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ABSTRACT

MD Simulations based on force fields and first-principles calculations based on density functional theory have been employed

to investigate the initial stages of oxidation on silicon (100) surfaces exhibiting a p(2 x 2) reconstruction when exposed to

atomic oxygen. Our results reveal that, when oxygen atoms are sequentially added to energetically preferred sites on the p(2 x

2) reconstructed Si(100) surface, the lattice maintains its crystallinity for up to three layers, in contrast to the typically observed

disordered surface oxide. Detailed atomic and electronic structures of the crystalline SiO, /Si are presented, which provide a starting

point model for the recent measurements of crystalline SiO,/Si formed under controlled oxidation conditions.

1 | Introduction

The crystalline SiO,/Si phase holds immense significance and
continues to attract substantial attention in both fundamental
research and technological applications [1-4]. In contrast, most
native SiO, and thermally oxidized SiO, surfaces are amorphous
in nature and inherently contain numerous point defects at the
interface. These interfacial defects play a crucial role, as they
significantly influence the electronic properties and energy range
relevant to device performance. Consequently, understanding
and controlling the formation of crystalline SiO,/Si structures
is essential for optimizing their functional behavior in advanced
semiconductor technologies.

Mechanisms of silicon oxidation as well as properties of the
resulting SiO,/Si interfaces have attracted enormous interest
during several decades due to the significance of SiO,/Si in
semiconductor industry [1, 3, 5-13].

Various atomic structures have been proposed for this interface,
including an atomically sharp interface [1] and an extended one
with a transition layer [9]. Furthermore, crystalline ordering has

also been found for this interface [1, 3] although SiO, grown
on Si(100) typically has a disordered, amorphous type atomic
structure. Indeed, it is widely accepted that the atomic disorder
increases significantly immediately when the Si oxidation starts
[14-18]. However, an opposite behavior, crystalline order at the
oxidized Si surfaces has been recently reported [2, 19]. The quality
of the SiO,/Si interface is significantly influenced by the initial
oxidation process [2, 19-22]. During the early stages of oxidation,
native oxides, impurities, and defects such as dangling bonds and
suboxide states (SiO,, where x < 2), which contribute to interface
traps, are easily formed. High-k dielectric films such as HfO, or
Al,O; have replaced SiO, films in many applications. However,
the importance of ultrathin (<1 nm) SiO, or SiO, films has
increased, as they are often used as interfacial layers in electronics
and photonics to reduced harmful surface effects such as leakage
current and non-radiative recombination, thereby enhancing
overall device performance [23, 24]. A deep understanding of
the initial oxidation steps allows one to fine-tune the fabrication
process, leading to improved interface properties, lower charge
carrier trap densities, and enhanced overall performance of
semiconductor devices. The chemisorption of oxygen atoms
on the surface of Si(100) is the first step in the formation of
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silicon dioxide. Despite considerable progress in understanding
the interaction between oxygen and the silicon surface, several
questions remain unresolved [25-27].

In this article, we clarify the physicochemical conditions that
increase the crystalline degree at the oxidized Si(100) surface and
demonstrate an energetically stable atomic structure that could
explain recent experimental observations. We employ a novel
approach to investigate the initial stage of oxidation of the Si(100)
surface with a p(2 x 2) reconstruction through the sequential
addition of oxygen atoms. Neutral atomic oxygen (O) is used as
a model species to represent the oxidation process of the Si(100)
surface. This simplification provides a reliable and efficient
framework for analyzing the resulting atomic configurations and
energetics associated with the early formation of SiOx phase
on Si(100) surface. For each oxygen atom, we explore the most
favorable adsorption positions using density functional theory
(DFT) methods using VASP software [28, 29]. The calculation
details are described in the methodology section. This theoretical
approach captures the thermodynamically favorable pathways
for atomic oxygen incorporation into the silicon lattice, without
explicitly accounting for kinetic barriers such as O, dissociation,
oxygen migration, or oxide growth rates. In experimental settings,
however, the formation of crystalline SiO, phases at the Si/SiO,
interface has been observed under high vacuum, relatively low
temperatures and controlled oxidation, and is therefore strongly
influenced by kinetic limitations.Thus, while the theoretical
results indicate which incorporation pathways are energetically
preferred, the actual oxidation process is often governed by the
rate of O, dissociation and atomic mobility. Once dissociation
occurs, though, the thermodynamically favorable pathways are
expected to strongly influence the earliest stages of oxidation.
This study aims to determine: (i) the most stable adsorption
site for oxygen, (ii) whether oxygen tends to adsorb on the
surface or penetrate into the silicon lattice, (iii) how oxygen
adsorption disrupts the silicon lattice, and (iv) the preferred
locations for oxygen atoms in cases of partial surface oxidation.
These calculations were subsequently extended to larger systems
using classical molecular dynamics, and their structural integrity
was evaluated at temperatures ranging from 300 to 1700 K to
assess their behavior under realistic conditions.

2 | Methodology

For the MD simulations, we evaluated the Tersoff, ReaxFF, and
Tersoff K force fields to determine which provides the best
balance between speed and accuracy for modeling the structure
and adsorption of atomic oxygen on the Si(100) surface. The
surface was created using the optimized bulk geometry of silicon.
Bulk silicon, which crystallizes in the diamond cubic structure,
was simulated with all three force fields using LAMMPS software
[30]. Among these force fields, the Tersoff potential provided
lattice parameters that closely matched experimental values.
The Si(100) surface was generated by cleaving the optimized
bulk structure along the (100) crystallographic plane.The surface
model is composed of a slab containing 12 atomic layers, with
each layer consisting of 144 silicon atoms. A 10 A vacuum
region is included, and only the top five layers are permitted to
relax. It is important to note that, the tested force fields fail to
capture the p(2 x 1) buckled and p(2 x 2) buckled reconstructions

of the Si(100) surface, instead producing a p(2 x 1) symmetric
dimer configuration. The adsorption of atomic oxygen on the
Si(100) surface with p(2 x 1) symmetric dimer configuration
was investigated using both the Tersoff and ReaxFF force fields.
Both force fields predict the dimer top bridge site, where the
oxygen atom adsorbs atop the Si-Si dimer, as the most favorable
adsorption site. However, this result does not align with the
findings from our DFT calculations. The observed discrepancy
between force field-based (e.g.,, LAMMPS) and DFT-based results
for oxygen adsorption on the Si dimer likely arises from limita-
tions in the classical force fields’ ability to model electronic effects
such as charge transfer and surface reconstruction dynamics.
Therefore, to model surface reconstruction and determine the
preferred adsorption site for atomic oxygen, DFT calculations
were employed. The Si(100) surface was modeled as a 12-layer
slab with dimensions 15.4 X 7.7 x 26.4 A with a10 A vacuum
region. All surface structures were modeled using a 12-layer
slab to allow consistent comparison of relative energies. While
slightly thinner than the 14 layers suggested by Sagisaka et al., this
thickness is expected to provide reasonably converged structural
and energetic differences for studying surface oxidation [31].

The Si(100) surface contains four dimers. The top 5 layers
were allowed to relax to capture surface reconstruction and
rebonding effects, while the bottom layers were fixed to mimic
bulk behavior. Hydrogen atoms terminating the dangling bonds
on the bottom surface were allowed to relax to relieve artificial
strain from the fixed slab. This passivation permits using a
smaller unit cell than a symmetric termination while preventing
spurious surface states. It does not affect the relative energies
between adsorption geometries on the top surface, as the bottom
layers remain identical across all calculations. Moreover, the
surface band structure is unaffected by this termination [31].
All DFT calculations were performed using the Vienna ab
initio Simulation Package (VASP) with the projector augmented-
wave (PAW) scheme and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional. A plane-wave energy cutoff of
520 eV was employed. Structural relaxation was performed using
a 2X4X1 Monkhorst-Pack k-point mesh for Brillouin zone (BZ)
sampling until the forces on each atom were smaller than 0.0001
eV/A. The electronic self-consistency criterion was set 10~ eV,

DFT successfully captures the p(2 x 1) symmetric, p(2 x 1)
buckled, and p(2 x 2) buckled reconstructions. The primary aim
of this study is to explore the adsorption sites for atomic oxygen
on the Si(100) surface. It is well established that the Si(100)
surface undergoes reconstruction to minimize surface energy.
We have examined the p(2 x 1) symmetric, p(2 X 1) asymmetric
(buckled), and p(2 x 2) buckled dimer reconstructions, as shown
in Figure S1. In the p(2 X 2) reconstruction, the dimers alternate
their buckling orientation within the p(2 x 2) periodicity (Figure.
Sic).

Neutral oxygen atoms were added to the chosen Si(100) surface
to model initial oxidation. The overall system remains charge
neutral, and the resulting oxygen bonding with the surface is
determined self-consistently during relaxation. Thermal stability
of the oxidized surface was investigated using LAMMPS [30]
with the following parameters. The supercell comprised 12 layers,
each containing 96 silicon atoms. The Tersoff potential [27] was
employed in all simulation. The oxidized surfaces were simulated
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for a total of 40 ps—30 ps for equilibration and 10 ps for production.
A target temperature of 2000 K was applied to the top ten layers
using an NVT thermostat, while the bottom layers were fixed,
effectively maintaining their temperature at 0 K. The average
temperature of the full system stabilized at approximately 1700
K, reflecting partial thermal equilibration.

3 | Results and Discussion

In previous studies, the c¢(4 x 2) reconstruction has been identified
as the low-temperature phase, typically present in very small
quantities, and it gradually transforms into the p(2 x 1) phase
as the temperature increases to ambient conditions. Although,
the c(4 x 2) phase, slightly more stable than p(2 x 2) by 3
meV per dimer, is not considered due to its minor energetic
advantage [32-34]. Among the considered reconstructions- p(2
X 1) symmetric, p(2 X 1) asymmetric, and p(2 x 2) buckled- p(2
X 2) Si(100) surface is the most stable, being 0.08 eV per dimer
lower in energy than the p(2 x 1) phase and 0.27 eV lower than
the symmetric structure, in agreement with previous studies [35].
Additionally, the p(2 x 1) asymmetric configuration is 0.19 eV
per dimer lower in energy than the p(2 x 1) symmetric config-
uration. The surface is semiconducting (see Figure S2b), and the
symmetric p(2 X 1) reconstruction observed experimentally likely
results from temperature averaging; its DOS is presented here for
illustrative purposes. All further analysis focuses on the p(2 x 2)
reconstruction, in line with experimental observations.

3.1 | Atomic Oxygen Chemisorption on Si(100)

Once we select the p(2 x 2) surface, we introduce neutral
atomic oxygen at various adsorption sites, including on-top,
dimer-bridge, dimer-backbond, and exposed back-bond from
the second and third subsurface layers on the buckled Si(100)
surface with a p(2 x 2) periodicity. We examine nine adsorption
sites across the top and subsurface layers. Optimization shows
that different starting positions often converge to seven unique
structures (Figure 1). The most favorable site is the backbond
of the down silicon dimer (dDBB), consistent with previous
studies [36]. The backbond of the upward silicon dimer (uDBB)
incurs an additional energy cost of 0.4 eV. Other metastable
sites, approximately 0.2 eV higher in energy than dDBB, include
outer backbond sites (BBSL2-SL3) and dimer bridge (DB)
positions.

A Bader charge analysis of the pristine Si(100) surface reveals
that the down Si atom of the dimer is electron-rich, gaining an
additional 0.2 electrons, while the up Si atom is slightly positive,
with a deficiency of 0.22 electrons, although uDBB dangling bond
is filled. This increased electron density in the down Si atom
enhances its favorability for oxygen binding. The down Si atoms
bond to the substrate Si atoms at 2.35 A, while the up Si atoms
bond at 2.40 A. Given that the bulk Si-Si bond length is 2.37 A,
the down Si atoms exhibit stronger bonding to the substrate.

A Bader charge analysis of the dDBB configuration (O adsorbs
at the dDBB site of the Si(100) surface) shows that the oxygen
gains about 1.60 electrons (from 6.0 to 7.60). The dimer Si
atom loses approximately 0.85 electrons, while the second Si

atom loses about 0.73 electrons. This asymmetric charge transfer,
caused by dimer buckling, results in asymmetric Si-O-Si bond
lengths, with the dimer Si-O bond being 0.5 A shorter than the
second Si-O bond. These asymmetric bond lengths improve stress
distribution, reducing local stress concentrations and lowering
the total energy of the dDBB configuration, thereby enhancing
its thermodynamic stability. Therefore, the dDBB site is crucial
for silicon oxidation. The oxidation state of the bridging oxygen
in Si-O-Si is —2, as the oxygen atom forms two single bonds with
the silicon atoms, with bond lengths of 1.65 A and 1.70 A.

We now compare the electronic structures, specifically the
density of states (DOS), of the pristine surface and the oxygen-
adsorbed surfaces for two extreme cases: the most favorable
adsorption at the dDBB site and the least favorable adsorption at
the uDT site on the Si(100) surface. The calculated total density
of states is shown in Figure S3 and discussed in detail. Notably,
adsorption of O at the dDBB sites modifies the electronic prop-
erties of the system and slightly increases the bandgap compared
to pristine (unoxidized) Si(100) surface. In contrast, adsorption at
the uDT site reduces the VBM peak height, with only a minimal
shift in energy relative to the Fermi level, indicating a weaker
perturbation of the local electronic environment and only minor
redistribution of valence electrons, resulting in no significant
change in the bandgap.

3.2 | Second Oxygen Adsorption on Si(100) With
an Occupied dDBB Site

Now, we investigate the adsorption site for a second oxygen atom
on Si(100) in the presence of an already occupied backbond of
the down silicon dimer (dDBB) site by the first oxygen atom.
As shown in Figure 2, the second oxygen atom preferentially
inserts into the Si-Si back-bonds of the subsurface layers (BBSL2-
SL3). Notably, this adsorption site corresponds to the second most
favorable position on a pristine Si(100) surface, suggesting that
the presence of the first oxygen atom in the dDBB site enhances
the stability of subsurface insertion for subsequent oxidation.

The second lowest energy configuration, with an energy cost of
0.12 eV (S7), occurs when both back-bonds of the downward
silicon atoms in the dimers along the row are adsorbed by
oxygen atoms. In contrast, if the adsorption occurs at the same
dimer in a neighboring site, the energy cost increases to 0.21 eV
(S11). It is important to note that all configurations involving the
adsorption of oxygen atoms on the up silicon atoms of the dimers
are higher-energy configurations. These configurations are not
feasible, even at high temperatures, due to their significantly
higher energy costs.

However, an exception occurs when the oxygen atom adsorbs
directly onto the Si-Si dimer bond, forming a Si-O-Si bridge.
While this configuration is more favorable than others involving
the up silicon atom, it still comes with an energy cost of 0.27 eV
(S1). The silanone structure, in which an oxygen atom forms a
double bond with a surface Si atom (O-Si=0), is typically not
stable when using atomic oxygen. Even if a silanone configuration
is initially constructed, DFT optimization usually leads to rear-
rangement into a bridging bond (DBB), such as a Si-O-Si bridge,
rather than maintaining the Si=O double bond. This behavior
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contrasts with oxidation via O, dissociation, where Si=0O double
bond formation on the surface can occur. [37, 38].

To gain insight into the effect of adding a second O atom at the
BBSL2-SL3 site (S8) on the electronic structure, we compared
the density of states (DOS) of this configuration with that of the
surface with a single adsorbed O atom. The calculated DOS is
shown in Figure S4. Upon adsorption of the second O atom, the
surface bandgap increases further, indicating a cumulative effect
of oxygen adsorption on the electronic structure.

3.3 | Identification of the Thermodynamically
Preferred Partially Oxidized Si(100) Surface

The oxidation of Si(100) proceeds through distinct chemical and
structural stages. Before a continuous SiO, layer forms, a partially
oxidized silicon surface-typically one or two atomic layers thick—
often develops, consisting of a mixture of Si-Si and Si-O bonds.
Therefore, to understand the initial stages of oxide growth and
the behavior of partially oxidized surfaces that may be observed
experimentally, we extend our study to focus on partial oxidation,
where one silicon atom in surface dimers is saturated with
oxygen, allowing us to analyze the early stages of oxide growth.
This configuration is possible at moderate temperatures and low
oxygen concentrations, where atoms can diffuse to the most stable
sites. The temperature must be high enough to enable diffusion
but not too high to change surface energetics. We investigated the
partial oxidation of the Si(100) surface using three configurations.
In PO1 and PO2, oxygen atoms adsorb on all down dimer back-
bonding (dDBB) sites. In PO3, oxygen saturates both dDBB and
up dimer back-bonding (uDBB) sites, but only on one side of the
dimer. PO2 is the most energetically favorable configuration due
to symmetric adsorption, which minimizes surface strain. PO1
also exhibits symmetric adsorption but is slightly higher in energy
than PO2. PO3, with asymmetric adsorption and saturation of
up silicon atoms, is the least favorable, being 1.5 eV higher
in energy than PO2. Notably, we observed this configuration
(labeled S7 in Figure 2) as the second lowest-energy structure
while investigating the adsorption site for the next oxygen after
the dDBB site is saturated. This indicates that the downward-
oriented silicon atom within the dimer is the most favorable
adsorption site for oxygen atoms on the surface’s top layer,
adopting a geometry that reduces surface strain. The binding
energy of the most stable partially oxidized surface (PO2) is
—3.46 eV per oxygen atom, calculated using the equation (S1)
given in supporting information. Thus, oxygen adsorption is
strongly thermodynamically favorable. Linking the adsorption
energy to the equilibrium constant in the Langmuir adsorption
model [39], the estimated equilibrium partial pressure of oxygen
in PO2 at 1000 K is extremely low, corresponding to the ultra-high
vacuum (UHV) regime. This result suggests that oxygen atoms
remain adsorbed on the surface, making desorption unlikely at
this temperature (Figure 3).

3.4 | Atomic Oxygen Adsorption on PO2
Configuration of Partially Oxidized Si(100)

We aim to investigate where the next O atom prefers to bind on
the partially oxidized surface PO2. Does it adsorb at the same

site as the second oxygen atom on Si(100), where the first oxygen
atom occupies a dimer dDBB site? Or does it prefer to occupy all
available sites on the top layer of the surface? To address this,
we consider all possible adsorption sites for O, including those
on the top layer as well as in the subsurface second layer (SL2)
and third layer (SL3). We then optimize the system and compare
their energies relative to the most stable configuration (labeled
as S5), as shown in Figure S5. The concentration of O atoms on
the top layer does not influence the preferred adsorption site for
subsequent O atoms when the dDBB sites are occupied. In this
case, the next O atom preferentially adsorbs at the BBSL2-SL3 site
(labeled S5 in Figure S5). The second most stable configuration,
with an energy cost of 0.03 eV (approximately 350 K), corresponds
to the formation of a four-membered Si,O, ring (S3). Next, O
atoms were added to the most stable configuration (labeled S5 in
Figure S5) at various available adsorption sites, including those in
the second and third subsurface layers (labeled S1, S2, S3 and S6
in Figure 4) as well as the top layer (S4 and S5 in Figure 4).

The most favorable configuration occurs when a Si atom bonds
with three O atoms, forming a SiO; unit that shifts upward from
the surface plane. Si*t protrusions extending from the silicon
surface have been reported in previous studies [12]. Notably,
instead of saturating all exposed back-bonds of SL2 and SL3 (as
seen in the S1 and S6 configurations), oxygen preferentially bonds
with Si atoms that are already coordinated to two oxygen atoms
via the dimer back-bond and the exposed SL2-SL3 back-bond. In
this arrangement, the oxygen atom integrates into the back-bond
of SL2-SL3 inside the lattice. This S2 in Figure 4, now referred to as
PO-TSL2, corresponds to the partial oxidation of the top layer and
the second subsurface layer. In the PO-TSL2 configuration, the
topmost surface retains Si-Si dimers; however, dimers involved in
oxidation exhibit a slight elongation compared to pristine dimers.
This behavior is consistent with observations by Kuzmin et al. [2],
who reported that in crystalline SiOx/Si structures, the topmost
Si layer preserves a dimerized (2 x 1) reconstruction even after
partial oxidation.

Figure 5 shows a sequence illustrating the evolution of a partially
oxidized Si(100) surface to the PO-TSL2 phase, following the
PO2 configuration, by sequentially adding oxygen atoms at the
most favorable adsorption sites. The binding energy of the S5
configuration is (—3.5 eV) per oxygen atom, while for PO-TSL2, it
is (—3.51 eV) per oxygen atom. This suggests that adding oxygen
to the silicon lattice is thermodynamically favorable and is not
significantly influenced by previously adsorbed oxygen atoms.

3.5 | Electronic Band Structure

It is also interesting to study what kind of effects the oxidation
produces on the valence and conduction energy band structure.
In the pristine Si(100) surface, the bands near the Fermi level
result from silicon dimers (see Figure S6a). Oxygen bonding
with silicon shifts surface states within the bandgap, increasing
the bandgap, as shown in Figure S6b,c. As oxidation progresses,
silicon atoms bonded to oxygen move upward from the original
lattice plane. This upward movement causes their localization
within the oxide layer, meaning these silicon atoms become
confined within the SiO, region rather than remaining in the
silicon lattice. This phenomenon is more pronounced in the PO-
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TSL2 configuration, as the Si upward shift is greater in PO-TSL2,
and this upward shift indicates a reconstruction of the surface
structure as the oxide layer forms. Notably, the contribution
of oxygen atoms shifts deeper into the valence band with
increasing concentration, as oxygen’s electro-negativity pulls
electron density from silicon, deepening its contribution into the
valence band and reducing its impact within 2 eV. The bandgap
grows from 0.2 eV in pristine Si(100) to 0.33 eV in Si(100)-
PO2 and 0.91 eV in Si(100)-PO-TSL2, indicating a shift from
semiconducting to insulating behavior. This trend is consistent
with scanning tunneling spectroscopy (STS) measurements
conducted before and after oxidation of Si(100), which
confirm the development of the electronic bandgap induced by
oxidation [2].

3.6 | Validating SiOx/Si Interface Stability on
Larger Systems Using LAMMPS

To investigate whether the observed crystalline SiOx/Si structures
(PO-TSL2) are artifacts caused by the small periodic cell used
in DFT simulations, we complemented our DFT calculations
with energy minimization simulations in LAMMPS with the
Tersoff potential on a larger supercell consisting of 12 Si layers,
each containing 96 Si atoms. All configurations-ordered (labeled
Strl to Str5) and random distributions of oxygen atoms beneath
the top layer (labeled “Rand”)—were generated starting from
the common PO2 structure and then minimized. After struc-
tural minimization, configurations that did not retain lattice
periodicity were found to be higher in energy-by more than 1 eV-
compared to those that maintained periodicity (see Figure 6 and
the corresponding structures in Figure S7).

Among the optimized configurations, the SM7:Str5 structure (see
Supporting Information), corresponding to the PO-TSL2 config-
uration obtained from DFT, is the lowest-energy configuration,
consistent with our DFT findings.

3.7 | Thermal Stability of the SiOx/Si Interface in
Large-Scale Systems Using LAMMPS

To assess the thermal stability of the partially oxidized Si(100)
surfaces-Si(100)-PO2 and Si(100)-PO-TSL2-we determined the
threshold temperature, defined as the point at which a significant
increase in surface disorder begins. We performed molecular
dynamics (MD) simulations using LAMMPS with the Tersoff
potential. The optimized PO2 and PO-TSL2 structures, along with
further details, are provided in the Supporting Information and
shown in Figure S8. Temperature-induced structural changes
were examined from 300 to 1700 K. No bond breaking or
oxygen diffusion was observed within the silicon lattice or at
the surface, indicating that the adsorbed oxygen atoms remain
stable over this temperature range. While atoms vibrate around
their equilibrium positions—particularly with more pronounced
and less symmetric motions at the surface due to lower atomic
coordination-the overall lattice structure remains intact. This
stability is consistent with the Tersoff potential, which predicts
a melting point of approximately 2700 K for Si [40]. Although
experimental oxidation for crystalline Si/SiO, phase is typically
performed at lower temperatures (approximately 973 K) [2], our
simulations suggest that oxygen remains near the top layers with-
out significant diffusion, qualitatively corresponding to the slow
oxidation observed experimentally. Thus, the partially oxidized
surface is thermodynamically stable, and the structural integrity
of the Si lattice is maintained under the simulated conditions.

To quantify surface structural deviations at high tempera-
tures (HT) compared to room temperature (RT), we calcu-
lated the disorder parameter (A) using the expression: A =
fooo [X(RT) —X(HT)]2 dr, where X represents either the pair-
correlation function or X-ray diffraction data. The disorder
parameter A measures the total structural deviation induced by
heating, with results summarized in Table 1. For PO2, significant
disorder is observed at 1697 K, while for PO-TSL2, it appears at
1373 K. Although local disorder increases beyond these threshold
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TABLE 1 | Order parameters for Si(100)-PO2/PO-TSL2 surfaces. Values shown as PO2/PO-TSL2.

T (K) APC(Si-Si) APC(Si-0) APC(0-0) AXRD
590 3.85/28.13 29.65/64.80 1.92/561.20 0.000/0.015
812 33.11/44.20 40.52/121.62 1.91/703.96 0.016/0.019
1342/1373 29.62/47.45 50.46/113.38 30.98/772.11 0.015/0.046
1697/1720 126.89/54.61 561.46/218.29 992.06/1080.86 0.076/0.076
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temperatures, the overall crystallinity of the oxidized surfaces
remains largely preserved.

3.8 | Simulated Low-Energy Electron Diffraction
(LEED)

The simulated low-energy electron diffraction (LEED) patterns
and LEED I-V spectra [41, 42] ((details are provided in the
Supporting Information)), for the pristine, PO2, and PO-TSL2
configurations are presented in the Figure 7a,b, respectively.

The pristine and oxidized Si(100) surfaces exhibit similar LEED
patterns characterized by a p(2 x 2) reconstruction and bulk-
like pmm symmetry, indicating comparable surface periodicities.
However, the change in the local chemical environment induced
by oxidation progressively reduces the surface symmetry. Oxygen
adsorption selectively disrupts symmetry elements such as mirror
and glide planes, lowering the surface symmetry from pmg in the
pristine Si(100) surface to p2 in the PO2 surface, and eventually
to pl in the PO-TSL2 surface, where only translational symmetry
remains. Correspondingly, the LEED spectra reveal an increase
in the number of in-equivalent domains-from two in the pristine
surface, to four in PO2, and eight in PO-TSL2-reflecting the
progressive reduction of surface symmetry and the resulting
increase in distinct surface regions related by fewer symmetry
operations. Experimentally, LEED shows that the Si(100) surface
retains the same (2 x 1) + (1 X 2) reconstruction before and

after controlled oxidation, indicating no detectable change in the
long-range surface periodicity [2].

Figure 7b presents the simulated I-V curves calculated at 300
K for pristine and oxidized Si(100) surfaces. The I-V spectra
of the oxidized surface show substantial deviation from the
pristine surface, particularly at higher-order diffraction spots,
which are inherently more sensitive to subtle changes in atomic
positions. The observed deviation in the I-V spectra arises from
structural differences in the local surface environment induced by
the adsorption of oxygen atoms. The simulated spectra provide
valuable reference data for experimentalists, enabling direct
comparison with measured I-V curves to validate and refine
surface structure models.

3.9 |
Model

Core-Level Shifts (CLS) via the Initial-State

To shed more light on the local symmetries of the oxidized
surfaces, we calculate silicon core-level shifts (CLS) using the
initial-state model, assuming no final-state effects. Within the
framework of DFT, we compute the CLS and evaluate the
differences between the oxidized and pristine surfaces (details are
provided in the Supporting Information). For the pristine Si(100)
surface with buckled dimers, the local chemical environment
deviates from that of the bulk crystal. Since the core potential
in VASP is negative, a more negative value corresponds to a
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deeper potential well and thus a higher core-electron binding
energy. The up Si dimer atom exhibits a shallower core potential
than in the bulk, while the down Si dimer atom experiences a
deeper core potential. Correspondingly, the up Si dimer, with
a core-level shift VS = +0.34¢V, has a lower binding energy
than the down dimer Si, which has V¢ = —0.51eV. Because
experimental binding energies are positive, a negative core-level

shift leads to an increase in the measured binding energy: B.E. «
_yCLs,

For both PO2 and PO-TSL2 oxidized Si(100) surfaces, oxygen
atoms bridge between the down Si dimer atoms and their back-
bonded Si neighbors from the second atomic layer. The core-level
shifts (AVCLS) of these Si atoms are negative relative to the pristine
surface, indicating that oxidation leads to a deeper core potential
and thus higher binding energy. In the PO2 configuration, all
down-Si atoms exhibit a shift of AV = —0.47 eV, while the SL2
backbonded Si atoms show a larger shift of —0.56 eV. In contrast,
for the PO-TSL2 surface, AV decreases to —0.37 eV for those
down-Si atoms adjacent to SiO; units, whereas the remaining
down-Si atoms show shifts comparable to those in PO2. The
presence of a highly oxidized neighbor (SiO;) modifies the local
electrostatic environment, reducing the core potential depth and
thereby decreasing the magnitude of the core-level shift. The
AV for SL2 backbonded Si atoms bonded to three oxygen
atoms-forming SiO; units-reaches —0.89 eV, while those bonded
to a single oxygen atom-as in PO2-show a shift of —0.49eV.
These results demonstrate that increased oxidation, particularly
the formation of Si-O; units, leads to a more negative core
potential and thus a deeper binding energy for the affected Si
atoms. Therefore, in both PO2 and PO-TSL2 configurations, the
oxidation is localized primarily to the down dimer Si atoms and
their nearest backbonded neighbors in the second layer, while the
up dimer atoms remain largely unaffected. Experimentally, the
core-level shifts of the Si 2p level on Si(100) surfaces, relative to
Si, are reported as follows: Si* exhibits a shift of -0.95 eV, si*
-1.75 eV, Si*t -2.48 eV, and Si*t -3.9evV [12]. The calculated core-
level shifts are in qualitative agreement with experimental data,
demonstrating that increased oxidation—particularly of Si atoms
coordinated to multiple oxygen atoms-leads to more negative
binding energies, consistent with substoichiometric oxidation
characteristic of early-stage surface oxidation in both PO2 and
PO-TSL2 configurations.

4 | Conclusion

In conclusion, our results demonstrate that controlled oxidation
plays a crucial role in forming a stable crystalline (SiO, ) layer on
the silicon lattice. Oxygen atoms are incorporated sequentially,
indicating a stepwise oxidation process, and the (p(2 x 2)) surface
periodicity is preserved even after oxygen penetrates to the third
subsurface layer. These atomic-scale insights provide a plausible
explanation for the crystalline (SiO,) observed in experiments
involving the oxidation of clean Si under vacuum. Furthermore,
band-structure calculations reveal that the bandgap widens as
the Si(100) surface transitions from pristine to partially oxidized
states. The partially oxidized PO2 and PO-TSL2 surfaces are
thermally stable from 300 K up to 1700 K. Local disorder becomes
pronounced only near 1700 K for PO2 and around 1400 K for
PO-TSL2. Notably, within the PO-TSL2 structure, the (SiO;)

unit remains intact, exhibiting no significant structural changes
throughout the entire temperature range of 300-1700 K. The
(SiO;) motif-and the surrounding sites-may serve as preferred
anchoring points for incoming oxygen atoms, thereby promoting
the formation of thicker (SiO,) layers. Global optimization can
efficiently explore low-energy oxidized Si(100) structures. How-
ever, sequential oxidation studies remain essential to capture site-
specific adsorption, the formation of intermediate oxide motifs,
and metastable surface reconstructions. In the future, it would
be desirable to combine these results with machine learning or
global optimization methods to study the oxidation of the Si(100)
surface using interatomic potentials. This approach would more
strongly connect atomistic insights with experimentally relevant
oxidation pathways.
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