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Abstract

We have combined ®rst-principle calculations of
charge transfer at the Si/Si3N4 interface with the
interaction potential models for bulk Si and Si3N4 to
produce a model for the Si/Si3N4 interface. Using
these interatomic potentials, million atom molecular
dynamics simulations have been performed to char-
acterize the structure of Si(111)/Si3N4(0001) and
the Si(111)/a-Si3N4 interfaces. Ten million-atom
simulations are performed using multiresolution
molecular-dynamics method on parallel computers.
Atomic stress distributions are determined in a 54 nm
nanopixel on a 0.1 mm silicon substrate. E�ects of
surfaces, edges, and lattice mismatch at the Si(111)/
Si3N4(0001) interface on the stress distributions are
also investigated. Stresses are found to be highly
inhomogeneous in the nanopixelÐthe top surface of
silicon nitride has a compressive stress of +3GPa
and the stress is tensile, ÿ1GPa, in silicon below the
inter-face. These simulation methods can also be
applied to other semiconductor/ceramic interfaces as
well as to metal/ceramic and ceramic/ceramic inter-
faces. # 1999 Elsevier Science Ltd. All rights
reserved.

Keywords: molecular dynamics, Si, Si3N4/Si inter-
face, simulation, Si3N4.

1 Introduction

In silicon electronics, spatial inhomogeneities in the
dopant distribution are of great importance for the
device characteristics when the pixel sizes become
smaller than 100 nm.1 Rapidly varying stresses at
and near edges originating from this nanoscale
pixellation may lead to defect formation or even
initiate a crack.2 Understanding the stress dis-
tribution is therefore essential in the design of
nanoscale devices.
Utilizing the framework of linear elasticity and

®nite-element (FE) simulations,3,4 edge stresses in
Si/SiO2 and Si/Si3N4 have been examined on length
scales larger than 1�m. For nanoscale devices,
however, the surface-to-volume ratio is so large
that the in¯uence of surfaces, edges and corners on
elastic properties becomes signi®cant. Due to che-
mical bonding at the Si/Si3N4 interface, types of
stresses not present in silicon or silicon nitride
materials are introduced. These e�ects have to be
included in constitutive relations to achieve realis-
tic description of nanoscale devices in the FE
approach.
An alternative approach is to use molecular-

dynamics simulations, where surface and interface
bonding e�ects are explicitly included at the atomis-
tic level. With recent progress in parallel computer
architectures, it has now become possible to carry
out direct atomistic simulations for submicron
structures with realistic descriptions of the materials
involved. In particular, large-scale MD simulations
have proven to be useful in the study of dynamic
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fracture.5 MD simulations provide spatially resolved
stress distributions on the length scales not accessible
to experimental techniques, such as MicroRaman
spectroscopy.6,7 Such numerical experiments can be
used to establish the validity of constitutive relations
used in FE simulations, in particular the treatment of
surface/interface/edge e�ects.
Within MD simulations, the crucial ingredient is

the determination of a reliable interatomic poten-
tial. In the case of Si3N4 the potential consists of
two parts: The two-body interaction consisting of a
screened Coulomb term, charge-dipole interaction
and steric repulsion and the three body part of the
interaction consisting of bond-bending and bond-
stretching terms. The potential used in the present
investigation8 provides a good description of the
structural and mechanical properties and dynami-
cal behavior,9,10 (static structure factor, bulk and
Young's moduli, and phonon density of states) and
fracture behavior of crystalline and amorphous
Si3N4.

11±14 For silicon we have used the well-
known Stillinger-Weber interaction potential.15

Across the silicon/silicon nitride interface a rea-
sonable interaction had to be developed. Origin-
ally, a Si atom in bulk silicon does not have any
ionic character, the bonding attribute in bulk sili-
con being covalent. However, the Si atoms at the
interface become partially ionic when forming
bonds with the N atoms of silicon nitride across
the interface. To have an estimate of the fractional
ionic character electronic structure calculations
have been performed on the Si/Si3N4 interface
which will be discussed in Section 2. In Section 3 we
present MD simulation results for structural corre-
lations at the interface and for spatial stress dis-
tributions in nanopixels. A conclusion is presented
in Section 4.

2 Electronic Structure and Charge Transfer in Si/
Si3N4

2.1 LCAO electronic structure calculations and
charge transfer in bulk Si3N4

The LCAO (linear combination of atomic orbitals)
method is based on using atomic orbitals as the
basis to expand the electronic eigenfunction of a
many-atom system. The exchange-correlation
interaction of the many-electron system is descri-
bed by the density functional theory in a local
density approximation. Therein, the Ceperley±
Alder form of the exchange-correlation potential is
used. The LCAO method is very attractive in
dealing with complex insulator and semiconductor
materials with a large number of atoms per unit
cell. The details of the LCAO calculations reported
here are described in Ref.16.

The �-phase silicon nitride has a hexagonal
structure with 28 atoms per unit cell.17 The lattice
constants are a � 7�818AÊ and c � 5�591AÊ . In the
self-consistent calculation, a mesh of 20 k-points
with the proper weights in the irreducible Brillouin
zone was used. A comparison of the total energy
with a test using a mesh of 5 k-points only revealed
a small di�erence of about 0.00001 Ry. This is an
indication of satisfactory convergence with respect
to the number of k-points.
From the calculated electronic band structure of

�-phase Si3N4, the direct band gap at the ÿ point
can be determined to be about 4.7 eV. It is very
close to the smallest indirect band gap of other
transitions and lies in the range of experimental
values.18

Using the LCAO eigenfunctions, the e�ective
charge of an atom is obtained and the charge
transfer is determined as the di�erence of the
e�ective charge and the neutral charge of the atom.
We ®nd that the silicon atoms give about 1.23 to
1.25 electrons/atom; nitrogen atoms gain about
0.91 to 0.94 electrons/atom. Based on the charge
transfer, the ionic formula for the silicon nitride
may be then written as Si3

+1�24 N4
ÿ0�93. The esti-

mated error in the calculation of the charge transfer
is � 10%.
For one Si±N bond, the silicon atom transfers

about 0.31 electrons to the nitrogen atom. This
calculated value of charge transfer for one Si±N
bond is very close to the so called `one-third rule'
in silicon nitride, which is extracted from experi-
mental data and used in molecular dynamics
simulations.

2.2 Free Si3N4(0001) surface
Before turning to the complex structure of the
Si(111)/Si3N4 interface, the Si3N4(0001) surface is
examined. Both the �- and �-phase Si3N4 have a
layered structure in the hexagonal lattice.17 One
sheet of Si3N4 has three silicon atoms bonded to
four nitrogen atoms. The inter-layer interaction is
weaker than the intra-layer interaction. It is ener-
getically more favorable to cleave or grow silicon
nitride in a layer structure. The surface of Si3N4

will be one sheet of silicon nitride. On the top of
the surface, three nitrogen atoms and three silicon
atoms have dangling bonds. The fourth nitrogen
atom is bonded to three silicon atoms on the layer
and has no dangling bond.
For the electronic structure of the unrelaxed

Si3N4(0001) surface, twenty-eight atoms in one unit
cell of the two dimensional Si3N4(0001) slate were
used to simulate the free surface structure.
The self-consistent calculation16 revealed that the

charge transfer from the surface silicon atoms
(having one dangling bond) is about 1.10 electrons/

2266 M. E. Bachlechner et al.



Si-atom which is smaller than the silicon charge
transfer (1.24) in the bulk Si3N4. Correspondingly,
the surface nitrogen atoms with one dangling bond
gain about 0.79 electrons/N-atom which is also
smaller than the charge transfer of the N atom
(0.93) in the bulk. It is interesting to see that the
fourth surface nitrogen atom without a dangling
bond gains about 0.94 electrons/N-atom which is
very close to the charge gain of a nitrogen atom in
bulk Si3N4. We conclude that the reduced charge
transfer for the other surface nitrogen atoms and
for the silicon atoms can be attributed to their
dangling bonds.

2.3 Si(111)/Si3N4(0001) interface
In this study using the LCAO method, a supercell
of 52 atoms for the interface structure was used.
Six layers of Si 2�2 (111) containing 24 atoms were
matched to four layers of Si3N4(0001). The lattice
mismatch of the two materials is only about 1%.
Since the silicon nitride is sti�er than the silicon
crystal, the Si(111) layers were expanded along x
and y directions to match the Si3N4 lattice parallel
to the interface. In the x±y plane parallel to the
interface, periodic boundary conditions were
applied. Outside of the Si(111) and Si3N4(0001)
layers there is an empty space in the supercell.
A Si 2�2(111) layer has four Si atoms/cell. Three

of the four Si atoms (small light red spheres in Fig.
1) of the ®rst Si(111) layer near the interface
directly bond to the three N atoms (large light yel-
low spheres) of Si3N4(0001) layer as shown in Fig.
1. Each of these nitrogen atoms has one dangling
bond before matching the Si(111) layer onto the

Si3N4(0001) surface. The fourth Si atom of the ®rst
Si(111) layer is on top of another N atom which is
bonded to three Si atoms of the ®rst Si3N4 sheet.
The three Si atoms (the small light blue spheres) of
the interfacial Si3N4 plane still have one dangling
bond that generates the defects of � Si � N3.

19

Within the self-consistent LCAO method for the
Si(111)/Si3N4(0001) interface, three k-points with
proper weights in the two-dimensional Brillouin
zone were used. A comparison with results of the
one k-point (ÿ point) calculation showed only a
small di�erence of the charge distribution. The
calculated DOS spectrum of Si 2p core levels for
the Si(111)/Si3N4(0001) interface is in good agree-
ment with XPS experiments. The Si 2p levels in the
Si3N4 side shift down about 3.1 to 3.5 eV relative to
the Si 2p states of Si(111) side.
Some contour plots of the valence charge density

for the Si(111)/Si3N4(0001) interface structure are
shown in Figs. 2±4. A two-dimensional contour
diagram of the valence charge density on a plane
perpendicular to the interface is given in Fig. 2.
This plane cuts through two nitrogen atoms of the
interfacial Si3N4 plane and two silicon atoms on
the interfacial Si(111) plane. This clearly indicates
that the charge density near the nuclei changes
rapidly. It is evident from Figs. 2 and 3 that the
size of a nitrogen atom is much larger than that of
a silicon atom. The sizes of the silicon and nitrogen
atoms may be estimated as RN � 1�15 AÊ and
Rsi � 0�61AÊ , respectively. The bonding behavior of
the Si and N atoms near the interface can be seen
from the relatively denser distribution and a more
complex structure of the contour lines than that of
the interstitial region. The electron charge in the
bonding area can not be clearly associated with a

Fig. 1. The atomic structure of the Si(111)/Si3N4(0001) inter-
face used in the study. The small red spheres are the Si(111)
atoms; the small blue shaded spheres are the Si atoms of the
Si3N4 side; and the large yellow spheres are the N atoms of the
Si3N4 side. The interface region is indicated by a grey strip.

Fig. 2. The valence charge density map on a two dimensional
plane perpendicular to the Si(111)/Si3N4(0001) interface.
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Fig. 3. The valence charge density maps on the Si3N4 side near
the interface. These planes are parallel to the Si(111)/Si3N4(0001)
interface. (a) The ®rst Si3N4 sheet; (b) the second Si3N4 sheet away
from the interface, (c) the third Si3N4 sheet away from the inter-

face.

Fig. 4. The valence charge density on the Si(111) side. All the
planes are parallel to the interface. (a) The ®rst Si(111) layer
near the interface; (b) the second Si(111) layer away from the
interface structure (c) the third Si(111) layer away from the

interface structure.
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speci®c atom. This is a manifestation of partially
covalent nature of the bond.
Figure 3 shows valence charge density maps of

three planes of Si3N4 parallel to the interface, with
Fig. 3(a) being for the interfacial plane. The for-
mation of the Si±N bond can be seen from the
distribution of the contour lines. One N atom is
fully bonded to three Si atoms on the Si3N4 plane.
The other three N atoms on the interfacial Si3N4

plane [Fig. 3(a)] have one bond to a Si atom on the
same plane, and one bond to the Si atom of the
Si3N4 plane above. It also has one bond to the Si
atom of the Si(111) layer which is below the ®rst
Si3N4 plane. For the second and third planes [Fig.
3(b) and (c)] these N atoms have bonds to the
Si3N4 planes lying above and below.
The valence charge density on the silicon side

parallel to the interface is shown in Fig. 4, with
Fig. 4(a) being the interfacial plane. The hexagonal
structure of the Si(111) layer is re¯ected in Fig. 4.
The Si atoms do not bond to each other on this
plane as seen from the distribution of the charge
density. All the bonds are pointing out of the
plane. Whereas the ®rst layer indicates the in¯u-
ence of the interface on the charge density [Fig.
4(a)], the third layer clearly represents the electro-
nic structure of a bulk like behavior, namely high
charge density around the atom positions and low
one in the interstitial regions [cf. Fig. 4(c)].
Three of the Si atoms from the interfacial Si(111)

plane lose about 0.41 to 0.44 electrons. These three Si
atoms are bonded to three N atoms of the interfacial
Si3N4 plane by giving away some electrons. Other-
wise these threeN atomswould have a dangling bond
at the Si3N4 surface. The remaining Si atom at the
interfacial plane in silicon has only a charge transfer
of about 0.26 electrons which is much smaller than
the other three Si atoms. This Si atom is on top of the
N atom which is fully bonded to three Si atoms of
Si3N4 side and has no dangling bond before the
matching of the Si(111) plane to the Si3N4 surface.
The charge transfer for the four Si atoms on the

second Si(111) plane from the interface is small.
The Si atoms at the third and fourth Si(111) layers
away from the interface have no noticeable charge
transfer within the calculation uncertainty. This is
an indication that the Si atoms in these two layers
at the middle of Si(111) ®lm are very close to the
bulk properties.
It was found that the N atoms at the interface

have a charge transfer very close to the value of the
N atom charge gain in the bulk silicon nitride.
Three of these N atoms gain about 0.93 electrons/
atom, the fourth N atom has a smaller charge
transfer of 0.84 electrons/atom; this inhomogeneity
is largely due to the mismatch of the interface. It
was found that one Si±N bond would be assigned a

charge transfer of about 0.31 electrons which is
that of bulk Si3N4. The three Si atoms at the
interfacial Si3N4 plane have a charge transfer of
about 0.73 to 0.89 electrons, which is much smaller
than the Si charge transfer in the bulk Si3N4. Even
the charge transfer of these Si atoms of silicon
nitride at the interface is smaller than the case of
the Si atoms at the free Si3N4 surface. Further
analysis of the data showed that these three Si
atoms of the silicon nitride side gained some elec-
trons from the Si(111) atoms. The e�ective charge
of the Si and N atoms at the second and third
Si3N4 planes away from the interface [Figs. 3(b)
and 3(c)] is very close to the case of bulk Si3N4.

3 Molecular Dynamics Simulations of the Si/Si3N4

Interface and Si/Si3N4 Nanopixel

3.1 Structural correlations at the Si/Si3N4 interface
Bulk Si3N4 is modeled using a combination of two-
and three-body interactions which include charge
transfer, electronic polarizability and covalent
bonding e�ects.8 To describe the bonding across
the Si/Si3N4 interface, the interface atoms are
treated di�erently from those in the bulk. For the
silicon system we describe the interactions by the
Stillinger±Weber potential.15

The initial con®guration for our molecular
dynamics simulation are crystalline Si(111) and
Si3N4(0001) that are placed at a distance of 6AÊ

from each other. The silicon system of size
162AÊ �233AÊ �38AÊ consists of 69 120 particles, the
Si3N4 system of the same size contains 141 120
particles. The two systems are separately relaxed to
a zero-force con®guration using the steepest-des-
cent approach. Then the separation distance is
reduced to 1.5AÊ in steps of 0.5AÊ . At each step, the
system is quenched to zero temperature. A short
time step of 1 fs had to be used in order to prevent
that particles from the free surfaces ¯y away and
particles at the interface enter the other system
before interacting with the interface particles. Sub-
sequently, the system is heated and thermalized at
300K using the Langevin dynamics.
The Si(111)/Si3N4(0001) interface structure is

characterized by calculating bond-length and
bond-angle distributions. Figure 5(a) shows a
schematic view of the interface. Silicon atoms on
the Si(111) surface form bonds with N atoms in
Si3N4. There are two di�erent types of such bonds
[indicated by the dashed and cross-hatched under-
lying ellipses in Fig. 5(a)]. The bond-length dis-
tributions for the two types of bonds across the
interface are shown in Figs. 5(b) and 5(c). The Si±
N bond length across the interface is close to that
in bulk Si3N4(1.73AÊ ).
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3.2 Stress distribution in a Si/Si3N4 nanopixel
The main issue we address in these simulations is
the local stress distribution in a Si(111)/
Si3N4(0001) nanopixels.20 An e�cient algorithm
for parallel architectures has been developed to
handle multimillion-atom molecular dynamics
simulations for the Si/Si3N4 system. Additional

computational speedup is achieved by using a
multiple-time step approach21 to exploit the
separation of time scales and Langevin dynamics
approach to reduce the length of equilibration runs
for inhomogeneous systems.
The simulated system consists of a 540AÊ �327

AÊ �133AÊ Si mesa on top of a 1077AÊ �653
AÊ �230AÊ Si(111) substrate (see Fig. 6). Periodic
boundary conditions are used in the plane of the
substrate. The top surface of the mesa is covered
with a 83AÊ -thick �-crystalline Si3N4(0001) ®lm.
The lattice Si(111)/Si3N4(0001) interface involves a
1.1% lattice mismatch (2�2 unit cell of Si is slightly
smaller than one unit cell of Si3N4). We have also
considered a reference system where the parameters
of the Si potential are modi®ed so that the lattice
constants of Si and Si3N4 match exactly. This proce-
dure allows us to isolate the e�ect of the lattice mis-
match on the interfacial stress distribution.
The nanopixel is prepared in the same way as the

interface described above. Atomistic-level stresses
are then calculated for the two cases of mesas
without and with lattice mismatch. The stresses in
Si and Si3N4 are averaged over the appropriate
unit cells, which is necessary to obtain meaningful
stress distributions in the case of binary systems
such as Si3N4 which have atoms of widely di�erent
sizes.
Figure 7(a) shows the spatially resolved stress in

the absence of the lattice mismatch. Here the
stresses are primarily due to the surface e�ects. In
addition, the stress distribution contains stress sin-
gularities near the edges of the mesa/substrate
boundary. The 1.1% Si/Si3N4 lattice mismatch
introduces additional contributions to the stress at
the interface: compressive stress in Si3N4 and ten-
sile stress in Si [Fig. 7(b)]. The mismatch-induced
stress penetrates deep into the Si mesa to form a
tensile stress well.
The hydrostatic [(�xx+�yy+�zz)/3] and in-plane

[(�xx+�yy)/2] stresses along the z-axis through the
center of the nanopixel are plotted in Fig. 8. The

Fig. 5. (a) Si(111)/Si3N4(00001) interface. (b) and (c) Si±N
bond length distribution for two di�erent bonds marked by

striped and dotted ellipses in (a).

Fig. 6. Schematics of the Si/SiS/Si3N4 nanopixel.
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stress in the absence of the lattice mismatch is
shown in Fig. 8(a). The top surface of the Si3N4

®lm is subject to a strong compressive stress due to
repulsive forces between the N atoms on the sur-
face. Additional stress contributions arise due to
intrinsic stress at the interface. As a result, the inter-
ior of the Si3N4 ®lm experiences tensile stress. The
lattice mismatch results in an additional compressive
stress in Si3N4 above the interface and tensile stress
in Si [Fig 8(b)]. To isolate the e�ect of the lattice

mismatch, we subtract the stress in the lattice mat-
ched system [Fig. 8(a)] from the lattice mismatched
data of Fig 8(b). The resulting stress contribution
shown in Fig. 8(c) is entirely due to the lattice mis-
match. The magnitude and spatial variation of this
mismatch-induced stress is consistent with linear
elasticity estimates and ®nite element calculations.3,4

4 Conclusions

The electronic structure, the charge distribution,
and the charge transfer in Si3N4, at the free Si3N4

surface, and for the interface structure of Si(111)/
Si3N4(0001) have been studied using the self-con-
sistent LCAO method. It is found that the silicon
atoms in Si3N4 lose about 1.24 electrons/N-atom
to the nitrogen atoms which gain about 0.93 elec-
trons/N-atom. The ionic formula for the silicon
nitride may be written as Si3

+1�24N4
ÿ0�93. At the

Si(111)/Si3N4(0001) interface, the Si atoms on the
silicon side lose some electrons to the N atoms of
the silicon nitride side and form Si±N bonds across
the interface. The calculated results show that one
Si±N bond would associate with a charge transfer
of about 0.31 electrons/bond from the Si atom to
the N atom, which is the same as the bulk Si3N4

value.
Using these charge transfer values, an interface

model has been developed to describe the interac-
tion between the two interfacing systems. To char-
acterize the interface, we have calculated bond-
length and bond-angle distributions showing the
formation of bonds across the interface.
Ten million-atom molecular dynamics simula-

tions using the space-time multiresolution algo-
rithms have been performed on parallel computers
to investigate the stress distribution in a Si(111)/
Si3N4(0001) mesa on Si(111) substrate. Stress con-
centration is observed near the interface and at the
mesa/substrate edges. A lattice mismatch of 1.1%
at the Si(111)/Si3N4(0001) interface manifests as a
stress well in the center of the mesa. Additional
simulations are currently under way to study dif-
ferent geometries of the nanopixel and the e�ect of
amorphous Si3N4 in place of crystalline silicon
nitride.
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