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ABSTRACT: Using reactive molecular dynamics simulations based on the ReaxFF
potential, we studied the growth mechanism of ultrathin silica (SiO2) layers during
hyperthermal oxidation as a function of temperature in the range 100−1300 K.
Oxidation of Si(100){2 × 1} surfaces by both atomic and molecular oxygen was
investigated for hyperthermal impact energies in the range of 1 to 5 eV. Two different
growth mechanisms are found, corresponding to a low temperature oxidation and a
high temperature one. The transition temperature between these mechanisms is
estimated to be about 700 K. Also, the initial step of the Si oxidation process is analyzed
in detail. Where possible, we validated our results with experimental and ab initio data,
and good agreement was obtained. This study is important for the fabrication of silica-based devices in the micro- and
nanoelectronics industry and, more specifically, for the fabrication of metal−oxide semiconductor devices.

■ INTRODUCTION
Recently, interest in hyperthermal oxidation of the Si surface as
an alternative to thermal oxidation has been rapidly increasing,
especially for semiconductor applications. Indeed, it was
discovered that the reaction of hyperthermal oxygen species
(O, O2) with a Si surface has unique properties compared to
ordinary high temperature oxidation, i.e., a very thin oxide film
can be formed even at room temperature.1−6 Furthermore,
since silicon oxide is commonly employed as a protective
transparent coating in spacecraft applications, the study of the
surface reaction of energetic oxygen species as dominant
components of the low-Earth orbital (LEO) is also
important.7,8 As a result, many investigations were recently
devoted to this topic, in order to elucidate the fundamental
aspects of the hyperthermal impact and oxidation process.1−10

Reaction and diffusion of oxygen atoms and molecules
during thermal oxidation have been previously analyzed both
by experimental and theoretical means.11−20 However, for
hyperthermal oxidation, such studies are still rare. Although
numerous studies have elucidated the overall oxidation
behavior,1−5 various aspects, such as direct oxidation or the
effect of the growth temperature, are still poorly understood.
Also, there are still many open questions regarding the growth
mechanism in the initial oxidation stage as a function of
temperature, which is significantly different from the mecha-
nism in the thermal oxidation case.
According to the generally adopted Deal−Grove model21 for

thermal wet and dry oxidation, silicon oxide films grow via
diffusion of oxidants, i.e., oxygen atoms or molecules to the
SiO2|Si interface and by reaction of these oxygen species with
silicon at the interface. Unfortunately, it is well-known that the
model fails to describe the oxidation kinetics of thin films

(<100 Å).22,23 Furthermore, the concept is only applicable for
thermal oxidation at high temperature and low pressure. For
thermal oxidation of thin films, several models, which are
considered as modifications of the original Deal−Grove idea,
have already been presented [e.g., refs 24 and 25]. However,
the onset of hyperthermal Si oxidation cannot be described by
these models. For example, Cerofolini et al.25 presented a
model for the oxidation kinetics in air at room temperature,
based on the Elovich equation,26 which is generally applied to
chemisorption kinetics.27,28 However, the kinetic model fails in
two situations for describing the hyperthermal oxidation: (a)
there is no solution of the equation for the formation of
substoichiometric oxides in the case θ(0) = 0, that is, when
there is no pre-existing oxide layer on the Si surface prior to
oxidation; and (b) there are no suitable parameters for
describing the direct oxidation, i.e., energetic oxygen species
directly oxidizing the Si subsurface layers. Another extension of
the Deal−Grove idea is the Massoud−Plummer−Irene
extension.24 They reported data for the oxidation rate for
layers with a thickness between about 20 Å and 500 Å.
However, there is little or no experimental data extending
continuously downward from 20 Å on. The formation of an
ultrathin SiO2 layer (with a thickness less than 20 Å) cannot be
explained by this model. Such thin layers can, however, be
obtained by hyperthermal oxidation of Si at room temperature.6

Some other models, such as the so-called reactive layer
model,29 have also been presented. According to this model,
silicon atoms diffuse through the thin reactive layer and react
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with oxygen on the top of this layer, forming the SiO2 phase.
Unfortunately, little experimental evidence has been reported
to support this idea.22 The atomistic mechanism of Si emitting
from the Si|SiO2 interface was reported,30 which was in fairly
good agreement with experimental results corresponding to
layer-by-layer Si oxidation theory.19 However, the oxide growth
mechanism is not described well by this theory.25 Furthermore,
the outward diffusion of Si has not been investigated yet for
hyperthermal oxidation.
Indeed, the growth mechanism of silicon dioxide in the initial

stage of hyperthermal oxidation has not yet been properly
analyzed, and investigations at the atomic scale may further
elucidate the growth mechanism. Although our previous work6

was devoted to understanding the oxidation process of the
Si(100) surface by energetic oxygen species (i.e., O atoms and
O2 molecules with initial energies from 1 to 5 eV) at room
temperature on the atomic scale, the oxide formation and
growth mechanism at higher temperatures in hyperthermal
oxidation is still unclear. Therefore, we carried out reactive
molecular dynamics (MD) calculations in order to investigate
the growth mechanism of new oxide layers during hyperthermal
oxidation (i.e., initial kinetic energies in the range 1−5 eV) of
the (2 × 1) reconstructed Si(100) surface in a wide
temperature range (100−1300 K). The Si(100) surface was
chosen, as this is the most important surface facet for metal−
oxide semiconductor device fabrication.

■ COMPUTATIONAL DETAILS
Interatomic Potential. The growth process of SiO2 during

hyperthermal oxidation of Si at the atomic scale is studied by
reactive MD simulations. Forces on the atoms are derived from
the Reactive Force Field (ReaxFF) potential, developed by van
Duin et al.31 The ReaxFF potential uses the bond order/bond
distance relationship formally introduced by Abell.32 Over-
coordination and undercoordination energy penalties are used
to enforce the correct bond order. The total system energy is
the sum of several partial energy terms related to lone pairs,
undercoordination, overcoordination, valence and torsion
angles, conjugation, and hydrogen bonding, as well as van der
Waals and Coulomb interactions. The ReaxFF potential has
been shown not only to describe 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).33 A
detailed description of the force field can be found else-
where.34−36 In this work, we use the force field parameters
employed by Buehler et al.36 for crack propagation in silicon.
The force field was extensively trained against Si and SiO2
phases, but Si suboxide components were not taken into
account. A force field evaluation against suboxide stabilities and
oxygen migration barriers is warranted to validate the current
results. Nevertheless, wherever comparison with experiment or
ab initio data is available, the current force field reproduces
these data faithfully. Currently, the ReaxFF potential is being
successfully used for describing numerous elements and their
compounds, including hydrocarbons, silicon/silicon oxide,37,38

metals and metal-catalyzed reactions,39,40 metal oxides,41 metal
hydrides,42 and others.
Simulation Method. Prior to oxygen impact, eight Si(100)

{2 × 1} surfaces were prepared as follows. First, the surfaces are
equilibrated at 100 K, 300 K, 500 K, 700 K, 900 K, 1100 K,
1200 K, and 1300 K using the Berendsen heat bath (NVT
dynamics)43 for 20 ps with a damping constant of 0.1 ps. Then,

the obtained structures are relaxed in the microcanonical
ensemble (NVE dynamics) for 10 ps. Energetic oxygen impacts
are performed as follows. The incident particle (oxygen atom or
oxygen molecule) is positioned at a z position of 10 Å above
the uppermost Si atom of the crystal. The {x, y} coordinates of
the incident particles 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.1,7 Every
impact is followed for 3 ps. The initial kinetic energies of the
oxygen species (O, O2) were set to 1 eV, 3 eV, and 5 eV. In
total, 48 different cases were investigated for the oxidation
process, i.e., 3 different impact energies for both atomic and
molecular oxygen at the 8 different growth temperatures, as
mentioned above. Each case was run for 1024 consecutive
impacts, corresponding to a growth thickness of 32 monolayers
(ML).

■ RESULTS AND DISCUSSION
Hyperthermal Oxidation Process at Various Growth

Temperatures. Figure 1 shows the distribution of the formed

oxygenated silicon layers for various growth temperatures after
32 monolayers (ML) of oxygen impacts, both for molecular
(M) and atomic (A) oxygen impacts at 1 and 5 eV. In our
calculations, 1 ML equals 32 atoms. The gray and red atoms
represent silicon and oxygen atoms, respectively. As can been
seen in the figure, the oxidized silicon can be divided in two
parts: an interface region and pure silica. Our previous results
on hyperthermal oxidation at room temperature showed that
also the silica (SiO2) region (yellow region in Figure 1) can be
divided in two sections: a surface region and a bulk region. The
interface region, which is located between the crystalline Si and

Figure 1. Illustration of the temperature effect on the oxidation of
silicon after 32 monolayers (ML) of oxygen impacts, by oxygen
molecules at E0 = 1 eV (M1) and E0 = 5 eV (M5) and by oxygen
atoms at E0 = 1 eV (A1) and E0 = 5 eV (A5). Note that 1 ML
corresponds to 32 atoms. Here, the Si crystal (Si0), interface (Si1+, Si2+,
and Si3+), silica (Si4+), and oxygen atoms are colored light gray, dark
gray, yellow, and red, respectively.
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the SiO2 bulk, (i.e., dark gray region in Figure 1) consists of
Si1+, Si2+, and Si3+ suboxide components. Generally, the Si1+,
Si2+, Si3+, and Si4+ components are supposed to arise from
interfacial silicon atoms, which bind to one, two, three, and four
nearest-neighbor oxygen atoms, respectively.16,17 Silicon atoms
that connect to four oxygen atoms (Si4+) are the unique
members of the silicon dioxide SiO2 phase, although some
overcoordinated and undercoordinated Si atoms can be found
in this region as well.
Figure 1 clearly shows how the growth temperature, the

incident oxygen species, and its initial kinetic energy affect the
oxygenated silicon thickness. The change in oxygenated silicon
thickness as a function of incident energy is smaller in the case
of molecular oxidation than for atomic oxidation, due to the
immediate breakup upon collision of the molecules. Indeed, as
the molecules are given the same initial kinetic energy as the
atoms, the individual atoms obtained after dissociation have less
momentum and hence a lower velocity. Therefore, oxygen
molecules do not penetrate as deep in the surface as the oxygen
atoms. Furthermore, in all cases, the growth temperature
significantly affects the interface thickness, rather than the
thickness of the SiO2 (silica layer). Note that the interface
thickness is limited in all cases up to 700 K due to the activation
energy barrier associated with the penetration of successive Si
layers by the impinging oxygen species. However, above this
temperature, the interface atoms can surmount this energy
barrier, which results in a higher diffusivity. Therefore, the
temperature of 700 K can be regarded as the transition
temperature between the two different growth mechanisms
during hyperthermal oxidation, as will be explained in section 3.
This result is in close agreement with experimental evidence for
thermal oxidation. Indeed, it was found that the interstitial
neutral oxygen atoms and molecules become mobile above 200
°C (∼500 K) and 400 °C (∼700 K), respectively.15

For a given incident species, the thickness of the oxide layer
depends on two factors, namely, the incident energy and the
growth temperature. Our results indicate that at temperatures
below 700 K, both the final thickness of the silica layer and the
growth mechanism depend mostly on the incident energy.
Indeed, the oxygenated silicon and ultrathin silica thickness can
be easily controlled by the particle impact energy at low
temperature. At higher temperatures, the thickness and the
growth mechanism strongly depend on the growth temperature
as well. Indeed, in this case, the mobility of the penetrated
oxygen atoms increases significantly. As mentioned above, in
hyperthermal oxidation, all incident molecules dissociate to
individual atoms due to the (relatively) high impact energy.

Therefore, the mobility of the molecules in the oxygenated
silicon cannot be analyzed.
Analysis of the interface region, which is located between the

silica (SiO2) and crystalline Si phases, by means of the number
of suboxide components (Si1+, Si2+, and Si3+) after oxidation by
32 ML of oxygen atoms (see Figure 2a) clearly shows the two
types of interfaces, i.e., at temperatures below and above the
transition temperature of 700 K. Below the transition
temperature (i.e., 100−500 K), a very thin interface is formed
of about 5 Å (cf. Figure 1). In this interface, the number of
these suboxide components is less than 1 ML, as is clear from
Figure 2a. Above this transition temperature (i.e., 900−1300
K), however, their number drastically increases with increasing
growth temperature. This means that mobile oxygen atoms
continue to penetrate deeper into the silicon. Especially, the
number of the Si1+ species dominates in the interface region
due to the high diffusivity of the oxygen atoms.
In Figure 2b, the appearance of silica and its growth behavior

at different temperatures is presented by means of the number
of Si4+ components, expressed in number of ML, plotted after
different values of ML impacts, as indicated by the legend. At
temperatures below 700 K, the first silica layer appears after 4
ML, whereas above this temperature, no silica layer is observed
yet. Subsequently, after 8 ML, the number of Si4+ components
is much higher at low temperature than at high temperature,
indicating that the initial growth of the silica layer occurs much
faster at low than at high temperature. However, after 32 ML,
the number of Si4+ components is almost the same at all
temperatures. This indicates that the silica layer now grows
faster at higher temperature, but its nucleation started later. The
rapid growth of the silica layers can be understood from the
growth mechanism as will be outlined below.
Indeed, in the traditional thermal oxidation regime, the onset

of silicon oxidation is characterized by an incubation period, i.e.,
the oxide thickness remains constant during this period, and is
equal to the initial native-oxide thickness. The duration of this
incubation period decreases with increasing temperature.44

However, our results presented in Figure 2 show that the
mechanism is different in the case of hyperthermal oxidation.
Therefore, in the following section, we study the onset of the
hyperthermal Si oxidation process in more detail.

Onset of Hyperthermal Si Oxidation. In the hyper-
thermal oxidation process, our results show that the initial
oxidation stage can be divided in a first direct oxidation stage
and a second relatively slow one. These two stages are
governed by the initial kinetic energy of the impacting species
and the growth temperature, respectively. The oxidation onset
is characterized by direct insertion of incident oxygen species in

Figure 2. (a) Analysis of the interface region by the total number of Si1+, Si2+, and Si3+ suboxide components (expressed in ML) as obtained after 32
ML of atomic oxygen impacts for a kinetic energy E0 = 5 eV, as a function of oxidation temperature. (b) Total number of Si4+, expressed in ML, in
the interface region, as a function of oxidation temperature, after a specific number of impacts, expressed in ML as defined in the legend.
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the Si crystal. Indeed, direct insertion of oxygen atoms into the
Si subsurface layers occurs during the initial oxidation stage in
the hyperthermal oxidation process, which is not observed in
thermal oxidation. We explain this as follows. In the
hyperthermal energy regime, the incident atoms having kinetic
energies in the range E0 = 1.0−5.0 eV, in our case, can
surmount the energy barriers of the first and second subsurface
layers,1,2,9 which are estimated to be about 1.0 and 2.4 eV,
respectively.18 In other words, oxygen species can be
incorporated directly in the silicon substrate. Such oxidation
behavior near room temperature was also studied by
ellipsometry and synchrotron radiation photoemission spec-
troscopy.1,5,45 Formation and growth of the oxygenated silicon
during this direct oxidation stage can be easily understood by
observing the variation of the silicon suboxide components.
Figure 3 shows the evolution of Si suboxide components at

various surface temperatures during the first 4 ML of oxygen

impacts (shown for a kinetic energy of 5 eV). In this initial
oxidation stage, only the formation of substoichiometric (SiOx)
oxide layers is observed, i.e., the silicon dioxide (SiO2) layer
does not appear in this period (see also Figure 2b above). As
shown in Figure 3a, the Si1+ species (i.e., Si atoms connected to
a single O-atom) dominates in this stage. The Si1+ density
increases linearly up to about 1.5 ML impacts, due to direct
incorporation of the impinging hyperthermal oxygen atoms. In
this short period (i.e., direct oxidation stage), it is the incident
energy that determines the Si1+ density, rather than the growth
temperature. Our results predict that the duration of this stage

depends on the initial energy and type of the incident oxygen
species, as explained below.
As mentioned above, the chemisorption process of the

impinging oxygen molecules is found to be dissociative in this
stage. Therefore, the penetrating species are exclusively O
atoms, also in the case of O2 molecule impact. Analysis of the
direct penetration of atoms after impact on the Si surface shows
that the impinging oxygen atoms can penetrate the Si substrate
up to a depth between the second (i.e., 2.4 Å from the surface)
and the seventh (i.e., 9.0 Å from the surface) Si subsurface layer
in this direct oxidation stage. Note that the final penetration
depth per impact is found to be determined in the first
picosecond and essentially remains constant afterward, thereby
validating our impingment rate of 1 impact every 3 ps.
As stated in the beginning of this section, the initial oxidation

stage can be divided in a first direct oxidation stage and a
second relatively slow oxidation stage. The end of the first
direct oxidation stage is indicated by the vertical dashed line as
shown in Figure 3. At this moment, Si2+ is also found (Figure
3b), and its density continues to increase slightly in the second
oxidation stage. At low temperatures, the O atoms cannot
penetrate deeper into the crystal at the end of the direct
oxidation stage, and the Si1+ gradually converts to Si2+ and Si3+.
This conversion from Si1+ to Si2+ and Si3+ characterizes the
second oxidation stage. The Si3+ component appears only in
this oxidation stage, and two groups of curves (indicated by α
and β in Figure 3c) are found. Note that in the lower
temperature range (i.e., curves indicated by α), the density of
Si3+ suboxide species increases slightly faster than at higher
temperatures (i.e., curves indicated by β). This means that at
low temperature, the consecutive Si1+ → Si2+ → Si3+ → Si4+

conversion, i.e., the appearance of a new silica layer, occurs
much faster than at high temperatures. Indeed, the penetrated
O atoms cannot move deeper into the crystal due to the energy
barrier, and the Si−Si bonds convert relatively fast to Si−O
bonds in the oxygenated silicon region. As a result, the formed
silica layer is found to be thicker at low temperature at the same
oxidation stage (see Figure 2b). Furthermore, during the
conversion, the most stable Si−O bonds appear near the
surface, which can significantly affect the sticking rate of the
incident oxygen species. In all impact cases, the density of the
penetrated O atoms drastically decreases after the initial
oxidation stage. This, of course, affects the thickness of the
oxygenated silicon. At higher growth temperatures, however,
oxygen atoms can penetrate deeper due to their higher
diffusivity. As a result, the conversion of the Si1+ to Si2+ and
Si3+ is slower. Therefore, the second group of curves (see
Figure 3c) in Si3+ changes less than the first group of curves.
Indeed, the relatively slow conversion of the Si suboxide
components is caused by the diffusion of the interstitial oxygen
atoms, allowing the oxygen to penetrate deeper into the silicon
bulk due to the easy surmounting of the energy barrier in this
higher temperature range. Also, because the conversion is
slower, the interface region becomes much thicker at high
temperature than at low temperature, as was indeed clear from
Figure 1.
Finally, when one complete silica layer is formed, the initial

oxidation period, which consists of a direct oxidation stage and
a relatively slow one as mentioned above, ends. This
corresponds to the addition of 4 ML of oxygen atoms. Because
of the energy barriers, the penetrated atoms lose their kinetic
energy rapidly, and further inward oxygen displacement is
prevented (below the transition temperature region) or

Figure 3. Analysis of the initial oxidation stage (i.e., up to 4 ML
impacts) by means of the Si suboxide components: Si1+, Si2+, and Si3+

are silicon atoms, which bind to one, two, and three nearest-neighbor
oxygen atoms, respectively. Here, α and β indicate the two groups of
curves related to the low (100−500 K) and high (900−1300 K)
temperature cases, respectively.
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controlled by the growth temperature (above the transition
temperature region). Therefore, we believe that the threshold
temperature (see Figure 3a, dashed horizontal line) is an
important factor in controlling the formation of the oxygenated
silicon.
To conclude, the initial oxidation stage is indicative of some

notable differences between the hyperthermal oxidation and
traditional thermal oxidation, i.e., instead of an incubation
period,44 direct oxidation is observed with a specific duration
that depends on the energy of the incident species. As this can
change the growth mechanism of the oxide layer in the initial
oxidation stage, we analyze the hyperthermal oxide growth
mechanism in the next section.
Growth Mechanism of Oxide Layers in Hyperthermal

Si Oxidation. As mentioned above, the silicon oxidation
behavior is significantly different below and above the transition
temperature. Here, we analyze the growth mechanism of the
oxide layers in both cases. In Figure 4, the SiO2 growth process
on a {2 × 1} reconstructed Si(100) surface by oxygen atoms
with an incident energy of 5 eV at 300 and 1300 K is presented.
The oxidation progress is shown by suboxide histograms. Here,
gray, green, and red bars describe the density distribution per
depth of pure Si, oxygenated Si (i.e., SiOx) species (with x < 2),
and ultrathin silica (i.e., SiO2) layers, respectively. The z = 0 Å
position corresponds to the topmost layer of the original
pristine Si lattice. Our calculations are based on the mass center
position of Si layer planes46 and show that the average thickness
of each layer is equal to 1.296 Å, corresponding to the thickness
of one-half oxide layer (i.e., the thickness of one oxide layer is
2.6 Å5). We analyzed the growth mechanism by comparing four
specific stages (denoted as I, II, III, and IV in Figure 4) during
the growth process at 300 and 1300 K.
In stage I, for both cases, the oxidized layers grow

simultaneously inward and outward, normal to the surface;
note that the green arrows indicate the growth direction of
oxidized layers in Figure 4. In this stage, the number of the Si1+

component increases significantly, as was clear from Figure 3a.
This corresponds to the initial oxidation stage, which was
discussed in section 2. The appearance of an incipient silica
layer indicates the end of stage I.
Stage II is indicated by the appearance and growth of the

silica layer. At this stage, not only the oxidized layers but also
the silica grows in two directions, i.e., inward and outward, at
both temperatures (the red arrows indicate the growth
direction of silica in Figure 4). Because of the relatively high
activation energy barrier, however, the inward growth rate of
the oxidized layer drops at low temperature. In that case, as
mentioned in section 2, the Si1+ → Si2+ → Si3+ → Si4+

conversion is fast, and a new silica layer quickly forms and
grows faster than at high temperature. As a result, the thickness
of ultrathin SiO2 obtained at low temperature is slightly higher
than at high temperature, as was obvious from Figure 2b.
In stage III, the inward growth at low temperature is slowed

down, especially for the oxidized layer but also for the silica
layer, and the O atoms cannot penetrate in the crystal any
further due to the associated activation energy barrier of the Si
subsurface layers, which is in the order of 1 and 2.4 eV for the
first and second Si subsurface layers, respectively.18,19 However,
at higher temperature, interstitial neutral oxygen atoms are still
sufficiently mobile to surmount the activation energy barrier. In
ref 15, a threshold temperature of 500 K for this process was
suggested. Therefore, at higher temperature, both the inward
and outward growth of the substoichiometric (SiOx) and the
stoichiometric (SiO2) oxide layers still continues. However, the
inward growth of the silica layer slows down, in a similar way as
at low temperature.
In stage IV, i.e., the final stage, the inward growth becomes

negligible at low temperature. Therefore, in this stage, only the
outward growth of the oxidized silicon and silica phases
continues. Our earlier study on the growth mechanism at room
temperature6 showed that, during the entire oxidation process
(150 ML), the penetrated oxygen atoms can move only up to a

Figure 4. Growth behavior of oxidized silicon and ultrathin silica layers induced by 5 eV atomic oxygen at temperatures of 300 and 1300 K. The
occurrence of pure Si, SiOx (x < 2), and SiO2 phases is indicated in the histograms by light gray bars, green bars, and red bars, respectively. Green
and red arrows indicate the growth direction of the oxidized silicon and silica layers, respectively.
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certain limit depth, which is about 10 Å from the top of the
surface of the pristine crystalline Si. The limit of the oxidized
depth is equal to the maximum penetration depth of the oxygen
atoms, and it determines the maximum number of silicon atoms
that may contribute to the formation of the oxygenated silicon
layers. The limit depth is found to be nearly constant after stage
IV, and it depends on both the kinetic energy and the type of
incident oxygen species. The maximum penetration depth was
found to be 5 and 9 Å for the atomic oxidation case with kinetic
energies of 1 and 5 eV, respectively. In the case of oxidation by
molecular oxygen, the limit depths were slightly lower than in
the atomic case and the values were equal to 4 and 8 Å for
kinetic energies of 1 and 5 eV, respectively. The limit depths are
also close to the values of our previous calculations.47

At high temperature, however, both the oxidized silicon and
silica layers continue to grow in both directions (i.e., inward
and outward), although the inward silica growth rate drops. In
that case, the interface, which consists of the Si1+, Si2+, and Si3+

species, is significantly thicker than at low temperature, as was
also observed in Figure 1. The oxide thickness attains its
maximum value when also the outward growth of the silica
stops (not shown in Figure 4).
Study of the outward and inward displacement of silicon and

oxygen species in the oxide growth process also allows a further
understanding of the growth mechanism. In Figure 5 the

evolution of the Si and O layers is shown as a function of
oxygen fluence, during the oxidation at 300 and 1300 K. As
mentioned above, z = 0 Å corresponds to the topmost layer of
the original pristine Si lattice in both cases. In Figure 5a, each
line corresponds to the average z coordinate of the Si atoms
(belonging to the pristine substrate layer) as a function of the
oxidation progress, expressed in number of added ML of
oxygen. The simulated Si crystal consists of 20 layers, with an
initial interlayer separation of about 1.3 Å.

We interpret the results as follows. At the very beginning of
the oxidation process, the lines indicate that the upper surface
and subsurface layers remain in place. In this short period
(direct oxidation stage), some oxygen atoms can penetrate up
to the limit depth of about 9 Å in the low temperature (300 K)
case.47 During the growth process, the top layers expand and
the distance between the layers doubles relative to the initial
separation (see light gray lines in Figure 5a), corresponding to
one oxide layer.5 By comparing both temperatures, it can be
seen that the thickness of the formed silica layer is almost the
same in both cases for the same oxidation time, but a thicker
oxygenated silicon layer is obtained at high temperature (as was
also obvious from Figure 1). The silica structure obtained at
higher temperatures contains some Si−Si bonds, i.e., under-
coordinated Si atoms, which is explained by the relatively slow
conversion of the Si suboxide components. Therefore, the
distance between the lines (layers) is different from the
interlayer distance at lower temperature. Furthermore, we did
not observe the outward displacement of any Si atom that is
not connected to oxygen atoms. As mentioned in the
introduction, according to the reactive layer model,29 silicon
atoms should diffuse through the thin reactive layer and react
with oxygen on the top of this layer, forming the SiO2 phase,
which is not the case in our simulations. Therefore, this model
cannot describe the growth behavior in hyperthermal oxidation.
In Figure 5b, each line corresponds to the average z

coordinate of 32 penetrated oxygen atoms during oxidation.
Positive z values indicate oxygen atoms adsorbed on top of the
Si surface, whereas negative z values represent penetrated
oxygen atoms due to inward diffusion during the oxidation
process. Note that, due to the increasing activation energy,
inward oxygen diffusion is observed only at temperatures above
the transition temperature. At low temperature, inward oxygen
growth is inhibited by the associated energy barrier. Indeed, in
hyperthermal oxidation in this temperature region, the kinetic
energy of the incident oxygen atoms is the dominant factor,
rather than the growth temperature. In contrast, in the
oxidation process at high temperature, oxygen atoms are
continuously being displaced due to their high diffusivity.
However, we did not observe the oxidation by oxygen diffusion
through oxidized layers. Hence, also the Deal−Grove model21

does not describe the hyperthermal oxidation mechanism as
observed in our simulations.
Hence, our growth mechanism predicts that, when the

temperature is below the transition temperature (i.e., T <
Ttransition), the oxide thickness depends on the kinetic energy of
the incident oxygen species. However, in the case T > Ttransition,
the oxide thickness depends on both the incident energy and
the growth temperature. Note that these predictions are not
observed nor expected in the traditional thermal oxidation
process.

Analysis of the Oxygenated Si Structure during
Oxidation. Figure 6 shows the oxygen content and the energy
gain of the oxygenated + nonoxygenated system as a function
of the oxygen atom fluence at 5 eV. As can be seen in Figure 6b
from the calculated system energy gain, the oxygenated silicon
is energetically more stable than pure silicon. This stabilization
occurs due to the formation of the Si−O bonds. Moreover, the
total energy of the oxygenated silicon bulk strongly depends on
the temperature, i.e., the system appears to become more stable
with increasing growth temperature at this impact energy. It
was found that the energy gain depends also on the incident

Figure 5. Evolution of (a) the growth of oxygenated Si layers, as
shown by the average z coordinate of the silicon atoms per atomic
layer and (b) the inward diffusion depth of penetrated oxygen during
hyperthermal oxidation by oxygen atoms of 5 eV, at temperatures of
300 and 1300 K, respectively. Here, z = 0 Å corresponds to the
topmost layer of the original pristine Si lattice. The black curves in
panel a indicate the pure Si layers, whereas the gray curves indicate the
Si atoms in the oxidized layers. The curves with different colors in
panel b just represent different oxygen layers but have no further
specific meaning.
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energy and type of the oxygen species, i.e., the energy gain is
higher in atomic oxidation and for higher initial impact energy.
Our previous results6 predicted that the silica thickness also

strongly depends on the type and initial energy of the incident
oxygen species at room temperature. As mentioned above, it
was found that the ultrathin silica films formed by this
hyperthermal oxidation process can be divided in a pure silica
bulk region and a silica surface region during oxidation. The
roughness of the silica surface is rather high, and its mass
density is lower than that of the pure silica bulk. Such a rough
surface is found at all temperatures (see also Figure 1). Indeed,
the surface roughness is also related to the incident energy
rather than to the growth temperature.
In Figure 7, both the total and partial O−O radial

distribution functions (RDFs) are shown for the structures

grown by 3 eV atomic impacts, for all temperatures. Very
similar RDFs are obtained for impact energies of 1 and 5 eV
(not shown). In Figure 7a, analysis of the silica structure by
means of the RDF shows that the Si−O (α peak), O−O (β
peak), and Si−Si (γ peak) bonds are located at 1.6 Å, 2.5 Å, and
3.2 Å, respectively. These values agree with both experimental
values and other MD calculations.38,48,49 Moreover, only the α

peak is sharp, whereas the other peaks are rather weak,
indicating that the obtained structures are amorphous.
However, at low temperature, some unexpected O−O
nonbonded neighbors (β2 peak) are found with a distance of
2.25 Å, close to the β peak. We believe that this peak is caused
by stress near the interface. The β2 peak also depends on the
growth temperature, i.e., increasing the growth temperature
significantly decreases these O−O interactions in the
tetrahedral silicon structure. Also, some unexpected peaks in
the RDF analysis indicate some intrinsic defects, i.e., peroxyl
bridges (see β′1 and β″1 in Figure 7b), 3-fold oxygen, as well as
over- and undercoordinated silicon atoms can be found in the
silica structure during oxidation. The existence of peroxyl
bridges and 3-fold bond configurations in amorphous SiO2 has
already been suggested on the basis of some experimental and
first-principles calculations.15,50−52 Indeed, it was suggested that
the peroxyl bridge configuration is energetically stable. Our
results also show that such peroxyl linkages occur more in the
silica induced by atomic oxidation than by molecular oxidation
at temperatures below the transition temperature, although
their number is small. The results also show that the total
number of oxygen peroxyl bridges significantly decreases with
increasing growth temperature.
Finally, the ability to accurately control the growth of

ultrathin α-SiO2 and its interface thickness increases with
decreasing growth temperature. As demonstrated in the
previous sections, the interface thickness strongly depends on
the growth temperature, due to the increasing mobility and
diffusivity of the penetrated oxygen atoms at higher temper-
atures. We therefore believe that the transition temperature is
one of the key factors in controlling the thickness of the
ultrathin silica with an abrupt interface. Indeed, the thickness of
the ultrathin silica is most easily controlled by the incident
energy and type of the incident oxygen species at temperatures
below the transition temperature (i.e., at temperatures below
500−700 K).6

■ SUMMARY AND CONCLUSIONS
The temperature dependence of hyperthermal oxidation of
Si(100) {2 × 1} surfaces by oxygen atoms and molecules was
analyzed by reactive molecular dynamics simulations. A
transition temperature of about 700 K was found: below this
temperature, the oxide thickness only depends on the impact
energy of the impinging species. Above this temperature, the
oxide thickness depends on both the impact energy and the
surface temperature. More specifically, the oxide thickness
increases with increasing temperature. This is caused by the
enhanced diffusivity of the oxygen atoms with increasing
temperature as well as the activation barrier for oxygen
penetration in the silicon crystal. Furthermore, the initial
oxidation stage in hyperthermal oxidation shows some notable
differences from the traditional thermal oxidation: instead of an
incubation period, an initial stage of direct oxidation with a
specific duration is observed. This changes the growth
mechanism of the oxide layer in the initial oxidation stage.
Two growth mechanisms of the bulk silica and interface region
were found, corresponding to temperatures below and above
the transition temperature. Where possible, we validated our
results with experimental and ab initio data, and good
agreement was obtained. These results are of importance for
the fabrication of silica-based devices in the micro- and
nanoelectronics industry and open up a new route for silica
growth by hyperthermal oxidation.

Figure 6. Oxygen content during hyperthermal oxidation of the {2 ×
1} reconstructed Si(100) surface at various temperatures (a) and
variation of the total energy of the oxygenated system (b) as a function
of fluence, for an atomic oxygen beam with 5 eV kinetic energy.

Figure 7. (a) Total radial distribution functions (RDFs) of the SiO2
bulk silica structures during hyperthermal oxidation, for an atomic
oxygen beam with 3 eV kinetic energy at different growth
temperatures, and (b) partial distribution function of the O−O
distance at 300 K, showing also two types of oxygen peroxyl bridge
bond in silica. The symbols α, β, β1 (β′1, β″1), β2, and γ denote Si−O,
O−O, O peroxyl (first type at 1.3 Å and second type at 1.6 Å), and
nonbonded O−O and Si−Si bonds, respectively.
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