
Study of self-limiting oxidation of silicon nanoclusters by atomistic
simulations

J. Dalla Torre,a) J.-L. Bocquet, Y. Limoge, J.-P. Crocombette, E. Adam, and G. Martin
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We present molecular dynamics simulations directed at understanding self-limiting oxidation of
nanoclusters. Atomic oxygen is inserted in an atom-by-atom way in the silicon bonds to form silicon
oxide. First, we focus on planar oxidation to calibrate our model and test its capabilities. Then, we
present results on oxidation of 50 Å diam silicon spheres. Kinetic causes of self-limitation are
investigated by drawing a map of the local stress in the Si/SiO2 system. We obtain stresses in
contrast to in continuum models. For thin oxides, we find in particular tensile pressure in the silicon
core and a pressure gradient in the oxide shell. We investigate the effect of pressure gradient on the
O2 transport within the framework of Nerst–Eintein’s transport equation. We find that a pressure
gradient compatible with experimental estimates yields self-limitation of the oxidation kinetics.
© 2002 American Institute of Physics. @DOI: 10.1063/1.1489094#

I. INTRODUCTION

The oxidation kinetics of a non planar silicon surface
were already of great interest to the microelectrics industry
in the 1980s.1 It was observed that oxide growth on a curved
surface was retarded. This retardation was observed to de-
pend on the growth temperature, the radius of curvature and
the sign of curvature ~convex or concave shape! that leads to
inhomogeneity of the oxide thickness at corners. This effect
was of concern for the design of, e.g., metal–oxide–
semiconductor ~MOS! devices.

The oxidation rate decreases with downsizing1–3 and this
effect is greatly enhanced and exhibits self-limiting behavior
at the nanometer scale. More recently, the idea of taking
advantage of the self-limiting oxidation of nanoclusters ~ei-
ther nanoislands2 or nanospheres3! and of nanowires4,5 was
proposed to monitor the size and the size distribution of an
assembly of nanometer objects. Monitoring the characteris-
tics of such nanostructures is of interest for future opto- and
microelectronics devices like, e.g., quantum dot based single
electron devices.6

Self-limiting oxidation of cylinders has been studied first
and is related to the particular stress that develops in nonpla-
nar oxidation.1,7,8 In the absence of stress, the oxide growth
rate of convex structures should be larger than planar oxida-
tion because of greater exposure to the ambient1,2 ~or tip
effect!. Liu and co-workers5 mentioned the idea that the oxi-
dation kinetic pathway may lead to a deep metastable equi-
librium state. They concluded that constrained equilibrium
was unlikely because of the highly exothermic nature of the
oxidation reaction.

Usually, it is believed that self-limitation arises from ki-
netic processes, i.e., the stress-dependent oxidation reaction
rate or oxidant transport in the SiO2 . Continuum models
based on the former were developed to predict the growth
evolution of the oxide. A continuum stress model was
coupled to a diffusion-reaction equation9 to describe the time
evolution of the oxide front.1,10 Stress was assumed to affect
the oxidant reaction rate ~K!, oxidant diffusion ~D! and/or
oxidant solubility at the SiO2 surface (c*) in the following
way:1,10

K5K0 expS srrvK

kBT
D , ~1!

D5D0 expS 2

pvD

kBT
D , ~2!

c*5c0* expS 2

pvc

kBT
D , ~3!

where the subscript 0 indicates the stress free value, kB is the
Boltzmann constant, T the temperature, p the hydrostatic
pressure, srr the normal stress in the silicon at the Si/SiO2
interface, and vK , vD and vc are activation volumes. srr

,0 and p.0 correspond to compressive stresses in the
present sign convention. A compressive ~tensile! srr in the
silicon core would slow down ~speed up! the reaction rate. A
compressive ~tensile! pressure in the SiO2 would reduce ~in-
crease! the oxidant diffusion and concentration.

Several models of the SiO2 mechanical behavior have
been suggested to serve as stress input for K, D and c*. SiO2
is considered an elastic solid, viscous fluid or viscoelastic
liquid or solid ~see, e.g., Ref. 10 and references therein!. It isa!Electronic mail: jdallatorre@cea.fr
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proposed that for temperature below the oxide flow
~,950 °C! the lower growth rate observed on, e.g., convex
surfaces is the result of isotropic compressive stress ~conse-
quently compressive pressure! that builds up in the silicon
core and slows down the reaction rate.1 These models were
very successful at predicting oxide growth evolution at the
micrometer scale. This modeling was extended to nanometer
scale features. Chen and co-worker showed that it is possible
to reproduce self-limiting oxidation behavior of silicon
nanowires11 and nanoislands.12

On the experimental side, several discrepancies with re-
spect to the classical models were observed in nanometer
features. First, Liu et al.5 observed dependence of the limit-
ing core diameter of silicon cylinders on the oxide thickness.
This suggests oxidant diffusion as an explanation of the self-
limiting oxidation of their nanowires. Recently, Delph’s
modeling8 suggested that the existence of a boundary layer in
which stress varies drastically may affect oxidant diffusion.
Next, Hofmeister et al.3 showed that the oxidation of nano-
spheres also presents unusual behavior. Small oxidized par-
ticles ~,5 nm! indicate near zero or even tensile stress in
their silicon core. They expected the state of the cluster to
correspond to the saturation configuration.

Modeling at the atomic scale seems to be well suited for
studying these systems. However, limitations still come from
the size of the system ~few tens of nanometers! and the oxi-
dation time scale ~ranging from minutes to hours!. Ab initio

calculations ~static or molecular dynamics! have proven very
useful in studying elementary atomistic mechanisms of sili-
con oxidation ~see, e.g., Chaps. 6, 7 and 10 of Ref. 13 and
references therein! but are restricted to systems of a few
hundred atoms. Kinetic Monte Carlo methods are promising
methods that allow one to study the length and time scales
comparable to those in experiments.14 However, this tech-
nique requires prior knowledge of the elementary oxidation
reaction processes. This method neither tackles stress nor
strain as atomic positions are generally restricted to some
fixed lattice sites even if some progress has been made to
cope with ‘‘soft lattice models.’’ 15,16 Equilibrium Monte
Carlo techniques coupled to an interatomic potential that al-
low continuous variations of the atomic position have been
used to simulate the structure of the Si/SiO2 interface.17,18

These simulations allow one to extract some information on
the stress distribution of equilibrium structures but they may
miss features that result from the kinetics of the oxidation.

An intermediate approach between first principle calcu-
lations and Monte Carlo was proposed by Watanabe and
Ohdomari based on molecular dynamics ~MD!.19 They used
an extended Stillinger–Weber potential developed for Si/O
mixed systems.20 This empirical potential is well suited for
the study of large systems and for extracting local stresses.
Schematic construction of the oxide is carried out: oxygen
atoms are directly inserted into the Si–Si bonds in a layer-
by-layer way and a molecular dynamics technique is used to
relax the structure obtained. We chose a similar approach to
investigate stress development during oxidation of silicon
nanospheres. In our method the oxygen is inserted atom by
atom into the silicon structure. This approach does not deal
with the particular oxidation mechanisms that correspond to

different oxidant species ~O2 , H2O, or O!. There are differ-
ences in the oxidation for, e.g., molecular or atomic
oxygen.21 The defect population produced at the interface or
in the oxide by particular oxidant species affects the me-
chanical properties.22 We propose that the mechanical behav-
ior presented in this work is generic. The model is presented
in Sec. II. Since planar oxidation has been widely studied
experimentally, we use this system to assess the capabilities
and limitations of our modeling procedure. Next, we apply
this procedure to the oxidation of silicon nanospheres. We
discuss the constrained equilibrium hypothesis and we assess
kinetic effects by computing local stresses in the sphere. Our
results are discussed and an analytical model is proposed to
illustrate the importance of stress on oxidant transport.

II. SIMULATION TECHNIQUE

In order to describe the oxidation of silicon substrates,
we use standard constant temperature MD simulations with a
Stillinger–Weber like potential extended by Watanabe
et al.20 to treat Si/O mixed systems. The velocities of the
particles are scaled to obtain the average temperature
required23 and we use a simple Verlet algorithm to solve
Newton’s equations with a time step of dt510216 s.

The potential consists of two-body and three-body inter-
actions. The two-body term includes interactions between
Si–Si and Si–O pairs, whereas the O–O interaction is con-
sidered purely repulsive. Consequently, the O–O bonding
cannot be considered. The three-body term includes triplets
with combinations of Si and O, excluding O–O–Si and
O–O–O terms. The potential function can treat the Si/SiO2
interface where Si, SiO2 and SiOx (x,2) suboxides are
present. We use the parameters given in the original paper
which were based on first principle calculations. The sim-
plicity and the short cutoff distances of the potential allow
one to perform a large number of MD steps.

The oxide formation procedure is important in order to
produce a kinetic pathway that is as realistic as possible.
Starting from a silicon bare flat substrate or sphere, the oxide
is formed by introducting the oxygen, atom by atom, directly
into the Si–Si bonds.

The insertion procedure follows some basic rules that are
illustrated in Fig. 1 and that are summarized here.

To initiate the oxidation we start with the bare silicon
substrate. A few oxygen atoms are inserted at randomly se-
lected Si dangling bonds on the silicon surface ~1%–10% of
the dangling bonds are occupied by oxygen!. These oxygens
atoms make up the initial nuclei for subsequent oxidation in
steps ~i!–~iii! ~Fig. 1!.

~i! We want to insert a new oxygen atom into one of the
Si–Si bonds in the system ~dangling bonds can no
longer be chosen!. We select a Si atom provided it is
bound to at least one and at most three oxygen atoms.
The first candidates are therefore the silicon atoms
selected from the initial nucleation process or from
the interface atoms in later oxidation ~Fig. 1!.

~ii! Many Si atoms may be selected according to step ~i!.
We chose the Si atom with the highest z coordinate
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along the normal to the free surface in the case of a
planar substrate ~Fig. 1!. The largest distance to the
center is used for sphere oxidation.

~iii! While a Si atom is selected, several bonds to neigh-
boring Si atoms can be candidates for O insertion. We
chose the longest bond. Since the Si–Si distance in-
creases from about 2.35 Å in silicon to about 3 Å in
amorphous SiO2 , we expect the cost in strain energy
to be lower for a stretched bond, in accordance to the
general expectation that the oxidation reaction barrier
would be lower.1

Insertion steps ~i!–~iii! can be repeated p times, every n

MD step. p and n fix the ‘‘growth rate’’ of the oxide for a
given substrate size. Typically, a single atom (p51) is in-
serted every 100 dt (n5100).

Rules ~i! and ~ii! force the oxide to grow layer by layer.
This is observed experimentally in planar oxidation ~see,
e.g., Chaps. 3 and 5 in Ref. 13!. We assume layer-by-layer
growth in the oxidation of spheres because no clear rough-
ening of the Si/SiO2 is seen in electron microscopy images.3

Note that placing the oxygen atom in the middle of the
Si–Si bond in rule ~iii! can yield some thermal spiking at the
interface. In this position the Si–O bond length is still shorter
~;1.2 Å! than the expected Si–O bond length ~;1.6 Å! and
the extra potential energy is quickly released and produces a
large thermal spike. Our thermostat procedure regulates the
overall temperature of the system and is not efficient in re-
leasing this energy locally. We circumvent this problem by
placing the oxygen atom in a random direction of the mid-
plane of the Si–Si bond in such a way as to satisfy the 1.6 Å
Si–O bond length ~Fig. 1!. Heating is not completely
avoided ~constraints on triplet bond angles are not satisfied!.
A specific thermostat is applied to the atoms that have kinetic
energy that corresponds to an instantaneous temperature

larger than 2000 K. The kinetic energy of each atom is
checked every 10 dt .

III. RESULTS FOR PLANAR OXIDATION

Here, we apply our model to planar oxidation to assess
its domain of validity. A silicon diamond crystal structure is
first built; it is terminated by a ~001! ~z-axis! surface and x

and y axes aligned in the ^110& directions. We force (231)
dimer reconstruction and the crystal is free to relax in the
@001# direction. The silicon substrate consists of 14314 at-
oms per atomic layer and is 48 atomic layers high. A con-
stant temperature of 1200 K is set in the simulation cell. This
corresponds to a temperature below the oxide flow tempera-
ture at the experimental time scale. The silicon substrate is
forced to match a lattice parameter thanks to periodic bound-
ary conditions applied in the horizontal directions. Doing so,
we simulate the fact that the wafer substrate is thicker than
the oxide layer.

To quantify the growth rate in the simulations, we intro-
duce the notion of an oxygen monolayer ~ML! inserted into
the silicon structure. $001% silicon planes are constituted of
196 atoms. Oxidation of 1 ML proceeds by introducing 392
oxygen atoms that correspond to the 392 Si–Si bonds be-
tween two successive $001% planes. Ideally, complete inser-
tion of the 392 O would lead to the formation of a new
stoichiometric SiO2 layer ~upper plane! and of a SiO subox-
ide layer ~lower plane! ~this is correct for all layers except
the first one because of the initial nucleation step of our
oxidation method!. For the sake of simplicity, we consider
that oxidation of 1 ML corresponds to the insertion of one
oxygen monolayer ~392 O! or to the formation of one SiO2
monolayer.

The oxygen insertion follows the scheme described in
Sec. II. Five oxygen atoms are inserted periodically at the
Si/SiO2 every 100 dt . 8500 oxygen atoms are inserted into
the silicon structure presented in Fig. 2~a!. This corresponds
roughly to the growth of a 21.7 ~oxide! ML.

We compute the local stress tensor that develops in the
structure in Fig. 2 as follows. The instantaneous stress tensor
in a volume V is defined following the general expression:

sab
5

1

V

]E

]eab . ~4!

E is the total energy of the N particles in volume V and
eab is a component of the strain tensor. Considering a system
with periodic boundary conditions, the atoms in volume V
can interact with the atoms in the image cells. E is a simple
function of (p1 , . . . ,pN ; r1 , . . . ,rN), and pi and ri are the mo-
mentum and the position vectors of the ith particle. The in-
stantaneous stress tensor is given by24,25

sab
52

1

V S (
i51

N
p i

ap i
b

m i

2(
i51

N

r i
b

dV

dr i
aD , ~5!

in which the superscript a or b points to component a or b
of position ri and momentum pi of the ith particle, with mass
m i . V is the potential energy part of E. The derivatives of
V are determined from the expression of the interatomic
potential.

FIG. 1. Schematics of a Si/SiO2 interface in planar oxidation. The light gray
atoms correspond to silicon and the dark gray to oxygen atoms. The dashed
circles represent the oxygen to be inserted. Following rule ~i!, atoms 1 and
2 are bound to at least one and at most three oxygens. Atom 2 corresponds
to the atom with the highest position or z coordinate @rule ~ii!#. The oxygen
may either be inserted into the Si~2!–Si~3! or the Si~2!–Si~4! bond. The
longest bond @Si~2!–Si~3!# is selected from rule ~iii!. Finally, the oxygen is
inserted at a position which complies with the Si–O bond length.
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If one wishes to compute the local stress in a finite vol-
ume containing N particles that is part of a larger system, the
atoms in this volume interact with Next external particles.
The energy of interaction has to be shared between the inter-
nal and the external particles. E is now a function of the N

and Next particle positions, (p1 , . . . ,pN ; r1 , . . . ,rN ; rN

11, . . . ,rN1Next) and expression ~5! becomes

sab
52

1

V S (
i51

N
p i

ap i
b

m i

2 (
i51

N1Next

r i
b

dV

dr i
aD . ~6!

In order to compute the local stress with reasonable sta-
tistical fluctuations, we defined equal volumes V by dividing
the system into 3 Å thick slices along the z axis. We start
from the lowest atom in the simulation cell.

The instantaneous stress components of the stress tensor
s% at the end of the simulation were computed as was the
pressure p defined as p52

1
3Tr s% . The pressure results are

presented in Figs. 2~b! and 3.
By comparing Figs. 2~a! and 2~b!, we see the oxide layer

corresponds to a highly compressive pressure (p.0) zone.
In the oxide slices, the stress tensor has the form

s% S
s 0 0

0 s 0

0 0 0
D . ~7!

What we have considered as zero stress components cor-
responds to computed stress at least one order of magnitude
lower than s. These can be larger than the accuracy of the
stress calculation ~;0.1 GPa!.

The pressure in each slice along the z axis is reported in
Fig. 3. Compressive pressure in the range of 0–3 GPa is
computed in the region that corresponds to the silicon sub-

FIG. 2. ~a! Morphology of the oxidized silicon substrate after insertion of 8500 oxygen atoms at a temperature of T51200 K and an oxide growth rate of
F51.25 ML/ps. Light gray and dark gray spheres correspond, respectively, to Si and O atoms. ~b! Pressure map through the Si/SiO2 structure. The layer is
divided into 3 Å thick slices and the pressure in each slice is computed. The gray scale corresponds to the pressure value and the same pressure is attributed
to the atoms that belong to the same slice.

FIG. 3. Pressure in the slices along the z axis. The horizontal dashed line
indicates zero pressure while the vertical dashed line identifies the Si/SiO2

interface.
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strate ~z;255 to 225 Å!. The pressure evolves quickly
toward higher values as it crosses the interface, fluctuates
around a constant value ~;13 GPa! in the oxide and finally
falls to zero at the free surface.

The lateral dimensions of the cell were chosen in order
to obtain the silicon lattice spacing at 0 K. Thus, the stress
computed in the silicon substrate results from thermal expan-
sion. This stress is small compared to s because of the peri-
odic boundary conditions in the horizontal directions that do
not allow strain to take place in the substrate far enough from
the interface. In the oxide, the compressive stress results
from the volume expansion associated with the silicon to
oxide reaction ~the atomic volume of a Si atom in silicon is
20 Å3 while the molar volume of a SiO2 molecule is 45 Å3!.
Our simulations are in qualitative agreement with experi-
mental and simulation data. Compressive stress was ob-
served in wet and dry oxides grown on silicon wafers26,27

and rather uniform strain energy even right up to the inter-
face was found in Monte Carlo atomistic simulations.17

However, our simulations yield stresses one to two orders of
magnitude higher than in the experiments.

We explored different causes of these discrepancies us-
ing test structures made up of thinner oxide films ~4 ML! and
grown under the same conditions. The lateral dimensions of
the cell were extended to match a lattice spacing which re-
laxes the stress resulting from thermal expansion. Oxide was
also grown using different substrate sizes ranging from 4
34 atoms to 20320 atoms; we did not observe any signifi-
cant difference in the stress level in the oxide.

Finally, we found that the growth rate of the oxide may
be important for the resulting stress. In Fig. 4, we plot the
maximum pressure within the different slices in the oxide
layer. A large deposition rate induces compressive stresses up
to several hundred GPa while lower deposition rates reduce
them to a few 10 GPa. The deposition rate is not defined in a
unique way in our method. To produce F525 ML/ps, we
could insert p51 O every n51 dt or p5100 O every n

5100 dt . Only a weak dependence of the result was exhib-

ited for the combination of p and n that we used ~see Fig. 4!.
The unrealistic stresses for F.10 ML/ps result in highly

defective interfaces ~voids, dangling bonds, etc.! whereas the
good quality of the Si/SiO2 interface is a well documented
fact. In the low stress regime, a newly inserted oxygen atom
has enough time ~; a few periods of atomic vibration! to
relax its position before a new oxygen atom is inserted into
its neighborhood. An oxide growth rate as low as 0.025
ML/ps did not produce more stress relaxation. Plastic relax-
ation processes are not accessible for such high growth rate
compared to experimental ones: real oxidations extend from
minutes to hours. We tried to activate these processes by
increasing the temperature in the simulations. While at 1600
K no effect was observable, higher temperature ~2000 K!
produced silicon melting. Another limitation of the technique
might come from the capability of the potential to reproduce
realistically the defects involved in such plastic processes.28

Note that the simulations presented in Fig. 2 were carried out
in the lower deposition rate or stress regime.

To summarize, our modeling technique provides consis-
tent silicon, oxide and interface structures and a qualitative
description of stress evolution. The stress evolution and its
sign are governed by the system geometry and the volume
expansion which results from the formation of oxide.

IV. SPHERE OXIDATION RESULTS

Silicon spheres were constructed from bulk silicon in a
square box with periodic boundary conditions. The atom
closest to the center of the box was chosen to be the center of
the sphere. To build a sphere with radius r0 , atom to center
distances were calculated for every atom in the box. The
atoms which corresponded to a distance larger than r0 were
deleted from the simulation cell. The initial box size needs to
be large enough to avoid interaction of the sphere with its
images during the simulation ~oxidation causes volume ex-
pansion of the system!. We constructed a silicon sphere con-
taining 3265 Si atoms corresponding to a 50 Å diam sphere.
The size of the system corresponds to experiments and al-
lows extensive calculations on a single processor computer.
Molecular dynamics were started at 1200 K and the sphere
was free to relax and to reconstruct its surface for 10 000dt

before starting the oxygen insertion. The oxide was grown by
inserting 6000 oxygen atoms and a ;15 Å thick oxide was
obtained. One oxygen atom is inserted every 100dt , but it
does not correspond to a constant growth rate: the silicon
radius decreases over time and the growth rate of the SiO2
shell increases. However, we saw in Sec. III that stresses do
not vary much in our simulations for a wide range of growth
rates.

First, we check if our modeling yields, the same conclu-
sion as Liu et al.5 ~for nanowire oxidation! concerning the
hypothesis of constrained equilibrium for nanosphere oxida-
tion. To do this, we compute an ‘‘average’’ energy gain per
oxygen atom inserted using the procedure that follows. We
start by defining nO as the number of oxygen atoms inserted.
Since 1 O is inserted every 100dt: nO5time/100dt . Next,
the potential energy of the system V(nO) is computed every
(1/10)nO . It presents large fluctuations, e.g., at the insertion

FIG. 4. Maximum pressure in the oxide layer as a function of the oxygen
insertion rate. The squares are for F50.025 ML/ps ~1 O inserted every
1000dt!, 0.25 ML/ps (1 O/100dt), 2.5 ML/ps (1 O/10dt), 25 ML/ps
(1 O/1dt), 255 ML/ps (10 O/1dt), and 2551 ML/ps (100 O/1dt). The
circle corresponds to F52.5 ML/ps (10 O/100dt) and the inverted triangle
to F525 ML/ps (100 O/100dt).
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of a new O that yields a jump of the system potential energy.
Each data point is averaged with neighboring data points
over an interval corresponding to 100 nO . The slope of
V(nO) is computed and averaged again over an interval of
10nO . This averaged slope is plotted in Fig. 5, and represents
an average potential energy gain per oxygen inserted. This
procedure was carried out for the flat substrate ~from simu-
lation in Fig. 2! and sphere oxidation ~Fig. 5!. Note that the
same number of O atoms inserted does not correspond to the
same oxide thickness in the two cases. The flat substrate and
sphere plots fluctuate around a common average negative
value of Eg . Most important , the sphere does not present
any clear evolution with the number of O atoms inserted
~i.e., the oxide thickness or time!.

Let us assume that the system evolves to an equilibrium
state that would stop oxide formation as a result of stress.
During oxidation, the potential energy gain per O inserted
(Eg) should decrease up to a point where the oxidation re-
action O21Si→SiO2 is reversed. Si–O bonds are strong and
O insertion lowers the system’s potential energy ~Eg is nega-
tive!. Strain energies resulting from the different stresses that
develop in the flat substrate and sphere oxidation are small
and do not show significant effect on Eg . As concluded by
Liu et al.,5 the energetic balance of oxidation is not appre-
ciably shifted by the stress in our modeling.

To assess kinetic limitations, we compute local stresses
in the sphere. We first need to define volumes for the stress
calculation. We divide the sphere into 3Å thick shells ~the
center volume is just a sphere of 3Å radius!. With this pro-
cedure, volumes are not constant and, e.g., the computed
stress in the central sphere is subject to larger fluctuations
than in the outside shells. The stress is computed in Cartesian
coordinates ~x,y,z! and transformed into spherical coordinates
(r ,u ,w).

The pressure evolution at different locations in the sys-
tem ~silicon, oxide interface and surface! is presented in Fig.
6 where the curve labeled ‘‘silicon core’’ corresponds to the
pressure from one of the silicon shells near the interface. The
‘‘interface’’ curve corresponds to the oxide shell near the
Si/SiO2 interface. The surface pressure is extracted from the

last shell that contains atoms. But because the surface moves
during oxidation, the last shell may be poorly filled so we
sometimes use the next to last shell. The local pressure cal-
culations are also displayed ~Fig. 7! at different stages of the
oxidation.

The oxide evolution was divided into four stages in
Fig. 6.

In stage I, until a few 100 oxygen atoms have been in-
serted, we find slight compressive pressure in the silicon core
and tensile pressure in the partially oxidized layer.

Stage II extends to about 2000 oxygen atoms being in-
serted. A continuous SiO2 shell forms @Figs. 7~a! and ~b!#.
Clear compressive pressure takes place at the interface in the
oxide and the silicon core becomes tensile. Figure 7~b! indi-
cates there is homogeneous pressure in the silicon core.

When the oxide gets thicker ~stage III!, the pressure at
the surface and at the interface of the oxide follow distinct
evolutions. The pressure at the interface is compressive and
almost constant until ;5500 oxygen atoms are inserted. The
surface pressure, on the other hand, evolves from compres-
sive to tensile as the oxide thickens @Fig. 7~c!#.

Finally, for an oxide thickness of 15–20 Å ~stage IV!, a
dramatic change comes from the silicon core that goes from
a tensile to compressive state @Fig. 7~d!#.

Some oscillations are observed in the interface and sur-
face plots in Fig. 6. These are the result of interface and
surface motion. The interface shell can include some silicon
and the surface shell can include some empty space. Both
reduce the pressure computed in the shell volume.

Considering the bare silicon sphere, this small particle is
under compression because of surface curvature ~surface ten-
sion!. This state remains during stage I, until a few 100 O
atoms have been inserted. When the oxide layer becomes
continuous ~stage II!, the volume expansion resulting from
oxidation of the silicon is restrained by the silicon substrate.
This is similar to the compressive stress resulting from epi-
taxial growth of a film with a lattice parameter larger than
the substrate. The counterpart of the oxide compression is the
tension obtained in the silicon core. The oxide shell that aims

FIG. 5. Average potential energy gain per oxygen atom inserted. Eg is
plotted for the first 5000 oxygen insertions in planar oxidation and sphere
oxidation.

FIG. 6. Pressure calculated in the silicon core, at the oxide interface and at
the oxide surface as a function of the number of oxygen atoms inserted. The
oxidation sequence is divided into four stages, I–IV.
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at expending, stretches the silicon core. As the oxide grows
at the interface, it pushes out the old oxide, the external
radius increases and the external shell is stretched ~stage III!.
Finally, the oxide layer gets stiff and no longer accommo-
dates volume expansion at the interface. The insertion of new
oxygen pushes both sides of the interface. It produces an
increase of interface pressure and changes the pressure in the
silicon core from tensile to compressive.

As soon as a continuous oxide layer is formed, the stress
tensor obtained in our simulations in the silicon is

S
s 0 0

0 s 0

0 0 s
D , ~8!

with s5srr5suu5sww , and in the oxide, the typical tensor
is

S
sn 0 0

0 s t 0

0 0 s t

D , ~9!

with sn5srr and s t5suu5sww .
Figure 8 shows the variation of the stress components

srr , suu and sww with the shell location at radius r. The
stress components correspond to the morphology presented
in Fig. 7~c! after 5000 oxygen insertions. Figure 8 shows the
uniform isostatic pressure and the isotropic stress in the sili-
con ~within the large fluctuations of the first data point!.
While srr varies from tension to compression through the
interface, the suu and sww plots indicate some discontinuity
at the interface and a variation that is almost linear from
compression at the interface to tension at the surface ~the last
data point corresponds again to a poorly filled volume!. The

FIG. 7. ~a! 6 Å thick sections from three-dimensional simulations of the oxidation of an initial 50 Å diam silicon sphere. Shown is the morphology after ~a!
1000, ~b! 2000, ~c! 5000 and ~d! 5800 oxygen atoms are inserted. The gray scale represents the pressure in the shells. The different structure between silicon
~crystalline! and SiO2 ~disordered! and their different pressure state show the location of the Si/SiO2 interface.
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pressure shows similar behavior, i.e., a pressure gradient
from compressive to tensile at the surface of the oxide shell.

Using classical continuum analysis of self-limiting oxi-
dation it is concluded that the oxidation is slowed down by
compressive stress in the silicon core.1,11,12 We do observe
compressive isotropic stress, but only beyond a given oxide
thickness ~15–20 Å in our modeling!. For thin oxides, the
computed stress is isotropic and tensile and should increase
the growth rate according to phenomenological Eq. ~2!,
which is at variance with the above mentioned argument.

Structural observations were carried out on oxidized
spheres with silicon core diameters ranging from about 20 to
300 Å.3 High resolution electron microscopy images were
employed to measure the spacing of $111% plane fringes.
Hofmeister and co-workers3 observed either tensile or com-
pressive stress in the silicon at self-limitation, depending on
the silicon core diameter. These observations support our

modeling with regard to isostatic tensile pressure being built
up during oxidation and is not explained by classical argu-
ments.

It was proposed by Liu et al.5 that oxidant diffusion may
play an important role in the limiting process. Transmission
electron microscope micrographs were used to measure the
self-limiting core diameter of silicon nanowires. The depen-
dence of the limiting core diameter with oxide thickness fa-
vored the hypothesis of oxidant diffusion as a limiting
mechanism. Delph8 developed a continuum elastoviscoplas-
tic model for cylinder oxidation that indicated the existence
of a boundary layer near the Si/SiO2 interface. This layer
experiences large variations of suu and therefore of p. Our
simulations do indeed indicate a pressure gradient in the ox-
ide shell. It seems reasonable to believe that such stresses
may affect oxidant transport.

V. OXIDANT TRANSPORT MODEL: APPLICATION
TO DRY OXIDATION

Here we deal with a phenomenological description based
on Nerst–Eintein’s equation of transport through the oxide
layer. Dry oxidation models usually consider that O2 is the
diffusing oxidant species but other mechanisms have been
proposed ~see, e.g., Ref. 29!. Recently, Roma et al.30 have
shown that the oxygen diffusion in a-quartz at oxygen partial
pressure larger than ;1024 bar ~at 1000 K! was dominated
by O2 interstitial diffusion mechanisms. This result should be
dependent on the SiO2 structure, but the O2 partial pressure
is far beyond this limit under most oxidation processing con-
ditions. We will consider O2 diffusion mechanisms in the
following.

Compressive pressure reduces the solubility of the O2
molecule in SiO2 as it raises the potential energy of the mol-
ecule in its interstitial site, whereas tensile pressure increases
its solubility for the opposite reason. A schematic of the po-
tential energy map of an oxygen molecule submitted to a
pressure gradient along the radial direction ~spherical coor-
dinates! is presented in Fig. 9. The pressure gradient intro-
duces bias into the diffusion process by lowering the barrier
(E02DU) toward the surface of the sphere by DU and in-
creasing the barrier (E01DU) toward the center of the
sphere by the same amount, resulting in w1

.w2.

FIG. 8. Pressure ~p! and normal (srr) and tangential ~suu and sww! stress
components as a function of the radial coordinate after 5000 oxygen atoms
are inserted. The horizontal dashed line indicates zero stress while the ver-
tical dashed line identifies Si/SiO2 interface.

FIG. 9. Potential energy map of an O2 molecule in SiO2 , where d is the
jump distance in the r direction, E0 is the diffusion barrier without a stress
gradient, and w1 and w2 are the jump rates along the oriented r-axis.

FIG. 10. Sketch of the silicon sphere in the oxide shell.
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This scheme can be formulated with in the framework of
Nerst–Eintein theory that split transport in a diffusion term
of the oxygen molecules with a convection term including a
radial force induced by the pressure gradient. A convection
flux Jc5cv is added to Fick’s flux expression:

J52D¹c1cv52D¹c1c
D f r

kBT
er , ~10!

where J is the O2 flux, D is the diffusion coefficient, c the O2
concentration, v5ver the drift velocity and f rer a constant
force on the O2 molecules, directed in the radial er direction.

f r is defined by

f r52

]V

]r
52¹pvO2

, ~11!

V is the potential energy of the O2 molecule in the SiO2
including the pressure effect, ¹p ~scalar negative and con-
stant! is the pressure gradient in the radial direction and vO2

is the solubility volume of molecular O2 in the SiO2 net-
work. The vibrational entropy changes are assumed to be
negligible compared to the potential energy changes that re-
sult from the pressure gradient.

From Fig. 9, we assume that D is not affected by the
pressure gradient. This is a simplified situation to provide a
simple solution to the following transport equation. A more
realistic description would involve the pressure and therefore
spatial dependence of the diffusion coefficient. This is dis-
cussed further. Assuming that the O2 concentration is only r

dependent, the steady-state concentration c(r) can be ob-
tained by solving

]c

]t
52div J5DDc2v¹c5

]2c

]r2 1

]c

]r
S 2

r
2g D50, ~12!

where, from relations ~10! and ~11!,

g5

v

D
5

2¹pvO2

kBT
. ~13!

The solution is

c~r !5AS 2

exp~gr !

r
1gEi~gr ! D1B , ~14!

where Ei is the exponential integral function defined by
Ei(x)5*

2`
x @exp(t)/t#dt, x.0.

Coefficients A and B are determined from the boundary
conditions at r5a ~the Si/SiO2 interface in Fig. 10! and r

5b ~the SiO2 surface in Fig. 10! by applying the usual flux
conditions,9 i.e., the O2 flux in the oxide at the Si/SiO2 in-
terface @Eq. ~10!# balances the O2 that is consumed to form
SiO2 , K being the surface reaction rate constant:

J~a !52Kc~a !. ~15!

The O2 flux at the SiO2 surface is equal to the flux entering
the oxide from the ambient:

J~b !52h@c*2c~b !# . ~16!

h is the surface mass transfer constant of the oxidant and c*
is the oxidant solubility at the surface and we account for its
pressure dependence @Eq. ~3!#.

We obtain

A52

h

D

g2

h

D

c*F gEi~gb !2gEi~ga !

1

exp~ga !

a S 1

aS g1

K

D
D

11D
2

exp~gb !

b S 1

bS g2

h

D
D

11D G
21

, ~17!

and

B5AF2gEi~ga !1

exp~ga !

a S 1

aS g1

K

D
D

11D G .

~18!

It is usual to consider that h@K , D/b and v ~for the
parameters and the pressure range of interest!. We obtain, by
combining Eqs. ~14!, ~15!, ~17! and ~18!, the flux at the
Si/SiO2 interface:

J~a !52K
exp~ga !

a2S g1

K

D
D

c*F gEi~gb !2gEi~ga !

1

exp~ga !

a S 1

aS g1

K

D
D

11D 2

exp~gb !

b G
21

.

~19!

FIG. 11. Contour plot of the sphere to planar oxidation flux ratio J/Jpl. The
contour lines indicate variations of this ratio by an order of magnitude. The
gray scale corresponds to J/Jpl values ~within the same order of magnitude!.
The lightest gray corresponds to J/Jpl

.1 while the darkest corresponds to
J/Jpl

,10210.
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By considering planar oxidation, the flux at the Si/SiO2
interface of an oxide of identical thickness Dz5b2a ~z
5a corresponds to the Si/SiO2 interface and z5b corre-
sponds to the SiO2 surface! is given by9

Jpl~a !52

c*pl

1

Kpl 1
b2a

Dpl

. ~20!

The superscript pl stands for planar oxidation.
The self-limiting oxidation of spheres or cylinders is

related to an oxide growth rate which is significantly
reduced with respect to planar oxidation. We study the ratio
between planar and sphere ~with a pressure gradient!
fluxes at the Si/SiO2 interface J(a)/Jpl(a)
5F(a ,b ,c*/c*pl,¹p ,vO2

,T ,K ,D ,Kpl,Dpl).
For the sake of tractability, we introduce further simpli-

fications. We choose D5Dpl, neglecting again any stress de-
pendence. Next, our goal is to estimate the effect of the pres-
sure gradient on the oxidation kinetics. We neglect variations
in the reaction rate constant, thus K5Kpl. We make use of
the values of the kinetic parameters given by Liu et al.,5 that
are at T51200 K: D;8.33106 Å2/s and K;1.7
3104 Å/s. The solubility volume vO2

is an important pa-
rameter that appears in the expressions of g @Eq. ~13!# and of
the solubility under pressure c* @Eq. ~3!#. We could not find
any experimental or simulation data concerning vO2

, but it
may be estimated to ;20 Å3 from the O2 volume obtained
by molecular theories.7 c*/c*pl

5exp$2@p(b)
2ppl(b)#vO2

/kBT% depends on the pressure at the SiO2 sur-
face which varies during oxidation. We know that the pres-
sure obtained by molecular dynamics is overestimated. We
can assume reasonable values ~one order of magnitude
lower! near the self-limiting regime and estimate c*/c*pl

;6 with ppl(b);0.5 and p(b);21 GPa.
In MD, the initial radius of the silicon core was 25 Å and

it was larger at the end of oxidation because of volume ex-
pansion (vSiO2

.vSi). In the analytical model this radius cor-
responds to b and varies during oxidation. We neglect this
expansion and we set b525 Å in order to reduce the number
of parameters. One might have considered the opposite point
of view, i.e., a constant a and a variable b with similar dis-
cussions.

It is now convenient to plot J(a)/Jpl(a) as a function of
the remaining parameters a and ¹p in Fig. 11. The dark area
corresponds to J!Jpl by orders of magnitude. It corresponds
to self-limitation, i.e., the oxide growth rate is more than 1010

slower than for planar oxidation. The extent of the dark area
increases when a is smaller @it corresponds to a thicker (b

2a) oxide# and/or when (2Dp) is larger ~large f r!, which is
intuitively appealing. The light gray area gives a range of
parameters where sphere oxidation proceeds faster than pla-
nar oxidation. Singular behavior is observed at small a where
the pressure gradient necessary to slow down the oxidation
increases. In the absence of stress the larger the curvature,
the faster the oxidation because of greater exposure to the
ambient.1 At small a, this effect acts against the pressure
gradient.

A sharp transition between the two regimes ~J.Jpl and
J!Jpl! appears for a wide range of a between (2Dp)
5108 and 109 Pa/Å. Self-limiting behavior should already
be observable when the flux is at least 10 times slower than
planar oxidation ~contour line 1021!. The pressure range is
very sensitive to our choice of parameters, e.g., an increase
of vO2

by a factor of 2 would divide the limiting pressure
gradients by the same factor. Note that these limiting pres-
sure gradients are overestimated: the stress dependence of
the diffusion coefficient that have been neglected in this
work should further reduce the oxygen flux in the compres-
sive regions @Eq. ~2!# of the oxide near the Si/SiO2 interface.
In addition, 109 Pa/Å corresponds to the pressure gradients
obtained in the MD simulations. We know that they may be
overestimated, but experimentally, large strains ~compressive
and tensile .1%! are observed in the silicon core of
nanospheres.3 Such strain induces GPa pressures in the sili-
con. We would therefore expect comparable pressures in the
oxide over thicknesses on the order a few 10 Å. This would
correspond to pressure gradients (2Dp;108 Pa/Å) compa-
rable to the limiting pressure gradients in our model.

VI. SUMMARY AND CONCLUSIONS

Molecular dynamics simulations were performed to as-
sess the oxidation energetics and kinetics of silicon nano-
spheres. The formation of silicon oxide from the silicon lat-
tice was achieved by inserting atomic oxygen into the Si–Si
bonds in an atom-by-atom way ~thus, it does not assess the
specific mechanisms and defects of the oxidation by particu-
lar species: O2 , H2O or O!.

We applied our model to field planar oxidation to test its
capabilities. We found that the model provides qualitative
agreement even if it overestimates the pressure in the oxide
layer.

We then applied the simulation technique to the oxida-
tion of 50 Å diam silicon nanospheres. We verified that stress
built into the system cannot cause the oxidation reaction to
stop for energetic considerations. We explored possible ki-
netic limitations by studying local stress in the system. We
found the following.

For thin oxides, our model predicts tensile pressure in
the silicon core and a pressure gradient in the SiO2 from
compressive at the interface to tensile at the surface. This is
in contrast to continuum models. The tensile pressure in the
silicon core was also reported in independent experiments.

For thicker oxides, we found compressive pressure in the
silicon core just like that in continuum models but a large
pressure gradient in the oxide.

Self-limitation is usually explained by a reduced oxida-
tion reaction rate that results from isotropic compressive
stress in the silicon core. However, self-limitation was also
observed when the silicon core was under small compression
or even under tension, thereby opening discussions of other
hypotheses.

We studied the effect of the pressure gradient on O2
transport during dry oxidation within the framework of
Nerst–Einstein’s transport theory. We found that self-
limitation in the sense of a sharp drop in the oxidation rate is

1093J. Appl. Phys., Vol. 92, No. 2, 15 July 2002 Dalla Torre et al.

Downloaded 02 Jul 2002 to 132.166.68.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



expected for pressure gradient values that are compatible
with our simulations and with values estimated from experi-
mental studies of atomic spacing in oxidized silicon nano-
spheres.
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