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In this paper, we present a theoretical study of the elastic deformations arising in the vicinity of the Si /SiO2

interface upon oxidation of a silicon substrate. The oxidation is modelized using an algorithm which alternates
the inclusion of oxygen atoms and Molecular Dynamics simulations at high temperature. We find that the SiO2

film undergoes an overall compressive state while a more complex strain field is found in the first few Si layers
under the interface where tensile and compressive microstructures coexist, the former being definitely larger
than the latter. The analysis of the formation energies of the main defects responsible for Si diffusion reveals
that, in spite of the complexity of the deformation field at the Si /SiO2 interface, their dependence with respect
to the local deformation obeys the same laws as those derived from the application of a simple biaxial stress.
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I. INTRODUCTION

Used as gate material in complementary metal-oxide
semiconductor �CMOS� technology, silicon oxide was exten-
sively studied in relation with the development of micro and
nanoelectronics.1–4 Of particular interest is the generation of
an inhomogeneous strain field close to the silicon/oxide in-
terface, which can have important consequences. For ex-
ample, as the carrier mobility in Si is enhanced under strain,5

it has been shown that the stress induced during oxidation
can significantly increase the transconductance of a nanowire
field-effect transistor �FET�.6 Controlling strain is then a
challenge and its characterization both experimentally and
theoretically an important advancement.7,8 Indeed, with the
continuous decrease in the size of devices, it becomes impor-
tant to understand the properties of materials and boundaries
at lower and lower dimensions, which requires to develop
specific experimental and numerical methods. From the
former point of view, recent methods like holography inter-
ferometry allow to map strain in materials at nanometric
scale with high resolution.9

In this context, the goal of this paper is twofold. First, we
will characterize the stress and deformations undergone by a
silicon substrate under oxidation. Then, we will study how
diffusion is modified under this strain field. To this aim, we
model the formation of a silicon oxide grown on a silicon
substrate using an algorithm which alternates the inclusion of
oxygen atoms and atomic relaxations using Molecular Dy-
namics. The total energy and forces are calculate using a
suited semiempirical potential developed a few years ago by
Watanabe et al.10 This procedure allows us to build a realistic
Si /SiO2 interface on both sides of which we characterize the
structural deformations and calculate the stress field. Then,
from the strain induced in the Si substrate, we calculate the
formation energies of the two main defects �vacancy, dumb-
bell interstitial� responsible for diffusion of Si atoms. We
show that, in spite of the complexity of the deformation field,
their dependence with respect to local deformation obeys the
same laws as those derived from the application of a simple
biaxial stress.11

II. METHODOLOGY

A. Potential for Si ÕSiO2 interface

The Stillinger-Weber �SW� potential,12 originally devel-
oped to describe bulk silicon, is a widely used semiempirical
potential composed of two-body and three-body terms,
which was adapted to describe numerous multicomponent
systems presenting diamondlike or amorphous structures. In
addition, it has been shown recently that it was particularly
suited to properly describe atomic diffusion in bulk Si.11

A few years ago, Watanabe et al. proposed a new param-
etrization and improvements of this SW potential to deal
with Si /SiO2 interfaces.10,13,14 In this new version, which is
still composed of a two-body part for SiSi, OO and SiO and
three-body terms for SiSiSi, SiOSi, OSiO, and SiSiO, a bond
order function gij has been added which modifies the two-
body terms acting on the Si-O pairs.10

In this framework, the two-body term for a pair of atoms
i , j=Si,O at a distance rij writes

Vij = �gijAij�Bij� �

rij
�p

− � �

rij
�q�exp� �

rij − Dij
� , �1�

where

gij = �
1 i = j

m1

exp�m2 − zi

m3
� + 1

exp�m4�zi − m5�2	
i � j
 , �2�

with

zi = �
k

fc�rik� �3�

and
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a cut-off function. The three-body terms write

Vjik = �� jik exp� 	 jik
ij �

rij − ajik
ij �

+
	 jik

ik �

rik − ajik
ik �

��cos 
 jik − cos 
 jik
0 �2.

�5�

The parametrization of both terms was established from ex-
perimental data and ab initio calculations of structural and
energetic properties of silica phases. The numerical values
for all the parameters that were used in this work are sum-
marized in Table I. They are exactly the same as the ones
proposed by Watanabe et al. except for �SiSiSi for which we
have used the original Stillinger-Weber parametrization,
�SiSiSi=21.0� instead of 16.404�. The reason for doing that
was to facilitate the comparison with the numerous studies
realized in pure silicon with the original SW potential, in
particular concerning the point defect energies in the silicon
substrate.11 We have checked that this modification does not
change significantly the structures and morphologies of bulk
SiO2 and the SiO2 /Si interface.

B. Stress tensor calculation

An instantaneous total stress tensor can be defined as
follows:

��� =
1



�E

����

, �6�

where E is the total energy of N atoms in a volume  and
��� is a component of the strain tensor �� ,�=x ,y, or z�. The
total energy E being a function of the momentum and the

position vectors of atoms, the tensor ��� can be decomposed
as the sum of a kinetic and a potential contribution

��� = ���
kin + ���

pot = −
1


�
i=1

N
pi

�pi
�

mi
+

1


�
i=1

N

ri
� dV

dri
� , �7�

where V is the potential energy, and pi and ri are the momen-
tum and position vectors of the ith atom with mass mi. In the
particular case of the Stillinger-Weber potential, the second
term of the instantaneous stress tensor also contains two-
body and three-body components

���
pot = ���

2b + ���
3b =

1


�
i=1

N

����
2b �i� + ���

3b �i�	 , �8�

where ���
2b �i� and ���

3b �i� are the contributions of atom i to the
respective potential parts of the stress tensor. They can be
written as

���
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and
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where rij ,rik ,rjk are the interatomic distances for atomic
pairs ij, ik and jk and Rij

� the component � of the vector
difference R� ij =r�i−r� j. The Eqs. �8�–�10� allow us to calculate
the atomic contributions of the stress tensor. These defini-
tions are used in the following to describe stress at the
atomic level.

TABLE I. Two- and three-body parameters of the Stillinger-Weber potential used to describe the Si-O system.

�
�eV�

�
�Å�

r1

�Å�
r2

�Å� m1 m2 m3 m4 m5

2.1696 2.0951 1.20 1.40 0.097 1.6 0.3654 0.1344 6.4176

i− j pij qij Aij Bij Dij

Si-Si 4.0 0 7.049556277 0.6022245584 1.80

Si-O 2.58759 2.39370 115.364065913 0.9094442793 1.40

O-O 0 2.24432 −12.292427744 0 1.25

j− i−k � jik 	 jik
ij 	 jik

ik ajik
ij ajik

ik cos 
 jik
0

Si-Si-Si 21.0 1.2 1.2 1.80 1.80 −1 /3

Si-Si-O 10.667 1.93973 0.25 1.90 1.40 −1 /3

O-Si-O 3.1892 0.3220 0.3220 1.65 1.65 −1 /3

Si-O-Si 2.9572 0.71773 0.71773 1.40 1.40 −0.6155238
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C. Modeling the Si ÕSiO2 interface:
Oxidation of a silicon substrate

The modelization of the silicon oxidation is performed
following a methodology originally proposed by Dalla Torre
et al.15 The initial configuration consists in a bare silicon
substrate oriented in such a way as the x, y, and z axis of the
simulation box are aligned along the �100	, �010	, and �001	
directions of the diamond structure. The oxygen atoms being
introduced along the z direction, no periodic boundary con-
dition �PBC� is applied in the �001	 direction, so that the
system is free to relax in that direction. In order to avoid
border effects on the edges of the simulation box, it is tempt-
ing to apply PBC in the �100	 and �010	 �x ,y� directions.
However, this may introduce artificial lateral strains in the
SiO2 oxide which will be only partially released by the ver-
tical relaxation. In order to understand the relative impor-
tance of these assumptions, we have considered in this work
two kinds of systems: the first one �labeled PBC� with peri-
odic conditions in the x and y directions, and the second one
�labeled NPBC� in which these periodic conditions are re-
moved. They represent two ideal limiting cases, the PBC one
corresponding to a system where no lateral relaxation is al-
lowed and the NPBC where the system is totally free to
relax. The former has an evident experimental counterpart
corresponding to the oxidation of a Si substrate embedded in
a stiff matrix while the second case would correspond to the
oxidation of a mesa or crystalline dot under directional oxy-
gen flux or embedded in a soft matrix.

A few oxygen atoms are initially located randomly at
some Si dangling bonds on the Si�001� surface, which play
the role of nuclei for oxidation. The numerical oxidation pro-
tocol consists in the inclusion of an oxygen atom every one
thousand Molecular Dynamics steps. The inclusion step is
performed as follows: we localize the highest Si atom which
is bound to at least one and at most three oxygen atoms, we
then search the longest Si–Si bond formed by the selected Si
atom with its first neighbors, and we insert the oxygen atom
randomly in the mediator plane of this bond, in such a way
that the Si-O distances are 1.6 Å under the condition that
there is no other oxygen atom in the neighboring �Rc
=2 Å�. For the Molecular Dynamics simulations, we use a
time step for the integration of the equation of motion of 2 fs.
The temperature is maintained at 1200 K applying a
Maxwell-Boltzmann velocity distribution on the atomic sys-
tem every one hundred time steps. For each system, the oxi-
dation procedure is achieved over �10 Si layers. In the case
of the PBC systems, the box length in the x and y directions
is scaled to the equilibrium parameter �zero external pres-
sure� of the silicon substrate at 1200 K using the thermal
expansion parameter of silicon �=3.45�10−6 K−1, which
has been previously determined by a constant pressure run in
a pure silicon system of 512 atoms.11 Once this procedure is
finished, in order to calculate the formation energies of point
defects the system is quenched to 0 K by constrained mo-
lecular dynamics and the box lengths are rescaled to the
equilibrium parameter of silicon at 0 K. The reason for doing
that is to compare with the 0 K formation energies calculated
in our previous work �see below�.11

We have considered simulation boxes with three different
sizes: 3�3�12, 5�5�10, and 9�9�12 unit cells �the

unit cell is the nonprimitive diamond unit cell containing
eight atoms�. As the comparison between these systems have
not evidenced any dependence with the box size, we will
only present here the results obtained for the biggest cell
having 162 Si atoms per �001� plane �a box length in the x
and y directions of 48.88 Å� and containing 7776 Si atoms
and 2819 O atoms.

III. PROPERTIES OF THE SiO2 ÕSi SYSTEM

Due to our oxidation scheme, the oxide grows layer by
layer through successive �001� oxidized silicon planes. This
is illustrated in Fig. 1, in which the stacking of the oxidized
silicon planes is represented in alternate colors �black/gray�
in the silicon oxide. To make easier the structural and stress
analysis of the system, we define generalized thick layers
�hereafter referred to as slabs� both in the oxide and in the Si
substrate in the following way. Before the oxygen insertion,
the positions of the Si atoms belonging to a given �001� layer
are collected, which allows to determine the mass center po-
sition of this layer all along the simulation. From the knowl-
edge of the mass center positions of the silicon planes p−1,
p, and p+1 in the z direction �see Fig. 1�, a slab p of thick-
ness �zp is defined by �zp= 1

2 �zMC
p+1−zMC

p �− 1
2 �zMC

p −zMC
p−1�,

where zMC
p is the z coordinate of the mass center of the pth

�001� silicon plane.
The projections of the atomic positions in xz plane of the

SiO2 /Si system at a given state of oxidation are shown in
Fig. 2�a�. The silicon substrate �nonoxidized silicon� extends
from 0 to 50 Å in the z axis while the oxide silicon occupies
the region from 50 to 80 Å.

A. Structural analysis

The structural analysis of the silicon oxide grown by our
oxidation procedure is detailed here in the case of PBC sys-
tems, since the presence or the absence of periodic boundary
conditions do not affect the general features. The essential
result is that this oxide can be viewed as an amorphous SiO2

FIG. 1. �Color online� Schematic representation of the SiO2 /Si
interface. Analysis is realized in slabs where thickness is defined
with mass centers of silicon layers �001�.
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compound, mainly composed of SiO4 tetrahedra linked by
bridging oxygen �BO�.

The coordination of Si and O atoms has been calculated
using a cutoff radius of 2.0 Å, consistently with the distri-
bution of SiO distances, which vanishes at 2.0 Å after a first
maximum centered around 1.62 Å. Their dependence as a
function of z is displayed in Figs. 2�b� and 2�c� for Si and O,
respectively. As can be seen in Fig. 2�b�, the silicon oxide is
composed of about 90% of fourfold coordinated Si. The
other Si atoms present in general a lower coordination, ex-
cept for the fivefold ones, which only exist in the middle of
the oxide layer, avoiding both the SiO2 surface and interface.
The presence of such entities, which are commonly observed
in amorphous silica under high pressure,16,17 are related to
the compression induced by the oxidation procedure, which
is particularly important when applying periodic boundary
conditions �see next section�. On the contrary, the few three-
fold coordinated Si present in the structure are essentially
found in the vicinity of the SiO2 surface and interface. The
existence of such entities at the surface of the SiO2 oxide has
already been mentioned in other structural models of amor-
phous silica surfaces.18,19 Finally, all the less coordinated Si
atoms can be found in the interfacial region, which can be
viewed as the transient region between a crystalline to an
amorphous structure, in good agreement with photoemission
results20 which also reveal the presence of SiO1 and SiO2
species.

Details on the nature of the oxygen bonding are given in
Fig. 2�c�, which shows the probability of finding bridging
oxygens �BO, oxygen linked to two silicon atoms�, non-
bridging oxygens �NBO, oxygen linked to one silicon atom�
and tricluster oxygens �O3, oxygen linked to three silicon
atoms� in the sample. In the middle of the silicon oxide, the
atoms are practically all bridging atoms, even though one
can also find a few NBO ones. A very slight increase in the
number NBO atoms can be observed at the SiO2 surface. A
more important effect is the increase in the O3 species in the
vicinity of the SiO2 /Si interface. These overcoordinated at-
oms only exist in this region and disappear far from the
oxidation front.

In order to determine to what extent the grown oxide can
be considered as amorphous, one can either calculate the pair
correlation function or the SiOSi and OSiO angle distribu-

tions. The former has not been done here due to problems in
defining an actual normalization for the correlation function
in presence of a free surface. Therefore, only the angular
distribution has been used, which is sufficient to conclude
whether the structure is amorphous or not. In Fig. 2�d�, we
show the distribution of the OSiO and SiOSi angles in the
oxide region. The mean value of the OSiO one is about 109°
corresponding to the tetrahedron environment of silicon, and
that of the SiOSi angle is about 145°. As shown by the ar-
rows the small bumps around 90° and 120° correspond, re-
spectively, to the fivefold coordinated silicon atoms and the
threefold coordinated oxygen atoms. The overall spread of
the angle distributions confirms the amorphous character of
the SiO2 oxide.

B. Stress profile

Let us now analyze the stress profile induced by oxidation
both in the growing oxide and in the silicon substrate. As
previously stated, the study is realized both on the con-
strained PBC system �periodic boundary conditions applied
in the x and y directions� and in the relaxed NPBC one �no
periodic boundary conditions�. Using the notations of the
instantaneous stress tensor defined in Sec. II B, we can de-
compose the stress profile along the z direction into its con-
tributions ���

p within the slabs �labeled p� defined in Sec.
III A as follows:

���
p = �

i=1

n

����
kin�i� + ���

2b �i� + ���
3b �i�	 , �11�

where n is the number of atoms in the slab p of volume 
=�zi�Lx�Ly, �kin

���i�, ���
2b �i�, and ���

3b �i� are defined in Eqs.
�9� and �10�, respectively.

The Fig. 3�b� shows the stress profiles calculated at 0 K
for the system with periodic boundary condition �the atomic
structure is shown in Fig. 3�a�	. We present the profiles for
the components �xx, �yy, �zz, and the pressure defined as P
=− 1

3Tr���. One can see that, since the system is fully relaxed
in the z direction, �zzdz=0, which is obviously not the case
for �xx and �yy. The silicon oxide is found in a very com-
pressive state in both x and y directions. Indeed, in spite of
partial relaxation in the z direction, a strong compressive
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FIG. 2. �Color online� The atomic system is recalled in �a� as a guide for the eyes. The coordinations of Si atoms and O atoms are plotted
as a function of z, in �b� and �c�, respectively. The distributions of the OSiO and SiOSi angles calculated in the oxide are shown in �d�.
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stress remains after equilibration due to the periodic bound-
ary condition. This leads to a mass density on the order of
2.6 g cm−3, which is slightly higher than the
experimental21,22 of about 2.3 g cm−3. In the vicinity of the
SiO2 /Si interface, the silicon substrate undergoes a tensile
stress �see inset of Fig. 3�b�	. This stress is two orders of
magnitude lower than the stress observed in the silicon oxide
and vanishes beyond five silicon planes. This differs from the
results of Dalla Torre et al.,15 who observed a compressive
stress in the vicinity of the SiO2 /Si interface. We do not
know what the actual origin of this discrepancy is, it can be
a consequence of their slab definition or to the use of instan-
taneous instead of average values. We have verified that it is
not due to our procedure consisting of quenching and rescal-
ing the lattice parameters since we obtain similar stress pro-
files at 1200 K. On the nonoxidized silicon surface �bottom
silicon layers�, silicon reconstruction occurs leading to a
complex stress profile.

Let us now present in Fig. 4 the equivalent stress profiles
for the NPBC system. The main effect of removing the pe-
riodic boundary conditions in the x and y directions is on the
one hand to strongly decrease the compressive stress in the
oxide and on the other hand to enhance the tensile stress
region in the silicon substrate which now vanishes only be-
yond 10–12 Å. Indeed, in the absence of PBC in the x and
y directions, the �xx and �yy components now also verify
�xxdx=�yydy=0, which implies that the stress in the oxide
is compensated by the stress in the silicon substrate. In the
middle of the oxide �z coordinate around 65 Å� the xx and
yy stress components are almost zero. The size of this fully
relaxed region increases if one continues the oxidation pro-

cess while the tensile and compressive zones concentrate
near the surface and the Si /SiO2 interface. Close to the in-
terface, the mean value of the compressive stress in the oxide
��0.5 GPA� is in good agreement with experimental
measurements.23

The influence of the periodic boundary conditions in the x
and y directions can be still better visualized in Fig. 5 in
which the stress component profiles are presented separately.
As can be seen, in the PBC system, the tensile stress in the
silicon substrate is mainly due to the �zz component, which
is damped beyond five silicon planes from the interface, the
contribution of the �xx and �yy components is very weak and
vanishes beyond three layers. On the contrary, in the NPBC
system, the contribution of the �zz component becomes neg-
ligible, the tensile stress in the silicon substrate being now
due to the �xx and �yy components. This means that the sub-
strate can be viewed as supporting an anisotropical biaxial
stress in this case. The tensile stress in the silicon substrate
now extends farther and disappears within 14–15 silicon lay-
ers ��20 Å�.

IV. FORMATION OF DEFECTS IN THE VICINITY OF
THE SiO2 ÕSi INTERFACE

The formation energy of point defects is an essential
quantity entering in the evaluation of the self-diffusion coef-
ficient. Furthermore, its relative dependence with the local
deformation can modify the nature of the mechanism which
mediates the diffusion. In order to study this problem, we
will characterize here the local deformations in the silicon
substrate, and then evaluate the formation energy of the most
usual point defects �vacancy and interstitial� in the silicon
layers close to the SiO2 /Si interface.

To evaluate the local deformation �� in the silicon substrate
we define tetrahedron volumes Vt for each silicon atom and
their four neighbors. From the tetrahedron volume defined in
the perfect crystal V0, we estimate the local strain from the
tetrahedron volume variation �V=Vt−V0, which depends on
the nature of the deformation considered, i.e., for a biaxial
strain ��

FIG. 3. �Color online� PBC system: �a� atomic configuration
quenched to 0 K after thermal equilibration at 1200 K, �b� corre-
sponding profile of the stress components �xx, �yy, �zz, and
− 1

3Tr��� in the whole system, and �c� in the rectangular region close
to the SiO2 /Si interface shown in �a�.
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FIG. 4. �Color online� NPBC system: �a� atomic configuration
quenched to 0 K after thermal equilibration at 1200 K and �b�
corresponding profile of the stress components �xx, �yy, �zz, and
−Tr���.

ATOMISTIC MODELING OF STRAIN AND DIFFUSION AT… PHYSICAL REVIEW B 81, 045315 �2010�

045315-5



�V/V0 = 2���2� − 1

� − 1
� , �12�

where � is the Poisson coefficient.
In Figs. 6�a� and 6�b�, we show maps of the local defor-

mation in the most tensile silicon plane close to the interface
for the PBC and NPBC systems, respectively. In both cases,
these maps reveal that, in spite of an average tensile stress,
compressive areas also exist, the deformation fluctuating
from −2.5% �compressive strain� to +2.5% �tensile strain�. In
the PBC system, the size of the compressive domains is on
the order of that of tensile domains ��10 Å�, resulting in a
very weak global stress. In the NPBC system, the compres-
sive domains are smaller, which explains that the average
stress in the layer is now significantly tensile.

For each site in the interface silicon layer, we calculate
the formation energy of the main defects responsible for Si
self-diffusion �vacancies, extended dumbbell interstitial�.11

To study the local formation energy of a vacancy at a given
site, we remove the corresponding silicon atom, and then we
quench the full system using a constrained Molecular Dy-
namics algorithm. The local vacancy formation energy �Ef

V

is calculated as the energy involved when one atom is re-
moved from the given site and placed in a reservoir

�Ef
V = ESiO2/Si

V + ESi
c − ESiO2/Si, �13�

where ESiO2/Si
V is the energy of the quenched system with a

vacancy, ESi
c is the cohesive energy of a nonconstrained sili-

con system �reservoir�, and ESiO2/Si is the energy of the
SiO2 /Si system before removing the silicon atom. The cor-
responding results as a function of the local deformation
�V /V0 �before introduction of the defect� are shown in Fig.
6�c� for the PBC system and in Fig. 6�d� for the NPBC one.
In the latter case, we have separated the sites belonging to
the inner �physical� region of the layer �black square dots�
from those belonging to the border �gray crosses�.

As can be seen, in spite of some dispersion, the vacancy
formation energy appears to be well correlated with the local
deformation. The dependence of the mean value of the dis-
tribution is quasilinear, with a similar slope for both the PBC

and NPBC systems. Since the Si substrate undergoes an an-
isotropic biaxial stress, it is tempting to see to what extent
the present local dependence can be related to the equivalent
dependence of an homogeneous biaxial strain. We have stud-
ied the latter case in a previous paper11 where we have used
the same SW potential and a cubic system containing 512
silicon atoms to calculate the defect formation energies of a
constrained film with a free surface. We have found that for
vacancies the overall effect of a positive biaxial strain is to
increase the formation energy �see details in Ref. 11�. This is
quite natural since the creation of a vacancy locally induces a
tensile stress which is further increased �reduced� under di-
lation �compression�. The consequence is that it is easier to
create a vacancy in a compressed lattice.

The corresponding curve is presented in Figs. 6�c� and
6�d� as a green solid line where we have used Eq. �12� with
�� 1

3 to transform the biaxial strain used in Ref. 11 to the
volume deformation used in this work ��V /V0=���. As can
be seen it almost perfectly interpolate between the dots, con-
firming the generality of the observed behavior.

In a similar way, we have calculated the formation energy
of extended dumbbell interstitials �which are the stablest in-
terstitials with the SW potential�11

�Ef
I = ESiO2/Si

I − ESi
c − ESiO2/Si, �14�

where ESiO2/Si
I is the energy of the quenched system with an

interstitial. The corresponding interstitial formation energies
are shown in Fig. 6�e� for the PBC system and in Fig. 6�f� for
the NPBC one. As for vacancies, the formation energy is
strongly dependent of the strain before insertion of the point
defect, but the overall behavior is the inverse: the more ten-
sile is the stress, the lower is the formation energy. We have
also reported here the curves taken from Fig. 6�a� of Ref. 11
giving the formation energies for the two possible orienta-
tions of the extended dumbbell as a function of an isotropical
biaxial strain. The red solid lines in Figs. 6�e� and 6�f� cor-
respond to the �110� extended dumbbell oriented along the
�110� plane and the blue dotted lines for the same defect
oriented along the �101� one. As can be seen, the two lines
still satisfactorily interpolate between the dots.
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FIG. 5. �Color online� Comparison of the stress component profiles with and without applying PBC. The horizontal line corresponds to
the position of the lower oxygen in the oxide.
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V. CONCLUSIONS

In order to simulate silicon oxidation, we have used an
algorithm which alternates the inclusion of oxygen atoms in
a silicon substrate and Molecular Dynamics relaxations at
high temperature. In the vicinity of the Si /SiO2 interface,
oxidation leads to a strain which drastically modifies the self-
diffusion mechanisms in the Si substrate. Indeed, our main

result is that the so-grown SiO2 film undergoes an overall
compressive state, a more complex strain field being found
in the first few Si layers under the interface. In the latter case,
tensile and compressive microstructures coexist, the former
being definitely larger than the latter. The analysis of the
formation energies of the main defects responsible for Si
diffusion reveals that, in spite of the complexity of the de-
formation field at the Si /SiO2 interface, their dependence
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FIG. 6. �Color online� Schematic representation of the strain field at the SiO2 /Si interface for �a� a system with periodic boundary
conditions PBC and �b� a system without PBC. The dependence between the vacancy formation energies and the local deformation for the
PBC system is shown in �c� and for the NPBC in �d�. The dependence between the energy formation for extended dumbbells is shown in �e�
for the PBC system and in �f� for the NPBC one. In the case of the NPBC system, the black circular dots correspond to sites belonging to
the region of the layer delimited by a square in �b� and the red square dots to those outside. The green solid lines in �c� and �d� represent the
dependence of the vacancy formation energy in the case of an isotropical biaxial strain. The red solid and blue dotted lines in �e� and �f�
correspond, respectively, to the formation energies of the �110� extended dumbbell oriented along the �110� and �101� planes. They are all
taken from Fig. 6�a� of Ref. 11.
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with respect to local deformation is similar to the one ob-
tained from the application of an homogeneous biaxial
stress.11 This means that the general �T ,�� diagram derived
in that case could be applied in the vicinity of a realistic
SiO2 /Si interface to predict the leading diffusion mecha-
nisms as a function of temperature �T� and local deformation
�.
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