Article
pubs.acs.org/cm

Self-Limiting Oxidation in Small-Diameter Si Nanowires
U. Khalilov,*,† G. Pourtois,†,‡ A. C. T. van Duin,§ and E. C. Neyts†
†

Department of Chemistry, PLASMANT Research Group, University of Antwerp, Universiteitsplein 1, B-2610 Wilrijk-Antwerp,
Belgium
‡
IMEC, Kapeldreef 75, B-3001 Leuven, Belgium
§
Department of Mechanical and Nuclear Engineering, Penn State University, University Park, Pennsylvania 16802, United States
ABSTRACT: Recently, core shell silicon nanowires (Si-NWs) have been envisaged to be
used for ﬁeld-eﬀect transistors and photovoltaic applications. In spite of the constant
downsizing of such devices, the formation of ultrasmall diameter core−shell Si-NWs currently
remains entirely unexplored. We report here on the modeling of the formation of such core
shell Si-NWs using a dry thermal oxidation of 2 nm diameter (100) Si nanowires at 300 and
1273 K, by means of reactive molecular dynamics simulations using the ReaxFF potential.
Two diﬀerent oxidation mechanisms are discussed, namely a self-limiting process that occurs
at low temperature (300 K), resulting in a Si core | ultrathin SiO2 silica shell nanowire, and a
complete oxidation process that takes place at a higher temperature (1273 K), resulting in the
formation of an ultrathin SiO2 silica nanowire. The oxidation kinetics of both cases and the
resulting structures are analyzed in detail. Our results demonstrate that precise control over
the Si-core radius of such NWs and the SiOx (x ≤ 2.0) oxide shell is possible by controlling the growth temperature used during
the oxidation process.
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model.11 Furthermore, self-limiting oxidation of small diameter
Si-NWs has not yet been properly investigated.
Self-limiting oxidation of Si nanowires and spheres is of
considerable concern, for instance for the design of metaloxide-semiconductor (MOS) devices4,5,15 or photovoltaic
cells.6 The early work on self-limiting oxidation performed by
Liu et al.16 analyzed the dry thermal oxidation of Si-NWs
starting from an initial diameter of ∼30 nm. They suggested
that the ﬁnal Si core diameter can be controlled by the
oxidation temperature. Self-limiting oxidation was also
explained by a retarded oxidation process of Si nanowires.11
It was found that such an oxidation behavior strongly depends
on the nanowire curvature, the sign of curvature (i.e., convex or
concave shape) and the growth temperature. Various modeling
eﬀorts and analyses regarding this eﬀect can be found
elsewhere.5,10,11,13,17−19 However, all conclusions were related
to Si-NWs with diameters above 3 nm and higher temperatures,
i.e., starting from 600 °C.
Because of the interesting properties of small diameter (<3
nm) Si NWs, as outlined above, careful studies are needed to
unravel their oxidation mechanisms at the atomic scale. This
paper is therefore focused on the oxidation behavior of such
small diameter NWs as a function of the oxidation temperature.
We report here on the oxidation process and structure analysis
of oxygenated Si-NWs with initial diameter of 2 nm at

INTRODUCTION
In the past decade, the interest in silicon nanowires (Si-NWs)
has increased tremendously, as they are being used extensively
in nanoscale electronic devices,1,2 including nanowire ﬁeldeﬀect transistors (FET), thin ﬁlm transistors,1−5 photodetectors, thin-ﬁlm solar cells,6 and nanowire-based electrochemical biosensors.7 Therefore, several growth methods of SiNWs have been reported, analyzing general aspects of their
growth.8 Small-diameter Si nanowires in particular are
potentially very attractive because of the possibility to exploit
quantization of the electronic structure. As demonstrated by
Ma and co-workers,3 the band gap of Si-NW can be increased
by reducing their diameter to less than 3 nm. This indicates the
possibility of developing Si-NW with a controllable band gap.
Similarly, theoretical considerations suggest that an enhancement of the radiative transitions is occurring due to
quantization when their physical dimensions lie below 5 nm.9
As a result of these very appealing observations, diﬀerent
methods have been developed for their fabrication with
controlled small diameters.3 Usually, small diameter Si-NWs
are obtained by oxidizing the larger ones and by subsequently
removing the formed oxide layer.10 The mechanisms of
oxidation of small diameters nanowires are therefore also
being studied extensively.5,10−13 Since the Deal-Grove model14
only considers the oxidation of planar bulk silicon, some
modiﬁcations need to be applied for describing two-dimensional (cylindrical) structures, as outlined in detail for wet
oxidation by Kao et al.15 The mechanism of the initial oxide
growth, however, cannot be properly explained with this
© 2012 American Chemical Society
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Figure 1. Ideal structure of Si nanowires (Si-NWs) with 2 nm diameter: (a) top and (b) side view. Here, 1 and 2 indicate {110} and {001}-type
facets, respectively.

temperatures of 300 and 1273 K, studied by means of reactive
molecular dynamics simulations using the ReaxFF potential.

■

COMPUTATIONAL DETAILS

1. Interatomic Potential. The growth process of SiO2 during the
thermal oxidation of Si NWs at the atomic scale is studied by reactive
MD simulations. Forces on the atoms are derived from the reactive
force ﬁeld (ReaxFF) potential, which was developed by van Duin et
al.20 The potential uses the bond order/bond distance relationship
formally introduced by Abell.21 Overcoordination 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, hydrogen bonding, as well as van der
Waals and Coulomb interactions. The ReaxFF potential can describe
both covalent and ionic bonds, as well as the entire range of
intermediate interactions. Charge distributions are calculated using the
electronegativity equalization method (EEM), based on the system
geometry and connectivity.22 The EEM parameters were ﬁtted against
Mulliken charge distribution. In this work, we use the force ﬁeld
parameters employed by Buehler et al.23 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 a planar Si|SiO2 interface including these Si
suboxide species were in agreement with both experimental and DFT
results.24 A detailed description of the force ﬁeld can be found
elsewhere.23−26 Currently, the ReaxFF potential can successfully
describe tens of elements and their compounds, including hydrocarbons, silicon/silicon oxide,24,27−29 metals and metal-catalyzed
reactions,30,31 metal oxides,32 metal hydrides,33 and others.
2. Simulation Methodology. Si(100) nanowires with diameter of
2 nm and of 1 nm length are considered. In ﬁgure 1a, the ideal Si(100)
nanowire structure at 0 K is shown. A periodic boundary condition is
applied along the z-direction, which corresponds to the axial direction
of the nanowire, in order to mimic an inﬁnitely long nanowire. The
nanowire is terminated by four {110}-type and four {001}-type facets
(denoted by 1 and 2, respectively in Figure 1). The angle between two
{110} or two {001}-type facets is 90°, whereas the one between the
{110} and {001} facets is 135°.
Prior to oxidation, the octagon-shaped Si(100) NWs are
equilibrated at 300 and 1273 K using the Berendsen thermostat and
barostat (NpT ensemble)34 for 40 ps with temperature and pressure
damping constants of 0.1 and 5.0 ps, respectively. The obtained
structures are subsequently relaxed in the microcanonical NVE
ensemble for 20 ps. After thermalization, the structure as obtained
at low temperature (300 K) almost keeps the same shape, displaying
both facets, similar to the ideal sample (see ﬁgure 2a). It was suggested

Figure 2. Initial structures after thermalization at (a) 300 K and (b)
1273 K, respectively.
that such faceting aﬀects the surface reaction coeﬃcient and
subsequently the oxidation rate as well.10,12,15,18 At high temperature
(1273 K), however, the shape of the NW structure becomes circular
(see ﬁgure 2b).
Both obtained structures are analyzed by the radial distribution
function (RDF). The RDF shows that the ﬁrst, second, third and
fourth neighbors of Si atoms are located at 0.23, 0.38, 0.44, and 0.53
nm, respectively. The Si−Si−Si peak in the angle distribution
corresponds to about 110°. These parameters are close to the
experimental values for Si(100) NWs.3
Oxygen impacts are performed as follows. Each incident oxygen
molecule is positioned at 1 nm above the uppermost atom of the
nanowire in the (x,y) plane. The z coordinates of the incident particles
are chosen randomly. The O2 molecule is rotated randomly prior to
impact. Every impact is followed for 10 ps, after which the next impact
starts. The initial velocity vector of the incident molecule is
randomized and its magnitude is set to the root-mean-square velocity
corresponding to the oxidation temperature. During the impacts, NpT
dynamics are applied to mimic dissipation of the heat of reaction and
to allow for a volume expansion due to the oxidation process. In total,
2240 and 1456 consecutive impacts were performed at 300 and 1273
K, respectively.

■

RESULTS AND DISCUSSION
1. Oxidation and Oxide Growth Process. The
thermalized Si-NWs are oxidized by O2 molecules at 300 and
1273 K. Figure 3 presents general information on the oxidation
and the (sub)oxide growth process on Si-NWs with diameter of
2 nm, at low (300 K) and high (1273 K) temperature. The
ﬁgure shows the evolution of the oxygen content (right axis),
oxide shell thickness, radii of the Si-core and total oxygenated
Si-NW (left axis) as a function of the O2 ﬂuence in monolayers
2142
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Figure 3. Evolution of the oxide shell and Si-core thickness, and total Si NW radius (left axis), as well as oxygen content (right axis) during oxidation
of a Si-NW with initial diameter of 2 nm at (a) 300 K and (b) 1273 K.

Figure 4. Variation in the fraction of Si-suboxide components during oxidation at (a) 300 K and (b) 1273 K.

is determined by the surface reaction rate coeﬃcient ks for
thinner oxides, i.e., xo ≈ 0. The ks parameter depends on the
initial surface reaction rate coeﬃcient (kso), the normal stress
(σ) and the surface temperature (T).15 However, in the initial
oxidation stage, the surface reaction coeﬃcient strongly
depends on kso rather than on the stress and oxidation
temperature. We calculated stresses as the symmetric per-atom
stress tensor for each atom in the Si-NW using the approach
proposed in reference.35 The tensor has 6 components for each
atom and is stored as a 6-element vector in rectangular
Cartesian coordinates: σ xx , σ yy , σ zz , σ yz , σ zx , σ xy and
correspondingly in cylindrical coordinates σrr, σθθ, σzz, σθz, σzr,
σrθ. The stress components in all directions are averaged per
unit radius of 0.232 nm, which corresponds to the distance
between ﬁrst Si−Si neighbors in the crystalline Si-NW. The
calculations show that the radial (normal, σrr) and tangential
(σθθ) stresses on a nonoxidized Si-NW surface are compressive
and relatively small, i.e., σrr ∼ 0.2 GPa and σθθ ∼ 0.03 GPa. Kao
et al.15 suggested that σrr and σθθ components are almost zero
in a pure cylindrical Si. Although the axial stress is somewhat
higher (σzz ≈ 0.3 GPa), due to the periodic boundary in the zdirection, we believe that the reaction rate coeﬃcient is not
signiﬁcantly lowered by the stress in the initial oxidation stage.
As a result, the initial oxidation rate depends more strongly on
the stress-free initial reaction rate coeﬃcient rather than on
stress and temperature. Therefore, as shown in ﬁgure 3, the
oxide thickness quickly increases during the initial oxidation
stage, due to the initial reaction rate, which depends on the
surface crystallographic orientation, the number of dangling
bonds on the nanowire surface, and the surface energy barrier.
Note that the sticking behavior also depends on the spin-state,
i.e., singlet or triplet state of an incident O2 molecule,37,38 which
is not taken into account in our calculations. ReaxFF does not
include the concept of multiple spin states and is parametrized
to reproduce the energy corresponding to the lowest energy
spin state. Therefore, in our simulations, the spin state
corresponding to the lowest-energy path is assumed at all times.

(ML) for both temperatures. In these calculations, one ML
corresponds to 56 atoms. At 300 K (Figure 3a), the oxide
growth process saturates after 60 ML, resulting in an oxide
thickness of 1 nm. At the same time, the Si-core radius drops
from 1 to 0.5 nm, and consequently, the total Si-NW radius
increases to 1.5 nm. The oxygen content after saturation is
about 4.5 ML. At 1273 K (Figure 3b), on the other hand, the
Si-NW is completely oxidized after 40 ML.
At both temperatures, the oxidation appears to change from a
linear to a logarithmic function of time. Such oxidation
behavior corresponds roughly to the Deal−Grove theory for
planar Si.14 Kao and co-workers15 presented an extension of the
Deal−Grove model for the wet oxidation of cylindrical Si (or
Si-NW), applying the following equation to describe the
kinetics of the process at the Si|SiO2 interface:
∂x
1
=
∂t
N

C*
1
ks

+

1a
hb

+

1
b
a log a
D

()

(1)

where N is the number of oxidants required to form a cubic
unit of oxide, a is the NW core radius, b is the total NW radius
(Si core + SiO2 shell), and x = b − a is the oxide thickness. It is
assumed that the oxide growth rate is determined by the surface
reaction rate coeﬃcient ks at the SiO2|Si interface, the surface
mass transfer constant h of the oxidant, the diﬀusivity D of the
oxidant in SiO2, and the solid solubility C* of the oxidant in
SiO2.
However, this equation should be altered for oxidation of the
pure Si NW, i.e., in the initial oxidation stage. In this stage, the
(1/D)alog(b/a) term is omitted as a and b are initially equal to
1.0 nm. Generally, the 1/D and 1/h terms are included for
oxidation of Si with a pre-existing oxide layer (i.e., b > a) and
they should be ignored in the initial oxidation stage. The
parameter C*, which equals the oxygen ﬂux (or oxygen ﬂuence)
is constant in this stage. As a result, the oxidation rate depends
only on the surface reaction coeﬃcient in the initial oxidation
stage. As suggested in15,24 for planar oxidation, the growth rate
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suggested (see e.g., refs 15−18) that such compressive stresses
at the Si|SiO2 interface signiﬁcantly slow down the reaction
rate. Furthermore, a compressive pressure in SiO2 reduces the
oxidant diﬀusion and concentration. The oxidation is therefore
self-limiting. Note that this behavior is not unique to Si-NWs,
but is also observed in the hyperthermal oxidation of planar Si
surfaces with the formation of a thin oxide surface layer at room
temperature.23,24 Although the current work is dedicated to a
morphological analysis of the obtained structures, a detailed
analysis regarding the stress and pressure evolutions during the
oxidation process will be presented in a forthcoming
publication.
2. Analysis of the Obtained Structures. At the end of
the oxidation process, two diﬀerent structures, i.e., silicon−silica
(Si|SiOx|SiO2) and pure silica (SiO2) are obtained at 300 and
1273 K, respectively, as shown in Figure 5a. As mentioned in

The time evolution of the formation and growth of the
oxygenated silicon in the initial stage of planar surface oxidation
can easily be understood by observing the variation of the
silicon suboxide components, i.e., Si1+, Si2+, Si3+, and Si4+, which
bind to one, two, three, and four nearest-neighbor oxygen
atoms, respectively.38 The notation used corresponds to formal
charge states and not to actual atomic charges. As shown in
Figure 4, all four Si suboxide species are found in Si-NW
oxidation as well. Also some overcoordinated silicon, i.e., 5-fold
suboxide (Si5+) species are detected on the silica surface,
although in low concentration. Initially, only Si1+ and Si2+ are
formed. As the oxidation progresses, these are transformed into
Si3+ and subsequently into Si4+. The Si1+, Si2+, and Si3+ fractions
consecutively dominate in the initial oxidation stage (see Figure
4). Usually, such an oxidation behavior is also observed in the
oxidation of planar Si.24,39 When a stoichiometric oxide layer
appears, the fraction of Si4+ components increases continuously
and the one of the other suboxide components decreases. It is
only in the ﬁnal oxidized wire step, at high temperature, that all
Si atoms are converted in the Si4+ oxidation state (Figure 4b).
On the other hand, at low temperature, all Si-suboxide
components can be found in the ﬁnal structure, as is illustrated
from Figure 4a.
The oxidation is continued until the oxygen content
saturates. At high temperature, the saturation occurs faster
(see Figures 3 and 4) because of the relatively high diﬀusivity
and mobility of the oxidant, i.e., the oxide thickness also
depends on the diﬀusion coeﬃcient D (see eq 1). Therefore,
the Si-core radius (a) goes to zero during thermal dry oxidation
at high temperature (see Figure 3a). This indicates that the SiNW completely converts to a SiO2-NW, as is also shown in
Figure 4b, where the Si4+ fraction becomes equal to 1. At low
temperature, however, the Si-core radius shrinks down to about
0.5 nm after which, it remains constant. On the other hand, the
contribution of long time scale diﬀusion to eq 1 cannot be
accurately accounted for in MD simulations. As a result, the
partially oxidized structure may ﬁnally become fully oxidized,
provided a suﬃciently long oxidation time (in the range 1 × 103
to 1 × 105 s depending on the experimental conditions in
planar surface oxidation39) is permitted at 300 K. However, the
ﬁnal structure can be analyzed without including the long time
scale contribution by means of the following theoretical
approach,19 with which also most experimentalists compare
their results5,10,11
(b2 − a 2)L − π (b02 − a02)L = kπ (a02 − a 2)L

Figure 5. Analysis of (a) postoxidation structures obtained at 300 and
1273 K by (b) their Si-suboxide components and (c) their mass
density distribution.

(2)

where a0 and a are the initial and ﬁnal radii of the Si core,
respectively, b0 and b are the initial and ﬁnal radii of the Si-NW,
respectively, L is the Si-NW length, and k is a coeﬃcient. This
coeﬃcient k indicates that the molecular volume of SiO2 (∼45
Å3) is about 2.25 times larger than the atomic volume of Si (20
Å3).10−12,15,17 From eq 2, the following formula including this
initial condition (i.e., a0 = b0) can be obtained:
b
=
a

2.25

a02
a2

− 1.25

the previous section, the formation of such a structure at low
temperature can be explained by self-limiting oxidation.15,16 In
contrast to the oxidation at low temperature, the Si-NW is
completely oxidized at high temperature (1273 K), in
agreement with the experimental observations reported by
Büttner and Zacharias.11 They found that 925 °C (∼1200 K) is
a suﬃcient temperature for complete oxidation of a Si-NW with
an initial radius of 15 nm or less. Since the molecular volume of
SiO2 (45 Å3) is larger than the atomic one of Si (20 Å3), the
newly formed oxide continuously pushes the ‘old’ oxide
outward, in order to accommodate the volume expansion.11,16
As a result, the ﬁnal diameters of both structures are found to
be 2.9 and 3.1 nm at 300 and 1273 K, respectively, at the end of
the oxidation process. This corresponds to an expansion by a
factor of 2.1 and 2.4 relative to the initial dimensions of the SiNWs. Note that the expansion coeﬃcient of 2.4 as obtained at a
high temperature treatment is larger than the ideal expansion

(3)

Applying eq 3 to our 300 K case, we ﬁnd b/a ≈ 2.7. In our MD
calculation, this ratio is about 2.9, which is indeed very close to
the theoretical prediction. Indeed, in this case, the oxidation
process does not depend on the diﬀusion coeﬃcient and is only
function of the surface reaction rate, which depends on the
normal stress rather than on the temperature. It has been
2144

dx.doi.org/10.1021/cm300707x | Chem. Mater. 2012, 24, 2141−2147

Chemistry of Materials

Article

Figure 6. Analysis of the obtained Si-core and SiO2 structures by means of (a) radial distribution function and (b) angle distribution at 300 and 1273
K.

one obtained for Si-to-SiO2 (2.25),10−12,15,17 since in the
current oxidation process, a low density amorphous SiO2 phase
is formed rather than the high density quartz one.
As shown in Figure 5b, both obtained structures are analyzed
by the distribution in their suboxide components. The
distribution of the Si-suboxide components in the oxidized
Si-NW at 300 K shows that the ﬁnal structure contains three
regions, i.e., region I corresponds to a Si-core region
(containing only Si0), region II to a Si|SiO2 interface (existing
of Si1+, Si2+, Si3+) and region III to an ultrathin SiO2 shell
(consisting of Si4+). At high temperature, the distribution of
Si4+ indicates that the Si structure completely converts to silica
(SiO2).
As can be seen in Figure 5c, the mass density of the structure
obtained at high temperature is around 2250 kg/m3, which is
close to the value for amorphous silica.28 The surface density is
however slightly lower. In the structure obtained at low
temperature, the mass density of the Si core is about 2550 kg/
m3. Since the experimental silicon density is about 2330 kg/m3
at room temperature, the silicon density in our calculations is
slightly too high in the low temperature regime. Indeed,
diﬀerences with the experiment of this order are virtually
inevitable in force ﬁeld generated structures. In the Si|SiO2
interface, where most of the intermediate Si-suboxide
components (Si1+, Si2+, Si3+) reside, a relatively high mass
density is found. As a matter of fact, the entering oxygen atoms
are stopped by the silicon energy barrier (cf. the planar
oxidation case24,29,36) such that the interface region is enriched
in oxygen. Finally, in the SiO2 shell at low temperature, the
mass density was found to be slightly lower than the mass
density of the silica obtained at high temperature due to the
occurrence of a small number of O−O peroxyl bridges.40
Both structures are also analyzed by means of their radial
distribution functions (RDF), as shown in ﬁgure 6a. For the
model formed at high temperature, three peaks are found.
These three peaks correspond to the Si−O bond, nonbonded
O−O and Si−Si neighbor distances, located at 0.16, 0.25, and
0.32 nm, respectively. These values agree with both
experimental and other MD reports,28,41,42 and indicate that
the obtained structure is indeed amorphous silica. However, at

low temperature, the number of peaks increases up to six
because of the occurrence of the three diﬀerent aforementioned
regions in the obtained structure, i.e., the crystalline Si-core, the
Si|SiO2 interface and the ultrathin SiO2 layer. The ﬁrst peak,
located at 0.13 nm, indicates that the silica surface contains a
number of O−O peroxyl bonds,40 which also play a role in the
appearance of Si5+ on the oxygenated Si-NW surface. A similar
eﬀect was also suggested by DFT calculations analyzing various
defects during planar Si oxidation.43,44 The formation of an
intermediate structure in which the extra oxygen atom is
attached to the shared Si atom and acts as its ﬁfth neighbor was
proposed. The process then becomes a three-step mechanism.
It begins with the formation of a peroxyl bridge, then evolves
into a 5-fold Si conﬁguration, and ﬁnally leads to the formation
of a new peroxyl bridge connected to another Si atom. The
appearance of the peroxyl bridge bonds reduces the silica mass
density as mentioned above, which explains the slightly lower
mass density of the silica obtained at low temperature (see
ﬁgure 5c). The second peak, located at about 0.16 nm,
corresponds to Si−O bonds in the silica. This bond length is
close to the Si−O one in the high temperature silica, although
the peak is narrower due to the thermal widening at high
temperature. The third and sixth peaks correspond to the Si−Si
ﬁrst (0.23 nm) and second (0.38 nm) nearest-neighbors,
respectively, in the Si-core. Other near-neighbor interactions
almost completely disappeared due to the oxidation. Finally, the
fourth and ﬁfth peaks of the RDF are related to O−O (0.25
nm) and Si−Si (0.32 nm) nonbonded interactions, respectively,
in the ultrathin silica. The RDF analyses indicate that the
obtained silica structures are amorphous at both temperatures.
Figure 6b shows the angle distributions in both structures.
The Si−Si−Si angle distribution characterizes the nonoxygenated Si, and is therefore only present in the structure
obtained at low temperature (due to the presence of the Sicore). The peak in the Si−Si−Si distribution is about 110°,
which is close to the peak of the pure Si-NW one, as mentioned
above. The oxygenated Si region is characterized by the Si−O−
Si and O−Si−O angles. For both structures, most O−Si−O
angles are distributed around 110° which corresponds to the
tetrahedral silicon and silica structures. In α-quartz, this angle is
2145
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the tetrahedral angle of 109.5°. The peaks are slightly wider in
our structures (i.e., 75−165°) than the O−Si−O angle
distribution usually cited for amorphous silica (i.e., 109° ±
10°).28,42,45 Also, for the structure obtained at low temperature,
an additional feature is found around 30°, which corresponds to
the O−Si−O angle formed by some intrinsic defects, i.e.,
oxygen peroxyl bonds on the silica surface.
The amorphous silica structure is further characterized by the
Si−O−Si angles, i.e., both by its peak position and the
distribution range of this angle. 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
have previously been reported. Mozzi and Warren42 obtained
for the vitreous (amorphous) silica structure, which is
generated by thermal O2 oxidation, a wide distribution of Si−
O−Si angles varying between 120° and 180°, with a main peak
found at 144°. Watanabe et al.46 investigated the thermal
growth process using large-scale molecular dynamics and
concluded that the Si−O−Si bond angle present in ultrathin
SiO2 ﬁlm is reduced from 144° toward 130° to 140°. However,
Da Silva et al.47 suggested that the most probable Si−O−Si
bond angle of vitreous silica is 152° instead of 144°. Mauri et
al.45 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 high temperature
model, the Si−O−Si angle distribution is in the range of 120−
180°, peaking at ∼150°. These values are in fairly good
agreement with the results obtained from thermal O2 oxidation
of a ﬂat Si surface,47 and in very good agreement with the DFT
results of Mauri et al.45 However, in the structure obtained at
low temperature, the total Si−O−Si distribution is somewhat
wider (90−180°), with a peak located at about 150°. The lower
angle part of this distribution is due to the strain build-up near
the interface, which corresponds to a distribution in the range
of 90−125°. At low temperature, the overall spread in the RDF,
angle, and mass density distributions conﬁrms that the obtained
structure consists of a crystalline Si region, an ultrathin Si|SiO2
interface and an amorphous SiO2 shell, although some intrinsic
defects, i.e., some oxygen peroxyl bridge bonds, are found in the
silica region. Therefore, all Si-suboxide components (Sii+, i ≤ 4)
can be found in the structure obtained at low temperature.
Also, some overcoordinated Si atoms (Si5+) exist on the surface
of this structure as mentioned before. At high temperature, the
crystalline Si-NW converts completely to an amorphous silica
(a-SiO2) nanowire.
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