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ABSTRACT: The exact structure and properties of the Si|SiO2 interface are very important in
microelectronics and photovoltaic devices such as metal-oxide-semiconductor field-effect transistors
(MOSFETs) and solar cells. Whereas Si|SiO2 structures are traditionally produced by thermal oxidation,
hyperthermal oxidation shows a number of promising advantages. However, the Si|SiO2 interface induced in
hyperthermal Si oxidation has not been properly investigated yet. Therefore, in this work, the interface
morphology and interfacial stresses during hyperthermal oxidation at room temperature are studied using
reactive molecular dynamics simulations based on the ReaxFF potential. Interface thickness and roughness, as
well as the bond length and bond angle distributions in the interface are discussed and compared with other
models developed for the interfaces induced by traditional thermal oxidation. The formation of a compressive
stress is observed. This compressive stress, which at the interface amounts about 2 GPa, significantly slows
down the inward silica growth. This value is close to the experimental value in the Si|SiO2 interface obtained in
traditional thermal oxidation.

1. INTRODUCTION

As gate insulator films in metal-oxide-semiconductor (MOS)
devices are becoming as thin as a few nanometers or less,
atomic scale understanding of the interface geometry as well as
the electronic structure becomes increasingly important,
specifically in relation to the required properties, such as high
reliability, high resistivity, excellent dielectric strength, low
interface defect density, and large band gap.1,2 The Si|SiO2

interface obtained by traditional thermal Si oxidation3 is
therefore a very important interface, both from an economical
as well as a technological viewpoint.4 This interface has been
investigated in detail through the years and various models have
been put forward.3−12

Although the physics and chemistry of the Si|SiO2 interface
as formed in traditional thermal oxidation has already been
intensively studied,1,4,6,13 we still do not have a basic
understanding of the interface obtained in hyperthermal Si
oxidation.14 Nevertheless, interest in hyperthermal oxidation of
Si surfaces as an alternative to thermal oxidation has been
rapidly increasing, and this process can be envisaged for
semiconductor applications as well.15−25 The reaction of
hyperthermal oxygen species (O, O2; i.e., with energies of 1−
5 eV) with Si surfaces at low temperature has unique properties
compared to ordinary high temperature thermal oxidation.
Specifically, using hyperthermal oxidation, ultrathin oxide films
can be formed even at room temperature.14−20 Furthermore,
the possibility to accurately control14,18,20 the oxide thickness at
low temperatures (i.e., less than 500 K26) potentially provides
new opportunities in the development of integrated nano-
electronic technologies.

Atomic scale investigations could elucidate several funda-
mental aspects of the hyperthermal oxidation of Si at low
temperatures. Although several works [e.g., refs 27 and 28],
which can be considered as modifications of the Deal−Grove
model,29 describe thermal oxidation kinetics well even at low
temperatures, they fail to describe the formation of ultrathin
oxide with a thickness lower than 2 nm.30 Such ultrathin oxide
films can be obtained by hyperthermal oxidation of Si at room
temperature.20 In this oxidation process, the nature of the self-
limiting oxidation behavior is still unclear. Recently, we
investigated silicon oxidation on the atomic level, suggesting
a SiO2 growth mechanism.26 We found that the oxide growth is
controlled by direct oxidation and that diffusion does not play a
significant role in this process at low temperature.26 These
aspects can affect the Si|SiO2 interface quality in the
hyperthermal oxidation regime and distinguish it from thermal
oxidation. Therefore, a set of questions regarding the interface
remains open: How does the interface affect the growth
process? What is a chemical composition of the transition layer
compared to nonstoichiometric oxide layers as obtained in
thermal oxidation? Indeed, investigation of the oxidation or of
the defect formation processes near the Si|SiO2 interface is also
important to clarify various phenomena, such as the generation
of defects and the interface degradation due to interfacial
stresses.
This work is focused on the c-Si(100)|a-SiO2 interface as

formed in hyperthermal Si oxidation. We carried out reactive
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molecular dynamics (MD) calculations in order to investigate
the quality and oxide-limiting behavior of the interface on the
atomic scale during the oxidation of the (2 × 1) reconstructed
Si(100) surface, which is the most important surface facet for
MOS device fabrication at room temperature.

2. COMPUTATIONAL DETAILS
The Si|SiO2 interface, as formed during hyperthermal Si
oxidation, is investigated at the atomic scale by reactive MD
simulations, employing the Reactive Force Field (ReaxFF).31

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 relationship formally introduced by Abell.32 A detailed
description of the force field as developed for Si|SiO2 can be
found elsewhere.20,25,26,31,33 ReaxFF can currently describe tens
of elements and their compounds, including hydrocarbons,
silicon/silicon oxide,34,35 metals and metal-catalyzed reac-
tions,36−38 metal oxides,39 metal hydrides,40 biochemical
systems,41 and others.
In this work, we use the force field parameters employed by

Buehler et al.42 for crack propagation in silicon. This force field
was trained extensively against both Si and SiO2 phases.
Although SiOx (x < 2.0) suboxide phases were not included
explicitly in this training, our previous results on planar Si|SiO2
interfaces including these Si suboxide species were in
agreement with both experimental and DFT results.20 Our
choice for ReaxFF is based on the fact that it has been
parametrized to describe deformations and strains42,43 includ-
ing bond breaking and formation and its ability to accurately
describe the expansion of the crystal during the oxide formation
process.
For the simulation, a Si(100){2 × 1} reconstructed surface is

chosen, with dimensions 21.7 × 21.7 × 27.1 Å. The simulation
bulk initially contains 640 Si atoms. Periodic boundary
conditions are applied to the (x,y) plane, to mimic a laterally
infinite surface. Our calculations are based on the mass center
position of Si layer planes44 and show that the average thickness
of each (mono)layer is equal to 1.296 Å, corresponding to the
thickness of one-half oxide layer (one oxide layer thickness is
2.6 Å19). In our calculations, 1 ML (monolayer) corresponds to
32 atoms, which equal the amount of Si atoms per layer.
Prior to the oxidation process, the (2 × 1) reconstructed

Si(100) surface is prepared as follows. First, the surface is
equilibrated at 300 K using the Berendsen heat bath (NVT
dynamics)45 for 20 ps with a damping constant of 0.1 ps. Next,
the obtained structure is relaxed in the microcanonical
ensemble (NVE dynamics) for 10 ps. Energetic 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 uppermost Si-atom of the crystal. 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.15,21

Every impact is followed for 3 ps. The initial kinetic energies of
the oxygen species (O, O2) were set to 5 eV. At the end of each
impact, the excess energy is allowed to dissipate, and the
temperature is allowed to decrease to 300 K applying canonical
(NVT) ensemble prior to the next impact.
Cauchy atomic stresses were calculated using the approach

proposed by Daruka et al.46 for structures obtained by O and
O2 oxidation, as well as for the pristine Si crystal. For all stress

calculations, the structures were first equilibrated at 0.01 K
using NpT dynamics, to remove the kinetic energy part from
the stress calculation, and subsequently, the total energy was
minimized using the steepest descent and conjugate gradient
techniques.

3. RESULTS AND DISCUSSION
3.1. Partially Oxidized and Transition Oxide Layers

during Oxidation. Corresponding to experimental14,16 and
MD studies,20,26 the oxidation process in hyperthermal Si
oxidation at room temperature can be divided in two stages: (I)
the initial fast (or direct) oxidation stage and (II) the
subsequent slow oxidation stage. In Figure 1, two representative

oxygenated Si structures are shown for both stages,
corresponding to the atomic oxidation with initial incident
energy of 5 eV. The oxide growth process and the chemical
structure of the obtained oxide can be easily analyzed by means
of the Si-(sub)oxide components.15−20 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.47 The notation used corresponds to formal charge
states and not to the actual atomic charges. The nomenclature
“SiO2” is used for fully oxidized silicon (i.e., silica). The term
“SiOx” is used to indicate the partially oxidized or non-
stoichiometric oxide region (0 < x < 2), instead of Si2O, SiO,
and Si2O3. As this work is devoted to the understanding of the
Si|SiO2 interface, we focus on the nonstoichiometric oxide
(SiOx) region as formed during hyperthermal oxidation. We
found that the nonstoichiometric oxide layers mostly consist of
three Si suboxide species (i.e., Si1+, Si2+, and Si3+), albeit some
Si4+ atoms, which is the unique component of amorphous
stoichiometric oxide (a-SiO2), can also be found in low
concentration.48

Figure 2 shows the spatial distribution of the Si-oxide
components in the oxygenated Si region during both atomic
(A) and molecular (M) oxidation at an impact energy of 5 eV.

Figure 1. Oxidized Si structures induced by hyperthermal (5 eV)
oxygen impacts in the first (a) and second (b) oxidation stages,
respectively. Here, the light gray, gray, and white Si atoms are
components of silicon (Si), nonstoichiometric oxide layers (SiOx, 0 <
x <2), and silica (SiO2) regions, respectively. The oxygen atoms are
colored in red. Every structure is analyzed by means of the Si-
(sub)oxide (Sii+) components; 0 Å corresponds to the topmost layer
of the original pristine Si lattice.
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As mentioned before, 1 ML (monolayer) corresponds to 32
atoms. In the first stage, the oxygen content increases rapidly
due to the high adsorption probability of the oxygen species on
the pure silicon surface.20 As shown in the figure, the Si1+

component dominates in the first three MLs of oxygen fluence
for both oxidation cases. This is due to the direct oxidation of
the silicon surface and subsurface layers by hyperthermal
oxygen atoms.15,19,20,26,49 In this stage, penetrating oxygen
atoms can directly oxidize up to the second subsurface
layer19,23,26 at room temperature. This is a marked difference
with thermal oxidation at the same temperature.27,28 Because of
the relatively high impact energy, the chemisorption of O2
molecules is found to be dissociative in all cases.25 Therefore, in
both oxidation cases (O as well as O2), the only penetrating
particle is an O atom. Our previous results20,25,26 also showed
that the final penetration depth per impact is found to be
determined in the first ps, and essentially remains constant
afterward, thereby validating our impingement rate of 1 impact
every 3 ps. At low temperatures, however, the deposited oxygen
atoms cannot move deeper into the crystal due to the high
energy barrier.50 As a result, the Si1+ gradually converts to Si2+

and Si3+15−20 forming a nonstoichiometric oxide layer, which
consists of oxygen atoms with relatively high oxidation states.
Consequently, the oxygenated Si region (i.e., partially oxidized
layers) consists of three suboxide components, which are
consecutively dominating in the SiOx oxide formation
process.20 Namely, the entire oxygenated Si region is
nonstoichiometric in this stage, while some initial silica
molecules (SiO2) appear on the oxygenated Si surface after 4
ML. Consequently, in the period from 4 to 8 ML, the surface
becomes fully covered by one silica layer.
When the second oxidation stage starts, a SiO2 monolayer

completely covers the SiOx surface. Therefore, in stage II, the
oxygenated Si is divided into a stoichiometric (SiO2) oxide
region and a nonstoichiometric (SiOx) oxide one. This
nonstoichiometric oxide region therefore forms a transition
layer between crystalline silicon (c-Si) and amorphous silica (a-
SiO2).

14−20,26 We refer to the nonstoichiometric oxide region
as a partially oxidized layer (Figure 1a) in stage I and as the c-Si|
a-SiO2 interface or transition oxide layer (Figure 1b) in stage II.
Thus, as shown in Figure 2, the partially oxidized layer (A, 1
ML) becomes the transition oxide layer (A, 20 ML), which

corresponds to the c-Si|a-SiO2 interface after about 8 ML for
both atomic and molecular oxidation. This value constitutes the
transition between the first and second oxidation stages.
In stage II, all Si oxide components are found in the

transition oxide layers as shown in the figure. In the transition
layers, the spatial distribution of the suboxide species indicates
that Si1+, Si2+, and Si3+ species are concentrated in a region of
4.5, 5.0, and 5.5 Å between the nonoxidized Si layer and the a-
SiO2, respectively. The Si2+ species are localized between Si1+

and Si3+ states in the transition oxide region. The interval of the
distribution peaks is about 1.0 Å.
The percentages of Si-oxide components in the SiOx and

SiO2 regions are 45% and 55%, respectively, in molecular
oxidation in the second stage. In the atomic oxidation case, they
are 26% and 74%, respectively. However, Tagawa and co-
workers14 reported that the oxide formed by 5 eV O atoms at
room temperature consisted mainly of Si4+ with only 6%
suboxide components, based on an analysis of X-ray photo-
electron spectroscopy (XPS), which plots the number of
detected electrons versus their binding energy. This difference
can be explained by considering that this percentage of Si-oxide
components depends on the oxide thickness, which, in turn,
also strongly depends on the fluence of the energetic oxygen
species even at the same temperatures.23 It has been reported
that the oxide thickness decreases from 4.5 to 1.75 nm when
the oxygen fluence is reduced from 1 × 1019 to 1 × 1017 O
atoms·cm−2, at almost the same conditions14,16 as those for the
hyperthermal oxidation process. In our calculations, the O
fluence is 2.1 × 1017 O atoms·cm−2, and the obtained oxide
thickness is 1.85 nm for the atomic oxidation. This is fairly close
to the experimental oxide thickness of 1.75 nm obtained using a
fluence of 1 × 1017 O atoms·cm−2, as determined from XPS
measurements.16 Further, our simulations show that the
percentage of Si-oxide components in the partial (SiOx) and
fully oxidized Si (SiO2) regions is almost constant during the
relatively long second oxidation stage.
An important quantity is the number of Si atoms displaying

an intermediate oxidation state (per unit area), which we
denote by NSiOx. In the second stage, after 20 ML of O fluence,
the total density in the interface is about 5.5 MLs or 3.7 × 1015

atoms·cm−2, which is somewhat larger than the experimental
estimates for the thermal oxidation.8,51,52 However, we point

Figure 2. Distribution of Si-(sub)oxide components during atomic (A) and molecular (M) oxidation using 5 eV impacts. Here, Si1+ (light gray), Si2+

(gray), and Si3+ (dark gray) species are components of the SiOx region. Most Si0 (black dash) and Si4+ (black solid) atoms are located in the c-Si and
a-SiO2 regions, respectively; 0 Å corresponds to the topmost layer of the original pristine Si lattice. Note that 1 ML corresponds to 32 atoms.
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out that the distribution character of suboxide species in the
transition region, as shown in Figure 2, agrees with the XPS and
photoemission spectroscopy (i.e., PES, measurement of the
energy of photoelectrons emitted from target) reports.8,52 In
Figure 3, the distribution of the Si-(sub)oxide species versus the
oxidation progression is shown.
With respect to the nominal population ratio of Si1+, Si2+, and

Si3+ species in the SiOx oxide region in the first stage, we find
that the density of the intermediate oxidation states evolves as
N(Si1+) > N(Si2+) > N(Si3+) for both the atomic and molecular
oxidation (Figure 3). However, this distribution changes in this
case. The intensity distribution of intermediate oxidation states
in the second stage is N(Si1+) < N(Si2+) ≤ N(Si3+) for the
atomic oxidation, suggesting that this is a universal property of
the Si|SiO2 interface during a thermal oxidation process.8 In the
molecular case, the distribution is N(Si1+) < N(Si3+) ≤ N(Si2+).
Indeed, the number of the Si2+ components is greater than the
number of Si3+ components in the last 100 MLs. Therefore, the
oxygen deficiency is somewhat larger in the interface induced
during molecular oxidation. Furthermore, our calculations show
that the silicon density in the transition region is slightly higher
than in the a-SiO2 region, while the oxygen density is lower,
corresponding to experimental evidence obtained by Gusev et
al.53

3.2. Thickness of the Nonstoichiometric Oxide
Region. Figure 4 illustrates the evolution of the thickness of
the oxygenated Si and its nonstoichiometric oxide layers for
oxidation by both atomic (A) and molecular (M) oxygen, at an
impact energy of 5 eV. The thickness is calculated based on the
distribution of the Si-(sub)oxide species as shown in Figure 2,
and its resolution is 1.296 Å, which corresponds to the
thickness of one-half oxide layer (OL).19

In stage I, the thickness of the oxygenated Si region (a) and
its nonstoichiometric oxide layers (b) rapidly increases up to
11.7 Å (4.5 OLs) for both atomic and molecular oxidation, as
shown in the figure. At the beginning of stage II, the thickness
of the nonstoichiometric oxide region starts decreasing due to
partial conversion of this region to silica, reducing the thickness
of the transition oxide layers (or a c-Si|a-SiO2 interface) to 5.3
Å (2.0 OLs) for atomic oxidation and to 6.5 Å (2.5 OLs) for
molecular oxidation. These c-Si|a-SiO2 interface thicknesses
correspond to the lower limit of several experimental
measurements54 and ab initio results55 in which the one of
the nonstoichiometric oxides was reported to range from 4 to
50 Å in thermal Si oxidation. However, because of the
immediate breakup upon impact of the O2 molecules, the
change in the oxygenated silicon thickness as a function of the
incident energy is smaller for the molecular oxidation than for
the atomic oxidation process, and the final thickness is equal to
24.7 Å in the atomic oxidation case and to 14.3 Å in the
molecular oxidation one. Indeed, as the impinging molecules
are given the same initial kinetic energy as the impinging atoms,
the individual atoms obtained after molecule dissociation have
less momentum and hence a lower velocity. As a result, oxygen
molecules do not penetrate as deep in the surface as the oxygen
atoms.25

Although the thickness of the ultrathin interface remains
constant and almost the same for both atomic and molecular
oxidation, the morphology of the interface structure might be
different. This is discussed in the next sections.

3.3. Roughness of the c-Si|a-SiO2 Interface. The
morphology of the transition oxide region (or the c-Si|a-SiO2
interface) is characterized in terms of its root-mean-square
(RMS) roughness. Figure 5 presents the variation of the RMS
roughness versus the oxygen fluence for both atomic and
molecular oxidation using 5 eV impacts. The RMS roughness
δ56 is obtained as

δ = ⟨ − ̅ ⟩h h( )2
(1)

where h is the top z-coordinate of a Si atom, which has no O
neighbors in the c-Si|a-SiO2 interface, and h̅ is the average over
all h values. Prior to oxidation, the roughness of the (2 × 1)
reconstructed Si(100) surface is 1.03 Å. The figure demon-
strates a roughening of the initially smooth surface in the first
oxidation stage and subsequently a smoothening of the rough
surface during the second stage, as was previously also
proposed by Irene.11 In stage I, the surface roughness linearly
increases up to approximately 3 Å in both oxidation cases. In
this stage, some surface restructuring occurs, resulting in higher

Figure 3. Distribution of the Si-(sub)oxide species, i.e., Si1+ (black), Si2+ (gray), and Si3+ (light gray) in the nonstoichiometric oxide region, i.e., the
partially oxidized layers (0−8 ML) and transition oxide layers (8−152 ML) during atomic (A) and molecular (M) oxidation at an impact energy of 5
eV.

Figure 4. Thickness of (a) the oxygenated Si and (b) its
nonstoichiometric oxide layers as a function of the oxygen fluence,
for both atomic (A) and molecular (M) impacts of 5 eV.
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Si oxidation states. In the second stage, the c-Si|a-SiO2 interface
roughness decreases again due to the appearance of a
stoichiometric oxide layer on top of the SiOx region. In atomic
oxidation, the roughness of the interface is constant at about 1.5
Å, which is close to the RMS value (∼1.3 Å) of the c-Si|a-SiO2
interface as obtained in thermal oxidation.57 Molecular
oxidation, however, enhances the surface roughness: The
average value is somewhat larger (∼2.1 Å) than in the atomic
oxidation case, and the interface is therefore less abrupt. In
addition, such behavior is also experimentally observed in
thermal oxidation. In typical industrial oxides, the roughness of
the Si|SiO2 interface increases with decreasing oxide layer
thickness.58 Furthermore, stress in the interface region may
change the interface roughness as well, which is discussed in
section 3.6. Discussion of the interface morphology is
continued in the next sections.
3.4. Bond Length and Bond Angle Distributions in the

c-Si|a-SiO2 Interface. The bond length and bond angle
distributions for the interface structures as generated during the
oxidation are shown in Figure 6.

During the second oxidation stage, the bond length
distributions are very similar in both atomic and molecular
oxidation (see Figure 6a). Indeed, the peaks of the Si−O and
Si−Si bond length distributions correspond to 1.58 and 2.35 Å
in the atomic case, respectively, and to 1.59 and 2.4 Å in the
molecular case. These values are fairly close to the results
reported in interface models.9,12 However, we also observe an
unusual tail in the Si−Si bond length distribution in the range
2.5−2.9 Å, which has not been reported in the thermal models
(see the section 3.5). Although O−O peroxyl-bridge bonds are
not found in this structure,20 the interface is not free from
coordination defects, that is, some 3-fold oxygen atoms (O3−)
are found in the interface, albeit in very low concentration.

In Figure 6b, the Si−Si−Si, O−Si−O, Si−O−Si, and Si−Si−
O bond angle distributions in the second oxidation stage (after
150 ML) for only the atomic oxidation case are shown. We
found that these distributions are almost the same for the
molecular oxidation case, and therefore, only the picture for the
atomic oxidation case is shown. The bond angle is about 110°
for both the Si−Si−Si and O−Si−O angle distributions, which
is fairly close to the experimental value, while the O−Si−O
distribution is somewhat wider in our structures (i.e., 75−165°)
than the distribution usually cited for amorphous silica (i.e.,
109° ± 10°).35,59,60 Also, two main peaks are observed for both
the Si−O−Si and Si−Si−O cases. The peaks are located at
about 103° and 152° for the Si−O−Si angle distribution and at
38° and 100° for the Si−Si−O angle distribution.
For the vitreous (amorphous) silica structure as generated by

thermal O2 oxidation, Mozzi and Warren59 obtained a wide
distribution of Si−O−Si angles varying between 120° and 180°,
with a main peak found at 144°. However, Da Silva et al.61

suggested that the most probable Si−O−Si bond angle of
vitreous silica is 152° instead of 144°. Mauri et al.60 also found a
slightly higher mean value of 151° ± 11° and a relatively
narrow distribution (120−170°) in the Si−O−Si angular
distribution of vitreous silica. In our model, a second peak in
the Si−O−Si angle distribution is in the range of 120−180°,
peaking at about 152°. These values are in good agreement
with the results of Silva et al.61 and Mauri et al.60 and indicate
that some part of the transition region is similar to a-SiO2.
Although the interface morphology is close to interface

models proposed for thermal oxidation, some unexpected SiO
(defect) structures are found in our interface model induced by
hyperthermal oxidation, which is discussed in the next section.

3.5. Si Epoxide Linkages in the c-Si|a-SiO2 Interface.
The first peak of the Si−O−Si and Si−Si−O bond angle
distributions indicates that some defects, i.e., Si−O−Si
triangular configurations (indicated by blue circles in Figure
7a) exist in the interface. Stefanov et al.62 also observed such
three-membered Si−O−Si rings in high temperature annealing
of the water-exposed Si(100)-{2 × 1} surface using infrared
absorption spectroscopy and density functional cluster
calculations to identify the intermediate oxide structures.
They termed this unexpected defect “Si epoxide linkage” and

Figure 5. Root-mean-square (RMS) roughness of the c-Si|a-SiO2
interface versus the oxygen fluence, for both atomic (A) and molecular
(M) impacts of 5 eV.

Figure 6. (a) Bond length and (b) bond angle distributions in the c-Si|
a-SiO2 interface during atomic (A) and molecular (M) oxidation with
impact energy of 5 eV after 150 MLs of oxygen fluence.

Figure 7. (a) Top view of the Si|SiO2 interface and some Si−O−Si
triangular configurations (or Si epoxide linkages) in the interface (in
blue circles). (b) Evolution of the Si epoxide concentration during
oxidation. (c) Physical stress-enhanced bond breaking mechanism,
proposed by Yang et al.63
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denoted it by SiØSi, by reference to the analogous structure in
carbon chemistry. They demonstrated that this structure is the
thermodynamically favored product and should be preferen-
tially formed at silica interfaces. In our calculations, the Si−Si
bond length of this configuration is in the range 2.5−2.9 Å (see
Figure 6a), which is somewhat longer than the Si−Si bond
length of 2.16 Å suggested by Stefanov et al.62 Figure 7b shows
that the concentration of these triangular structures significantly
increases in the initial oxidation stage. In this stage, the entire
oxygenated Si region is nonstoichiometric and the Si epoxide
linkages can be found in this entire region. However, these
epoxide structures are only found in the interface when the
silica formation begins. Therefore, their concentration remains
constant during the second oxidation stage.
Formation of such structures may also be explained by a

physical stress-enhanced bond breaking mechanism as
proposed by Yang and Saraswat,63 which is schematically
represented in Figure 7c. For the oxide breakdown to occur, the
Si−O−Si bonds in SiO2 (panel 1) break and are replaced by
the Si−Si bonds, ultimately pushing away the O atom (panel
2). It was proposed that the Si−O−Si (α) angle decreases when
the stress increases. They concluded that this mechanism is
strongly dependent on the physical stress in the thin oxide
films. This conclusion was also in agreement with the previous
Fourier transform infrared spectroscopy results of Tagawa et
al.,14 which revealed that smaller Si−O−Si bond angles exist in
oxide films as created by hyperthermal atomic oxygen,
compared to the Si−O−Si angles in alpha-quartz, implying
that compressive stresses exist in the SiO2 film. We propose
that the SiØSi structures (Figure 7a) in our c-Si|a-SiO2 interface
may constitute a transition state between two states (panels 1
and 2 in Figure 7c) in the bond breaking mechanism due to
interfacial stresses.64 It is also known that a high stress is
associated with low temperature oxidation while a low stress is
associated with high temperature oxidation.14,63,64 Therefore,
the interfacial stresses may significantly enhance the concen-
tration of Si−O−Si triangular structures in our interface as
obtained at room temperature. This behavior will be explained
by the stress calculation, as presented in section 3.6. Hence, the
study of the interfacial stress gives useful information on the
interface properties in hyperthermal oxidation at low temper-
atures.14

3.6. Interfacial Stresses during Oxidation. The inter-
facial stress, which can be thought as a combination of chemical
and mechanical (physical) stresses,65 plays an important role in
the reliability of gate oxides with its ultrathin interface.63 The
chemical stress at the interface is associated with Si atoms that
have an intermediate oxidation state between 0 (in Si) and 4+
(in SiO2). Mechanical stress appears from the mismatch of unit
cells and local bonding mismatch in the bulk construction
between the Si and SiO2 parts. Mechanical stress causes the
deformation of bonds and bond angles at the interface. Korkin
et al.65 suggested that the chemical and the mechanical stress
make comparable contributions to the total Si|SiO2 interface
stress.
We calculated stresses as the symmetric per-atom stress

tensor for each Si atom in the c-Si, SiOx, and a-SiO2 regions
using the approach proposed in ref 46. The tensor has 6
components for each atom and is stored as a 6-element vector
in rectangular Cartesian coordinates: normal, σxx, σyy, σzz, and
shear, σyz, σzx, σxy. The stress components in all directions are
averaged per unit thickness of 1.296 Å, corresponding to the

distance between two neighbor layers in the c-Si(100) along the
z-axis or equal to half of the thickness of the oxide layer.19

The calculations show that all stress components in the
nonoxidized c-Si(100)-{2 × 1} surface are very small and
compressive, i.e., σxx ≈ 0.1 GPa, σyy ≈ 0.1 GPa, and σzz ≈ 0.2
GPa. We believe that the oxidation reaction rate coefficient is
not lowered by the stress in the initial oxidation stage as
suggested Kao and co-workers.66 Consequently, the initial
oxidation rate depends more strongly on the stress-free initial
reaction rate coefficient rather than on stress and temperature.
In the c-Si|a-SiO2 interface, as formed during the oxidation,
however, σxx and σyy are somewhat higher than the σzz and are
in the range 6−8.5 GPa. The applied periodic boundary
conditions (PBC) in x and y directions increases the
mechanical stress in those directions.44,66 We suggest that the
inward oxide growth26 depends on the σzz rather than σxx and
σyy stresses.
Figure 8 shows the evolution of stress along the z-axis (σzz)

versus the oxygen fluence for both atomic and molecular

oxidation. Note that positive and negative values correspond to
compressive and tensile stresses, respectively. In the first
oxidation stage, the σzz stress significantly increases due to the
quick expansion of the c-Si. In this stage, the Si1+ → Si2+ → Si3+

conversion occurs relatively fast as mentioned in the previous
sections, and it leads to an increase in both the chemical as well
as the mechanical stresses. As a result, the average value of the
σzz stress increases up to 8 GPa in the partially oxidized Si
layers. In the second oxidation stage, however, the average
stress value at the c-Si|a-SiO2 interface decreases to about 2.0
and 2.5 GPa for atomic and molecular oxidation, respectively,
and subsequently remains almost constant. These obtained
stress values are in good agreement with experimental data in
which the Si|SiO2 interface was investigated using high-
resolution transmission electron microscopy (HRTEM)
analysis and a compressive stress was found of approximately
2 GPa.67 While this value is not very high, it is strong enough
for significantly reducing the oxygen diffusivity in the Si|SiO2
interface during the second oxidation stage. Such a self-limiting
effect, which increases with decreasing growth temperature,14

was previously also observed in Si nanowire oxidation.64,68−71

This effect may also significantly influence the flat interface
thickness and roughness, which were discussed in previous
sections. Because of both the high impact energy and the
compressive interfacial stresses, the resulting interface thickness
is different in atomic and molecular oxidation.
In summary, we investigated the formation and properties of

the Si|SiO2 interface in hyperthermal oxidation, in comparison

Figure 8. Evolution of the in-plane (x−y plane) averaged stress along
the z-axis in the c-Si|a-SiO2 interface during atomic (A) and molecular
(M) oxidation with 5 eV impacts.
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with existing thermal models. Although no attempt was made
to determine the statistical variation in the obtained results, the
general conclusions are found to correspond to experimental
results. As reported in several experimental studies,14−19 the
interface plays a significant role in controlling the hyperthermal
oxide thickness. The high reactivity of hyperthermal oxygen
reduces the mobility of atomic oxygen at the Si|SiO2 interface at
the low (room) oxidation temperature and leads to micro
roughness, suboxides, and a high stress at the interface. In these
low temperature experiments, the hyperthermal oxygen species
(atoms and molecules) (with energies in the range of 1−10 eV)
were generated by a laser-detonation source developed by
Physical Science Inc.72 These experimental outcomes corrob-
orate our conclusions.

4. CONCLUSIONS
The c-Si|a-SiO2 interface as obtained by hyperthermal oxidation
of Si(100)-{2 × 1} surfaces by oxygen atoms and molecules
was studied using reactive molecular dynamics simulations.
We analyzed the formation of the nonstoichiometric oxide

region and found two oxidation regimes: First, a fast oxidation
stage lasting for about 8 monolayers (MLs) of oxygen fluence
(stage I), followed by a subsequent slow oxidation stage (stage
II). Distribution of Si-(sub)oxide components show that the
oxygen deficiency is somewhat higher in the interface induced
by molecular oxidation compared to atomic oxidation. The
distribution of the suboxide species in the transition region
agrees with several interface models. Calculations show that the
thickness of the oxygenated Si region rapidly increases up to
11.7 Å in the initial oxidation stage. The thickness of the
nonstoichiometric oxide region decreases again in the second
oxidation stage due to a partial conversion to silica. The
interface reaches a constant thickness of about 6.0 Å, which
corresponds to the lower limit in experimental results. We also
observe that molecular oxidation increases the surface rough-
ness. A root-mean-square (RMS) roughness value of about 2.1
Å was found, whereas it was about 1.5 Å in the atomic oxidation
case. This indicates that the interface is less abrupt in the
molecular oxidation case. The Si−Si−Si and O−Si−O angle
distributions show a peak at 110°, which is close to the
experimental value. However, the Si−O−Si and Si−Si−O bond
angle distributions indicate some defects, e.g., Si−O−Si
triangular configurations (or Si epoxide linkages) exist in the
c-Si|a-SiO2 interface, which can be explained by a physical
stress-enhanced bond breaking mechanism. Finally, the
interfacial stresses during oxidation were also investigated. In
the interface, a compressive stress of about 2 GPa was found,
which is in agreement with experimental evidence.
These results are of importance for the fabrication of silica-

based devices with their ultrathin interface induced by
hyperthermal oxidation at low temperatures in the micro- and
nanoelectronics industry.

■ AUTHOR INFORMATION
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
U.K. acknowledges IMEC for financial support. A.C.T.v.D.
acknowledges funding from the Air Force Office of Scientific
Research (AFOSR) under Grant No. FA9550-10-1-0563. We
also gratefully acknowledge financial support from the Prime

Minister’s Office through IAP VI. This work was carried out
using the Turing HPC infrastructure at the CalcUA core facility
of the Universiteit Antwerpen (UA), a division of the Flemish
Supercomputer Center VSC, funded by the Hercules
Foundation, the Flemish Government (department EWI) and
the UA. Finally, we also thank Professor A. Bogaerts for the
helpful discussions.

■ REFERENCES
(1) Gibson, J. M.; Lanzerotti, M. Y. Nature 1989, 340, 128−131.
(2) Green, M. L.; Gusev, E. P.; Degraeve, R.; Garfunkel, E. L. J. Appl.
Phys. 2001, 90, 2057.
(3) Pantalides, S. T. Ed. The Physics of SiO2 and Its Interfaces;
Pergamon Press: New York, 1978.
(4) Green, M. A. Third Generation Photovoltaics: Advanced Solar
Energy Conversion, 2nd ed.; Springer: Berlin, Germany, 2005.
(5) Ourmazd, A.; Taylor, D. W.; Rentschler, J. A.; Bevk, J. Phys. Rev.
Lett. 1987, 59, 213.
(6) Grunthaner, F. J.; Grunthaner, P. J. Chemical and Electronic
Structure Of SiO2 Interface; North Holland : Amsterdam, The
Netherlands, 1986.
(7) Rabedeau, T. A.; Tidswell, I. M.; Pershan, P. S.; Bevk, J.; Freer, B.
S. Phys. Rev. Lett. 1991, 59, 706.
(8) Himpsel, F. J.; McFeely, F. R.; Taleb-Ibrahimi, A.; Yarmoff, J. A.;
Hollinger, G. Phys. Rev. B 1988, 38, 6084.
(9) Ohdomari, I.; Akatsu, H.; Yamakoshi, Y.; Kishimoto, K. J. Non-
Cryst. Solids 1987, 89, 239−248.
(10) Pasquarello, A.; Hybertsen, M.; Car, R. Phys. Rev. Lett. 1995, 74,
1024.
(11) Irene, E. A. Solid-State Electron. 2001, 45, 1207−1217.
(12) Oh, J. H.; Yeom, H. W.; Hagimoto, Y.; Ono, K.; Oshima, M.;
Hirashita, N.; Nywa, M.; Toriumi, A.; Kakizaki, A. Phys. Rev. B 2001,
63, 205310.
(13) Orellana, W.; da Silva, A. J. R.; Fazzio, A. J. Phys. Rev. Lett. 2003,
90, 016103.
(14) Tagawa, M.; Ema, T.; Kinoshita, H.; Ohmae, N.; Umeno, M.;
Minton, T. K. Jpn. J. Appl. Phys. 1998, 37, L1455−1457.
(15) Tagawa, M.; Yokota, K.; Tsumamoto, S.; Sogo, C.; Yoshigoe, A.;
Teraoka, Y. Appl. Phys. Lett. 2007, 91, 033504.
(16) Tagawa, M.; Yokota, K.; Ohmae, N.; Kinoshita, H.; Umeno, M.
Jpn. J. Appl. Phys. 2001, 40, 6152.
(17) Tagawa, M.; Sogo, C.; Yokota, K.; Yoshigoe, A.; Teraoka, Y.;
Shimura, T. Appl. Phys. Lett. 2006, 88, 133512.
(18) Teraoka, Y.; Yoshigoe, A. Surf. Sci. 2002, 507−510, 797−802.
(19) Yoshigoe, A.; Teraoka, Y. Surf. Sci. 2003, 532−535, 690−697.
(20) Khalilov, U.; Neyts, E. C.; Pourtois, G.; van Duin, A. C. T. J.
Phys. Chem. C 2011, 115, 24839−24848.
(21) Murad, E. J. Spacecr. Rockets 1996, 33, 131.
(22) Tzvetkov, T.; Qin, X.; Jacobs, D. C. Phys. Rev. B 2003, 67,
075418.
(23) Kisa, M.; Minton, T. K.; Yang, J. C. J. Appl. Phys. 2005, 97,
023520.
(24) Okada, M. J. Phys.: Condens. Matter 2010, 22, 263003 and
references therein.
(25) Neyts, E. C.; Khalilov, U.; Pourtois, G.; van Duin, A. C. T. J.
Phys. Chem. C 2011, 115, 4818−4823.
(26) Khalilov, U.; Pourtois, G.; van Duin, A. C. T.; Neyts, E. C. J.
Phys. Chem. C 2012, 116, 8649−8656.
(27) Massoud, H. Z.; Plummer, J. D.; Irene, E. A. J. Electrochem. Soc.
1985, 132, 1745.
(28) Cerofolini, G. F.; Mascolo, D.; Vlad, M. O. J. Appl. Phys. 2006,
100, 054308.
(29) Deal, B. E.; Grove, A. S. J. Appl. Phys. 1965, 36, 3770−3778.
(30) Enta, Y.; Mun, B. S.; Rossi, M.; Ross, P. N.; Hussain, Z., Jr.;
Fadley, C. S.; Lee, K.; Kim, S. Appl. Phys. Lett. 2008, 92, 012110.
(31) van Duin, A. C. T.; Dasgupta, S.; Lorant, F.; Goddart, W. A., III.
J. Phys. Chem. A 2001, 105, 9396−9409.
(32) Abell, G. C. Phys. Rev. B 1985, 31, 6184−6196.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp306920p | J. Phys. Chem. C 2012, 116, 21856−2186321862



(33) van Duin, A. C. T.; Strachan, A.; Stewman, S.; Zhang, Q.; Xu,
X.; Goddard, W. A., III. J. Phys. Chem. A 2003, 107, 3803−3811.
(34) Ning, N.; Calvo, F.; van Duin, A. C. T.; Wales, D. J.; Vach, H. J.
Phys. Chem. C 2009, 113, 518−523.
(35) Fogarty, J. C.; Aktulga, H. M.; Grama, A. Y.; van Duin, A. C. T.;
Pandit, S. J. Chem. Phys. 2010, 132, 174704.
(36) Neyts, E. C.; Shibuta, Y.; van Duin, A. C. T.; Bogaerts, A. ACS
Nano 2010, 4, 6665−6672.
(37) Neyts, E. C.; van Duin, A. C. T.; Bogaerts, A. J. Am. Chem. Soc.
2011, 133, 17225−17231.
(38) Neyts, E. C.; van Duin, A. C. T.; Bogaerts, A. J. Am. Chem. Soc.
2012, 134, 1256−1260.
(39) Valentini, P.; Schwartzentruber, T. E.; Cozmuta, I. J. Chem. Phys.
2010, 133, 084703.
(40) Mueller, J. E.; van Duin, A. C. T.; Goddard, W. A., III. J. Phys.
Chem. C 2010, 114, 5675−5685.
(41) Abolfath, R. M.; van Duin, A. C. T.; Brabec, T. J. Phys. Chem. A
2011, 115, 11045.
(42) Buehler, M. J.; van Duin, A. C. T.; Goddard, W. A. Phys. Rev.
Lett. 2006, 96, 095505.
(43) Park, Y.; Atkulga, H. M.; Grama, A.; Strachan, A. J. Appl. Phys.
2009, 106, 034304.
(44) Ganster, P.; Treglia, G.; Saul, A. Phys. Rev. B 2010, 81, 045315.
(45) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Di
Nola, A.; Haak, J. R. J. Chem. Phys. 1984, 81 (8), 3684−3690.
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