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1. INTRODUCTION

Silicon dioxide (SiO2) films can nowadays successfully be
grown on crystal silicon, with a thickness of a few monolayers.1,2

This is important for the fabrication of microelectronics and
photovoltaic devices (e.g., metal oxide semiconductor field-effect
transistors (MOSFETs), solar cells, optical fibers, etc.).1�7 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 perfor-
mances of the devices. Being able to control atomically the inter-
face is however a challenging task for near future nanoelectro-
nics.1,2 Therefore, understanding the growth process at the atomic
scale (i.e., oxidation kinetics and dynamics, transport phenomena
during oxidation, etc.) of ultrathin silicon dioxide is of prime
importance.2,8

In fact, the most generally adopted model for silicon oxidation
is the Deal�Grove model.9 In this model, it is assumed that an
oxide species first enters the SiO2 layer, then diffuses through the
disordered oxide toward the Si/SiO2 interface, and finally reacts
at the Si substrate, where the new oxide grows. Unfortunately,
this model does not accurately describe the kinetics of the silicon
oxidation for thin layers (<100 Å),10�12 although certain key
aspects of the model are still accurate for films with thickness
above 40 Å at high temperature (>1000 K),10,11 including oxygen
diffusion in the Si/SiO2 interface and oxide formation at the
interface. However, the mechanism clearly fails when describing
the oxidation kinetics of ultrathin films (∼20 Å) at room
temperature.8,12 Furthermore, several extensions of the model

have been proposed to describe the growth rate enhancement
in thin oxide regime, for example, the Massoud�Plummer�
Irene extension,13 reporting data for the oxidation rate for layers
between about 20 Å and 500 Å in detail. However, there is little
or no experimental data extending continuously from 20 Å
downward.5

The analysis of physical properties14�19 of the SiO2/Si(100)
system, as well as the behavior of the Si/SiO2 interface during
oxidation by hyperthermal oxygen species at room tempera-
ture4,20�22 has already received a lot of attention. Oxidation
kinetics and growth mechanisms at room temperature were
properly analyzed in the thermal oxidation regime. Cerofolini
et al.23,24 presented a model for oxidation kinetics in air at room
temperature of single crystalline and hydrogen terminated (100)
silicon. They properly elucidated the growth mechanism, that is,
formation and growth behavior of the substoichiometric and
stoichiometric oxides. The kinetics were described by the Elovich
equation in the long-time limit. While the equation describes the
linear-saturation behavior of oxygen coverage on Si surface well,
the kinetic model fails in two situations for describing the hyper-
thermal oxidation: (a) no solution of the equation for the for-
mation of substoichiometric oxides exists for the case θ(0) = 0;
(b) there are no suitable parameters for describing the direct
oxidation, that is, energetic oxygen species directly oxidizing the
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ABSTRACT: Using reactive molecular dynamics simulations by means of the ReaxFF potential, we studied the
growth mechanism of ultrathin silica (SiO2) layers during hyperthermal oxidation at room temperature.
Oxidation of Si(100){2 � 1} surfaces by both atomic and molecular oxygen was investigated in the energy
range 1�5 eV. The oxidation mechanism, which differs from thermal oxidation, is discussed. In the case of
oxidation by molecular O2, silica is quickly formed and the thickness of the formed layers remains limited
compared to oxidation by atomic oxygen. The Si/SiO2 interfaces are analyzed in terms of partial charges and angle
distributions. The obtained structures of the ultrathin SiO2 films are amorphous, including some intrinsic defects.
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.
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Si subsurface layers. Indeed, the growth mechanism of silicon
dioxide in the initial state of hyperthermal oxidation has not yet
been properly analyzed, and investigations at the atomic scale are
required. Therefore, we carried out reactive molecular dynamics
(MD) calculations for clarifying the formation and growth
behavior of SiO2 on a Si(100){2 � 1} reconstructed surface at
room temperature during oxidation by oxygen species (O, O2)
with hyperthermal energies (1�5 eV), and the resulting silica
thickness.

2. COMPUTATIONAL DETAILS

2.1. Interatomic Potential. In a MD simulation, the path of
the atoms is followed through space and time by integrating the
equations of motion. In this work, the forces on the atoms are
derived from the Reactive Force Field (ReaxFF) potential.25

The ReaxFF potential uses the bond order/bond distance
relationship formally introduced by Abell.26 The total system
energy is the sum of several partial energy terms; these include
energies related to lone pairs, undercoordination, overcoordina-
tion, valence and torsion angles, conjugation, hydrogen bonding,
as well as van der Waals and Coulomb interactions. Charge
distributions are calculated based on geometry and connectivity
using the electronegativity equalization method (EEM).27 A de-
tailed description of the force field can be found elsewhere.28�30

Currently, the ReaxFF potential is successfully being applied to a
few tens of elements and their compounds, including hydro-
carbons,25 silicon/silicon oxide,31�33 metals, metal oxides,34 and
metal hydrides.35

2.2. Simulation Method. For the simulation, a Si(100)-
{2 � 1} reconstructed surface is chosen, with dimensions
21.7 Å � 21.7 Å � 27.1 Å. Periodic boundary conditions are
applied to the {xy} plane, to mimic a laterally infinite surface.
Prior to the impact simulations, the box is equilibrated at 300 K
using the Berendsen heat bath.36 The obtained structure is sub-
sequently relaxed in the microcanonical ensemble for 10 ps.
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 ran-
domly. 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.37,38 Every impact is followed for 3 ps. Three series
of simulations were carried out for kinetic energies of the
impinging oxygen species (O, O2) of 1, 3, and 5 eV.

3. RESULTS AND DISCUSSION

3.1. Growth Process. 3.1.1. Two-Stage Hyperthermal Oxida-
tion. A general evolution of the growth process is presented in
Figure 1. Figure 1a shows the evolution of the oxygen content of
the Si lattice as a function of O fluence in monolayers (ML) for
both atomic and molecular impact cases with initial kinetic
energies of 1, 3, and 5 eV. In our calculations one ML corre-
sponds to 32 atoms. It can be seen in the figure that the oxidation
process can be divided into two stages: (I) the initial fast oxida-
tion stage and (II) the subsequent slow oxidation stage. This
corresponds to previous experimental studies.11,39 In the first
stage, the oxygen content rapidly increases due to the high
adsorption probability of the oxygen species on the pure silicon
surface. In this stage, the silicon surface and subsurface layers are

directly oxidized by hyperthermal oxygen species.4,19,37 Conse-
quently, the oxygen sticking probability is in this stage not a
function of the oxygen fluence (Figure 1b), and the oxygen
content grows linearly. The duration of the first stage strongly
depends on incident energy and type of oxygen species. The
results indicate that the first stage continues for 2.6, 5.0, and
6.2 ML of oxygen fluence in the atomic case with 1, 3, and 5 eV,
respectively. In the molecular case, the duration of stage I is
shorter due to the lower adsorption probability, and it lasts for
about 1.6, 2.4, and 2.6ML, respectively, for initial kinetic energies
of 1, 3, and 5 eV.
In the beginning of the second stage, the sticking probability of

the incident oxygen species decreases rapidly due to the presence

Figure 1. Oxidation stages (I and II) during hyperthermal oxidation
(1�5 eV) on the {2 � 1} reconstructed Si(100) surface at room tem-
perature: (a) oxygen coverage on the silicon surface, (b) adsorption
behavior of incident oxygen species, and (c) variation of total energy of
the SiO2/Si system as a function of fluence, for both atomic (A1�1 eV,
A3�3 eV, A5�5 eV) and molecular (M1�1 eV, M3�3 eV, M5�5 eV)
oxygen beams.
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of the previously adsorbed oxygen atoms, which appear on the
topmost layer of the newly formed silica layer. As a result, most of
the new impacting oxygen atoms do not link to the surface atoms
during this stage. This leads to a gradual saturation of the oxygen
content. In the molecular impact case, the saturation occurs
much faster than in the atomic case.
While the oxygenated silicon thickness quickly increases in the

first stage, the main effect of the second stage is structural change.
Figure 1c presents the energy gain of the SiO2/Si interface due to
oxidation. In the first stage, the energy curve drops (i.e., becomes
more negative) much more quickly than in the second stage.
The energy plot indicates that oxygenated silicon is energetically

more stable than pure silicon. As shown in Figure 1c, the total
energy of the oxygenated silicon bulk strongly depends on energy
and type of incident oxygen species, that is, the system appears to
become more stable upon atomic impacts than upon molecular
impacts, and also with increasing energy of the impacting species.
Indeed, the energy gain depends on the extent of the Si�O
bonding, which is analyzed below.
3.1.2. Growth Mechanism of Ultrathin SiO2 Layers during

Hyperthermal Oxidation. In Figure 2, the SiO2 growth process
on a {2 � 1} reconstructed Si(100) surface by both oxygen
atoms and molecules with an incident energy of 5 eV is pre-
sented. The oxidation progress is shown by molecular structure

Figure 2. Growth behavior of ultrathin silica layers induced by 5 eV atomic andmolecular oxygen at room temperature. The occurrence of pure Si, SiOx,
and SiO2 is indicated in the histograms by light gray bars, green bars, and red bars, respectively. Black and red arrows indicate the growth direction of the
oxidized and silica layers, respectively.
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representations and suboxide histograms. Here, gray, green, and
red bars describe the density distribution per depth of pure Si,
oxygenated Si (i.e., SiOx) species and ultrathin silica (i.e., SiO2)
layers, respectively. z = 0.0 Å corresponds to the topmost layer of
the original pristine Si lattice.
Our calculations are based on the mass center position of Si

layer planes40 and show that the average thickness of each layer is
equal to 1.296 Å, corresponding to the thickness of one-half
oxide layer (one oxide layer thickness is 2.6 Å4).
We can distinguish two steps in the growthmechanism of silica

layers at room temperature. In the first step, the oxidized layers
grow simultaneously inward and outward, normal to the surface
(see Figure 2b in both the atomic and molecular impact case; the
black arrows indicate the growth direction of oxidized layers).
However, due to the associated activation energy barrier of the Si
subsurface layers, which is on the order of 1 eV,41,42 the inward
growth is interrupted quickly, and atoms cannot penetrate in the
crystal any further. This indicates the end of the initial growth
step. Consequently, during the entire oxidation process, the
penetrated oxygen atoms can move only up to the limit depth.
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, which may contribute to the
formation of the oxygenated silicon layers. The results show that
the limit depth is nearly constant during the second oxidation
stage and it depends on both kinetic energy and type of incident
oxygen species. The maximum penetration depth was found
to be 8, 9, and 10 Å during the atomic oxidation with kinetic
energies 1, 3, and 5 eV, respectively. In the molecular oxidation
case, the limit depths were slightly less than in the atomic case,
and the values were equal to 4, 6.9, and 7 Å for kinetic energies of
1, 3, and 5 eV, respectively. The limit depths are very close to the
values of our previous calculations.43

When the second growth step starts, an “incipient” silica layer
appears (Figure 2c in both the atomic and molecular impact
case). The results demonstrate that silica also grows in two direc-
tions during the second step (the red arrows indicate the growth
direction of silica in Figure 2c,d). Inward growth of silica con-
tinues up to the interface area, which is located between silica
(SiO2) and crystalline Si. When the oxygen content is completely
saturated, only the outward silica growth continues (see
Figure 2d). Indeed, in the molecular case, the maximum silica
thickness is nearly constant during the second oxidation stage.
Furthermore, in this case, silica formation is almost completed at
the beginning of the second stage, and the silica layer is thinner
due to fast saturation of the oxygen content and the low limit
depth of penetrated oxygen atoms. The maximum thickness is
reached when also the outward growth of the silica stops (not
shown in Figure 2).
3.1.3. Evolution of Si Suboxide Components in the Initial

Oxidation Stage. As was mentioned in Section 3.1.1, a direct
insertion of oxygen atoms into the Si subsurface layers is found
during the initial stage, for hyperthermal oxidation at room
temperature, which has not been observed in thermal oxidation.
On the other hand, in the hyperthermal energy regime, incident
atoms can surmount the energy barriers of the first or even
second subsurface layers,43 which are estimated to be about 1.0
and 2.4 eV, respectively.41 Such oxidation behavior was also
studied by ellipsometry and synchrotron radiation photoemis-
sion spectroscopy.4,19,37 The temporal evolution of the forma-
tion and growth of the oxygenated silicon in the initial oxidation
stage can easily be understood by observing the variation of the

silicon suboxide components. Generally, the components Si1+,
Si2+, Si3+, and Si4+ are supposed to arise from interfacial silicon
atoms, which bind to one, two, three, and four nearest-neighbor
oxygen atoms, respectively, that is, this corresponds to Si2O, SiO,
Si2O3, and SiO2, respectively. Figure 3a shows the variation of
the relative concentrations of Si suboxide species in order to
elucidate the oxidation behavior in the initial stage. In this stage,
an adsorbed oxygen atom can bind to surface atoms in different
configurations. Previous studies41,44,45 demonstrated back-bond
(B), dimer-bridge (D), on-dimer (D1), and on-top (T) struc-
tures on the initial Si (100) structure (see pictures in Figure 3b).
It was argued that the B or D bonds are energetically most
favorable.41,44�46

In our case, each of these Si�O bond configurations, except
the D structure, are found during the initial oxidation stage. As
can be seen in Figure 3a, the Si1+ peak (α) initially dominates.
Indeed, in the earliest stage, the adsorbed oxygen atoms bind

Figure 3. (a) Relative numbers of silicon suboxide components as a
function of atomic and molecular oxygen fluence. (b) Possible bond
configurations of an oxygen atom with a Si(100){2 � 1} surface in the
initial silicon oxidation: (I) back-bond (B), (II) dimer-bridge (D), (III)
on-dimer (D1), and (IV) on-top (T) structures.



24843 dx.doi.org/10.1021/jp2082566 |J. Phys. Chem. C 2011, 115, 24839–24848

The Journal of Physical Chemistry C ARTICLE

according to one of the bond configurations as shown in
Figure 3b. The D configuration is found as soon as the first sub-
surface layer becomes oxidized. The Si2+ peak (β) indicates the
appearance of two bonds, that is, BB, BD, BT, or BD1, of which
BB and BD1 dominate. The appearance of mainly BBD, BBD1,
and BDT bonds is represented by the Si3+ peak (γ). In Figure 3a,
it is shown both in the atomic and molecular oxidation case, that
Si1+, Si2+, and Si3+ suboxide species consecutively dominate in
the initial oxidation stage. All of these three Si suboxide species
are found in the first few tens of impacts. Indeed, incident oxygen
can penetrate deeper than the Si topmost surface and directly
oxidizes the Si subsurface layers, that is, the uppermost (no
barrier energy41) and first subsurface layers (barrier energy about
1 eV41). When the silica layer appears, the Si4+ curve increases
continuously, and the other suboxide components significantly
decrease, as is clear from Figure 3a. Note that the yellow curve in
both the atomic and molecular case denotes the sum of Si1+, Si2+,
Si3+, and Si5+, whereas the blue curve gives the Si4+ contribution;
the sum of these two curves is equal to 1.
This behavior allows us to assess when the SiO2 growth starts,

that is, after about 4 ML in the atomic case, and after about 2 ML
in the molecular case. Note that our calculations also some five-
fold suboxide species are detected in the silica bulk during the
oxidation process, although in very low concentration, which is
due to residual uncorrected overbinding in the potential.
3.1.4. Charge Distribution of the Si(100)/SiOx/SiO2 System

during Oxidation. Calculation of the charge distribution facil-
itates to identify two regions of the oxidized silicon: transition
(SiOx) and silica (SiO2). In Figure 4, partial charge distributions
of Si and O in the SiO2/SiOx/Si(100) structure are shown for
oxidation by atomic and molecular oxygen, for an energy of 3 eV.
In the transition region (colored dark gray), the partial charges of
Si and O atoms range approximately from 0 to +1.2e and from
�0.9e to �0.6e, respectively. On the other hand, the average
partial charges are about +1.2e and �0.6e in the SiO2 region
(colored light gray) for Si and O atoms, respectively. Indeed,
analysis of the obtained oxygenated silicon bulk during the
oxidation process by the partial charge distribution clearly shows
that the bulk is split up in two regions: a transition layer and
silicon dioxide (or pure silica), which is consistent with experi-
mental and theoretical studies.11,16,47 The charges of the oxygen
atoms are distributed in the range between �0.3e and �0.6e
in the case of atomic oxidation because of peroxyl and three-fold
oxygen bond configurations in the silica region (see below).
Furthermore, also some Si�Si bonds (i.e., oxygen vacancies)48

are found in the SiO2 region in the molecular oxidation case.
Previous DFT calculations47 suggested that such a distribution in
the silica region is induced by oxygen-deficient defects. More-
over, due to intrinsic defects (i.e., an incorrect coordination of a
Si or O atom, or a Si�Si or an O�O bond), the total charge of
the oxygenated silicon area is locally not zero. We believe that
some O�O peroxyl bridge and three-fold oxygen bond con-
figurations17,48 in SiO2 disorder the charge distribution of the
oxygen atoms. In addition, oxygen atoms, which are distributed
in the top oxide layer, strongly affect the incident oxygen species
during oxidation. This effect may accelerate the saturation of
the oxygen content in the molecular case. Finally, note that the
calculated charges are determined from the EEM method, fitted
to Mulliken charges. 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 reasonable
agreement with experimental values for quartz and coesite.49

3.1.5. Variation of the Thickness of the Interface (or Transi-
tion Layer) between Pure Si and SiO2 during Oxidation. In
Section 3.1.4, the partial charge distribution also indicates that all
Si suboxide components are found in the oxygenated silicon
region. The silicon suboxide species allow analysis of the transi-
tion area as well. In the transition or nonstoichiometric oxide
region, located between the crystalline silicon and the silicon
dioxide (silica) layer, all three Si suboxide species (Si1+, Si2+, and
Si3+) are found. Our calculations predict that the oxygen density
is somewhat higher in the transition region than in the pure silica
bulk, as is also experimentally found11 through the analysis of the
oxygenated silicon bulk as grown by thermal oxidation. Both the
temporal variation of the silicon suboxide components and the
partial charge distribution predict that the transition area is
thinner than the SiO2 bulk. In Figure 5, the variation in thickness
of the transition layer, also called interface, during hyperthermal
oxidation by oxygen species is shown. For both atomic and
molecular oxidation, the thickness of the transition area increases
with increasing thickness of the oxygenated silica during the
initial oxidation stage. In the second stage, the thicknesses of
the transition area slightly decrease again and become about
5 Å. This value corresponds to the lower limit of several experi-
mental measurements,10,11,14 in which the thickness of the
transition region ranges from 5 to 50 Å. Moreover, this value
seems to be rather independent from the energy and type
(atomic/molecular) of the impacting species.

Figure 4. Charge distributions of Si and O in the Si(100)/SiOx/SiO2

system, for (a) atomic and (b) molecular oxidation, for a kinetic energy
of 3 eV. The oxidized Si (i.e., SiOx) transition layer and the silica (SiO2)
bulk can clearly be identified by the dark gray and lighter gray regions,
respectively.
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3.1.6. Variation of the SiO2 Thickness during Oxidation.
Figure 6 shows the temporal evolution (or evolution as a function
of oxygen fluence) of the thickness of the pure silica layer during
hyperthermal oxidation. As mentioned above, the silica appears
when a few ML of oxygen is incorporated during the initial
oxidation stage. In the initial oxidation stage, the silica layer grows
rapidly. Our results predict that the increase in the silica thickness
consists of two stages: a linear and a nonlinear stage.
A linear increase in the silica thickness is observed during

the initial oxidation stage. This linearity was also found by using
ellipsometry and synchrotron radiation photoemission spectro-
scopy,37 in which the limits of the linear growth for 1.8, 2.7, 3.8,
and 5.0 eV were 3.0, 6.2, 6.2, and 7.0 Å, respectively. Our calcu-
lations show that the limits of linear growth during hyperthermal
oxidation with oxygen atoms for incident energies of 1, 3, and
5 eV are about 2.0, 6.0, and 9.0 Å, respectively, which differs
only slightly from the experimental result. This linearity was also
observed in the molecular case, although only during a relatively
shorter time.
In themolecular oxidation case, the thickness quickly becomes

constant at the start of the second oxidation stage due to the next-
to-complete saturation of the oxygen content. However, the silica
thickness slightly oscillates around an average thickness value due
to the consecutive hyperthermal oxygen impacts and increasing
stress of the Si(100)/SiO2 system, due to which, the topmost
silica layer is significantly damaged after each atomic impact.

Analysis of the fluctuations induced by molecular oxygen with
an energy of 3 eV shows that the average value of the thickness is
about 6.3 Å. This is close to the experimental value of 6 Å,4 which
was obtained by using supersonic O2 molecular beams at room
temperature. Our results predict that, in the molecular oxidation
cases with energies of 1 and 5 eV, the average values of the silica
thickness are about 5 and 9 Å, respectively.
In the atomic case, the minimum thickness of the final silica

configuration was not less than 5.5 oxide layers (∼14 Å) for the
1 eV impacts, and it increases with higher impact energy, to about
15 Å at 3 eV and 18.5 Å at 5 eV. This value is also close to the
experimental value of 17.5 Å, which was obtained at 493 K by
oxygen atoms with kinetic energy of 4.6 eV.39 However, this
oxidation was performed on a H-terminated Si(001) surface
using a relatively low oxygen fluence. The thickness obtained at
5 eV is also in close agreement with other experimental results.19

Analysis of the thickness variations assumes that the change in
silica thickness as a function of incident energy is smaller for the
molecular oxidation than for the atomic one due to the immedi-
ate 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 mo-
mentum and hence a lower velocity. Therefore, oxygen mol-
ecules do not penetrate as deep in the surface as the oxygen
atoms. However, hyperthermal O2 molecules are found to be
more effectively than oxygen atom for controlling the ultrathin
oxide thickness at room temperature.
3.2. Analysis of the Obtained Films. 3.2.1. Roughness of the

SiO2/Si Interface (Transition Region). The roughness of the SiO2/
Si interface is a crucial parameter for ultrathin films. Indeed,
careful analysis of the interface roughness at the atomic scale is
quite important for MOSFET technology, for example. There-
fore, we analyzed the interface between ultrathin SiO2 and
crystalline Si. As mentioned in Section 3.1.5, the thickness of
all interfaces (or transition layers, which consist of Si1+, Si2+, and
Si3+ suboxide components) is almost constant and is limited to
about 5 Å during the second oxidation stage. In Figure 7, six
interfaces, obtained after 150 ML of oxygen fluence during both
atomic andmolecular oxidation with 1, 3, and 5 eV, are shown. As
can be seen, the interface with the crystalline Si is very sharp.
Clearly, the interface is sharper in the structures obtained by 1 eV
atomic and molecular oxidation than other structures. The root-
mean-square surface roughness of the interface is low. Moreover,
analysis of the surface indicates that some small protrusions exist
in the ultrathin nonstoichiometric oxide region, which is pre-
sented also in the Irene’s interface model for the thermal oxidation
case.14 In a forthcoming paper, a more detailed analysis, including
stress calculations, will be presented.
3.2.2. Analysis by Means of Mass and Charge Distribution.As

was mentioned above, the oxidized silicon layer can be divided
into two parts: a near-interface region (“transition layer”) and a
pure silica region. Furthermore, the pure silica region can also be
divided in bulk and surface parts.11 In Figure 8, the oxygenated
silicon layer is schematically represented by both the mass and
charge distributions. In the mass distribution graph, the resolu-
tion of the analyzed layer thickness is 2.592 Å, which corresponds
to the thickness of one oxide layer. The oxygenated silicon layer is
divided into three parts bymeans of the obtainedmass and partial
charge distributions, that is, interface, silica bulk, and silica
surface (indicated by II, III, and IV, respectively, in Figure 8;
region I is the pure Si region). Gusev et al.11 clearly showed the
presence of these three parts in their relatively thicker oxide films

Figure 6. Variation of the SiO2 thickness as a function of the oxygen
fluence, for both atomic and molecular impacts of 1, 3, and 5 eV.

Figure 5. Variation of the interface thickness during hyperthermal
oxidation, as a function of the oxygen fluence, for both atomic and
molecular impacts of 1, 3, and 5 eV.
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(∼ 50 Å), as obtained by thermal oxidation at 1020�1170 K.
They also explained that these regions overlap in ultrathin oxide
films (∼ 20 Å) during the oxidation process. Such an overlapping
was also found in our obtained oxide films. The mass distribution
shows that relatively high density area corresponds to the inter-
face region, where most of the intermediate Si suboxide compo-
nents (Si1+, Si2+, Si3+) reside. Indeed, because the entering
oxygen atoms are stopped by the silicon barrier energy, the
interface is enriched in oxygen, which is translated into the mass
distribution by two silica regions. Due to the relatively high
energy, the silica surface contains many small craters (e.g., see
atomic 1 eV in Figure 7). Therefore, the mass density of the
surface silica (region IV) is lower than that of the silica bulk
(region III). In Table 1, the thickness of the various regions, that
is, interface, bulk silica, and surface silica, as estimated from the
mass and partial charge distributions (cf. Figure 8) is presented
for both the atomic and molecular impacts, at the three different
impacting energies investigated. It can be seen from the table that
the thickness is a nearly a linear function of the kinetic energy
of the impinging oxygen species. The thickness of the layer
obtained by atomic oxygen is almost twice the value obtained
for molecular oxygen. Indeed, these observations suggest that the
thickness of the layer can be controlled by the choice of the
impinging species and the impinging energy.
3.2.3. Analysis by Means of the Radial Distribution Function

(RDF). Figure 9a shows the total radial distribution functions
(RDF) of the obtained bulk silica structures for the atomic and
molecular oxidation with kinetic energies of 1, 3, and 5 eV. The
Si�O,O�O, and Si�Si bonds (β,γ, andδ peaks, respectively, in

figure 9a), are found to be 1.61, 2.51, and 3.15 Å, respectively, at
all cases investigated, that is, both atomic and molecular impacts,
at the three different impact energies. These values agree with
both experimental values and other MD calculations15,32,50 and
indicate that the obtained structure is amorphous.
Some unexpected O�O nonbonded neighbors (γ0 peak) are

found with distance 2.25 Å, close to the γ peak. We believe this

Figure 8. (a) Calculated mass density distribution and (b) partial
charge distribution of the pure Si and oxygenated Si layer. (c) Schematic
representation of the oxygenated silicon structure. The different regions
are clearly indicated in (b): (I) pure Si; (II) interface; (III) SiO2 bulk;
and (IV) SiO2 surface.

Figure 7. SiO2/Si interfaces (dark gray regions) obtained by both atomic
and molecular oxidation with 1, 3, and 5 eV. White and gray silicon atoms
indicate ultrathin SiO2 and crystalline Si, respectively.

Table 1. Final Thickness of the Oxygenated Silicon, Split up
into Interface, Bulk Silica, and Surface Silica Regions, for Both
Atomic and Molecular Impacts at the Three Different En-
ergies Investigated, as Estimated from the Mass and Partial
Charge Distributionsa

thickness of oxygenated silicon, Å

silica (SiO2)

incident oxygen

species

incident

energy, eV interface bulk surface total total

atom 1.0 5.5 9.9 5.3 15.2 20.7

3.0 5.6 11.9 5.0 16.9 22.5

5.0 5.8 13.5 5.2 18.7 24.5

molecule 1.0 4.8 2.9 2.3 5.2 10.0

3.0 5.2 4.9 1.4 6.3 11.5

5.0 5.6 7.0 2.1 9.1 14.7
a See Figure 8.
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peak is caused by stresses near the interface. Also, the γ0 peak
depends on the silica thickness, that is, an increasing in the
ultrathin silica thickness significantly decreases such O�O in
tetrahedral silicon structure. Furthermore, a γ00 peak indicates
that the silica film contains also O�O peroxyl bonds, both in the
bulk as well as at the surface. In our structures, two types of
peroxyl bonds are found (indicated as 1 and 2 in Figure 9b),
which correspond to the γ100 and γ200 peaks in Figure 9c. The
existence of peroxyl bridges and three-fold bond configurations
in amorphous SiO2 has already been suggested on the basis of
some experimental and first-principles calculations.17,48,51 In-
deed, it was suggested that the peroxyl bridge configuration is
energetically more stable than the three-fold oxygen bond (O3�)
configuration, in which oxygen is linked to three silicon atoms.
Our results also show that such peroxyl bonds occur more in the
silica induced by atomic oxidation than by molecular oxidation,
although their contributions to the total RDF is small. Indeed,
most peroxyl oxygen atoms do not originate from one oxygen
molecule but rather appear in the silica bulk after impact. The
appearance of the peroxyl bridge bonds reduces the silica mass
density. This explains the slightly lower mass density of the
obtained silica bulk during atomic oxidation compared to the
silica obtained by molecular oxidation. Indeed, such peroxyl
bonds were almost absent in the molecular oxidation case.
Moreover, due to diffusion, the peroxyl bridges in silica may

temporarily link to silicon atoms, increasing the number of
metastable overcoordinated silicon atoms as indicated by 3 and
4 in Figure 9b. Some first-principles calculations12,51 predicted
that oxygen molecules or peroxyl bonds can also diffuse without
linking to Si and that the diffusivity depends on the ring size,
which appears during silica formation. Furthermore, it is shown
in Figure 9c that O�O bonds with bond distances less than 2.0 Å

are not found in the interface. Indeed, the peroxyl oxygen atoms
only exist in the silica bulk, and they break when they enter
the interface region. Also Si�Si bonds (oxygen vacancies)48 are
found in both the interface and silica regions, albeit in very low
concentration. Our results are in agreement with both experi-
mental and first-principle calculations, indicating that the exis-
tence of the oxygen vacancy and diffusion of the peroxyl bridge
bonds could play a role in the oxidation of the interface region
during the formation of ultrathin silica films.
3.2.4. Analysis by Means of Angle Distribution. In agreement

with the assessment established based on the RDF data, the angle
distribution in the bulk silica structures indicates an amorphous
structure. Figure 10a presents O�Si�O angle distributions in
the silica region. In this distribution, most angles are distributed
around 110� in the atomic oxidation case, and this value corres-
ponds to the tetrahedral silicon structure (this angle in α-quartz
is the tetrahedral angle of 109�). However, the peak slightly shifts
to 90� in the molecular case due to either stress near the interface
or oxygen peroxyl bonds. Amorphous silica structure is charac-
terized by the Si�O�Si angles. For comparison, the Si�O�Si
angle in α-quartz is 144�. In the case of amorphous silica, slightly
differing mean values of the Si�O�Si angle distribution were
reported. Mozzi and Warren50 reported on the vitreous (amor-
phous) silica structure, which is obtained by oxidation of thermal
O2, citing Si�O�Si angles widely distributed in the range 120�
180�, while a peak in this distribution was found at 144�.
Furthermore, Watanabe et al.52 investigated thermal growth by
large-scale molecular dynamics, and they concluded that the
Si�O�Si bond angle in ultrathin SiO2 film is reduced from
144� toward a narrower angle in the range 130�140�. Moreover,

Figure 9. (a) Total radial distribution functions (RDFs) of the SiO2

bulk silica structures, for the atomic and molecular impacts at the three
different impact energies investigated, (b) some oxygen peroxyl bridge
bonds in silica, and (c) RDFs of O�O and Si�Si in both bulk silica and
interface. Figure 10. Distribution of (a) the O�Si�O and (b) the Si�O�Si

angles in the SiO2 bulk silica structures, for the atomic and molecular
impacts at the three different impact energies investigated.
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Mauri et al.53 found a slightly higher mean value (i.e., 151�( 11�)
and a relatively narrow distribution (120�170�), in the Si�
O�Si angular distribution of vitreous silica. However, in our
case, corresponding to hyperthermal oxidation, two peaks in
the Si�O�Si angle distribution were found around 145� and
160�, as illustrated in Figure 10b. The first peak is in good agree-
ment with results50 of thermal O2 oxidation. However, the
second peak of the Si�O�Si distribution is slightly shifted to
higher values, especially in the atomic oxidation case. Indeed,
peroxyl oxygen bonds significantly affect the structures. As
mentioned above, a relatively high number of oxygen peroxyl
bridge bonds are found to be formed during the atomic
oxidation process. Furthermore, about 3% the Si�O�Si angles
near 110� are found, which indicates that some oxygen atoms
have three silicon neighbors. Indeed, the contribution of
oxygen peroxyl bridge (O�O) bonds, three-fold coordinated
oxygen (O3�) atoms and five-fold coordinated silicon (Si5+)
atoms in the silica, widens the range of both the O�Si�O and
Si�O�Si angle distributions, respectively. Although some
intrinsic defects are found in the silica, the overall spread in
the angle distribution confirms the amorphous character of the
SiO2 structure.

4. SUMMARY AND CONCLUSIONS

The growth behavior of ultrathin silica during the hyperther-
mal oxidation process (with kinetic energies in the range 1�
5 eV) at room temperature is investigated by reactive molecular
dynamics.

Our results show that hyperthermal oxidation consists of an
initial fast and a subsequent slow oxidation stage. In the initial
oxidation stage, incident oxygen species can penetrate deeper
than the Si topmost surface and directly oxidize Si subsurface
layers, in contrast to thermal oxidation. The oxygen atoms
cannot move deeper into the bulk due to the associated
activation energy barrier. The limit depth of the penetrating
O species is deeper in the atomic oxygen case compared to the
molecular one.

We also analyzed the oxygenated silicon structure by dividing
it into three regions, that is, silica bulk, a transition layer, and the
surface. The oxygenated silicon is energetically more stable than
pure silicon. In all cases, the thickness of the transition layer is
about 5 Å, and surface roughness of the interface is low. A linear
growth of the silica thickness in the earlier oxidation stage was
observed. The silica thickness of the layers grown by molecular
oxygen with an energy of 3 eV and atomic oxygen with 5 eV
become about 6 Å and 19 Å, respectively, in agreement with
experimental data. Therefore, we conclude that the silica thick-
ness can be controlled by controlling the initial kinetic energy of
incident oxygen at room temperature.

The radial distribution function (RDF) indicates that the silica
bulk contains some intrinsic defects (i.e., incorrect coordination
of Si or O atoms, oxygen vacancies) and oxygen peroxyl linkages,
both in the bulk as well as at the surface. Diffusion of peroxyl
oxygen bridges could play a role in the oxidation during the
formation of ultrathin silica films. The overall spread of the angle
distribution confirms the amorphous character of the SiO2

structure.
We conclude that the control of the ultrathin a SiO2 thickness

is possible by a hyperthermal oxidation of silicon surfaces at room
temperature. This control over the obtained silica layer thickness
is of great importance for technological applications.
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