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ABSTRACT: Continued miniaturization of metal-oxide-semiconductor field-effect transistors
(MOSFETs) requires an ever-decreasing thickness of the gate oxide. The structure of ultrathin
silicon oxide films, however, critically depends on the oxidation mechanism. Using reactive atomistic
simulations, we here demonstrate how the oxidation mechanism in hyperthermal oxidation of such
structures may be controlled by the oxidation temperature and the oxidant energy. Specifically, we
study the interaction of hyperthermal oxygen with energies of 1−5 eV with thin SiOx (x ≤ 2) films
with a native oxide thickness of about 10 Å. We analyze the oxygen penetration depth probability and
compare with results of the hyperthermal oxidation of a bare Si(100){2 × 1} (c-Si) surface. The
temperature-dependent oxidation mechanisms are discussed in detail. Our results demonstrate that, at
low (i.e., room) temperature, the penetrated oxygen mostly resides in the oxide region rather than at
the SiOx|c-Si interface. However, at higher temperatures, starting at around 700 K, oxygen atoms are
found to penetrate and to diffuse through the oxide layer followed by reaction at the c-Si boundary. We
demonstrate that hyperthermal oxidation resembles thermal oxidation, which can be described by the
Deal−Grove model at high temperatures. Furthermore, defect creation mechanisms that occur during the oxidation process are
also analyzed. This study is useful for the fabrication of ultrathin silicon oxide gate oxides for metal-oxide-semiconductor devices
as it links parameters that can be straightforwardly controlled in experiment (oxygen temperature, velocity) with the silicon oxide
structure.

■ INTRODUCTION

The current gate thickness is close to the fundamental limit,1

and thus, understanding at the atomic scale and controlling the
thickness as well as the quality of such ultrathin oxide films
becomes even more crucial.2,3 Hyperthermal oxidation of
silicon as an alternative to thermal oxidation is envisaged for
semiconductor applications because of its ability to control such
oxide thickness.4 Although numerous studies have elucidated
the overall hyperthermal oxidation behavior, most investiga-
tions have been carried out on pure Si surfaces under low-
pressure conditions. It is well-known, however, that Si can also
easily be oxidized in air, even at room temperature, covering the
surface by an ultrathin oxide layer (the so-called “native” oxide)
with a thickness of up to 1 nm.5 However, this native oxide
layer is a poor dielectric. Therefore, such oxide layers usually
need to be removed prior to oxidation for their use in the
microelectronics technology.6 Hyperthermal oxidation of a Si
surface covered with its native oxide may provide an alternative
to this process as well as control of ultrathin thickness of such
oxide even at low temperature.
Moreover, knowledge of the interaction of hyperthermal

oxygen with a native silicon oxide layer is also of particular
importance for space travel.7 Si is one of the most widely used
materials for space crafts, and therefore, a native oxide layer can
also be found on spacecraft material. When the spacecraft
travels in the ionosphere, which consists of many hyperthermal
species (∼5 eV) including oxygen atoms and molecules, these
hyperthermal particles can seriously damage its surface. Due to

this hyperthermal bombardment, the material properties can be
altered.8 An atomic-scale understanding of the corresponding
oxidation processes and mechanisms, as well as an analysis of
the obtained ultrathin structures, is therefore very useful.
The already existing models describing thermal oxidation

mechanisms, including Deal−Grove and its extensions,9,10

“reactive layer”,11 and Cabrera−Mott mechanisms12 are
inappropriate to properly describe the initial stage of hyper-
thermal Si oxidation.8,13,14 Therefore, several alternative
mechanisms have been presented describing the onset of
hyperthermal oxidation of Si surfaces.4,8,14,15 However, there
are still many unresolved questions, and detailed knowledge of
the mechanisms is still lacking.13 For instance, the oxidation
process by which the native oxide is further oxidized is still
unclear. In order to unravel the oxidation mechanisms as well as
to gain a more fundamental understanding of the onset of
hyperthermal oxidation of a native oxide film, this work
continues on our previous studies and focuses on the atomic-
scale dynamics underpinning the oxidation process.

■ COMPUTATIONAL DETAILS

The hyperthermal oxidation process is investigated at the
atomic scale by reactive molecular dynamics (MD) simulations,
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employing the reactive force field (ReaxFF).16 The ReaxFF
potential uses the concept of partial bond orders to accurately
model bond breaking and bond formation and is based on the
bond length−bond order/bond order−bond energy relation-
ship introduced by Abell.17 Our previous studies14,18−20

indicated that ReaxFF accurately describes bond breaking and
formation as well as the expansion of the Si crystal during the
oxide formation process. As a result, the direct oxidation
behavior and a-SiO2 formation as well as control of the oxide
thickness in hyperthermal Si oxidation were successfully
explained. The obtained results were in good agreement with
both experimental and density functional theory (DFT) results
in similar cases. A detailed description of the force field as
developed for the Si|SiO2 system can be found elsewhere.16,21,22

In this work, we use the force field parameters developed by
Buehler et al.22

As our goal is to fundamentally understand the hyperthermal
oxidation of a native oxide film, we first simulate the formation
of such a thin oxide layer as follows. A Si(100){2 × 1}
reconstructed surface (c-Si, shown in Figure 1) is chosen as the

initial structure, with dimensions 21.7 Å × 21.7 Å × 27.1 Å.
This structure is oxidized by 1 eV oxygen molecules at room
temperature. More details on this oxidation process can be
found elsewhere.19 The resulting structure is subsequently
equilibrated at 300, 700, and 900 K using the Berendsen heat
bath (NVT dynamics)23 for 20 ps with a damping constant of
0.1 ps. Next, the three obtained structures are relaxed in the
microcanonical ensemble (NVE dynamics) for 10 ps. Note that,
although the Berendsen heat bath does not generate a canonical
ensemble, we found no significant differences in results as
obtained using the Berendsen and the canonical Bussi
thermostat.24

In Figure 1, the resulting SiOx structure, covering the Si
crystal, is depicted. We analyzed this structure by means of the
silicon (sub)oxide components.19 Here, the Si1+, Si2+, Si3+, and
Si4+ components arise from interfacial silicon atoms, which bind
to one, two, three, and four nearest-neighbor oxygen atoms,
respectively, and thus correspond to Si2O, SiO, Si2O3, and SiO2,
respectively.25 Note that the notation used corresponds to
formal charge states and not to the actual atomic charges. The
figure shows that the silicon (sub)oxide components are
consecutively distributed in the SiOx (x < 2) nonstoichiometric
(gray atoms or Si1+, Si2+, and Si3+) and SiO2 stoichiometric
(white atoms or Si4+) oxide regions. Our previous studies
showed that the stoichiometric silica structure is amorphous (a-
SiO2).

14,19 As some high-order silicon suboxide components,
e.g., Si3+, can also be found in the a-SiO2 region, we simply
designate both oxide regions as SiOx (x ≤ 2).
Also, our previous study showed that the average partial

charges are about +1.2 and −0.6 in SiO2 for Si and O atoms,
while they range from 0.0 to +1.2 and from −0.9 to −0.6,
respectively, in the Si|SiO2 interface.

19 Note that the calculated
charges are determined from the electronegativity equalization
method (EEM) method, fitted to Mulliken charges.16 As
Mulliken charges are heavily dependent on the basis set used,
the exact values should not be taken too literally. Nevertheless,
the obtained values are in reasonably good agreement with
experimental values for SiO2 quartz and coesite.26

Hyperthermal oxygen impacts are subsequently performed as
follows. The incident particle (oxygen atom or oxygen
molecule) is positioned at a z-position of 10 Å above the
SiOx surface. The vacuum above the surface are chosen big
enough (∼50 Å in the z-direction) to ensure that the top of the
surface does not interact with the bottom of the structure
through the z-periodic boundary. The {x, y} coordinates of the
incident particle are chosen randomly. In the case of molecular
oxygen, the O2 molecule is rotated randomly prior to impact.
The impinging particle is directed normal to the surface,
corresponding to laser detonation experiments.4,27 All impacts
are nonconsecutive, i.e., each impact occurs on the original
native silicon oxide surface, and they are monitored in the range
of 3−25 ps depending on the observed processes. The initial
kinetic energies of the oxygen species (O, O2) are set to 1 and 5
eV. Each case is repeated 1000 times to gather statistically valid
results.

■ RESULTS AND DISCUSSION

1. Initial Reactions. The probabilities of oxygen atoms or
molecules to be found in three different regions, after impact on
the a-SiO2 surface, are presented in Table 1, for both atomic
and molecular impacts at two different energies and three
different substrate temperatures, as based on 1000 non-
consecutive impacts as mentioned above.

Figure 1. SiOx|c-Si structure prior to oxidation. The projectile (O or
O2red atoms) is initially positioned 10 Å above the surface. The
morphology of the structure is analyzed by silicon (sub)oxide
components. Dark gray atoms indicate silicon suboxide species.

Table 1. Probabilities of the Final Positions of the Projectiles (O or O2) in Three Different Regions after Impact on the a-SiO2
Surface

atomic molecular

1 eV 5 eV 1 eV 5 eV

300 K 700 K 900 K 300 K 700 K 900 K 300 K 700 K 900 K 300 K 700 K 900 K

vacuum 0.155 0.074 0.060 0.070 0.060 0.015 0.970 0.950 0.930 0.780 0.760 0.742
SiOx 0.845 0.926 0.940 0.930 0.935 0.975 0.030 0.050 0.070 0.220 0.240 0.258
c-Si 0 0 0 0 0.005 0.010 0 0 0 0 0 0.001
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1.1. Scattering Probabilities. The designation “vacuum”
means that the oxygen particle was reflected from the surface.
The results in Table 1 clearly show that impacting O2
molecules mostly scatter from the SiO2 surface. The scattering
rate decreases somewhat with increasing impact energy and
substrate temperature. This rate decreases very slowly at about
1% per 100 K or 5% per 1 eV. In most cases (∼94%),
molecules scatter without breaking up. Interestingly, this
percentage is almost constant for all temperatures and energies.
Such behavior is well-known for O2 interacting with Si surfaces
during thermal as well as hyperthermal oxidation13 and has
been shown to be dependent on the molecular orientation, i.e.,
O2 molecules parallel to the surface are more reactive than
molecules oriented perpendicular to the surface.28 For atomic
impacts, however, the scattering probability is significantly
lower than in the molecular case. The percentage of reflected
atoms due to atomic impacts never exceeds 15%.
1.2. Sticking Probabilities. In contrast to the molecular

impacts, it is clear from Table 1 that the oxygen sticking
probabilities during atomic impacts are in general very high and
gradually increase with increasing incident energy and surface
temperature. Vice versa, the molecular sticking probability is
very low, as analyzed above. Most of the sticking O2 molecules
adsorb dissociatively at higher temperatures (700 and 900 K).
At least 75% of the sticking molecules break up and penetrate
the structure as separate atoms after impact on the a-SiO2
surface. On the other hand, at room temperature, this
percentage significantly drops from 50% to only 3% with
impact energy decreasing from 5 to 1 eV. In contrast, our
previous investigations showed that the oxygen sticking
probability on c-Si is very high, both for atomic as well as
molecular oxygen.18

Furthermore, the probabilities to find O in the c-Si region are
not zero for 5 eV impacts at high temperature, both for atomic
(up to 1%) as well as molecular impacts (only one case).
Indeed, the adsorbing particles can react with the crystal surface
after diffusing through the SiOx layer. This oxidation behavior is
very similar to thermal oxidation, as discussed in the next
sections.
These results show that scattering and sticking rates of the

incident species depend on the type of the incident oxygen
species, their incident energy, and on the bulk temperature.
These parameters can therefore control the onset of the
oxidation process of the native oxide layer.
2. Penetration Depth. In Figure 2, the calculated

normalized penetration probability distributions are plotted
for atomic and molecular oxygen at different impact energies
and oxidation temperatures. In the figure, the positions at 0 Å
and about −10 Å correspond to the average z-coordinate of the
atoms at the SiOx (x ≤ 2) surface and at the SiOx|c-Si interface,
respectively (see also Figure 1).
As presented in the previous section, the total fraction of the

penetrated atoms in the SiOx region in the case of molecular
impacts is in the range of 3−26%, which is significantly less
than in the case of atomic impacts (∼85−98%; see Table 1).
Therefore, for the sake of clarity, the penetration probabilities
are normalized for both impact cases.
The figure illustrates that the penetration depth increases

with increasing impact energy and increasing substrate
temperature. The analysis of the penetration probability
distribution reveals that implanted oxygen atoms or molecules
preferentially reside close to the surface in the case of molecular
1 eV impacts at 300 K. Also, for both atomic and molecular

impacts with an impact energy of 1 eV, all penetrated oxygen
species are found only in the SiOx (x ≤ 2) oxide region, close
to the a-SiO2|SiOx interface. Comparing the atomic impacts
with the molecular impacts, we find that the implanted atoms
penetrate somewhat deeper at both 1 and 5 eV in the case of
atomic impacts, as shown in the figure. Indeed, the molecules
are given the same initial kinetic energy as the atoms, such that
the individual atoms obtained after dissociation have less
momentum and hence a lower velocity than the atoms in the
atomic impacts. Therefore, they do not penetrate as deep in the
oxide as the oxygen atoms originating from atomic impacts.
This oxidation behavior was also found in our previous work on
hyperthermal oxygen interacting with c-Si (100) surfaces.18 In
that case, however, they easily penetrate into the first subsurface
layer of the Si bulk in absence of a surface energy barrier.18

Therefore, the penetration depth strongly depends on the first
and second subsurface energy barriers, estimated to be 1.0 and
2.4 eV, respectively.8,18,29 In the present case, on the other
hand, oxygen should first penetrate and overcome the oxide
barrier before it can react with the Si crystal. Therefore, in most
cases, the penetrated oxygen atoms reside in the oxide region.
Also, Figure 2 indicates that oxygen atoms with an impact

energy of 5 eV can also be found deeper in the SiOx region, as
well as in the SiOx|c-Si interface region, at higher temperatures
starting from 700 K. Furthermore, the results show that the
penetration depth is controlled by the impact energy of the
impinging species, rather than by the oxidation temperature in
the initial stage. After this initial stage (which lasts for about 0.5
ps), however, the temperature plays an important role in
allowing the oxygen atoms to overcome the SiOx|c-Si interface
“barrier” and react with the Si crystal. At low temperature, on

Figure 2. Calculated normalized penetration depth distributions for
atomic (black bars) and molecular (white bars) impacts with 1 and 5
eV at three different surface temperatures. On the x-axis, z = 0 Å and z
= −10 Å correspond to the average z-coordinate of the atoms at the a-
SiO2 surface and the SiOx|c-Si interface.
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the other hand, an increase in the interfacial stress is found to
lead to a decrease in the oxidation rate.20

3. Oxidation Mechanisms. 3.1. “Common Oxidation”
(CO) Mechanism. As discussed in the previous section, the
penetrating oxygen atoms mostly end up in the non-
stoichiometric part of the SiOx region, after crossing the
ultrathin a-SiO2 layer, at both impact energies and for all
temperatures investigated. Analysis of this penetration behavior
may provide useful information for understanding the onset of
the hyperthermal oxidation of the oxygenated Si surface.
The oxygen penetration is schematically presented in Figure

3 for an atomic impact with an impact energy of 5 eV at a

substrate temperature of 300 K. This process is observed for
both atomic and molecular impacts with energies of 1 and 5 eV
at all three oxidation temperatures. In the figure, the
mechanism is represented as a time evolution of the kinetic
energy (Ekin), bond order (BO), and penetration depth (z) of
the projectile. We distinguish four stages in the mechanism, i.e.,
the oxidant behavior before the impact (I), interaction with the
a-SiO2 surface and penetration in the a-SiO2 region (II),

penetration and reaction with the SiOx (x < 2) region (III), and
the final stage where the impinging particle is thermalized (IV).
The projectile is initially positioned at 10 Å above the

surface. In stage I, the projectile motion is uniform, i.e., it
moves along a straight line (normal to the surface) with a
constant velocity equal to about 78 Å/ps (7.8 km/s). Of course,
the initial energy (Ekin = 5 eV) and bond order (BO = 0)
remain constant as well in this period. When the impinging
particle interacts with the surface atoms, its kinetic energy
drops to about 2 eV in stage II. At the end of this stage, the
bond order of the particle reaches its final average value of 2
(i.e., the O atom is bonded with two Si atoms). In the third
stage, the penetrating projectile crosses the a-SiO2|SiOx

interface, reacts with Sii+ (i < 4) atoms, and reaches its
maximum depth in the nonstoichiometric SiOx region. Here,
the implanting atom uses its residual energy to diffuse in the a-
SiO2 region before binding to a suboxide Si atom. Also,
depending on the residual energy, the oxidant penetrates
deeper in the nonstoichiometric SiOx region, even up to the
SiOx|c-Si interface. However, a reaction with c-Si does not occur
in this oxidation mechanism. Furthermore, in some 1 eV impact
cases at room temperature, the oxygen atoms do not penetrate
further and thus react in the a-SiO2 region, leading to defect
creation in this region (e.g., peroxyl oxygen bonds, oxygen-
deficient Si centers etc., as explained in section 4 below).30

Indeed, defect creation is most prominent at low temperature.
Finally, in the fourth stage, the kinetic energy as well as the
position and bond order of the particle remain constant. In this
stage, the impinging particle is fully thermalized.

3.2. Thermal-Like Oxidation (TLO) Mechanism. At higher
temperatures, especially starting from about 700 K (see Table
1, c-Si), some oxygen atoms or molecules penetrate down to
the SiOx|c-Si interface and react with the Si crystal. As
mentioned in section 1, the probability for an oxygen atom to
reach this interface is only in the 1% range. Interestingly, the
oxidation mechanism of such oxygen species resembles thermal
oxidation, which is described by the Deal−Grove model:
oxygen reacts with the Si crystal after diffusing through the
oxide layers.9 The TLO mechanism is schematically repre-
sented in Figure 4a.

Figure 3. Time evolution of the oxygen kinetic energy Ekin, bond order
BO, and penetration depth z, as an illustration for the “common
oxidation” (CO) mechanism. The averaged z-coordinates of the atoms
on the a-SiO2 surface and on the a-SiO2|SiOx (x < 2) interface
correspond to 0 and about −5 Å, respectively. Note that some Sii+ (i <
4) atoms are also found in the a-SiO2 region (see also Figure 1). See
text for a discussion of stages I−IV.

Figure 4. Thermal-like oxidation (TLO) mechanism: (a) time evolution of penetration depth z, kinetic energy Ekin, and bond order BO. In this
mechanism, atomic (b) or molecular (c) oxygen can react with the c-Si surface by penetrating through the nonstoichiometric SiOx oxide region at
temperatures of 700 K and above. See text for a discussion of stages I−V.
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This mechanism can be explained by division of the time
evolution into five stages. The first two stages are very similar to
the corresponding stages in the CO mechanism discussed
above. However, in stage III, the penetrating oxidant particles
continue traveling in the direction along the z-axis in the SiOx
region and interact with Sii+ (i < 4) atoms near the SiOx|c-Si
interface.
Note that, in both mechanisms, the projectile (O or O2)

loses a significant fraction of its initial kinetic energy in the
second and third stages. The corresponding stopping powers
(or energy loss per depth) are about 0.27 eV/Å (20 eV/ps) and
0.83 eV/Å (30 eV/ps) during stages II and III of the thermal-
like mechanism, whereas they are about 0.43 eV/Å (30 eV/ps)
and 4 eV/Å (20 eV/ps) in the CO mechanism in the same
stages. Thus, the oxygen in stage III can penetrate deeper into
the structure, up to the SiOx|c-Si interface in the TLO
mechanism, as mentioned above, while it can only reach the a-
SiO2|SiOx interface in the CO mechanism due to the higher
stopping power. Indeed, in stages II and III of both oxidation
mechanisms, oxygen species can directly oxidize subsurface
layers of the SiOx oxide. These two initial stages therefore
correspond to the direct oxidation period14,18 and take about
0.5 ps, as shown in Figures 3 and 4. During this short period,
physisorption (mostly in stage II) and chemisorption processes
(mostly in stage III) can “directly seed” the oxygen species in
the oxygenated Si. Thus, the initial stage of the hyperthermal
oxidation of a native silicon oxide film is significantly different
from the onset of thermal oxidation, which only commences
after an “incubation period”.31

Furthermore, while the energy and position of the implanting
oxygen species along the z-axis remain constant in stage IV of
the TLO mechanism, like in the CO mechanism, this stage is
still not similar to the corresponding stage in the CO
mechanism. Indeed, in this stage, the bond order of the
oxidant fluctuates in the TLO mechanism, indicating that the
resulting configuration is unstable, in contrast to the CO
mechanism. Thus, this depth is not necessarily the final depth
of the particle. The oxidant can diffuse on a short time scale
until the bond order stabilizes. As mentioned in the CO
mechanism, the diffusion rate for the oxidant is very low at low
temperatures. Finally, in stage V, the oxidant reacts with the c-
Si, after which the energy, position, and bond order remain
constant with negligible fluctuations. This stage is similar to
stage IV of the CO mechanism.
A schematic picture of the TLO mechanism is shown in

Figure 4b as well as Figure 4c: the oxygen atom or molecule
penetrates through the oxide region and eventually reacts with
the Si crystal. The frames shown describe the position of the
oxygen particle in the various stages, i.e., stages II−V.
Thus, in the TLO mechanism, five stages can be discerned,

i.e., motion prior to impact (I), interaction with the a-SiO2
surface and penetration into this region (II), penetration and
weak interactions with Si atoms in the SiOx (x < 2) region near
the SiOx|c-Si interface (III), diffusion toward the SiOx|c-Si
interface (IV), and finally reaction with c-Si (V).
Previously, we also presented temperature-dependent

mechanisms for oxidation of pure (i.e., nonoxidized) Si(100)
surfaces using hyperthermal oxygen atoms and molecules.14,19

We found that the hyperthermal oxidation mechanism is
significantly different from other thermal oxidation mechanisms
including the Deal−Grove model (i.e., downward oxygen
diffusion)9 and the “reactive layer” model (i.e., upward Si
diffusion).11 Indeed, in the hyperthermal oxidation mechanism

of pure Si surfaces, the projectile cannot diffuse through the
nonstoichiometric SiOx region, which has a thickness above 1
nm, and thus cannot react with the crystalline Si surface, even at
high temperature (e.g., 1300 K).14 Note, however, that this
oxidation behavior is very similar to the CO mechanism for
native oxide surfaces (see Figure 3 above). In contrast, in the
TLO mechanism, the high impact energy and higher bulk
temperature help the impinging O species to cross the
somewhat thinner SiOx region and react with the crystal.
This result is in close agreement with experimental evidence for
thermal oxidation, demonstrating that the interstitial neutral
oxygen atoms and molecules become mobile above 200 °C
(∼500 K) and 400 °C (∼700 K), respectively.30

4. Defect Formation Processes. During oxidation, the
impinging oxygen species can create defects in the oxide region.
Two main defect formation processes are observed. The first
mechanism described below corresponds to molecular impacts
and the second mechanism to atomic impacts. In the first
process, the incident molecule reacts with a silicon epoxide
structure (i.e., “green Si”−O−“gray Si” triangular configuration,
denoted by SiØSi)32 near the a-SiO2|SiOx interface as shown in
Figure 5a. Note that the SiØSi structures are mostly found in

the nonstoichiometric oxide region. The creation of such
intrinsic defects can be explained by a physical stress-enhanced
bond breaking mechanism: the number of Si−Si bonds
increases in the SiOx oxide when the stress increases.20,33

The penetrating atom or molecule does not react with the
crystal at low temperature, because of compressive interfacial
stresses.20 When an oxygen molecule interacts with one of the
Si atoms of such a silicon epoxide structure, the Si−Si bond in
this structure is broken. The O2 molecule subsequently binds
weakly (physisorption) with the suboxide Si component (Si3+)
creating an oxygen defect. As a result, the O−O distance in the
molecule becomes somewhat longer and the molecule converts
to a peroxide. The partial radial distribution function (RDF), as
presented in Figure 5c, shows that the maximum of the O−O
distance (first peak) in the oxygen peroxides is about 1.25 Å,
which is slightly longer that the interatomic distance in the O2
molecule (1.21 Å).
The calculation shows that the formation energy of the

defect is −1.093 eV/atom. This defect is thus found to be
stable. Also, the energy barriers for the defect formation were
calculated with ReaxFF using the nudged-elastic-band (NEB)
method.34 The barrier (activation) energies for forward and

Figure 5. Two types of defect creation mechanisms in molecular (a)
and atomic (b) impacts. Reacting Si and O atoms in the initial
structures are colored in green and yellow, respectively, while the
incident particles are colored blue. (c) Partial radial distribution
function (RDF) of the O−O distance, showing these defects (i.e.,
oxygen peroxyl bonds) in the SiOx (x ≤ 2) oxide region, i.e., the first
peak in the RDF corresponds to the defect of panel a, and the second
to the defect of panel b.
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backward reactions are calculated as 1.43 and 1.99 eV/atom,
respectively. At high temperature (∼700 K), however, this type
of defect (i.e., oxygen deficiency) becomes unstable, and such
peroxyl bonds in the defect structure can easily diffuse in the
nonstoichiometric SiOx oxide.
Furthermore, the RDF also indicates that somewhat different

oxygen peroxyl bridges can be found in the stoichiometric oxide
region as well. In Figure 5c, it can be seen that the maximum of
the O−O distance (second peak) in oxygen peroxyl bonds for
the second defect structures is about 1.56 Å, which is somewhat
longer than the O−O distance in peroxyl bonds in the first
defect structure. In the second defect formation process (Figure
5b), which is observed only during atomic impacts, the incident
atom reacts with Si4+ atoms and creates oxygen peroxyl bonds
in the a-SiO2 region. In this process, the Si4+ atom becomes an
overcoordinated Si5+ atom when connecting with the incoming
oxygen (see Figure 5b, “green Si” in the middle structure). In
this triangular Si−O−O structure, the old Si−O bond breaks
up when the new Si−O bond forms. The old Si−O bond thus
becomes somewhat weaker when the O reacts with a “guest”
oxygen. As a result, two SiO2 molecules in the stoichiometric
oxide region connect to each other through a O−O bond,
creating a Si deficiency in this region. These defects can
therefore decrease the oxide (or silica) mass density.35 These
defects are, however, unstable. We calculated the defect
formation energy to be 1.017 eV/atom and the forward and
backward reaction activation (barrier) energies as 1.02 eV/atom
and 2.25 eV/atom, respectively.
Note that both defect formation processes mostly occur at

low temperatures. This can be explained by the high
compressive stresses in the oxide (although tensile stresses
dominate on the surface).36,37 When the oxidation temperature
increases, the number of the oxygen peroxyl bridges decreases
significantly.14

■ CONCLUSIONS
The structure of ultrathin silicon oxide films, which is critical
for, e.g., the MOSFET gate oxide, is strongly dependent on the
oxidation mechanism. Here, we studied the oxidation of a a-
SiO2|SiOx|c-Si structure, with a 1 nm native oxide (a-SiO2|SiOx)
surface layer, by hyperthermal oxygen atoms and molecules
using reactive molecular dynamics simulations.
The results showed that the onsets of hyperthermal and

thermal oxidation are significantly different, due to the direct
oxidation behavior of the hyperthermal oxygen species. In the
initial “direct oxidation” period (∼0.5 ps), the reacting oxygen
atom (or molecule) can immediately reach its final depth in the
nonstoichiometric SiOx oxide region. Because of their high
sticking rate, hyperthermal oxygen atoms oxidize the SiOx
region very effectively. In contrast, the molecular sticking rate
is very low, and in most cases the impinging molecules break
up.
Two different oxidation mechanisms were observed: the CO

mechanism and a TLO mechanism. In the CO mechanism, the
oxidation process proceeds by oxidation of the SiOx region,
whereas the TLO mechanism proceeds by oxidation of the
crystalline Si (c-Si) region. The TLO mechanism was observed
to occur at higher temperature starting at about 700 K. This
model is thus similar to the traditional thermal Si oxidation as
described by the Deal−Grove model, at least when neglecting
the direct oxidation stage.
Finally, some defect formation processes, which are

responsible for local Si and O deficiencies in the oxide, are

also discussed. Defects are mainly created in the SiOx region,
and mostly at low temperature, due to the compressive stresses
in the oxide region.
These results are of importance for the fabrication of silica-

based devices in the micro- and nanoelectronics industry as well
as for spacecraft investigations.
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