nitride is represented by a
interatomic potential involving two- and three-body in
teractions. The two-body terms include steric repulsio
the effect of charge transfer via Coulomb interaction, an
the large electronic polarizability of anions through th
charge-dipole interaction [18]. Three-body terms accou
for bond-bending and bond-stretching effects. Bulk an
Young moduli, along with the phonon density of state
of a crystal [19,20] and structural correlations in th
© 2000 The American Physical Society
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amorphous state [21], are well described by the inter-
action potential. It has been used successfully to study
fracture in crystalline, amorphous, and nanophase Si3N4
(see Ref. [16]). The silicon system is described by the
Stillinger-Weber potential [22]. To account for all of
the structural correlations for silicon, silicon nitride, and
the Si�111��Si3N4�0001� interface, the system is modeled
using eight components [15]. These consist of Si41 and
N32 in the bulk Si3N4; Si31, N22, and N32 at the Si3N4
side of the interface; threefold coordinated Si at the Si(111)
interface, its fourfold coordinated neighboring silicon in
the plane; and bulk Si. The million atom simulations were
performed on 46 processors of the DEC alpha cluster with
two gigaswitches at the Concurrent Computing Labora-
tory for Materials Simulations at Louisiana State Univer-
sity using highly efficient space-time multiresolution MD
algorithms. Molecular dynamics, Langevin dynamics, and
steepest descent quench methods were used. Time step in
MD simulations was 3 fs.

To separate the effect of lattice mismatch between
Si(111) and Si3N4�0001�, a Stillinger-Weber potential of
a model of silicon with a 1.1% larger lattice constant
was constructed. Si-Si bonds in silicon at the interface
experience different environments from silicon nitride
across the interface. Si-N bond lengths in bulk silicon
nitride and across the interface, along with the nearest-
neighbor Si-Si distances in bulk silicon and its variation
at the interface due to the presence of silicon nitride, are
given in Table I. The Si-N bond lengths for threefold
coordinated silicons in silicon nitride are 1.6 to 1.65 Å
compared to 1.73 Å for fourfold silicons in the bulk. This
is consistent with the bond-order arguments. Twofold
coordinated nitrogen at the interface feels the attraction
of the silicon system— its distance to bulk Si atoms
in silicon nitride increases to 1.88 Å. The Si-N bond
lengths across the interface, 1.68, and 1.70 Å, are close
to the bulk value of 1.73 Å. From the crystal structure
of silicon and from the geometry of the interface, we

TABLE I. Si-N and Si-Si bond lengths at and near the
interface in silicon nitride and silicon.

Bond lengths �Å�

Si-N bonds in Si3N4 1.73 (bulk)
1.60, 1.65, 1.88

(within interface layer)

Si-N interface bonds 1.68, 1.70
between silicon and N
in Si3N4

Si-Si bonds in silicon 2.35 (bulk)
2.31, 2.34, 2.36

(within interface layer)
2.35, 2.36

(between interface layer and bulk)
can clearly distinguish between three different Si-Si bond
lengths in the interfacial region of silicon (2.31, 2.34,
and 2.36 Å). Bonds from Si in the interface layer to Si
in the bulk of silicon (these bonds are perpendicular to
the interface) have two major peaks at 2.35 and 2.36 Å,
because of two different environments. These interfacial
bond lengths are consistent with chemical arguments
and self-consistent LCAO calculations [23] and give a
satisfactory description of the structure of silicon nitride/
silicon interface.

Two sets of MD simulations with 210 240 atoms and
with 1 121 904 atoms were carried out. In our first
simulation, the dimensions of the silicon part are 162 Å 3

233 Å 3 38 Å, and the matching silicon nitride part has
a height of 39 Å. A schematic of the geometry of the
interface system is shown in Fig. 1. After thermalizing
the system at 300 K, the system was stretched parallel
to the interface, i.e., in the [2 1 0 0] direction for silicon
nitride and in the �2 1 1� direction for silicon, until
it failed. For each percent of strain the system has
been subjected to a 2 ps stretching phase and a 2 ps
relaxation phase as seen in the time evolution of sxx , the
stress tensor component in the stretching direction (see
Fig. 2). The system did not show any failure up to 8%
strain. At 9% strain, within the first 2 ps, sxx decreased
dramatically. This is due to the fact that a crack started
to form at the top surface of the silicon nitride layer and it
propagated through the whole silicon nitride layer within
17 ps. The system was monitored for an additional 80 ps.
It was found that the crack does not propagate into Si, but
instead emits dislocations, which correlates well with an
additional drop in sxx after 48 ps. We have examined
the structure of silicon at the interface to determine the
nature of defects created by the crack arriving from silicon
nitride. In Fig. 3 the extra line of atoms (in yellow)
in a Si(111) plane parallel to the interface—an edge
dislocation—can be clearly seen. The dislocation core
lies within the white dashed circle. The projection of the
displacement vector onto the (111) plane is in the �1 1 0�
direction as indicated by the arrow from a red to a yellow
Si atom.

FIG. 1 (color). Schematic of fracture geometry for the
Si�Si3N4 interface.
323
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FIG. 2 (color). Time evolution of stress, sxx . The system is
stretched (red) and relaxes (yellow) until 34 ps when there is a
catastrophic drop in sxx , indicating crack propagation from the
top surface of silicon nitride toward the interface. The second
drop after 40 ps is due to dislocation emission in silicon.

To study size effects, a larger system was used in the
second simulation. The system consists of 1.12 million
atoms; the silicon part is now 283 Å 3 412 Å 3 67 Å,
and the silicon nitride film has exactly the same dimen-
sions as the silicon part. This system failed at 8% instead
of 9% for the smaller system, and the effect in the stress
release was not as pronounced. This can be attributed to
the creation of two cracks in the top surface of silicon
nitride (see Fig. 4) for the larger system versus a single
crack for the smaller system, which agrees well with the
micromechanic theories of Hutchinson and Suo predict-
ing increasing crack probabilities with increasing thick-
ness [2]. The geometry of two cracks separated by 90 Å

FIG. 3. (color) Atomic positions in a slice of Si(111) parallel
to the interface showing the dislocation. Alternating double
layers are colored red and turquoise to visualize the extra
double layer shown in yellow. The core of the edge dislocation
lies within the white dashed circle. The projection of the
displacement vector onto the (111) plane is in the �1 1 0�
direction as indicated by the white arrow going from a red
Si atom to a yellow Si atom.
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provides considerable stress relaxation in the x direc-
tion as manifested in sxx . However, both cracks propa-
gate from the top surface of silicon nitride toward the
interface and emit dislocations in silicon. The structure
of this interface was also examined to determine the na-
ture of defects by the two cracks. The highest energy is
stored in the dislocation core at the end of an extra line
of atoms, as indicated by the dashed circle in Fig. 3. Its
time evolution is given in Figs. 5(a)–5(c). Only those
Si atoms whose energies are higher than the average sili-
con energy by 10.35 eV are shown. Interfacial (blue)
and surface atoms (red) also satisfy this criterion, i.e.,
their energy is 0.35 eV larger than the average energy,
and can be seen at the top [interface (blue atoms)] and
bottom [silicon surface (red atoms)]. In Fig. 5(a), we see
the formation of a dislocation loop at the interfacial plane
(blue) and the right-hand silicon surface (surface atoms
belonging to the vertical planes have been removed from
the plot to make the dislocation loop visible). The dis-
location loop lies on a �1 11� plane, denoted with dashed
lines in Fig. 5(a). This loop has five segments; the line
in the interfacial plane (blue atoms at the top) is in di-
rection �1 1 0�, the first segment. Moving clockwise, the
second segment (vertical) is in direction [0 1 1], the third
in direction �0 1 1�, the fourth in direction [1 1 0], and the
last segment is in direction [0 1 1]. As time proceeds the
dislocation loop grows [see Figs. 5(b) and 5(c)] until it
reaches the silicon surface (red) at the bottom after 13 ps.
From our simulation data we estimate the speed of the
dislocation motion to be 500 �6100� m�s.

In summary, parallel MD simulations have been
performed to analyze the mechanical stability of the
Si�111��Si3N4�0001� system by applying uniaxial strain
parallel to the interface. It is found that the system fails,
starting from the top surface of silicon nitride where a

FIG. 4 (color). Atomic positions in a slice of silicon nitride
parallel to the interface showing two cracks. The direction of
cracks is [0 1 0 0].
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FIG. 5 (color). Time evolution of dislocation motion. Atoms
with energies larger than the average silicon energy by
10.35 eV are plotted, i.e., interfacial atoms (blue), sur-
face atoms (red), and atoms in the dislocation core (red).
(a) Formation of a dislocation loop at the interfacial plane
(blue) and the right-hand silicon surface (surface atoms be-
longing to the vertical planes have been removed from the plot
to make the dislocation loop visible). The dislocation loop
lies on a �1 1 1� plane denoted with dashed lines. Five loop
segments: in the interfacial plane (blue atoms at the top) in
direction �1 1 0�; moving clockwise, the second segment (verti-
cal) in direction [0 1 1], the third in direction �0 1 1 �, the fourth
in direction [1 1 0], and the last segment is in direction [0 1 1].
(b),(c) Dislocation loop after 10.56 and 12 ps, respectively.

crack is created, which propagates through the whole of
silicon nitride but does not propagate through silicon.
Silicon does not fracture, instead dislocations are emitted
which form a loop and travel to the bottom side of silicon
film with a speed of about 500 m�s. The size effect
of the system is also investigated. Whereas the basic
mechanisms are the same as for the smaller system, more
cracks originating from the larger thickness of the larger
system lead to more complex defect geometries.
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