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Ab initio study of the oxidation on vicinal Si(001) surfaces: The step-selective oxidation
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Initial oxygen adsorption structures and oxidation reaction on vicinal Si(001) surfaces with single-layer Sy
and Sy steps were studied using ab initio total energy and electronic structure calculations. At the very early
stage of the oxygen adsorption on Si(001), the calculations in this study show that oxygen atoms are prefer-
entially incorporated into sites at the rebonded S step edge. Various stable oxidation structures at the rebonded
Sp step were identified based on total energy calculations. Their stabilities are concerned with the structural
attribute of the rebonded step-edge Si atoms (RSAs) with dangling bonds and weak rebonds. In addition, the
proximity of the RSAs helps form the stable oxidation structures in high oxygen coverage regions that have in
common a one-dimensional (ID) -Si-O- chain structure along the step edge as a basic 1D oxide building
element. By forming this 1D chain structure, it is possible to effectively reduce the number of dangling bonds
(DBs) at the step edge. This indicates that the reduction of the number of step-edge DBs plays a crucial role in
the formation of oxidation complexes at the steps with local strain, as seen on flat semiconducting surfaces. For
more detailed information, the electronic properties of the oxidation complexes were also calculated. The
calculated site-projected density of states and scanning tunneling microscopy images of the oxidation structures
exhibit characteristic features distinct from those of the clean vicinal Si surface. All these results clearly show

that the Sp step acts as a strong sink for the oxidation of Si as suggested in experiments.

DOI: 10.1103/PhysRevB.76.115317

I. INTRODUCTION

The formation of ultrathin oxide films on silicon surfaces
has attracted much attention as one of the most important
processes in the technological development of future Si-
based electronic devices with sizes reduced.! Particularly, the
precise control of the surface oxidation for better functioning
Si devices requires deep understanding of the initial reaction
of oxygen to Si surfaces on an atomic scale.

There have been extensive studies on the early stage of
oxidation such as oxidation structures, elementary oxidation
processes, and initial growth modes, using various experi-
mental techniques and theoretical methods.?~*?> Many experi-
mental and theoretical works show that surface Si dimer at-
oms play a crucial role in initial oxidation processes on flat
terraces of Si(001). However, when surfaces become compli-
cated by nanostructures such as step edges, an understanding
of the initial oxidation processes has remained elusive.
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On Si(001) surfaces, it is well known that surface Si at-
oms reconstruct by forming dimers and the dimers are
aligned in parallel rows. As a result of the dimerization, the
orientation of the reconstruction alternates on terraces sepa-
rated by single-layer steps.’® There are two distinct types of
single-layer steps on vicinal Si(001) surfaces: one with the
dimer rows on the upper terrace oriented parallel to the step
edge and the other with the dimer rows on the upper terrace
oriented perpendicular to the step edge, which are denoted
by S, and Sy, respectively, following Chadi*® (see Fig. 1).
For the S, step, the local configurations of the step-edge
atoms resemble those of the Si dimer atoms on flat terraces.
In contrast, for the Sy step, there is a possibility of forming
rebonded structures of Si pentagons at the step edge by hav-
ing step-edge Si atoms rebond to the second-layer Si atoms
on the upper terrace [see Fig. 1(b)], which effectively helps
in reducing the number of dangling bonds (DBs) at the step
edge. The rebonded Sj step exhibits electronic structures dis-
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FIG. 1. (Color online) Atomic structure of a (1,1,19) Si surface
that is vicinal to (001): (a) top, (b) side, and (c) perspective views.
There are two types of single-layer steps that exhibit the alternate
orientation of the dimer reconstruction on terraces.

tinct from those exhibited by the Si dimer atoms on flat
terraces, as shown by scanning tunneling microscopy (STM)
and scanning tunneling spectroscopy (STS).3*¥ Previous
works showed that this Sy step acts as a strong sink for Si
adatoms in the homoepitaxial growth of Si.’¢ At the very
early stage of oxygen adsorption on Si(001), the rebonded Sp
step is also expected to play an active role.

STM measurements have been instrumental in the under-
standing of initial oxidation reaction processes on Si(001)
surfaces. Avouris and Cahill reported experimental observa-
tions that oxygen molecules preferentially react to the reb-
onded Sy step edge during the adsorption of oxygen on
Si(001)."> More recently, Chung et al.’? studied the initial
oxidation processes on ultraclean Si(001)-c(4 X 2) surfaces
by using STM at a temperature as low as 80 K. In the ex-
periment, ultraclean Si surfaces with no C-type defects and
very low density of A- and B-type defects were used to mini-
mize the effect of the defects. Through such experimental
efforts, the atomically resolved STM information on the very
strong selective oxidation at the rebonded Sy step was ob-
tained.

In this paper, possible oxygen adsorption structures and
oxidation reaction on vicinal Si(001) surfaces with single-
layer steps were studied using ab initio total energy and elec-
tronic structure calculations based on density-functional
theory (DFT),”” which extends the work previously
presented.’?> The calculations show that oxygen atoms are
preferentially incorporated into sites at the Sy step edge con-
sisting of rebonded Si atoms. The binding energies are much
higher than those on the flat terraces and at the S, step. The
very strong reactivity of the step edge is attributed to the
presence of rebonded step-edge Si atoms with DBs and weak
rebonds. The proximity of the rebonded step-edge Si atoms
also allows the formation of a -Si-O- chain structure along
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the step edge in high oxygen coverage regions, thereby ef-
fectively eliminating the energetically unprofitable step-edge
DBs. The local electronic structures and STM images for the
oxidation structures presented in this work were also deter-
mined. All these results provide a natural explanation of the
experimental observation that the rebonded step edge acts as
a strong sink for the oxidation of Si.

This paper is organized as follows. In Sec. II, the method
of calculations is described. The results and discussion are
presented in Sec. III. Finally, the paper is summarized in Sec.
Iv.

II. CALCULATION METHOD

All calculations were performed using the DFT?’ and the
Vanderbilt ultrasoft pseudopotentials®®3° as implemented in
the Vienna ab initio simulation package.*>*! DFT calcula-
tions were performed within the generalized gradient ap-
proximation (GGA) of the exchange and correlation
functional.*> Wave functions were expanded in terms of the
plane-wave basis set with a cutoff energy of 260 eV.

To simulate the adsorption of oxygen on vicinal Si(001)
surfaces, a (1,1,19) vicinal surface was used that contains
alternate single-layer S, and Sp steps in a calculational unit
cell (see Fig. 1).*3* The surface unit cell used in the calcu-
lations is represented by the dashed lines in Fig. 1(a). The
surface was modeled by the repeating slab structure consist-
ing of six Si layers with the 8.0 A vacuum region. For the Si
slab, the theoretical GGA lattice constant ao=5.46 A of bulk
Si was used. The k-space integration was done with a sum-
mation over the uniform mesh of 4 k points in the surface
Brillouin zone of the supercell. The bottom Si atoms of the
slab were terminated by hydrogen atoms. The atoms in the
top five Si layers and the oxygen adatoms were relaxed.>® All
the geometries in this study were optimized until the remain-
ing forces were smaller than 0.02 eV/A.

III. RESULTS AND DISCUSSION
A. Atomic structures and energetics

For the (1,1,19) vicinal surface used in our calculations,
periodicity along the step edge was set to be double surface
lattice constants: As such, the geometry-optimized surface
structure consists of (001) terraces, which have alternate
p(2X2) and c(4 X 2) reconstructed structures [see Fig. 1(a)].
On each terrace, the orientation of the reconstruction is dif-
ferent, resulting in the formation of alternate single-layer S,
and Sy steps.’® At the S, step, local atomic configurations of
step-edge dimers are very similar to those of Si dimers on
flat terraces. As a result, the formation of the S, step does not
produce significant strain or extra dangling bonds at step
edges. In contrast, at the Sy step, the step-edge Si atoms
rebond to the second-layer Si atoms on the upper terrace to
reduce the number of the Si DBs at the step edge [see Fig.
1(c)]. The rebonded step-edge Si atoms (RSAs) buckle alter-
nately up and down along the step-edge direction by trans-
ferring electrons from the down RSA to the up RSA to fur-
ther reduce the energy. The sum of the bond angles of the
down RSA is 349° close to 360° of the sp? configuration. As
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FIG. 2. (Color online) Various oxidation structures at flat ter-
races, S,, and rebonded Sp steps. In each structural view, the right
half corresponds to the lower terrace.

such, the down RSA becomes positively charged. The reb-
onds at the Sy step edge are weaker compared with the dimer
bonds on flat terraces; the calculated rebond distances of the
up and down step-edge Si atoms are 2.54 and 2.44 A, respec-
tively, larger than those of the Si dimer atoms on the flat
terrace (2.35 A).

For the flat (001) terrace, the c(4 X2) surface structure
that has the lowest energy in our total energy calculations
was used. On the c(4X2) terrace, the primary oxidation
structure with two oxygen adatoms in the unit cell is the
model structure with one atom at the backbond site of the
down dimer atom and the other at the backbond site of the
down dimer atom on the neighboring dimer row. This is the
model proposed by Kato et al.?® [see Fig. 2(a)]. The oxida-
tion structures are denoted by X-Ony herein. The letter X
specifies adsorption places such as terraces (7), and S, and
Sp steps. The number n denotes the number of oxygen ada-
toms in the unit cell. The letter y was used to specify the
different configurations with the same X and n. The model of
Kato et al. is herein called backbond site 7-O2. Near the S,
step, the two oxygen atoms can also react to the down Si
dimer atoms on the upper and lower terraces, respectively,
and each oxygen atom was incorporated into the backbond
site. This structure is called S4-O2 [see Fig. 2(b)].

The calculated Si-O bond lengths €g; o, Si-Si distances
€si (0)-si> and bond angles of oxygen adatoms 0; ¢ g; for the

Si-O-Si bonds at those sites are summarized in Table I.
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TABLE I. Calculated structural parameters for the various stable
oxygen adsorption structures. Here, €g;_ o is the Si-O bond length,
{si.(0)-si the Si-Si distance in the Si-O-Si bonds, and 6g; o.s; the
bond angle of the oxygen atom. Numbers in each structural model
were arranged to match the Si-O-Si bonds in the top-to-bottom
order for the corresponding Si-O-Si positions in Fig. 2.

Oxidation €Si-O gSi-(O)-Si 0Si-O-Si
structures A) (A) (deg)
T-02 1.63, 1.71 2.84 116
1.64, 1.71 2.82 114
S,-02 1.63, 1.71 2.84 116
1.64, 1.70 3.00 128
Sp-02a 1.72, 1.65 3.24 148
1.65, 1.74 3.10 132
Sp-02b 1.61, 1.75 3.05 130
1.61, 1.76 2.74 109
Sp-O3a 1.69, 1.65 2.94 124
1.70, 1.72 2.61 100
1.65, 1.68 2.94 123
Sp-O4a 1.68, 1.64 2.99 129
1.71, 1.70 2.60 99
1.65, 1.69 3.09 136
1.64, 1.69 291 122
Sp-05a 1.68, 1.63 2.95 126
1.68, 1.66 3.11 138
1.69, 1.70 2.56 98
1.65, 1.69 3.14 140
1.63, 1.68 2.94 125

Figure 3 shows the calculated adsorption energy per oxygen
adatom E,4(X-Ony) for the configuration X-Ony,
which is defined as follows: E,(X-Ony)=[E(X-Ony)
—E(clean surface)—nEq]/n. Here, E(X-Ony) is the total en-
ergy of the configuration X-Ony, n the number of oxygen
adatoms in the unit cell, and E the spin-polarized total en-
ergy of a free oxygen atom. Our total energy calculations
showed that the S§,-O2 structure at the S, step is by
0.10 eV/adatom more stable than the 7-O2 structure.

In addition to the above oxidation models on the terrace
and at the S, step, other possible oxidation structures with
two oxygen adatoms in the unit cell were also considered at
the Sp step with the RSAs. Two representative stable oxida-
tion structures were found: Sz-O2a [Fig. 2(c)] and Sz-O2b
[Fig. 2(d)]. In the Sz-O2a structure, the dissociated oxygen
atoms were incorporated into the rebond-bridge sites of the
Sp step. In the Sz-O2b structure, oxygen atoms react to the
down RSA: One oxygen atom is located at the rebond-bridge
site of the down RSA as in the Sz-O2a structure and the
other oxygen atom at the backbond site of the same down
RSA [Fig. 2(d)]. Interestingly, the two oxidation structures at
the rebonded Sy step were found to be more stable than the
oxidation structures on the terrace and at the S, step. The
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FIG. 3. Calculated adsorption energies E,q per oxygen adatom
for the various stable oxidation structures on the vicinal Si(001)
surface.

adsorption energies of Sz-O2a and Sp-O2b structures are
lower by 0.36 and 0.42 eV/adatom, respectively, than that of
the 7-O2 structure (Fig. 3). The Sz-O2b structure is slightly
more favored by 0.06 eV/adatom than the Szp-O2a structure.
This indicates that the Sz-O2a and Sz-O2b oxidation struc-
tures at the Sy step are preferentially formed in lower oxygen
coverage regions.
In addition to oxidation structures of Szp-O2a and Sz-O2b
at the rebonded Sj step, oxidation structures shown in Fig. 4
were also considered herein and adsorption energies are sum-
marized in Table II. Among them, the oxidation structure
S5-O2c was also found to be stable and the energy was only
0.03 eV/adatom higher than that of the most stable S3-O2b
Sg-02¢ Sg-02d Sg-O2e
o O 5 0 o

Sg-02f Sg-02g
; Q 0

FIG. 4. (Color online) Other oxidation structures at the reb-
onded Sy step.
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TABLE II. Calculated adsorption energies E,q for the various
oxidation structures at the Sp step edge. The relative adsorption
energies AE,q to that of the most stable oxidation structure are also
given for each number of oxygen adatoms in the unit cell.

Oxidation E.q AE 4
structures (eV/adatom) (eV/adatom)
T7-02 -6.86 0.42
Sp-02a -7.22 0.06
S5-02b -7.28 0.00
Sp-02c¢ -7.25 0.03
Sp-02d -6.96 0.32
Sp-02e -6.96 0.32
Sp-02f -6.71 0.57
Sp-02g -6.53 0.75
Sp-02h -6.59 0.69
Sp-02i -6.66 0.62
Sz-02j -6.53 0.75
Sz-02k -6.42 0.86
Sp-021 -7.11 0.17
Sp-02m -6.89 0.39
Sp-03a -7.33 0.00
Sz-03b -7.15 0.18
Sp-03c -6.90 0.43
§,-03d -6.91 0.42
Sp-03e -6.83 0.50
Sp-O4a -7.44 0.00
Sp-04b -7.39 0.05
Sp-O4c -7.41 0.03
Sp-04d -7.34 0.10
Sp-Ode -7.05 0.39
Sp-04f -7.01 0.43
Sp-05a -7.51 0.00
Sp-05b -7.31 0.20

structure. The structural and electronic properties of Sz-O2c
were very similar to those of Sg-O2b, so the Sz-O2c struc-
ture was not further described separately herein. The other
structures except for S3-O2¢ were found to be much higher
in energy than the Sz-O2a, Sz-O2b, and Sz-O2c structures
(see Table II). A close inspection of oxidation structures
showed that the adsorption of the oxygen adatom in the weak
rebond bridge of the positively charged down RSA is the
common, important factor for stabilizing the Sz-O2a,
Sz-02b, and Sz-O2c structures in lower oxygen coverage
regions. At this adsorption site, it costs lesser energy to break
the weak rebond and form the Si-O-Si bonds than with the
normal Si-Si bond. The oxygen adatom favors sitting at sites
near the positively charged down RSA like the oxygen ada-
tom on the dimerized, flat Si(001) surface. This finding pro-
vides a natural explanation for the favorable formation of the
stable Sz-O2a, Sz-O2b, and Sz-O2c structures at the reb-
onded Sy step. Such a role of the rebonds in the adsorption of
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oxygen was not considered in previous studies*#® of the
oxidation on nonrebonded vicinal Si(001) surfaces.

In regions of higher oxygen coverage, possible oxidation
structures at the rebonded Sg step were also considered. The
total energy calculations that were made showed that the
oxidation structures of Sz-O3a, Sp-O4a, and Sz-O5a are the
energetically most stable ones among structures with three,
four, and five oxygen atoms per unit cell, respectively. The
geometry-optimized structures of Sz-O3a, Sz-O4a, and
Sp-O5a are shown in Fig. 2. In the Sz-O3a structure, which
is the model proposed by Yu et al.,>' two oxygen atoms are
located at the backbond sites of the two RSAs and the oxy-
gen atom at the inter-RSA bridge site. As such, they form a
-Si-O-chain structure that effectively eliminates the energeti-
cally unprofitable step-edge DBs. The Sz-O4a structure is a
combination of the Szp-O3a unit and the other oxygen atom at
the rebond-bridge site of the down RSA at the Sy step [Fig.
2(f)]. The Sz-O5a structure is obtained by combining the
Sp-O3a unit and the two additional oxygen atoms at the
rebond-bridge sites of the two RSAs at the Sy step.

The adsorption energy calculations in Fig. 3 showed that
the silicon oxide formation becomes more favorable with
more oxygen adatoms. The adsorption energies of oxidation
structures Sz-O3a, Sz-O4a, and Sz-O5a are lower by 0.47,
0.58, and 0.65 eV/adatom than that of the 7-O2 structure,
respectively. Interestingly, all high oxidation structures have
the Sp-O3a structural unit in common in which the oxygen
atom bridges the two RSAs to eliminate the energetically
unfavorable step-edge DBs. Further inspection of the opti-
mized atomic geometries of Sz-O3a, Sz-O4a, and Sz-O5a
shows that such a chain structure, however, significantly
weakens the buckling of the RSAs that is energetically prof-
itable on the clean vicinal surface. It is also noted that the
Si-O-Si bond angles of the oxygen atom at the inter-RSA
bridge site are near 100°, smaller than those for the other
Si-O-Si bonds (see Table I). It is concluded that the reduction
in the number of DBs plays a crucial role in determining the
oxidation structures even at the rebonded Sy step edge with
local strain, as seen on many semiconducting surfaces.

In addition to the high oxidation structures of Sz-O3a,
Sp-04a, Sp-0O5a at the rebonded Sy step, oxidation structures
shown in Fig. 4 were also considered herein and Table II
summarizes the adsorption energies. For the oxidation struc-
ture with four oxygen adatoms in the unit cell, the Sz-O4b
and Sz-O4c structures were also found to be stable and the
energies were only 0.05 and 0.03 eV/adatom higher than
that of the most stable Sz-O4a structure, respectively. The
structural and electronic properties of the Szp-O4b and
Sp-O4c structures were similar to those of Sz-O4a, so they
are not further mentioned herein like Sz-O2c. All the other
high oxidation structures in Fig. 4 except for Sz-O4b and
Sp-O4c were found to be much higher in energy than the
Sp-03a, S5-0O4a, and Sz-0O5a structures.

B. Electronic structures

The electronic structures of the various oxidation struc-
tures determined in this work were analyzed through the Si-
site-projected densities of states (PDOSs). The PDOS fea-
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FIG. 5. Site-projected densities of states (PDOS) of the RSAs
for (a) the clean vicinal surface, (b) Szp-O2a, (c) Sp-O2b, (d)
Sp-03a, (e) Sp-O4a, and (f) Sp-O35a structures. The solid and dotted
lines represent the PDOS of the up and down RSAs, respectively.
The energy zero is set at the Fermi energy Ep.

tures obtained in this way can be used in gaining an
understanding of the origin of corrugation in experimental
STM images and furthermore to predict and complement ex-
perimental observations as the PDOS analysis delineates in-
dividual atom contributions.

Figures 5(a)-5(f) present the PDOS of the up and down
RSAs for the clean vicinal surface, Szp-O2a, Sp-O2b,
Sp-03a, Sp-O4a, and Sp-O5a structures, respectively. For the
clean vicinal surface, the PDOS showed peaks at —0.4 and
+0.5 eV. The peaks in the filled and empty states are as-
signed to the localized electronic states of the up and down
RSAs herein, respectively [Fig. 5(a)]. Such a peak in the
local density of states for the empty state at +0.5 eV was
observed in previous STM and STS studies. 323435 For the
Sp-02a structure, the empty-state peak at +0.5 eV in the
PDOS of the clean vicinal surface is by 0.4 eV shifted up-
ward on the energy scale [Fig. 5(b)]. The PDOS of the
Sp-O2b structure shows that the empty-state peak near the
Fermi energy is significantly weakened compared with that
of the clean vicinal surface [Fig. 5(c)].
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When additional oxygen adatoms are introduced, the most
stable oxidation structures are the Sz-O3a, Sp-O4a, and
Sp-O5a structures that have in common the -Si-O- chain
along the rebonded Sp step edge. The PDOS of the
Sp-03a, Sp-O4a, and Sz-O5a structures are obviously af-
fected by the formation of the -Si-O- chain that eliminates
the step-edge DBs of the up and down RSAs. Indeed, the
peak features in the region near the Fermi energy corre-
sponding to the DBs of the RSAs are significantly reduced
[Figs. 5(d)-5(0)].

As mentioned above, the step-selective incorporation of
oxygen into the RSAs proceeds to high oxidation structures
by forming the unique, unusual one-dimensional (1D) silicon
oxide chain along the step edge. As such, the high oxidation
structures are expected to have the physical properties of the
1D silicon oxide in common. For the high oxidation struc-
tures, the PDOSs were found to be very small in the vicinity
of the Fermi energy [Figs. 5(d)-5(f)]. Notably the energy
gaps at the RSAs widen with the increase of the oxidation
level, indicating that they are indeed subnanometer-scale in-
sulators.

C. Calculated scanning tunneling microscopy images

STM images for the oxygen-reacted structures at the reb-
onded Sp step have been calculated at various bias voltages.
They can be compared to the experimental STM images that
show atomic resolution on these surfaces. The clean vicinal
surface was previously studied by Komura et al.3*3> They
observed bright protrusions at the rebonded Sy step promi-
nent at empty-state images. Chung et al.>> reported that the
observation is limited to the bias window from zero to about
+1.5 V. Such features were reproduced well in the corre-
sponding theoretical STM simulations. At the empty-state
images of sample bias voltages V¢=+0.5,+0.7 V, the two
bright protrusions were obtained [Figs. 6(a) and 6(b)]: A cir-
cular bright protrusion (A) at the step-edge dimer on the
upper terrace, and a fuzzy bright protrusion (B) at the RSAs.
In the images of the empty state with bias voltages higher
than 1.0 V, and of the filled state, however, these features
were not obtained [Figs. 6(c) and 6(d)]. This agrees well with
the PDOS of the clean vicinal surface in Fig. 5(a). It should
be here noted that the DFT calculations underestimate the
gap values in semiconductors. That explains why the theo-
retical images of the bright protrusions were obtained at +0.5
and +0.7V Jlower than +1.2 and +1.0V in the
experiments,3%3+3>

For oxidized Si(001) surfaces, Chung et al.3? reported that
both types of the bright protrusions observable in the empty
state of the pristine Sy step were affected in proportion to the
oxygen dose. Figure 7 shows the simulated STM images for
the S3-02a and Sz-O2b structures after the reaction of the
RSAs to the oxygen atoms. With the oxygen atoms included
in the Sy step, the bright protrusion [A in Fig. 6(a)] at the
step-edge dimer on the upper terrace split into two less bright
spots [C and D in Figs. 7(a) and 7(c), respectively] with a
dark node in the middle of the step-edge dimer. At the RSA
sites, the fuzzy bright protrusion [B in Fig. 6(a)] disappeared,
and instead alternate bright and dark images were obtained.
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FIG. 6. (Color online) Simulated STM images at the rebonded
Sp step for the clean vicinal Si(001) surface at various sample bias
voltages Vg: [(a)-(c)] empty-state and (d) filled-state images. In
each image, the right half corresponds to the lower terrace.

It was also found that at sample bias voltages higher than
1.0 V, the simulated filled- and empty-state STM images for
the Sp-O2a and S3-O2b structures were indistinguishable
from those of the clean vicinal surface [Figs. 7(b) and 7(d)].
All these features agree well with the experimental observa-
tions in the oxygen dose of 0.12 L by Chung et al.??

The STM studies of Chung et al.?? also reported that at a
higher oxygen dose dark trench images were observed along

FIG. 7. (Color online) Simulated empty- and filled-state STM
images: [(a) and (b)] Sz-O2a and [(c) and (d)] Sz-O2a structures.
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FIG. 8. (Color online) Simulated empty- and filled-state STM
images: [(a) and (b)] S5-O3a, [(c) and (d)] Sz-O4a, and [(e) and (f)]
Sp-05a structures.

the Sp step edge in both empty- and filled-state STM images.
These images were different from those of the oxidation
structures Sp-O2a and Sp-O2b at the rebond sites of the
RSAs. Figure 8 shows the simulated STM images of the
Sp-03a, Sp-O4a, and Sz-O5a structures theoretically deter-
mined in the higher oxygen coverage regions. The images of
a dark trench line along the step edge were found in both
empty- and filled-state simulated images of S3-O3a,
Sp-0O4a, and Sp-O5a in agreement with experimental obser-
vations. These features can be also expected to appear from
the significantly weakened PDOS near the Fermi energy of
the higher oxidation structures, Sz-O3a, Sp-O4a, and
Sg-05a [Figs. 5(d)-5(f)], where the oxygen atom bridges the
two RSAs to reduce the local density of states of the DBs at
the rebonded Sy step edge. The appearance of the dark trench
is clearly discernible from the STM images of the clean vici-
nal surface and of the Sz-O2a and Sz-O2b structures. Con-
sidering the good agreement between the first-principles and
experimental STM images, the dark trench essentially repre-
sents the higher oxidation states with no DBs and the emer-
gence of an insulating phase at the Sy step.

IV. SUMMARY

The incorporation structures and atomic processes of oxy-
gen atoms on vicinal Si(001) surfaces during the initial
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stages of silicon oxide growth were investigated by carrying
out ab initio total energy and electronic structure calculations
based on the density-functional theory. The calculations
showed that oxygen atoms are preferentially incorporated
into the sites of the rebonded step-edge Si atoms (RSAs) at
the Sp step. This finding agrees well with the findings of
previous STM studies.'>3 The resulting oxidation structures
Sz-02a and Sp-O2b in lower oxygen coverage regions were
by 0.36 and 0.42 eV/adatom more stable than the backbond
oxidation structure on the flat terrace 7-O2, respectively. It is
herein noted that the rebond Si atoms at the Sy step edge are
in part structurally very similar to the Si adatoms on a
Si(111)-7 X 7 surface that have one DB and three backbonds
with underlying subsurface Si atoms. The structural similar-
ity of the Sp-O2b structure and the oxidation product of the
adatoms on Si(111)-7 X 7 looks quite reasonable.*’

Further inspection of the atomic geometry of the clean
vicinal Si(001) surface showed that the rebonds at the Sy step
are significantly elongated compared to the atomic bonds in
bulk Si as much as 0.2 A. As such, the RSAs become more
flexible with respect to oxygen-induced strains. Indeed, in
higher oxidation coverage regions, the adsorbed oxygen
atom successfully bridges the neighboring RSAs to effec-
tively eliminate the DBs at the rebonded step edge, finally
forming the -Si-O- chain structure along the step edge that is
energetically very profitable. This unique, unusual one-
dimensional (1D) alignment of silicon oxides was never ob-
served on other surfaces, even for the Si(111)-7 X7 surface
mentioned above. This 1D silicon oxide structure, called
Sp-O3a herein, constitutes a basic building unit for the
higher oxidation structures Sp-O4a and Sp-O5a. The Sp-O3a,
Sp-O4a, and Sp-O5a structures were by 0.47, 0.58, and
0.65 eV/adatom more stable than the 7-O2 structure, respec-
tively.

For the stable oxidation structures determined in this
work, electronic properties were also investigated by calcu-
lating site-projected densities of states (PDOSs) and STM
images. The adsorption of oxygen atoms significantly affects
the electronic structures of the atoms near the Sp step with
the RSAs. The calculations of the PDOS and STM images
exhibit features that are distinct from those of the clean S
step. The good agreement between the simulated and experi-
mental STM images indicates that the dark trenches experi-
mentally observed near the Sy step essentially represent the
higher oxidation structures Szp-O3a, Sp-O4a, and Sp-O5a
with the DBs of the RSAs passivated.

In conclusion, the calculation results and analysis of the
preferential oxidation at the S step presented in this work
reveal not only a crucial role of the rebonded step edge in the
oxidation reaction of Si(001) surfaces but also the formation
of unique linear Si oxide chains in high oxygen coverage
regions. They also provide a natural explanation of the ex-
perimental observations that the Sy step with rebonds and
DBs at its edge acts as a strong sink for the oxidation of Si.
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