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ABSTRACT: Using reactive molecular dynamics simulations, we have investigated the
eﬀect of single-impact, low-energy (thermal-100 eV) bombardment of a Si(100){2 
1} surface by atomic and molecular oxygen. Penetration probability distributions, as
well as defect formation distributions, are presented as a function of the impact energy
for both species. It is found that at low impact energy, defects are created chemically due
to the chemisorption process in the top layers of the surface, while at high impact
energy, additional defects are created by a knock-on displacement of Si. These results
are of particular importance for understanding device performances of silica-based
microelectronic and photovoltaic devices.

’ INTRODUCTION
The growth of ultrathin (<2 nm) silica layers on Si-crystals
near room temperature is an important issue in the fabrication of
microelectronics and photovoltaic devices.1-6 In such thin ﬁlms,
a signiﬁcant portion of the ﬁlm is occupied by the transition layer
at the Si/SiO2 interface, degrading the dielectric properties, the
light absorption eﬃciency, and hence the performances of the
devices. Resolving this issue requires understanding of especially
the initial stage of the Si-oxidation process at the atomic level.
The formation of such a thin oxide ﬁlm at room temperature is
possible using a laser detonation hyperthermal (i.e., in the energy
range 1-15 eV) atomic beam source.7,8 Furthermore, the
reaction behavior of hyperthermal oxygen on silicon-based
materials is also of importance for spacecraft traveling through
the low-Earth orbital, in which the dominant component is
atomic oxygen.8,9 Hence, there is a considerable interest in the
study of the interaction of hyperthermal oxygen with Si at low
temperature (i.e., below and near room temperature).
The reaction behavior of oxygen during the initial oxidation
stage of Si(100) has been investigated both experimentally10-17
and theoretically.18,19 It is generally accepted that the adsorption
probability of thermal oxygen atoms at room temperature
is much higher than that of molecular oxygen.2,10-13,20,21
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Molecular adsorption has a rather low probability, on the order of
0.0002-0.2, which decreases with increasing incident energy in
the thermal energy regime due to the trapping ability of the
surface.14,15 At thermal energy, molecular oxygen frequently scatters,
while in the hyperthermal energy regime, dissociative scattering,
atom abstraction, and charge transfer are often observed.4,5,21
Although various theoretical and experimental studies are
devoted to investigate the initial oxidation process of Si, the
probabilities for penetration, desorption, and implantation during this stage have not yet been investigated in full detail.17,22
Mechanisms of adsorption and desorption have previously been
analyzed by ﬁrst-principles calculations.18,19,23 Due to computational limits, however, these calculations cannot probe, e.g.,
implantation probability distributions or defect formation at
higher impact energies. Therefore, in this paper, we apply reactive
molecular dynamics (MD) simulations to investigate the impact
behavior of both atomic and molecular oxygen as a function of
impact energy on a pristine Si(100){2  1} surface near room
temperature.
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’ COMPUTATIONAL DETAILS
1. Description of the Interatomic Potential. MD simulations are used to trace the impact behavior of oxygen on the silicon
surface. In a MD simulation, the path of the atoms is followed
through space and time by integrating the equations of motion.
Forces on the atoms are derived from a suitable interatomic
potential.
Here, we employ the Reax force ﬁeld (ReaxFF) potential.24
This potential uses the bond order/bond distance relationship
formally introduced by Abell.25 Bond orders, summed from σ, π,
and ππ contributions, are calculated instantaneously from
interatomic distances

BOij ¼ BOij σ þ BOij π þ BOij ππ
"
"
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rij
rij
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rij pbo6
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r0
where rij is the scalar distance between atoms i and j, r0 is the
equilibrium distance, and pbo1-pbo6 are ﬁtting parameters.
Overcoordination and undercoordination energy penalties are
then used to enforce the correct bond order. The total system
energy is the sum of several partial energy terms that include lone
pairs, undercoordination, overcoordination, valence and torsion
angles, conjugation, hydrogen bonding, as well as van der Waals
and Coulombic interactions. Because Coulombic and van der
Waals interactions are calculated between every pair of atoms, the
ReaxFF potential describes not only covalent bonds but also
ionic bonds and the whole range of intermediate interactions.
Charge distributions are calculated based on geometry and connectivity using the electronegativity equalization method (EEM).26
The force ﬁeld parameters were optimized to reproduce ab initio
data using a single-parameter search optimization technique as
described previously.27 A detailed description of the force ﬁeld
development for the Si/O system can be found in refs 28 and 29.
The Si/O force ﬁeld has previously been applied successfully for
the study of self-assembly of silica nanocages.30 Recently, a
version extended to include hydrogen was applied to the silicawater interface.31 Also, recently the applicability of ReaxFF to the
reactive interaction of oxygen with surfaces has been demonstrated for Pt(111) surfaces.32 Currently, the ReaxFF potential is
capable of describing nearly half of the periodic table of the
elements and their compounds, including hydrocarbons, silicon/
silicon oxide, metals, metal oxides, and metal hydrides, see, e.g.,
ref. 33 and references therein.
2. Description of the Simulations. Prior to oxygen impact,
the Si(100){2  1} surface was treated as follows: first, the
surface is equilibrated at 333 K using the Berendsen heat bath
(NVT dynamics). Then, the obtained structure is relaxed in the
microcanonical ensemble for 5 ps. The radial distribution function of the resulting structure shows peaks at 2.32, 3.77, and 4.46
Å, which is in good correspondence with the experimental values
of 2.35, 3.84, and 4.50 Å.34 A side view and top view of the
resulting structure are shown in Figure 1.
Oxygen impacts are performed using the following procedure:
the incident particle (oxygen atom or oxygen molecule) is
positioned at 5 Å above the highest Si-atom of the crystal, perpendicular to the surface, while its location in the surface plane is

Figure 1. Side view and top view of the Si(100){2  1} substrate.

Figure 2. Calculated normalized penetration probability distributions
of oxygen atoms, after the impact of atomic or molecular oxygen on
Si(100){2  1}.

chosen randomly. In the case of molecular oxygen, the O2
molecule is rotated randomly prior to impact. Depending on
the oxygen source, the impinging particle is either launched randomly at the surface, in the thermal case, or directed normal to
the surface to describe the laser detonation for the hyperthermal
impacts.7,8 All impacts are nonconsecutive, i.e., each impact
occurs on a pristine Si-surface, and monitored for 3 ps. The
impinging particle was bound to a kinetic energy equal to 0.028
(here below referred as thermal), 1, 5, 10, 31.6, 50, and 100 eV,
and each case is repeated 1000 times to gather statistically valid
results.

’ RESULTS AND DISCUSSION
1. Oxygen Penetration Probability Distributions. In Figure 2, the penetration probability distributions are shown for
atomic and molecular oxygen as a function of the impacting
energy on the Si(100){2  1} surface at 333 K. Interestingly, the
chemisorption process of O2 is found, in all cases, to be
dissociative, which implies that, even in the case of the impact
of molecular oxygen, the O radicals penetrate the surface. In the
low-energy regimes (thermal and 1 eV), the deposition behavior
is very similar for the atomic and the molecular forms: after
impact, most of the oxygen atoms are located in the uppermost
Si-layer and the first subsurface layer (note that in the case of the
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Table 1. Maximum Depth Reached by the Hyperthermal
Oxygen Atoms after Impact (by Atomic or Molecular Oxygen), for Diﬀerent Incident Energies
incident energy (eV)

maximum depth (Å)

maximum depth (Å)

(O impacts)

(O2 impacts)
8.0

5.0

9.0

10.0

9.5

9.0

31.6

13.0

12.0

50.0
100.0

14.0
26.0

14.5
19.5

{2  1} reconstruction of Si(100), the atoms belonging to the
first and about half of the atoms of the second subsurface layer are
not covered by the surface atoms). The oxygen atoms are found
to migrate from the topmost layer to a back-bond center (after
dissociation in the case of O2), in good agreement with previous
reports based on first-principles simulations.18 Most atoms cannot
move deeper into the bulk due to the associated activation energy
barrier, which is on the order of 1 eV.13,18
In the hyperthermal energy regime, on the other hand, this
energy barrier (estimated to be about 1.0 and 2.4 eV18) can be
surmounted, and the incoming atoms can penetrate deeper than
the ﬁrst or second subsurface layers (located at about 1.1 and 2.4
Å below the surface, respectively), as illustrated by the calculated
surface depth reached by the oxygen atoms as a function of the
kinetic energy provided (Table 1). Note that the change in maximum penetration depth as a function of incident energy is
smaller for the molecular impacts than for the atomic oxygen one
due to the immediate breakup upon collision of the molecules.
Indeed, as the molecules are given the same initial kinetic energy
as the atoms (in our atomic impact models), the individual atoms
obtained after dissociation have less momentum and hence a
lower velocity than the ones generated in the atomic impacts and
will therefore not penetrate as deep in the surface as the oxygen
atoms issued from the atomic bombardment.
The analysis of the penetration probability distributions
reveals that the implanted oxygen atoms preferentially reside in
or close to the silicon layer planes rather than in between the
silicon sheets, as illustrated in Figure 3 for the atomic oxygen
impacts at 5 eV. Indeed, while at thermal energy the atom reacts
with the surface and resides on the uppermost and in the ﬁrst
subsurface layer, the hyperthermal ones can penetrate deeper as
they can surmount the corresponding energy barriers.8 As can be
seen in Figure 3, the atoms that are located at the topmost layer
or in the ﬁrst subsurface layer are only found on the top side of
these layers. In contrast, oxygen atoms residing deeper in the
crystal are found on both sides of the silicon layers. This behavior
is strongly bound to the structure of the silicon surface. Indeed,
the distributions show that the oxygen atoms have a low probability of being located under a reconstructed dimer on the
terrace of the Si(100){2  1} surface, as indicated by the absence
of oxygen peaks at the left-hand side of the ﬁrst two Si peaks at
the surface, which is consistent with the fact that the chemisorbed
atoms in the top layer and in the ﬁrst subsurface layer cannot
migrate between atoms of the silicon dimer.13
2. Impact-Induced Damage. Perhaps of even greater importance for material scientists than the actual penetration depth of
the oxygen atoms is the damage that they induce in the Si-crystal
due to their impact. In an effort to quantify this event, we computed the energy-dependent damage in terms of the average

Figure 3. Calculated normalized penetration probability distribution of
atomic oxygen with 5 eV impact energy in Si(100){2  1} (black line).
The gray peaks indicate the positions of the silicon layers. The top four Si
layers are broader than the bulk layers due to the surface reconstruction.
The depth = 0 Å position corresponds to the location of the
surface dimer.

number of created displaced or missing atoms (MA) per impact
(Figure 4) .35 For each atom i at position ri, the sum ∑j(ri - rj) of
the vectors from i to all nearest neighbors j is calculated. If this
sum is zero or very small, atom i is in a (near) perfect symmetrical
environment and is considered to signal the absence of a point
defect near i. However, if the magnitude of the sum is larger than
a critical reference value, a MA is attributed to the position as
rMA ¼ ri -

∑j ðri - rjÞ

We use a value of 1.88 Å for the reference value, which is 80% of
the nearest-neighbor distance in silicon. This allows us accounting for some structural or thermal disorders as compared to a
perfect vacancy.
Both in the atomic and in the molecular case, the average
number of MAs per impact steeply increases from 31.6 eV
(Figure 4). Note that a few MAs are already created at 10 eV
in the case of atomic impacts. At 31.6 eV, about 1 MA is created
per impact, while this value increases to more than 2 at 100 eV.
Two distinct generation mechanisms of defects are observed
in our calculations: the ﬁrst one occurs through a simple knockon displacement: when the impinging oxygen atom has suﬃcient
kinetic energy, it can displace a Si-atom from its lattice location
due to the collision, thereby creating a vacancy-interstitial pair
(a Frenkel pair).36 Note that the oxygen atom sets itself interstitially in this process. This event is only observed at high impact
energy, i.e., above 10 eV, which is consistent with the experimentally observed energy window of 10-30 eV for the
4820
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Figure 5. Mechanism of defect creation by oxygen atom chemisorption
at low impact energy below 10 eV.

Figure 4. Calculated average number of missing atoms created in the Sicrystal per impact as a function of impact energy for atomic and
molecular impacts.

displacement of Si,34,37-39 as well as to the Frenkel pair energy
threshold calculated by DFT for the [100] direction in Si (20
eV).40
In the second mechanism, the oxygen atom binds itself to two
Si ones, forming a Si-O-Si bond. In some cases, a Si-atom (the
upper one as seen from the surface) is pushed toward the surface
and is displaced from its equilibrium lattice location (see Figure 5)
and also creates a MA at that site.
In Figure 6, the distribution of the position of the impactinduced defects, or the location of the created vacancy, is depicted
for diﬀerent incoming energies, for both atomic and molecular
impacts. Again, two energy regimes can be discerned: below and
above 10 eV. Up to 10 eV, the impinging atom does not have
enough energy to easily create a defect in the bulk of the structure. As a consequence, the created defects in this energy regime
are all conﬁned to the top layers of the crystal, especially in the
ﬁrst and second atomic layers. The incoming atom(s) will insert
themselves into the Si-Si bond, thereby displacing the Si-atoms.
This leads in a few cases to the creation of an atomic vacancy.
Note, however, that the probability of this event to occur is small
and ranges from 0.002 at 1 eV to 0.112 at 10 eV (see Figure 6). In
this regime, the energy is too low to displace Si-atoms from their
lattice positions, and knock-on displacements of Si-atoms do not
take place. Hence, the interaction is limited to the chemisorption
process.
At higher impact energies, the knock-on displacement of Si
occurs through both primary and secondary knock-on mechanisms. The resulting defect distributions are shown in Figures 6
and 7. In Figure 6, besides the sharp peak around -2 Å, also a
secondary broad distribution is observed around -5 to -10 Å
for the atomic impacts. For the molecular impacts, depicted in
Figure 7, the secondary distribution is visible until about -6 Å for
the 31.6 eV case and until about -10 Å for the 100 eV case. Indeed,
the initial impact, which usually displaces one or more Si-atoms in
the top layers and which contributes to the peak at around -2 Å,
slows down the impinging atom and subsequently sets it in an
interstitial position into a Si-Si bond, creating a second defect in
the underlying layer. Further, the impinging O-atom(s) also
transfers a substantial amount of energy to the Si-atom in the
collision. Indeed, the maximum energy that can be transferred in
the O-Si collision is given by Tmax  E0(4m1m2)/(m1 ( m2)2,
corresponding to about 92.5% of the initial impact energy

Figure 6. Distributions of the calculated damages, as a function of depth
in the surface, for the diﬀerent impact energies investigated (using
atomic oxygen).

(or less). Therefore, secondary knock-on displacements can
occur if the initial impact energy is suﬃciently high, due to Si-Si
collision cascades in the bulk of the structure. In this energy
range, the total defect formation probability (composed of
primary and secondary knock-on displacements) ranges from
0.92 (atomic case) and 0.56 (molecular case) at 31.6 eV impact
energy to 2.65 (atomic case) and 2.14 (molecular case) at 100 eV
impact energy.
Note that in the implantation process, the ﬁnal location of the
created defects and the ﬁnal location of the implanted atom(s)
are often found to be separated from each other by a considerable
distance. This is illustrated in Figure 8 and in the accompanying
movies (see Supporting Information), showing the impact of a
100 eV oxygen atom. The position of the oxygen atom (colored
red) is shown every 6.25 fs; the positions of the silicon atoms are
the ﬁnal positions at the end of the trajectory. The darkness of the
silicon atoms indicates the deviation of their ﬁnal positions from
their original positions, prior to the impact. In the process, the
oxygen atom displaces a silicon atom of the fourth Si-layer from
its lattice position (toward the left side in the ﬁgure, colored
green in the movies). As explained above, the impinging O-atom
4821
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right side in the ﬁgure) until it has lost most of its kinetic energy.
The distance between the implanted O-atom and the created
defect in the ﬁnal conﬁguration is about 15 Å in this case.

’ SUMMARY AND CONCLUSIONS
Using reactive molecular dynamics simulations, we have investigated the probability of penetration of O2 and single oxygen
atoms generated through thermal and hyperthermal sources and
the associated impact-induced damage in a Si(100){2  1}
surface. It is found that at low impact energies (i.e., lower or equal
to 1.0 eV), the oxygen atoms remain conﬁned to the surface
layers and that the damage to the bulk is very limited and purely
induced by the chemisorption process. At higher energies, the
O-atoms can penetrate in the crystal to a depth of up to 20 Å. At
these higher energies, the damages are much more pronounced,
and primary and secondary knock-on displacements of Si are
observed. This results in two distributions in the spatially resolved
defect distributions.
’ ASSOCIATED CONTENT
Figure 7. Distributions of the calculated damages, as a function of depth
in the surface, for the diﬀerent impact energies investigated (using
molecular oxygen).

bS Supporting Information. (i) Movie showing the impact
of a 100 eV O-atom impinging on the Si(100){2  1} substrate,
side view (without perspective depth); (ii) same impact, side
view (with perspective depth); (iii) same impact, top view. These
movies correspond to the defect formation process shown in
Figure 8. The oxygen atom is colored red; all other atoms are Si.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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