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We have explored the mechanisms of oxygen adsorption on Si(100) reconstructed surfaces by
first-principles total-energy band-structure and force calculations for slab geometries within the
local-density approximation. The oxygen and the surface Si atoms are fully relaxed, according to
the calculated forces acting on the atoms, toward the total-energy—-optimized configurations. We
have found three (meta)stable adsorption sites for the oxygen atom. Upon oxygen adsorption, the
original dimer is preserved, twisted, or decomposed, depending on which site the oxygen is adsorbed.
The adsorption energy for the (meta)stable configurations are so large that an O, molecule dissoci-
ates exothermically on the Si surfaces. In fact, the O, molecule is shown to dissociate on the Si di-
mer due to electron transfer from the Si dangling bond to the antibonding orbital of the O, mole-
cule. Comparison of the calculated valence density of states and vibrational frequency with existing
experimental data indicates that the most stable atomic adsorption site is realized in typical experi-
mental conditions. We propose, however, that other metastable configurations manifest themselves
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at early stages of the oxygen adsorption.

1. INTRODUCTION

Atomic and molecular adsorption on semiconductor
surfaces is a fundamental phenomenon in condensed-
matter physics and surface science. In particular, oxygen
adsorption on Si surfaces is important, since it is an ini-
tial stage of oxidation of the materials, on the one hand,
and its microscopic understanding provides a basis of sil-
icon technology, on the other. Many experimental and
theoretical works'~!3 have been done to reveal atomic
and electronic structures of oxygen on Si surfaces.
High-resolution  electron-electron-loss  spectroscopy
(HREELS) on Si surfaces upon oxygen exposure provides
energy spectra of local vibrational modes related to ad-
sorbed oxygen atoms.>~>!! Although the data scatter to
some extent, the bond configurations between the ad-
sorbed oxygen atom and the substrate Si atoms have been
deduced by comparing the measured vibrational energies
with those of isolated molecules. The HREELS measure-
ments infer the existence of the Si—O—Si bond at the
early stage of oxidation on both Si(100) and (111) sur-
faces. The Si—O—Si bond has been also proposed from
the surface extended x-ray-absorption fine structure
(SEXAFS) measurement.!> The photoemission spectros-
copies'!? provide information on the electronic struc-
tures of the oxygen-adsorbed Si surface. One of the
characteristic features is the appearance of three new
peaks in the original peaks in the original Si valence band
upon oxygen adsorption, although the exact locations of
the peaks are quite different among the experimental situ-
ations. The possibility of molecular adsorption for oxy-
gen on Si(111) surfaces has been also suggested from the
photoemission and near-edge x-ray-absorption data,'*
whereas only the atomic adsorption has been reported for
Si(100) surfaces.

The empirical tight-binding band calculation has been
performed by Ciraci et al.® They discuss plausible ad-
sorption sites for oxygen through comparison between
the calculated density of states and photoemission data.
On the other hand, the total-energy calculation done by
Batra et al.! for small clusters that mimic the oxygen-
adsorbed Si(100) surfaces indicates that a hollow bridge
site is most favorable energetically for the oxygen adsorp-
tion.

Despite the considerable efforts described above, mi-
croscopic understanding of oxygen adsorption on the Si
surface is not satisfactory: Knowledge of the mechanism
of dissociation of the O, molecule, of the energetics for
the adsorbed oxygen atom, of the relaxation of the Si
atoms upon the oxygen adsorption, and of the relation
between the atomic and electronic structures of the
oxygen-adsorbed Si surface still remains insufficient. We
have thus performed first-principles total-energy band-
structure calculations for the oxygen on the Si(100) sur-
face within the local-density approximation (LDA) using
ab initio norm-conserving nonlocal pseudopotentials. We
have found several (meta)stable atomic configurations for
oxygen adsorption and the consequent displacements of
the surface Si atoms. In this paper we present the de-
tailed results for the oxygen dissociation and adsorption
on the Si(100) surface. Experimental data are discussed
in light of the calculated density of states and the local vi-
brational frequency.

In Sec. II the method of the present calculation is ex-
plained. Calculated results are presented in Sec. III and
in Sec. IV summary and discussion are given.

II. CALCULATION

The calculation has been done for the slab geometry
within the local-density approximation (LDA) using
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norm-conserving nonlocal pseudopotentials.'>!® The to-
tal energy E, of a many-body system is thus expressed as
a function of valence-electron density p,’
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oce

+2 [ [ e rp(ridr dr

VAY A
+f£ﬂ_)£ir_d dr+E. [p]+i3 ——— R =K’
(1)
where
pr=3 Il @)

Here T[p] indicates a kinetic energy, and V|, and V,; in-
dicate the local and nonlocal parts of the pseudopoten-
tials, respectively. Electrostatic energies between valence
electrons and between nuclei are written in the fourth
and in the last term. As for the exchange-correlation en-
ergy E . [p] of valence electrons we have used the
Perdew-Zunger analytic form'® which has been fitted to
the numerical results by Ceperley and Alder."

One electron wave function ¥; is obtained by solving
the Kohn-Sham equation

where H is an effective Hamiltonian given by
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When the plane-wave basis set is used for the expansion
of the wave function, a huge number of plane waves is re-
quired to obtain the well-converged total energy and then
stable atomic geometries for the oxygen-adsorbed Si(100)
surface, because of the large volume of the unit cell and
the rather compact orbitals of the oxygen valence elec-
trons. In this work we therefore adopt a Gaussian-
orbitals basis set to reduce the size of the basis set. The
exponents are determined by fitting the numerically ob-
tained orbitals from all electron calculations of each
atom, and then minimizing the total energy of solids. In
this calculation three exponents are used for Si s, O s and
p orbitals, and two exponents for Si p orbitals: in atomic
units 0.18, 0.44, and 1.30 for Si s; 0.18, 0.55 for Si p;
0.2812, 1.0996, and 4.4573 for O s; and 0.2213, 1.0694,
and 5.5000 for O p.

Calculation of the forces acting on the atoms is inevit-
able to find stable geometries efficiently. The forces are
obtained as negative gradients of the total energy with
respect to the atomic coordinations 7,0
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The first and the second terms are Hellmann-Feynman
forces, and the third is a correction term.

Real adsorbed surfaces are simulated by the slabs that
contain typically four or eight layers of Si plus sufficiently
thick vacuum layers. Examination of sufficient thickness
of the slabs is described in Sec. III. Oxygen atoms are
placed on the top and bottom of the slabs so that the C,
symmetry is preserved. In the total-energy band-
structure and force calculation, we use eight k points for
the integration over Brillouin zone. The 14 real-space
mesh points per bond length in [011] and [011] directions
and the ten points in [100] direction are found to be
enough to express the wave functions in the fast Fourier
transformation. The optimization of the atomic
geometry is performed with the quasi-Newton-Raphson
method. During the optimization we keep equivalent
geometries in both sides of a slab.

The above ingredients in the calculation can reproduce
the following key results previously established: First,
calculated lattice constant and bulk modulus for the Si
crystal is 5.44 A and 0.9 Mbar, respectively. Second, a
calculated lattice constant for the a quartz agrees with an
experimental value in a difference of 2%, and the conse-
quent cohesive energy 1.68 Ry per SiO, agrees both with
an experimental value and the well-converged plane-wave
basis-set results.?! Finally, a calculated energy gain of the
dimerized Si(100)2 X 1 surface is 1.6 eV per dimer, which
agrggs reasonably with the plane-wave basis-set result, 1.5
ev.

III. RESULTS

The first-principles calculation described in Sec. II pro-
vides us with fruitful results. In Sec. III A mechanisms of
dissociation of an oxygen molecule on the Si(100) surface
are discussed on the basis of the present total-energy
force calculation. In Sec. IIIB several (meta)stable
geometries that we have found for an adsorbed oxygen
atom are presented. In Sec. III C the calculated density
of states for these (meta)stable geometries is presented
and compared with the ultraviolet photoemission spec-
troscopy (UPS) data. The vibrational frequency corre-
sponding to each (meta)stable geometry is calculated and
is found to agree reasonably with the HREELS data in
Sec. III D.

A. Dissociation of oxygen molecule

We have performed the total-energy and the force cal-
culation for an adsorbed oxygen molecule on the Si(100)
surface. We have found that dissociation of an oxygen
molecule occurs when the molecule approaches above the
dimer with its molecular axis normal to the surface. At
first we adopt a slab consisting of four-layers of Si and
eight-layers of vacuum. In the lateral direction the
boundary condition corresponding to the 2X1 period is
imposed. The total-energy minimized Si(100)2X1 sur-
face with symmetric dimers has been obtained and is re-
garded as the clean Si(100) surface. Two oxygen mole-
cules are then placed on equivalent sites on both sides of
the slab with the molecular axis normal to the surfaces.
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FIG. 1. Dissociation of the oxygen molecule on the dimer-
ized Si(100) surface. The two arrows indicate the calculated
forces acting on the oxygen atoms (0.137 Ry/a.u. on the upper
oxygen and 0.085 Ry/a.u. on the lower oxygen). The contour
map show a valence charge density on the (011) plane. The
maximum value of the contour is 0.518 electron/(a.u.).

It is found that the eight-layer vacuum is sufficient to
eliminate the interaction between the two oxygen mole-
cules via the vacuum region. In Fig. 1 dissociation of an
oxygen molecule is demonstrated. It is shown that the
forces act on the oxygen atoms so as to make the mole-
cule dissociate. This is explained by electron transfer
from the Si dangling bonds to the antibonding orbital of
the molecule (see the contour map in Fig. 1). Further, we
have performed the total-energy calculation for an isolat-
ed oxygen molecule,” and the obtained cohesive energy
of the molecule is 5.15 eV per atom. This value is consid-
erably smaller than the adsorption energy (more than 7
eV, as is presented in Sec. III B) of an oxygen atom on the
Si(100) surface. Therefore, atomic rather than molecular
adsorption of the oxygen on the Si(100) surface is energet-
ically favorable.

B. Geometry optimization for adsorbed oxygen atom

Since the atomic adsorption is energetically favorable
compared with the molecular adsorption, the next step is
the determination of adsorption sites for an oxygen atom.
We have searched (meta)stable adsorption sites in the
whole range over the Si(100) surface. We place an oxy-
gen atom at one site on the surface and then perform
geometry optimization according to the calculated force
acting on each atom. We next choose another site and
repeat this procedure to reach (meta)stable atomic
configurations. In this way we have examined several ad-
sorption sites on the Si dimer, between the nearest-
neighbor dimers and between the row of the dimers,
which almost cover the Si(100) surface. The geometry
optimization for each adsorption site has been performed
as follows. Since we prefer to keep C, symmetry of the
slab, two oxygen atoms are placed at each adsorption site
of both sides of the slab. At the first step, only the oxy-
gen atoms are optimized until forces on them are reduced
less than 0.05 Ry/a.u., using the slab consisting of four-
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layers of Si and four-layers of vacuum, with the lateral
periodic boundary condition corresponding to the 2X1
period. In the next step the geometry optimizations for
the oxygen atoms and the surface Si atoms are performed
with other Si atoms being fixed at the Si lattice sites. The
optimization is continued until the force on each atom is
reduced to less than 0.02 Ry/a.u. We then increase the
thickness of the Si slab from four layers to eight layers
and perform the force calculation again. In usual cases
the calculated forces still remain less than 0.02 Ry/a.u.,*

top view

A4

v

FIG. 2. (a) Metastable atomic geometry of adsorbed oxygen
shown on the (011) plane. Dotted and open circles indicate the
oxygen atoms and silicon atoms, respectively. The oxygen atom
is 0.7 A apart from the (011) plane and the dimer is buckled and
twisted (see the upper panel viewed from the [100] direction).
(b) Metastable atomic geometry of adsorbed oxygen. The oxy-
gen atom shares the same (011) plane with the dimer. This
atomic geometry is stable against the displacement of the oxy-
gen atom away from the (011) plane (see the forces in upper
panel viewed from the [100] direction).
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and the existence of a (meta)stable atomic configuration is
thus confirmed.

We have found two metastable geometries that still
preserve the dimer structure of the Si(100)2X1 surface.
These structures are shown in Figs. 2(a) and 2(b). In the
geometry shown in Fig. 2(a), an oxygen atom is located
0.7 A apart from the (011) plane containing the original
dimer [see the top view in Fig. 2(a)]. The dimer is in turn
tilted and twisted upon oxygen adsorption. The calculat-
ed bond length between the oxygen atom and the nearest
Si atom is 1.9 A. Another geometry that we have found
is shown in Fig. 2(b). The oxygen atom is located above
the dimer and it shares the (011) plane with the Si atoms
of the dimer. The dimer is slightly distorted to reduce its
bond length between the two Si atoms. The bond length
is Si—O is also 1.9 A and the bond angle of Si—O—Si is
74.4°. When the oxygen atom is displaced from the (011)
plane, the calculated force acts on the oxygen atom back
to the plane [see the upper panel of Fig. 2(b)]—namely,
this geometry is stable against the motion of the oxygen
atom normal to the (011) plane. The calculated binding
energies of the oxygen atom in the geometries shown in
Figs. 2(a) and 2(b) are 6.8 and 7.6 eV, respectively. We
have searched other oxygen adsorption sites between the
two rows of the dimers. It is found that the total energies
for the configurations are higher than the corresponding
values for the metastable geometries in Figs. 2(a) and 2(b)
by about 5 eV.

The most stable geometry, shown in Fig. 3, has been
achieved when the oxygen atom intervenes between the
dimer from the position shown in Fig. 2(b). The binding
energy of the oxygen atom for the most stable geometry
is 8.2 eV. The Si dimer has been decomposed and a new
Si—O—Si bridge bond is formed. The bond length of
Si—O is 1.68 A and the Si—O—Si angle is 174°. Again
we have confirmed that this geometry is stable against the

o

FIG. 3. Stable atomic geometry of adsorbed oxygen atom on
Si(100) surface. The oxygen atom intervenes between the Si
atoms of the original dimer. This atomic geometry is stable
against the displacement of the oxygen atom away from the
(011) plane (see the forces in upper panel viewed from the [100]
direction).
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FIG. 4. Stable atomic geometry for the new oxygen atoms on
the Si(100) surface. The oxygen atoms and the top-layer Si
atoms are in the (011) plane.

displacement of the oxygen atom apart from the (011)
plane.

The geometry optimizations for an adsorbed oxygen
atom have been extended to the cases of higher coverage.
We have placed another oxygen atom on the oxygen-
adsorbed surface shown in Fig. 3 and performed the
total-energy optimization. It is found that in the opti-
mized geometry the added oxygen atom shares the (011)
plane with the previous Si—O—Si (see Fig. 4). The sta-
bility of the geometry against the displacement of the ox-
ygen atom from the (011) plane has been confirmed in the
same manner as before. We have compared the binding

FIG. 5. Hollow bridge geometry for the adsorbed oxygen
atom on the Si(100) ideal surface.
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energy per oxygen atom of this geometry with that of the
previously proposed geometry!® in which the oxygen
atom is located on a hollow bridge site of the Si(100) ideal
surface (see Fig. 5). The calculated binding energy per
oxygen atom for Fig. 4 is 7.81 eV, whereas that for Fig. 5
is 7.88 eV.2° This slight total-energy difference indicates
that the transition in atomic configurations between these
geometries occurs easily at finite temperature. This result
is consistent with the experimental work!? that at an ear-
ly stage of the oxidation of the Si(100) surface the 2X 1
ordered structure disappears at room temperature.

C. Density of states and comparison with ultraviolet
photoelectron spectroscopy (UPS) measurement

Comparison of the calculated valence-band density of
states (DOS) for the (meta)stable geometries with the
UPS experimental data is important to examine whether
the metastability manifests itself in photoemission spec-
tra. We have found that the DOS of the stable
geometries in Figs. 3, 4, and 5, in which the Si—O—Si
bridge bonds are formed, reasonably agree with the UPS
data.1?

Ibach and Rowe' have shown the appearance of three
new characteristic peaks in the valence-band region upon
oxygen adsorption with monolayer coverage. Hollinger
and Himpsel'? have also found the appearance of the
three peaks when the oxygen is adsorbed with one-half
monolayer coverage and then the surface is annealed at
700°C. The experimental data on the energy separation
between the three peaks are scattered to some extent:
The separation is 2.5 or 3.3 eV for the first and the
second (in the order of increasing binding energy) peaks,
and is 3.3 or 4.0 eV for the second and the third peaks.

The DOS has been calculated for the several
(meta)stable geometries that we have found. The results
are shown in Figs. 6(a), 6(b), and 6(c), which correspond
to the geometries in Figs. 2(a), 2(b), and Fig. 3, respec-
tively. And the calculated DOS of the optimized
Si(100)2 X 1 surface is also shown in Fig. 6(d) to clarify
the effect of oxygen adsorption. In these calculations the
energy resolution is taken as 0.4 eV. By comparing Figs.
6(a), 6(b), and 6(c) with Fig. 6(d), one can easily notice the
appearance of a peak about 20 eV below the Fermi level
upon oxygen adsorption. It comes from the O 2s level
and is out of range in the UPS measurements. Further, it
is found that three characteristic peaks appear only in the
calculated DOS in Fig. 6(c) corresponding to the most
stable geometry shown in Fig. 3. The calculated energy
separations between the peaks are 2.0 eV for the first and
the second peaks and 4.0 eV for the second and the third
peaks, respectively. These results reasonably agree with
the experimental data. The DOS for the geometries
shown in Figs. 4 and 5 has also been calculated (not
shown here). In that case the three peaks still appear and
they are shifted upward because the increase of the oxy-
gen coverage causes more electron transfer to the oxygen
layer.

From our calculations it is concluded that the charac-
teristic three peaks in the UPS data are related to the
Si—O—Si bridge bonds formed on the surface and the

YOSHIYUKI MIYAMOTO AND ATSUSHI OSHIYAMA 41

(a)

(b)

(c)

<
<
R ——

-1.0 0.0

FIG. 6. The calculated DOS for the several (meta)stable
geometries. The dotted lines indicate the position of the Fermi
level. The DOS curves in (a), (b), and (c) correspond to the
atomic geometries in Figs. 2(a), 2(b), and 3, respectively. The
DOS curve in (d) is the DOS of the clean surface with the sym-
metric dimers. The arrows in (c) indicate the characteristic
peaks that agree with the experimental works (Refs. 1 and 12).

peak positions are sensitive to the oxygen coverage. Oth-
er bonding configurations are not likely to be detected in
the typical experimental conditions.

D. Local vibration frequency and comparison
with the HREELS measurement

Local vibrational modes are other fingerprints of the
(meta)stable geometries. We have compared the calculat-
ed vibrational energies for the geometries shown in Figs.
2(b) and 3 with the HREELS measurements.!! Accord-
ing to the HREELS measurements,>!! the existence of
the symmetric and antisymmetric stretching modes of the
Si—O—Si unit in the oxygen-adsorbed Si(100) surface
have been reported. In the experimental conditions the
dipole scattering by the adsorbed oxygen is a dominant
scattering mechanism for incident electrons. The vibra-
tional motion normal to the surface is thus observed.?®
Considering the vibrational mode normal to the surface
in the geometries obtained by the present calculations, it
is noticed that only the symmetric stretching mode in
Figs. 2(b) and 3 and the symmetric and antisymmetric
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stretching mode in Fig. 2(a) are able to be detected. The
binding energy for the geometry in Fig. 2(a) is somewhat
smaller than those for the other geometries. Thus we
have calculated only the vibrational energies of sym-
metric stretching modes in the geometries shown in Figs.
2(b) and 3. To perform the calculations, we have used the
slab consisting of four layers of Si and four layers of vac-
uum and have treated the Si—O—Si unit as an isolated
molecule, i.e., we have fixed other Si atoms at their lattice
sites. The calculated total energies for several atomic po-
sitions have been fitted to a parabolic form as a function
of atomic displacements.

According to the HREELS measurements, the peak
positions that related to the symmetric stretching mode
vary from 91 to 98 meV with changing oxygen cover-
age.!! In the present work, the calculated vibrational en-
ergies of the symmetric stretching modes in Figs. 2(b) and
3 are 80 and 81 meV, respectively. These are in reason-
able agreement with the experimental data. In general,
the vibrational energies of the localized modes are deter-
mined by the local bond configurations and the corre-
sponding force constants.?’ If the force constants of the
Si—O bond are almost equal in the two geometries, Figs.
2(b) and 3, the vibrational energy in the geometry in Fig.
2(b) should be higher than the corresponding value in
Fig. 3. But, in fact, the covalent bond of the original di-
mer still remains in Fig. 2(b), so that the force constant of
the Si—O in Fig. 2(b) is weaker than that in Fig. 3. This
results in the vibrational energies of these two geometries
being almost equal.

From our calculations, it is concluded that the
geometries shown in Figs. 2(b) and 3 are realized under
the HREELS measurements but that the two geometries
are indistinguishable by the comparison between the
present calculations with the HREELS experiments.
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IV. DISCUSSION AND SUMMARY

Calculated DOS and vibrational energy of the oxygen
atom for the most stable geometry in Fig. 3 is consistent
with both UPS (Refs. 1 and 12) and HREELS (Refs. 3, 5,
and 11) measurements. We have thus concluded that the
most stable geometry is realized in these experimental sit-
uations. Further, we propose here that the metastable
geometries that were obtained by the present calculations
can be realized under a well-controlled experimental situ-
ation at low coverage or at low temperature. Recently,
the existence of the 2X 1 periodicity in a SiO,/Si(100) in-
terface formed by a molecular-beam deposition has been
found by grazing incidence x-ray diffraction measure-
ment.”® These data suggest the manifestation of the
metastable geometries that we have found and their
preservation at the interface.

In summary, we have performed the total-energy
band-structure calculations to reveal the mechanism of
dissociation and adsorption of oxygen on Si(100) recon-
structed surface. It is found that dissociation of an oxy-
gen molecule occurs exothermically and is explained by
electron transfer from the Si dangling bond to the anti-
bonding orbital of the molecule. Several metastable
atomic geometries for an adsorbed oxygen atom have also
been discovered. The metastability is a consequence of
flexibility of bond configurations of the Si and O atoms.
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FIG. 2. (a) Metastable atomic geometry of adsorbed oxygen
shown on the (011) plane. Dotted and open circles indicate the
oxygen atoms and silicon atoms, respectively. The oxygen atom
is 0.7 A apart from the (011) plane and the dimer is buckled and
twisted (see the upper panel viewed from the [100] direction).
(b) Metastable atomic geometry of adsorbed oxygen. The oxy-
gen atom shares the same (011) plane with the dimer. This
atomic geometry is stable against the displacement of the oxy-
gen atom away from the (011) plane (see the forces in upper
panel viewed from the [100] direction).




2

FIG. 3. Stable atomic geometry of adsorbed oxygen atom on
Si(100) surface. The oxygen atom intervenes between the Si
atoms of the original dimer. This atomic geometry is stable
against the displacement of the oxygen atom away from the
(011) plane (see the forces in upper panel viewed from the [100]
direction).




FIG. 4. Stable atomic geometry for the new oxygen atoms on
the Si(100) surface. The oxygen atoms and the top-layer Si
atoms are in the (011) plane.



