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Abstract
We address the rate of O2 diffusion through the oxide layer at Si–SiO2 interfaces
using an atomic-scale approach. In particular, we investigate the combined
effect of a percolative diffusion mechanism and of a dense oxide layer located
close to the silicon substrate. We first extend our atomic-scale description of
O2 diffusion in amorphous SiO2 to the case of a densified oxide. This yields an
activation energy which compares well with the experimental result. Next, we
investigate the dependence of the O2 diffusion rate on oxide thickness at Si–SiO2

interfaces using Monte Carlo simulations. We consider both homogeneous and
nonhomogeneous oxide layers. The nonhomogeneous oxide is composed of
two layers, a normal and a densified one. The thickness and the mass density of
the densified layer are taken from experiment. In the case of a normal oxide, we
find that the O2 diffusion rate increases with decreasing thickness, as a result
of the percolative nature of the diffusion mechanism. When a densified layer
is inserted, the diffusion coefficient drops below its value for bulk amorphous
SiO2, for oxide thicknesses larger than 2 nm. This result is consistent with the
experimental behaviour of the oxidation kinetics.

1. Introduction

The gate dielectric in Si-based electronic devices is mostly composed of thermally grown
silicon oxide layers [1]. An understanding of the oxidation mechanism leading to the formation
of the oxide structure is critical for further progress in device performance. Since the seminal
work of Deal and Grove [2], the most generally adopted model for silicon oxidation assumes
that an oxygen species first enters the SiO2 layer, then diffuses through the disordered oxide
towards the Si–SiO2 interface, and finally reacts at the Si substrate, where the new oxide grows.
For thick oxides (>20 nm), the oxidation kinetics is dominated by the oxygen diffusion process
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and is accurately accounted for by the Deal–Grove model [2]. However, in the thin-oxide-
film regime, the Deal–Grove model fails to properly describe the growth kinetics [3, 4]. In
fact, in this regime, the oxidation rates appear anomalously accelerated when compared to the
prediction of the Deal–Grove model [3, 4]. Many interpretations have been put forward to
describe this behaviour [3–5]. The best accredited among them assumes that the diffusion rate
of the oxidizing species shows a spatial dependence across the oxide layer [3, 4]. As a matter
of fact, this assumption is currently adopted in modern models which successfully account for
the silicon oxidation kinetics in both the thin- and the thick-oxide regimes [6–8]. However, an
atomic-scale description of the diffusion rate corroborating this behaviour is still lacking.

Very recently, we provided an atomic-scale description of the O2 diffusion process in
amorphous SiO2 [9]. We used three different methodologies in sequence: first-principles
calculations, classical molecular dynamics, and Monte Carlo simulations. First-principles
calculations were used to provide an accurate description of the energetics of oxygen species
embedded in a disordered SiO2 network. This investigation confirmed that the interstitial O2

molecule is the most stable oxygen species in amorphous SiO2. We then derived classical
interatomic potentials which accurately reproduced the interactions found by first-principles
calculations between the O2 molecule and the SiO2 network. Using this classical scheme, we
derived a complete picture of the potential energy landscape for O2 diffusion in amorphous
SiO2. In particular, we found the location of energy minima and saddle points, as well as
the distributions of their energies. These results confirmed the picture that the interstitial
O2 molecule is the migrating species in amorphous SiO2 [10, 11]. Finally, the energetical
and topological properties of the interstitial network for O2 diffusion in amorphous SiO2

were mapped onto lattice models and studied by means of Monte Carlo simulations. These
simulations highlighted the percolative nature of the diffusion mechanism and yielded an
effective activation energy in good agreement with experimental values [9].

In the thin-oxide regime, the diffusion rate in amorphous SiO2 is expected to increase
significantly because of the percolative nature of the diffusion mechanism [6, 7]. In fact, on
a short-range scale, amorphous SiO2 is not homogeneous and the diffusion rate increases due
to the occurrence of small-barrier paths. In the following, we will specifically focus on this
particular percolation effect. This effect should be contrasted with the presence of an oxide
layer with a higher density in the neighbourhood of a silicon substrate, as revealed by x-ray
reflectivity experiments [12, 13]. Indeed, this layer is expected to reduce the diffusivity [14].
The combined result of these two effects on the global diffusion rate has not so far been
investigated within a realistic atomic-scale description. In particular, it is not clear whether
the combined result would support the assumptions underlying current interpretations for the
accelerated growth regime [8].

We are interested in understanding the behaviour of the O2 diffusion coefficient in thin
oxide films at Si–SiO2 interfaces, as a function of oxide thickness. In order to address the
thin-oxide regime, we will adopt an atomic-scale description along the lines developed in [9].
In this study, we assume that the migrating species which dominates the diffusion process is
the interstitial O2 molecule, although other mechanisms might be operative in the thin-oxide
regime [15, 16]. In particular, we are interested in studying the interplay of two effects: the
size effect resulting from the percolative nature of the diffusion paths and the occurrence of a
dense SiO2 layer at the interface.

Our paper is organized as follows. In section 2, we give a brief outline of the methodology
used in this work. In section 3, we focus on the bulk structure of densified SiO2 and obtain
the corresponding potential energy landscape for O2 diffusion. In section 4, we address the
diffusion through thin oxide films at the Si–SiO2 interface. Lattice models for oxide layers of
various thicknesses and compositions are studied by means of Monte Carlo simulations.
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2. Methods

The approach followed in the present work closely resembles the one in [9]. We here give
a brief outline of the adopted methodologies. We first use a classical molecular dynamics
scheme [17], with interatomic potentials for O–O, Si–O, and Si–Si pairs taken from [18], to
generate a large set of model structures for densified SiO2.

The interaction between the interstitial O2 molecule and the SiO2 network is also described
by classical interatomic potentials. These potentials were derived in [9] from first principles.
The latter classical potentials reproduce the first-principles interaction energies within an error
of at most 0.2 eV [9].

Local minima for interstitial O2 molecules were found by using a damped molecular
dynamics scheme in which the intra-SiO2 and O2–SiO2 interactions were combined. The
initial positions of the O2 were taken at random. For each model structure, this procedure was
repeated until convergence was reached for the number of local minima.

We determined transition states between nearest-neighbour local minima by using a
constrained molecular dynamics technique. For a pair of local minima A and B, the centre
of mass of the O2 molecule was continuously dragged from A to B across the SiO2 network.
At every step, the distance to B was successively reduced and kept fixed while the atomic
positions of the entire system were allowed to relax fully. We used a step of 5 × 10−3 Å.
The process associated with a given pair of minima was interrupted when the O2 molecule
encountered another local minimum during the evolution. The dragging approach used here
was found to give the same results as the activation–relaxation technique (ART) [9, 19].

The classical scheme hence serves the following purposes:

(i) to construct model structures of densified amorphous SiO2,

(ii) to determine the corresponding equilibrium sites for O2,

(iii) to extract energy distributions of local minima and barriers for hopping between nearest-
neighbour minima, and

(iv) to determine the connectivity of the interstitial network for oxygen diffusion on the basis
of the location of the transition states.

To follow the diffusion process on larger spatial and temporal scales, it was necessary to
resort to a simpler scheme. We therefore mapped the properties of the interstitial network
for diffusion onto a lattice model for investigation by Monte Carlo simulation [9]. We
adopted a normal lattice model whose sites and bonds were associated with local minima
and transition states, respectively. Bonds were inserted between local minima in a statistical
way, which preserved the local connectivity of the original atomic models. Diffusion events
between nearest-neighbouring equilibrium sites for O2 were described within the transition
state theory [20]. According to this theory, the transition rates are determined by the relative
energies of minima and saddle points [20]. We assumed unitary values for the attempt frequency
and for the distance covered for transitions between neighbouring minima. These assumptions
allowed us to obtain relative diffusion coefficients as a function of temperature or oxide
thickness. Absolute diffusion coefficients depend on the choice for the attempt frequency
and have not been extracted in this work.

We note that energy values corresponding to zero temperature were used in this paper
as the diffusion mechanism for O2 is dominated by energetic effects. For typical oxidation
temperatures, entropic effects are estimated to be around 0.1 eV, which should be compared
with the activation energy of about 1 eV.
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Table 1. Comparison between the average structural parameters for amorphous SiO2 (a-SiO2) and
densified amorphous SiO2 (d-SiO2), as obtained by means of classical molecular dynamics. The
standard deviations are given after the ± sign.

a-SiO2 d-SiO2

ρ (g cm−3) 2.2 2.4
Si–Si (Å) 3.12 ± 0.08 3.08 ± 0.12
Si–O (Å) 1.61 ± 0.02 1.61 ± 0.02
O–O (Å) 2.63 ± 0.09 2.63 ± 0.09
Si–O–Si (deg) 152 ± 12 149 ± 13
O–Si–O (deg) 109.4 ± 5.8 109.4 ± 5.8

3. O2 diffusion in densified amorphous SiO2

3.1. Model structures

We describe densified amorphous SiO2 by a set of atomistic model structures, generated
by classical molecular dynamics [17, 18]. We used periodically repeated cubic cells of
fixed volume, corresponding to a density of 2.4 g cm−3, as estimated from x-ray reflectivity
measurements for the oxide in the vicinity of the Si–SiO2 interface [12, 13]. Starting from
random atomic positions, models of liquid SiO2 were equilibrated at 3500 K for more than
300 ps. Amorphous structures were then obtained by quenching from the melt with a cooling
rate of approximately 7 K ps−1 [17]. Full simulations lasted from 500 ps to 1 ns, depending on
the size of the model structure. We constructed 16 model structures with the number of atoms
in the periodic cell ranging between 72 and 90.

Each of the model structures consists of a random network of corner-sharing tetrahedral
SiO4 units, without any coordination defects. As compared with those of amorphous SiO2

at the experimental density, structural parameters are only slightly affected by the increased
density (table 1). The reduced volume per SiO2 unit appears to be accommodated by the
reduction of both the mean Si–O–Si bond angle and the Si–Si bond length. In addition, the
calculated structure factor compares well with experimental data and correctly shows a shift of
the first sharp diffraction peak towards a value of about 1.7 Å−1 [21]. This agreement indicates
that the intermediate-range order in our model structures is properly described, despite their
relatively small size.

3.2. Potential energy landscape

We first searched for equilibrium sites of interstitial O2 molecules in densified amorphous
SiO2. We found a concentration of local minima of 6.7 × 1021 cm−3 and an average distance
of about 5.3 Å between nearest-neighbour minima. These values differ only slightly from the
case of amorphous SiO2 at the normal density (5.4 × 1021 cm−3, 5.7 Å) [9]. On the other
hand, the energy distribution of local minima undergoes important changes. In particular, the
mean value of this distribution shifts to a higher energy by 0.6 eV with respect to the mean
value for amorphous SiO2 at the normal density (figure 1) [9]. This property is consistent
with the decrease of the average interstitial volume in densified amorphous SiO2. In fact, the
O2-network energy was found to increase with decreasing interstitial volumes [9].

We then located the saddle points of the potential energy landscape and their corresponding
energies. The transition states connect neighbouring minima by an asymmetric barrier. The
energy barrier distribution associated with the low-barrier side is well described by a decaying
exponential function with a decay constant of 1.72 eV. This should be compared with the
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Figure 1. Comparison between the energy distributions of local minima for interstitial O2 in
densified amorphous SiO2 (filled shaded histogram) and in amorphous SiO2 at the normal density
(open histogram).

corresponding value of 0.88 eV for amorphous SiO2 at the normal density [9]. These results
indicate that the potential energy landscape for O2 diffusion in densified amorphous SiO2 is
considerably shifted towards higher energies as compared to amorphous SiO2 at normal density.

As found from a statistical analysis of our atomistic model structures, the energy
distributions of local minima and low-barrier-side transitions are uncorrelated. In fact, using
the independence assumption, we were able to accurately reproduce the energy distributions
of high-barrier-side transitions and saddle points.

The location of the transition states defines an interstitial network for O2 diffusion. The
local minima form the nodes of this network. Our analysis shows that in densified amorphous
SiO2 the number of connections per node can vary between 1 and 10. The average number of
connections per node is found to be 4.1. The associated distribution can be well reproduced
by a binomial distribution, characterized by parameters n = 12 and p = 0.34. This fact
further supports the absence of correlations in the potential energy landscape for O2 diffusion
in densified amorphous SiO2.

3.3. O2 diffusion

To study the O2 diffusion in densified amorphous SiO2, we used a periodic fcc lattice model
with 50 × 50 × 50 independent sites. For a mean distance between local minima of 5.3 Å,
this corresponds to a cubic volume of side ∼19 nm. Adopting the independence condition,
we mapped the nearest-neighbour connectivity and the energy distributions derived from the
atomistic structural models onto the lattice model. Monte Carlo simulations for 2000 diffusing
particles were performed at temperatures ranging between 1000 and 1500 K [23], which are
used in the technological process of oxidation. The minima and saddle points visited during
the diffusion fell below the energies of competitive oxygen species [9], thereby indicating that
the interstitial O2 molecule also remains the favoured transported oxygen species in amorphous
SiO2 with a density of 2.4 g cm−3. The calculated diffusion coefficients could be interpolated
by means of an Arrhenius law. We found an effective activation energy of 2.0 eV, consistent
with the experimental estimate of 2.0–2.4 eV for O2 diffusion in an amorphous SiO2 sample
with a density of about 2.5 g cm−3 [14].

4. O2 diffusion through the oxide layer at the Si–SiO2 interface

4.1. Homogeneous oxide layer

To model the O2 diffusion through oxide layers of different thicknesses, we performed Monte
Carlo simulations on periodic lattice models with variable size in the direction z. In particular,
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Figure 2. Calculated diffusion coefficients for homogeneous (open symbols) and nonhomogeneous
(closed symbols) oxide layers of varying thickness at Si–SiO2 interfaces. The upper (lower) panel
shows the diffusion coefficient in a direction perpendicular (parallel) to the plane of the interface.
The dotted line corresponds to the limit of bulk amorphous SiO2 at normal density.

we considered fcc lattice models of 50 × 50 × N sites, where N was varied from 2 to 20,
corresponding to oxide thicknesses between 1 and 10 nm. The reduced periodicity in the
z-direction effectively models the diffusion in a thin oxide layer, as occurs at the Si–SiO2

interface. In the other directions (x and y), the system is sufficiently large to recover the bulk
limit. The diffusion coefficient was calculated at 1300 K, a temperature typically adopted for
the thermal oxidation of silicon.

At first, we considered the case of homogeneous oxide layers. We assigned energies and
connections to the lattice model according to distributions extracted for amorphous SiO2 at
normal density [9]. In particular, the correct nearest-neighbour connectivity on the fcc lattice
could be obtained for a binomial function with p = 0.27. The results of the Monte Carlo
simulations show that the rate for diffusion along z increases with decreasing oxide thickness
(figure 2). This behaviour can be understood in terms of the percolative nature of the diffusion
process. In fact, when the layer thickness drops, the number of low-barrier paths increases,
resulting in an increase of the diffusion coefficient. For thick layers, the bulk value is recovered.
We note that an increase of the diffusion coefficient for thin oxide layers cannot explain the
anomalous deviations from the Deal–Grove model in the initial stages of oxidation [4, 8].

It is interesting to note that the behaviour of the diffusion coefficient in the xy-plane is very
different, showing a decrease with decreasing oxide thickness. This behaviour corresponds to
the gradual change of the diffusion coefficient when going from three to two dimensions. For
example, the critical concentration of bonds for percolation increases from 0.24 to 0.50 when
going from a three-dimensional cubic lattice to a two-dimensional square one [22].

4.2. Nonhomogeneous oxide layer

X-ray reflectivity experiments indicate the occurrence of a 10 Å thick oxide layer of higher
density (2.4 g cm−3) in the proximity of the Si–SiO2 interface [12, 13]. We model the presence
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of this dense layer by including in our lattice models two planes, on which we mapped the
connectivity and energetic properties corresponding to amorphous SiO2 with a density of
2.4 g cm−3 (section 3). For the remaining N −2 planes, we used the properties appropriate for
amorphous SiO2 at normal density [9]. The two layers are separated by two planes of interlayer
connections. For one plane of such connections, we used the properties of amorphous SiO2

and for the other those of densified SiO2.
The diffusion coefficient for such oxide layers is given as a function of oxide thickness in

figure 2. As expected, the diffusion coefficient is now lower than for homogeneous oxide layers.
More interestingly, the diffusion coefficient falls below the bulk limit for oxide thicknesses
larger than about 2 nm. This result indicates that the presence of a densified oxide can indeed
account for a lower diffusion coefficient during oxidation. The diffusion coefficient is found
to vary as a function of oxide thickness, approaching from below the bulk limit corresponding
to amorphous SiO2 at normal density. As long as the diffusion coefficient significantly differs
from the bulk limit, deviations with respect to the Deal–Grove oxidation kinetics can be
expected. This behaviour of the diffusion coefficient as a function of oxide thickness is in
qualitative agreement with experimental data for the oxidation kinetics [5].

For oxide thicknesses below 2 nm, size effects due to percolation still dominate the
diffusion coefficient in our model oxide layers. However, in these early stages of oxidation,
other atomic-scale processes occur and might invalidate the underlying assumptions of our
approach. Such processes include diffusion of peroxy linkages and charged species together
with exchange processes between gas-phase and network oxygen atoms [15, 16].

For diffusion parallel to the plane of the interface, we found the same qualitative behaviour
as for the homogeneous oxide. The presence of the dense oxide layer enhances the drop of the
diffusion coefficient as the thickness decreases.

5. Conclusions

In the present paper, we present an atomic-scale investigation of the diffusion coefficient as a
function of oxide thickness at Si–SiO2 interfaces. For homogeneous oxide layers,we first found
that the diffusion coefficient increases with decreasing oxide thickness, because of percolation
effects. This behaviour appears to be inconsistent with experimental data for the oxidation
kinetics [5] which instead indicates a decrease of the diffusion rate for oxide thicknesses below
20 nm.

We then modelled the structural properties of the oxide layer accounting for a thin densified
oxide layer in the vicinity of the silicon substrate. The thickness and the density of this layer
were taken from x-ray reflectivity measurements [12, 13]. The presence of such a layer
strongly affects the diffusion coefficient, which is found to drop below the bulk SiO2 value
for thicknesses larger than 2 nm. This behaviour is consistent with experimental data for the
oxidation kinetics [5].
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