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First-Principles Molecular-Dynamics Study of Native Oxide Growth on Si(001)
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Through first-principles molecular dynamics we study the low-temperature oxidation of the Si(001)
surface from the initial adsorption of an O2 molecule to the formation of a native oxide layer. Peculiar
features of the oxidation process are the early, spontaneous formation of Si4� species, and the enhanced
reactivity of the surface while the reactions proceed, until saturation is reached at a coverage of 1.5 ML.
The channels for barrierless oxidation are found to be widened in the presence of both boron and
phosphorous impurities.
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The chemical interactions between metals or semicon-
ductors and the external environment are governed by a
thin layer of oxide which spontaneously forms on their
surfaces in contact with the atmosphere. This ‘‘native
oxide’’ layer is responsible, for instance, for the biocom-
patibility and bioactivity of materials used in medical
implantations [1]. Since silicon is increasingly regarded
as a promising biomaterial [2], studying the formation of
its native oxide becomes fundamental to understand the
behavior of silicon devices under physiological conditions
[3]. In general, Si surfaces are particularly sensitive to
oxidation at room temperature, and to chemical attack by
dioxygen dissolved in water solutions [4]. Moreover, the
oxidation of silicon under wet conditions is related to the
poorly understood mechanism of subcritical crack propa-
gation in microelectromechanical devices [5]. Within this
context, we carry out a thorough study of the formation of
the native oxide layer on the Si(001) surface by performing
a series of spin-unrestricted first-principles molecular-
dynamics (FPMD) simulations within the density func-
tional theory (DFT) formalism [6], using the Car-
Parrinello (CP) method [7]. Our simulations (i) reveal a
mechanism for the spontaneous dissociation of O2 mole-
cules during the oxidation reactions; (ii) naturally explain
the formation of Si3� and Si4� species at oxygen coverages
below 1 ML; (iii) show an enhanced reactivity of the
surface while the oxidation takes place; and (iv) predict
that the presence of boron and phosphorous dopants wid-
ens the channels for a barrierless oxidation process.

Because of its importance for the fabrication of elec-
tronic microdevices, the thermal oxidation of silicon has
been widely investigated via a variety of experimental
techniques (see, e.g., Ref. [8] and references therein). In
contrast, investigations of the initial oxidation process at
room temperature or lower are relatively rare [9,10]. As far
as theoretical modeling is concerned, most existing studies
have focused on static total energy calculations of oxide
structures imposed a priori [11,12], or of the energy profile
during the chemisorption of O2 molecules along selected
adsorption pathways [13,14]. Car-Parrinello molecular-
dynamics simulations have been performed to study the
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interface between bulk silicon and its thermally grown
oxide, as well as the reaction of oxygen molecules at the
Si=SiO2 interface [15,16]. The thermal growth of an oxide
film on the Si(001) surface has been simulated via
molecular-dynamics techniques either using large systems
and classical potentials [17] or using an approximate DFT
formalism and a simulation cell containing a single surface
dimer [18]. The purpose of the present Letter is to study the
spontaneous oxidation reactions at increasing oxygen cov-
erage (i.e., using fairly large simulation cells) taking into
account all the electronic degrees of freedom and allowing
the spin of the system to evolve freely during the dynamics.

We start our study with a series of spin-unrestricted CP
simulations of the chemisorption of an O2 molecule on a
p�2� 2� reconstructed Si(001) surface [19]. In this struc-
ture, the undercoordinated Si atoms form rows of alternate
‘‘up-down’’ and ‘‘down-up’’ dimers, in which the ‘‘up’’
atom is higher above the surface than the ‘‘down’’ atom.
This asymmetry is due to transfer of electronic charge from
the down atom to the up atom (which gives the Si-Si bond
some ionic character) and is the origin of a much more
structured potential energy surface for O2 adsorption than,
for instance, on Al(111) [20]. Namely, when an O2 mole-
cule is placed at rest �3:2 �A above the surface, with the
O-O axis parallel to the surface and perpendicular to the
dimers direction [Fig. 1(a)], the molecule is initially re-
pelled by the nucleophilic top atom of the nearest dimer
[labeled T in Fig. 1(a)]. The molecule thus travels from its
initial position above a dimer row toward the valley be-
tween two dimer rows, remaining at about the same dis-
tance from the surface [Fig. 2(a)]. After about 400 fs a
spin-density cloud of opposite sign compared to the spin
density associated with the unpaired electrons of O2 local-
izes on the down atom of the dimer [labeled D in Fig. 1(a)],
while a spin-density cloud of the other sign localizes on the
top atom of a dimer nearby [Fig. 1(b)]. At this point the
molecule rapidly binds to the surface, and its spin is
quenched by electron donation from the surface to the ��

orbitals [Fig. 1(c)]. The molecule then spontaneously dis-
sociates according to the same ‘‘hot-atom’’ mechanism
that takes place during the chemisorption of O2 on
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FIG. 1 (color). (a)–(e) Snapshots from a FPMD simulation of
the dissociative chemisorption of O2 (red atoms) on Si(001)
(gray atoms). The spin density of the system at the values of
0.002 and �0:002 a:u: is depicted by the orange and blue
isosurfaces, respectively. The atom labels in (a) are explained
in the text. (f),(g) Final snapshots of two further simulations of
the dissociative chemisorption process starting from different
initial positions of the O2 molecule. (h) Final snapshot of a
simulation of the chemisorption of a second O2 molecule on the
surface shown in (e).
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Al(111) [20], TiN(001) [1], and other metal surfaces [21].
After the dissociation, which induces a sudden increase in
the local temperature up to�550 K, spin-density clouds of
different signs temporarily localize on the undercoordi-
nated surface atoms [Fig. 1(d)], indicating a temporary
increase of the surface reactivity while the chemisorption
reaction proceeds. Eventually, the two O atoms remain
trapped in a dimer site and in a backbone site, respectively,
bound to the atom on which the molecule initially adsorbed
[Fig. 1(e)]. We performed two further simulations of the
same reaction, starting with O2 over different sites and with
different orientations with respect to the surface. Although
the molecule is initially at rest in both cases, the simula-
tions reveal a barrierless chemisorption pathway. In the
second simulation O2 again spontaneously dissociates
[Fig. 1(f)]. Notably however, in the third simulation the
molecule remains chemisorbed at a backbone site and does
not dissociate within 1.6 ps [Fig. 1(g)]. Starting from this
point we gradually increase the simulation temperature,
until, after about 0.5 ps, the adsorbed molecule dissociates
when the temperature reaches �500 K. We therefore ex-
FIG. 2 (color). (a) Evolution of the distance between an O2

molecule and the Si(001) surface during FPMD simulations of
the chemisorption reaction in the absence of dopants (continuous
line), in the presence of a subsurface phosphorous atom (dotted
line), and in the presence of a subsurface boron atom (dashed
line). (b) Charge-density difference between the surface with a P
impurity in a subsurface site and the bare Si surface. Blue and or-
ange isosurfaces represent positive and negative regions, respec-
tively. (c),(d),(e) Mulliken charges of surface dimers of the bare
surface, and in the presence of P and B subsurface impurities.
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pect metastable adsorbed molecular precursors to be de-
tectable on the surface only at very low temperatures, since
phonons promote their dissociation, as in the case of
Pt(111) [21].

In contrast to the case of aluminum surfaces [20] but in
agreement with previous findings [13], the barrierless oxy-
gen chemisorption channels are quite narrow and the
molecule undergoes considerable steering when navigating
them. This is a consequence of the ionic character of the
surface dimers which causes charge transfer from the
surface to the O2 molecule and orbital hybridization to
compete with the electrostatic repulsion between the half-
filled �� orbitals of dioxygen and nucleophilic surface
sites. It can be seen that the O2 molecules readily bind to
electron-deficient surface sites, such as the down atoms of
the surface dimers. However, as revealed by the spin-
density image [Fig. 1(c)] and confirmed by charge-density
difference analysis, chemisorption still proceeds via elec-
tron donation from the surface into the antibonding ��

orbitals, which is made possible by the transfer of electrons
of the opposite spin with respect to the unpaired electrons
of O2 from electron-rich Si atoms to the atoms closest to
the molecule [see Fig. 1(b)].

The fact that two different processes, electron donation
and bonding to electron-deficient sites, play a role in the
dissociative chemisorption implies that impurities can
change the rate of chemisorption by affecting either of
these processes. When a phosphorous atom is placed in a
subsurface site next to the down atom of a surface dimer
[labeled P in Fig. 1(a)], the excess electron is strongly
localized on the P atom, and only partially spreads on to
the neighboring Si atoms [Fig. 2(b)]. Interestingly, there
are zones of electron depletion located on the four bonds
between the P atom and its next Si neighbors. Indeed, a
Mulliken population analysis (using s and p atomic orbi-
tals as the basis for the wave-function projection) reveals
that the P atom receives electronic charge from the sur-
rounding atoms [Fig. 2(d)]. In particular, the down atom of
the next surface dimer becomes more depleted of electrons
than it was in the absence of dopants. Therefore, while the
charge transfer from the surface into the antibonding orbi-
tals of an approaching O2 molecule is expected to be
enhanced by the presence of P, the electrostatic repulsion
will not be increased, in spite of the excess electron.
Indeed, when an O2 molecule is placed in exactly the
same position as in our first simulation [Fig. 1(a)], chemi-
sorption proceeds faster than in the absence of dopants
[Fig. 2(a)]. On the other hand, since the presence of
electron-deficient sites also seems to favor the chemisorp-
tion process, it should also be facilitated by p dopants, such
as boron atoms, which are known to preferentially segre-
gate to surface or subsurface sites [22]. When a Si atom in
the second surface layer [labeled B in Fig. 1(a)] is sub-
stituted with a B atom, after relaxation of the atomic
positions the top-down dimer bound to the B atom changes
configuration and becomes relatively flat. Analysis of the
Mulliken charges shows that now both atoms of the dimer
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are slightly positive, while electronic charge is donated
into the boron site [Fig. 2(e)]. When an O2 molecule is
placed in the same position as in our first simulation
[Fig. 1(a)] and the simulation in the presence of P, it is
immediately attracted toward the surface and binds to it in
less than 300 fs. Thus our simulations suggest that the
channels for barrierless oxygen chemisorption are notice-
ably widened in the presence of both n and p dopants.

Following the simulations of the adsorption of a single
O2 molecule [Fig. 1(e)], we study the effect of increased
oxygen coverage on further dioxygen chemisorption.
When a second O2 molecule is placed on top of a surface
dimer with its O-O axis aligned along the dimer direction,
it spontaneously adsorbs and dissociates [Fig. 1(h)]. A
third molecule is then placed near the Si2� atom generated
in the first simulation. As the molecule approaches this
atom, a spin-density cloud localizes on it [Fig. 3(a)], a first
Si-O bond is formed, the molecule quickly adsorbs and
then spontaneously dissociates upon filling of the �� anti-
bonding orbital [Fig. 3(b)]. As a result of this hot-atom
dissociation, the Si atom on which the molecule adsorbs is
pulled out of the surface, while an O atom is temporarily
pushed between the second and the third surface layers. A
few hundred femtoseconds later this O atom moves up
again and binds to the Si atom which has been pulled out
of the surface. As a result, this Si atom ends up coordinated
to four O atoms [Fig. 3(c)] and remains in this coordination
for the rest of the simulation. Subsequently, we place two
oxygen molecules about 2.7 Å above this surface and a new
simulation is started. In this simulation, both molecules
spontaneously adsorb and dissociate within 2 ps. Inter-
FIG. 3 (color). Same color code as in Fig. 1. (a)–(c) Snapshots
from a FPMD simulation of O2 chemisorption on the partially
oxidized Si(001) surface shown in Fig. 1(h). (d)–(e) Final snap-
shots of further simulations of O2 chemisorption at increasing
oxygen coverage. (f) Top view of the final oxide structure
showing sites where O2 molecules were not observed to adsorb
spontaneously. (g) LDOS around selected atoms indicated by
arrows of the corresponding color in (d),(e), and (f). The solid
and dashed lines correspond to the � and � spin manifolds.
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estingly, after full relaxation of the atomic positions and
minimization of the electronic structure, the system re-
mains in a spin-unpaired electronic configuration with
a large spin-density cloud localized on a threefold-
coordinated Si atom [Fig. 3(d)]. In the next simulation,
we place one O2 molecule 3.4 Å above this threefold-
coordinated Si atom, and a second O2 molecule above
another threefold-coordinated Si atom. While the first
molecule immediately adsorbs on the spin-unpaired Si
atom and dissociates, the second molecule does not absorb
on the surface within 2.2 ps, at which point the simulation
was stopped [Fig. 3(e)]. Notably, at the end of this simu-
lation, two adjacent Si atoms remain threefold coordinated
and separated by a distance of 3.0 Å [site A in Fig. 3(f)].
From this final configuration, we started a further dynami-
cal simulation with one O2 molecule initially 3.5 Å above
this site, and a second O2 molecule above a Si atom which
is only coordinated to two O atoms [site B in Fig. 3(f)].
However, in this simulation neither of the O2 molecules
was able to find a pathway for spontaneous chemisorption.
Indeed, analysis of the local density of states (LDOS)
reveals that the HOMO and LUMO peaks around the
twofold-coordinated Si atom are relatively distant from
the Fermi level, which is consistent with a reduced re-
activity at this site [Fig. 3(g), blue line]. For comparison,
the LDOS around a reactive site [indicated with a red arrow
in Fig. 3(d)] shows pronounced peaks just below and just
above the Fermi level [Fig. 3(g), red line], while the LDOS
around the atom coordinated by four oxygen atoms is very
flat up to 3 eV below and above the Fermi level [Fig. 3(g),
black line]. It appears that at oxygen coverages of about
1.5 ML there are either no channels, or very few very
narrow channels for spontaneous oxidation. Remarkably,
our simulations suggest that already at this low coverage
there are no reactive sites present at the outer surface. In
fact, reactive sites are situated at the interface between the
bulk silicon and oxide layer [site A in Fig. 3(f)], but these
will only become accessible to an incoming O2 molecule
after it overcomes the energy barrier associated with the
repulsion between the negatively charged O atoms of the
oxide and the O2 molecule. These results are consistent
with a medium-energy ion scattering study of the initial
oxidation of Si(001) at room temperature, where the oxy-
gen coverage has been found to saturate at 1:45� 0:05 ML
[9].

The variation of the work function of the surface at in-
creasing oxygen coverage is reported in Table I. Compar-
ing these values with experiments is not trivial, due to the
very limited size of our system. While experiments reveal a
modest, monotonic increase of the work function upon
oxidation [23], our calculations show quite an irregular
pattern. It should be noted, however, that the strong electro-
static dipole due to the uncoordinated O atom bound to the
Si4� that has been formed [see Fig. 3(c)] is definitely
responsible for the large �� computed at a coverage of
0.75 ML [24]. In a real system, local regions of high � are
probably compensated by other regions of low � (for
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TABLE I. Computed energy gain after O2 chemisorption (�E)
and variation of the work function (��) of the Si(001) surface at
increasing oxygen coverages.

Coverage (ML) 0.00 0.25 0.50 0.75 1.00 1.25 1.50

�E (eV) 5.65 6.37 6.93 8.87a 8.87a 9.09 
 
 


�� (meV) 0 �144 405 1480 
 
 
 94 116

aAverage value per molecule in a simulation where two mole-
cules react with the surface covered by 0.75 ML of oxygen.
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instance, we compute a negative �� at a coverage of
0.25 ML), so that, on average, only a slight increase due
to the formation of a thin oxide film is observed. Indeed,
the average of all our �� values is 325 meV, which is
consistent with the value of about 300 meV measured
experimentally at coverages between 0.5 and 1 ML [23].

In the final structure obtained after simulating the
chemisorption of a total of six O2 molecules onto the sili-
con surface, 12 O atoms are bound to 13 Si atoms, forming
1 Si4�, 1 Si3�, 6 Si2�, and 5 Si� suboxide species. Despite
the very limited size of the system and the very short simu-
lation time, this composition is roughly consistent with the
results of a synchrotron-radiation photoelectron spectros-
copy study of the native oxide layer, where an almost Si-O
stoichiometry and a distribution of species corresponding
to 10% Si4�, 14% Si3�, 25% Si2�, and 51% Si� were
found [9]. In particular, spectroscopic studies agree on the
fact that Si3� and Si4� species appear at submonolayer
coverages during the oxidation process at low temperatures
[9,10]. We indeed observe that the adsorption of two oxy-
gen molecules at the same site is sufficient to form an SiO4

motif [Fig. 3(c)]. Interestingly, the reactivity of the surface
appears to initially increase as the oxygen coverage in-
creases. Namely, the channels for barrierless chemisorp-
tion are widened in the presence of adsorbed oxygen due to
the formation of undercoordinated, electrophilic sites [see
Figs. 3(a) and 3(d)]. In addition, we find that the energy
gain from the reaction of O2 with the surface increases with
oxygen coverage (Table I), in part due to deep structural
rearrangements of the oxide film, which help release its
internal stress. Therefore, the initial oxidation process is
both barrierless and, in a sense, ‘‘autocatalytic,’’ and is
hence expected to proceed via the fast formation of a large
number of patchlike agglomerates of oxide species distrib-
uted randomly, as has been suggested on the basis of a
number of experimental investigations [9,10].
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