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We present microscopic calculations of the energetics in the initial stage of oxidation of Si. We
find that an O, molecule penetrates the oxygen-covered surface, dissociates near a bond-center site,
and forms a peculiar bond configuration with Si atoms exothermically. We also find that the bond
formation results in several oxidation states of the Si atoms at the interface and in a swelling of the

Si—O—Si bond network from the surface.

Oxidation, though familiar from ancient times, is poor-
ly understood from a microscopic viewpoint.!?
Semiconductor—in particular, Si—technology depends
crucially on oxidation with an ideal insulator SiO,, which
is normally in vitreous form. With decreasing size of
electron devices, it is imperative that we acquire a de-
tailed understanding of the oxidation phenomenon and of
the relation between physical properties and atomic
structures of the resulting SiO,. During oxidation reac-
tion, the interface between Si and SiO, propagates into
the Si substrate. In terms of elementary processes, oxida-
tion thus consists of dissociation, adsorption, penetration,
and diffusion of O, molecules through the surface, and
bond formation between the Si and O atoms near the sur-
face or the interface. It then becomes necessary to clarify
the energetics in these oxidation reactions, the stability of
the resulting atomic structures of O and Si atoms, and
other intrinsic features of the oxidation phenomena from
a microscopic viewpoint.

In this paper, we report first-principles calculations of
the energetics of dissociation, adsorption, penetration,
and bond formation of oxygen moving through the
Si(100) surface. The results enable us to take a significant
step in improving our understanding of the microscopic
mechanisms of oxidation. We find (i) that an O, molecule
dissociates at any site on the surface, (ii) that after disso-
ciation an individual O atom exhibits multistability at its
adsorption site, (iii) that an additional O, molecule
penetrates the oxygen-covered surface with the aid of
thermal motions and then dissociates near a bond-center
site of Si, (iv) that, in the resulting atomic structure
which locally resembles the crystalline form of silica,
different oxidation states of the Si atoms may exist, and
(v) that the Si—O—Si units formed in Si swell from the
surface with increasing numbers of O atoms in the Si sub-
strate.

The calculation is done for the repeating-slab geometry
within density-functional theory. We use norm-
conserving nonlocal pseudopotentials,® the local-density
approximation for exchange and correlation,* and the
Gaussian-orbital basis set to express the wave functions.
Both the earlier calculated values with the well-
converged plane-wave basis set’ and the experimental
data on the structural properties of Si and SiO, are repro-
duced in the present scheme of the calculation.® The
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total-energy optimized atomic configurations are ob-
tained by moving O and neighboring Si atoms according
to a calculated force (Helmann-Feynman force plus its
correction term’) acting on each atom. To arrive at
definitive conclusions, a careful examination of the calcu-
lational conditions is needed.®

On the Si(100) surface, there are several candidate sites
for adsorption or dissociation of an O, molecule (Fig. 1):
between the Si dimers (site A4), on the dimer (site B), and
between the rows of the dimers (sites C and D). For each
site, we place an O, molecule above the surface with its
bond axis arbitrarily tilted. We then look for the most
favored adsorption or dissociation site by moving the O
and Si atoms according to the calculated forces toward
the total-energy optimized configuration (i.e., the atomic
motion along the intrinsic reaction coordinates). In Fig.
2, we display the example for site 4: First, an O, mole-
cule is placed above site A with its axis rotated by 45°
both for [100] and [011] directions [Fig. 2(a)]. Then the
molecule approaches the surface and rotates its axis so as
to be parallel to the surface and perpendicular to the Si
dimer axis [Fig. 2(b)]. When the molecule is between the
Si dimers in the vicinity of the surface [Fig. 2(c)], the
forces act on the two constituent O atoms to dissociate
the molecule. After dissociation, each oxygen atom
indeed settles into one of the two adsorption sites near
the Si dimer that are (meta)stable for the O atom: One is
a site on the dimer and the other is a site between the two
Si atoms of the dimer (the bridge site).® This dissociation
and subsequent atomic-adsorption reaction is exothermic.
The calculated heat of formation for the reaction is 2.5
eV for adsorption at the dimer site or 3.0 eV for adsorp-
tion at the bridge site. The local vibration energy and the
electron density of states for the adsorption sites obtained
are consistent with the experimental data.® A mechanism
of dissociation is visible in the valence-electron density
shown in Fig. 2(d): More than one electron is transferred
from Si to the antibonding 7 orbital of the O, molecule so
that bonding between the O atoms diminishes.

For the other sites, B, C, and D, we have also found
that an O, molecule approaching the surface rotates its
axis, and that the electron is transferred from Si to the O,
so that the molecule dissociates.” Moreover, we have
found that the adsorption site for the resulting oxygen
atom depends on where the preceding O, molecule disso-
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FIG. 1. Top view of the Si(100) surface. The top-layer Si
(large circles, forming the dimers) and the second-layer Si (small
circles) atoms are shown.

FIG. 2. Dissociation of an O, molecule (dotted circles) ap-
proaching the Si(100) surface directly above site 4 [from (a) to
(c)]. (a) At first, the center of the molecule is placed 2.2 A above
the surface, and the forces (the arrows) of 0.05 Ry/a.u. and 0.09
Ry/a.u. act on the two constituent O atoms of the molecule. (c)
In the geometry, the forces of 0.09 Ry/a.u. and 0.07 Ry/a.u. act
on the O atoms which then reach one of the two (meta)stable
adsorption sites: a site 1.5 A above the Si dimer or the bridge
site. The contour plot of the valence-electron charge density in
the geometry (c) is shown in (d). The maximum value of the
contour is 1.1 electrons/(a.u.)® and the subsequent lines differ by
a factor of 2.

ciates: If the molecule approaches the surface above site
A or B, the resulting O atom is adsorbed after dissocia-
tion at the site on the Si dimer or at the bridge site, as
stated above. On the other hand, if the O, molecule ap-
proaches a site between the dimer rows (i.e., site C or D),
the molecule dissociates and each of the resulting two O
atoms is adsorbed at a site away from the Si dimer. An
example for O adsorption at site C after O, dissociation is
shown in Fig. 3. The dissociation and adsorption reac-
tion shown in Fig. 3 is exothermic and the calculated
heat of formation is 1.4 eV per O atom.

It is known? ! that both a rapid and a subsequent slow
process occur in the oxygen uptake in the initial stage of
the oxidation. The two processes are occasionally inter-
preted as due to the coexistence of molecular- and
atomic-adsorption sites.!® The present calculation, how-
ever, shows that there is no (meta)stable molecular-
adsorption site but rather three atomic-adsorption sites.
Therefore, for the Si(100) surface, the rapid and the slow
processes observed may be due to the coexistence of the
several metastable atomic-adsorption sites, rather than a
combination of atomic- and molecular-adsorption sites.

We now present results on penetration of the O, mole-
cule through the oxygen-covered surface and successive
bond formation between the O and Si atoms. In the case
of one-monolayer coverage of oxygen, the most energeti-
cally favorable site for oxygen adsorption is found to be a
bridge site in which the Si dimer is decomposed by the in-
tervening O atom.!'! We then place an oxygen molecule
above the O-covered surface, and seek the path of
penetration of the O, molecule. We have found that the
calculated forces acting on the O, molecule are repulsive
from the surface unless the O atoms are already adsorbed
and the top-layer Si atoms are dislodged; i.e., there is an
energy barrier for O, penetration if there is no relaxation
of the neighboring atoms. When the top-layer O and the
Si atoms are moved along the [011] direction by 0.5 A,
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FIG. 3. Dissociation of an O, molecule (dotted circles) ap-
proaching from the Si(100) surface above site C. At first, the
center of the molecule is placed 1.1 A above the surface, and the
forces of 0.06 and 0.03 Ry/a.u. (the arrows) (a) act on the two O
atoms. The molecule dissociates near the surface (not shown
here), and the final geometry after dissociation is shown in (b).
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however, the O, molecule is found to penetrate through
the oxygen-covered surface. After penetration, the mole-
cule dissociates in the vicinity of the bond-center site of
top- and second-layer Si atoms. The dissociation is again
caused by electron transfer from the Si bonds to the 7 or-
bital of the O, molecule. This suggests that, in the oxida-
tion reaction, dissociation of the O, molecule occurs not
on the O-covered surface or in the SiO, film but at the in-
terface where the electrons triggering the dissociation can
be donated by the Si—Si bonds. The final stable
geometry that we have found is shown in Fig. 4 along
with the valence-electron charge density. We can see a
peculiar bond formation of Si and O after O, penetration
and dissociation. This penetration, dissociation, and
bond-formation reaction is exothermic: The calculated
heat of formation is 1.2 eV per O atom. A most remark-
able feature of this stable geometry is its local structure.
The Si—O bond length (1.6 A) and the Si—O—Si bond
angle (144°) obtained in Fig. 4 are surprisingly close to
values observed in a quartz, the most stable crystalline
form of SiO,. The Si and the O atoms strongly favor this
local bonding configuration in many cases.!?> Yet the
O—Si—O bond angle (81°) is much smaller than the cor-
responding value (about 110°) in crystalline SiO, under
low pressures (i.e., quartz, cristobalite, or coesite).!*> Un-
der high pressures, however, SiO, has another crystalline
form, stishovite. The value of the O—Si—O angle in
stishovite ranges from 81° to 98°, and is comparable to
the value obtained in the geometry in Fig. 4. This coex-
istence of the low- and high-pressure crystalline forms is
a consequence of the local strain due to a sizable
difference in Si-Si distance between SiO, and the Si sub-
strate.

The top-layer Si atoms in Fig. 4 are surrounded by
three O atoms and one Si atom. To attain a bond
configuration topologically the same as in SiO, (i.e., four

FIG. 4. The stable atomic geometry after penetration and
dissociation of the O, molecule near the Si(100) surface. The O,
molecule penetrates the l-monolayer-oxygen-covered surface,
dissociates, and forms Si—O bonds with the top- and second-
layer Si atoms. We note the sizable relaxation of the first- and
the second-layer Si atoms. The maximum value of the contour
plot of the valence-electron charge density is 1.1
electrons/(a.u.)’, and the subsequent lines differ by a factor of 2.
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FIG. 5. Swelling of the Si—O—Si local bond network from
the Si(100) surface observed in the stable atomic geometry. The
O atoms (dotted circles) intervene at all the bond-center sites be-
tween the first- and the second-layer Si atoms. Because of limit-
ed space, the O atoms are squeezed so that the adjacent Si—
O—Si bonds are rotated in opposite directions (represented by
large and small circles).

oxygen atoms around a Si atom), additional O atoms are
required to intervene at the remaining bond-center sites.
In fact, due to the large upward displacement of the top-
layer Si atoms (0.5 A from the original site), the remain-
ing bonds are weakened considerably, as is clearly seen in
the contour plot in Fig. 4. Yet the resulting Si-Si dis-
tances are still too small to accommodate the additional
O atoms. A natural consequence is therefore a swelling
of the Si—O—Si unit from the original Si surface. In
Fig. 5 the obtained metastable geometry is shown after
penetration of additional O atoms, in which the top-layer
Si atoms are surrounded by four O atoms and Si—O—Si
units swell from the original Si surface. This reaction of
oxygen uptake is again exothermic: The calculated heat
of formation in the reaction adding an additional O atom
is 1.5 eV. The structure in Fig. 5 is again a local mixture
of the low- and high-pressure crystalline forms of SiO,.
The swelling of the Si—O—Si unit obtained in Fig. 5 cor-
responds to a volume expansion of the region containing
the O and the top- and the second-layer Si atoms by 83%.
This value can be compared with the volume difference
between Si and silica (e.g., the ratio in volume per Si
atom of a-quartz to Si is 1.88). It is interesting to note
that the expansion has begun from the very earliest stages
of oxidation.

Another important finding shown in Figs. 4 and 5 is
the existence of different oxidation states of Si atoms. In
Fig. 4, the top-layer and second-layer Si atoms are sur-
rounded by three and two, respectively, O neighbors; in
Fig. 5, the top-layer Si atom, by four O neighbors. The
difference in coordination numbers that we have found
indeed results in different core-level shifts of the Si atom,
which is exactly observed in the photoemission-
spectroscopy measurements for the SiO,/Si interface.!* 13
Moreover, in case of the Si surrounded by three O atoms,
there is the imbalance in length between the two different
bonds: the Si—Si and the Si—O bonds. The conse-
quence is the significant stretching of the Si—Si bond (see
the contour plot in Fig. 4). The stretching in this stable
geometry causes further oxidation as is demonstrated
above, and, on the other hand, reduces the formation en-
ergy of the Si self-interstitial atom at the interface. This
is the microscopic origin of the observed injection of the
self-interstitial atoms to the Si substrate upon oxidation.!®
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The intrinsic features in the initial stage of oxidation
that we have found here are the following: thermal
penetration of the O, molecule, dissociation of the mole-
cule due to electron transfer from Si, characteristic bond
formation of the Si and O atoms accompanied by a large
stretching of the Si—Si bond, and the resulting expansion
in volume of the local atomic configurations. These
features are not limited to the initial stage. If the SiO,
film has been already formed, although the thermal
diffusion of the O, molecule plays a role, the essential
features of the oxidation stated above are expected to
occur at the frontier of oxidation: the SiO,/Si interface.
It is further noticed that the local bond lengths and an-
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gles of the Si and O atoms formed during the oxidation
are similar to those in the most stable silica, a-quartz. In
the stable geometries of Figs. 4 and 5, however, the Si
atoms near the O atom are significantly dislodged. Fur-
ther, the network in the Si crystal is topologically
different from the Si network in the crystalline forms of
silica. Thus the vitreous form of SiO, is realized.

In conclusion, we have presented a microscopic picture
of the oxidation of Si on the basis of ab initio total-energy
electronic-structure calculations. The results provide a
firm theoretical framework for understanding the oxida-
tion phenomenon and the atomic structures of the result-
ing SiO, films.
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