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Chemisorption of a single oxygen molecule on the Si„100… surface: Initial oxidation mechanisms
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Chemisorption of an O2 molecule from the topmost layer to deeper subsurface layers on the Si~100! surface
is studied by employing the spin-polarized generalized-gradient approximation. The calculated results reveal
that an O2 molecule is weakly adsorbed on a clean Si~100! surface with an initial spin-triplet state, but is
adiabatically chemisorbed with a spin-state conversion, when an O2 molecule arrives at the surface with a low
incident energy. Barrierless back-bond oxidation has been found to occur through dissociative chemisorption
with a spin-orbit interaction followed by O-atom migration to back-bond centers. According to the depth from
the surface, energy barriers are found to be increasingly necessary for chemisorption of an O2 molecule in
subsurface layers.
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I. INTRODUCTION

With the advent of silicon device technologies, the re
ization of a thin oxidized film of high quality on the Si~100!
surface has emerged as an item of key interest in the con
of achieving further progress in microscopic-scale dev
fabrication. The initial oxidation processes of the Si~100!
surface are not, however, well understood despite consi
able experimental and theoretical efforts. Much remains
be learned concerning the basic mechanisms inherent in
tial oxidation processes of the Si~100! surface.

Regarding O2 molecular chemisorption on the Si~100!
surface, there have been contradictory reports, based
molecular-beam studies, as to the nature of
chemisorption.1–7 The sticking probability of an O2 molecule
with a low incident energy increases with the lowering
temperature, whereas, surprisingly, that of an O2 molecule
with a high incident energy decreases with the lowering
temperature.3 The sticking probability of an O2 molecule ac-
tually increases with decreasing incident energy.4 These phe-
nomena can be understood to mean that O2 molecule adsorp-
tion occurs through physisorption-mediated chemisorptio
lower temperatures.3,4,7 This implies the existence of a mo
lecular precursor just before oxidation and a small ene
barrier for O2 molecular chemisorption on the Si~100! sur-
face. Recent scanning tunneling microscope~STM! studies
showed, on the other hand, that the type-C defect8 is prone to
oxidation, whereas clean~100! surfaces are not.9,10 This re-
sult indirectly supports the idea that there is a barrier of so
sort against the oxidation of the clean Si~100! surfaces. The
energy barrier for oxidation of the Si~100! surface has no
been obtained, however. The mechanisms of this chemis
tion and the consequent final configurations are also not
understood from these STM studies.

Another important subject is how to realize a precis
controlled interface structure between Si and SiO2 when an
oxidation process continues. A transition layer of less tha
Å has been thought to move in a bulk phase of a Si subst
during the oxidation process, as clearly observed by
transmission electron microscope.11 In a recent scanning re
PRB 620163-1829/2000/62~23!/15978~11!/$15.00
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flection electron microscope~SREM! study,12 it was found
that layer-by-layer oxidation can be observed from the v
beginning of subsurface layer oxidation in the low
temperature range of oxidation. These oxidation behav
undoubtedly reflect differences in chemical processes of e
subsurface layer, but those differences are not well und
stood from a microscopic viewpoint.

Several theoretical studies were devoted to elucidating
initial stages in Si surface oxidation processes.13–17 These
calculations are insufficient to account for plausib
physisorption-mediated chemisorption, and for the possi
ity of another dissociative chemisorption, which could ha
active roles mostly in the initial oxidation stage.3,4 Molecular
dissociation of an O2 molecule is triggered by breaking
delicate balance between two stable states. To clarify
issue, more rigorous treatments are required in theore
studies. The ground states of an O atom and an O2 molecule
are paramagnetic spin-triplet states, which could ma
oxygen-involved reactions more complicated and, thus, m
difficult to understand. Furthermore, accurate pathways
chemical reactions cannot be known without allowing t
degree of freedom in spin state. The local-density appro
mation ~LDA ! does not provide accurate binding and coh
sive energies for materials consisting of the first-row e
ments because of rapid spatial variation in wave functions
small atomic radius.18–21In the present study, therefore, sp
polarization and the generalized-gradient approximat
~GGA! for exchange-correlation energies are applied. Ba
on these theoretical treatments, we have performed a fi
principles study on spin-flip chemisorption of an O2 mol-
ecule on Si surfaces, and have tried to understand gen
features in the initial oxidation processes on the Si~100!
surface.22

II. CALCULATION METHODS

The ground states of an O atom and an O2 molecule are
well known to be paramagnetic spin-triplet states with ha
occupied 2p and 2ppg* orbitals, respectively. To describ
the oxygen properties properly, the present study incor
15 978 ©2000 The American Physical Society
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PRB 62 15 979CHEMISORPTION OF A SINGLE OXYGEN MOLECULE . . .
rates spin polarization and the GGA for exchange-correla
energies. Similar GGA calculations have proved to be s
cessful in describing binding and cohesive energies for
terials consisting of first-row elements.21,23The present study
implemented the Perdew formalism for spin-polarized GG
~SP-GGA! calculations.24 The exchange-correlation poten
tials are discretized on the minimum number of fast-Four
transform grids within the plane-wave basis set by followi
the White-Bird formalism.25 The calculations are performe
using ultrasoft pseudopotentials, especially for oxygen26

with 2k points for the Brillouin-zone sampling. We foun
that cutoff energies of 25 Ry for the wave functions and 1
Ry for the augmented electron densities are sufficient
converging oxygen energies. The Si~100! surface is modeled
as a repeated slab with ac(432) unit cell, consisting of ten
layers of Si atoms and a vacuum spacing of the same th
ness. Inversion symmetry with respect to the center of
slab is used to increase the computational efficiency.

To test the accuracy of this approach, the O2 binding en-
ergy is calculated by using the calculation techniques of
LDA and the SP-GGA. Both spin-polarization and GGA e
fects contribute substantially to binding energies in comp
son with the experimental result, as summarized in Tabl
In the case of the LDA, the binding energy of 8.91 eV
almost 74% larger than the experimental value of 5.11 eV27

By employing the SP-GGA calculation, an O2 binding en-
ergy of 5.60 eV is obtained. The discrepancy from the
perimental value is reduced to 10%.

When an O2 molecule moves toward the Si surface with
spin-triplet state, the spin-triplet potential curve crosses
other potential energy with a spin-singlet state. The total s
tem may be a singlet state when occupied states in oxy
are hybridized with Si substrate states. This triplet-
singlet-state conversion actually occurs through a spin-o
interaction, which is extremely weak compared to orbital h
bridization energies. An adiabatic transition, therefore, o
occurs when a molecule approaches the Si substrate sl
enough for the spin-orbit interaction to work. To describe
nonadiabatic transition at this spin conversion stage, we h
applied the Landau-Zener-Stueckelberg theory.28,29

III. RESULTS

Possible adsorption of an O2 molecule is first examined
by conserving the initial spin-triplet state on th
Si(100)-c(432) surface. In all of the configurations studie
in this work, the O2 molecular axis is initially set parallel to
the substrate surface, because this configuration make
occupied molecular orbitals 2ppu and the half-unoccupied
molecular orbitals 2ppg* interact efficiently with the sub-
strate. We have prepared seven initial configurations ab
the topmost layer for O2 absorption from~a! to ~f! as shown

TABLE I. Binding energies~eV! of an O2 molecule calculated
with the LDA and SP-LDA in comparison with the experiment
result ~Expt!.

Methods LDA SP-GGA Expta

8.91 5.60 5.11

aReference 27.
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by open circles in Fig. 1. Since those sites from~a! to ~d! are
close enough to the highest occupied states on the u
atoms in a Si dimer, indicated by large shaded circles
chemical reaction with the Si surface could be expected
occur. Then, we have selected three configurations~e!, ~e!8
and ~f!, as shown in Fig. 1, which are right above the bo
center of first and second subsurface layers, respectiv
Once an O2 molecule was first put far from each selected s
on the Si surface, the O and Si atoms were moved accor
to the forces acting on each atom, while the center of an2
molecule is artificially controlled to move toward the S
surface.30

A. Spin-conserving weak adsorption„physisorption…

Figures 2~a!–2~d! show valence charge densities on cro
sections of O2 molecule adsorbed Si surfaces, correspond
to the initial configurations denoted by Figs. 1~a!–1~d!. The
valence charge densities of O and Si are slightly overlap
but do not show any mixing with each other in cases~a!, ~b!,
and~d!, whereas the charge densities of O and Si in case~c!
are rather strongly overlapped. However, neither elonga

FIG. 1. Initial configurations of the~a!, ~b!, ~c!, ~d!, ~e!, ~e!8, and
~f! cases for O2 molecular adsorption on the Si(100)-c(432) sur-
face. Open circles are O atoms, and shaded and filled circles a
atoms, respectively. Si atoms are denoted by larger to sm
circles according to the distance from the surface.
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FIG. 2. Equicontour plots of
valence-charge densities around
atoms sliced along the O2 molecu-
lar axis in the final configurations
for cases~a!, ~b!, ~c!, and ~d! of
Fig. 1. O and Si atoms are indi
cated by hatched and dark circle
respectively.
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from the initial O2 molecular bond length nor remarkab
deformation from the initial Si surface structures can be
ticed in any of the cases~a!–~d!. Energy gains by molecula
adsorption are 0, 0.12, 0.39, and 0.03 eV for cases~a!, ~b!,
~c! and~d!, as tabulated in Table II, respectively. Those v
ues are almost negligibly small except for case~c! where an
O2 molecule and a Si dimer are closely attached. These fi
-

-

d-

ings imply that the adsorbed O2 molecules are in physisorbe
or weakly chemisorbed states.

B. Chemisorption on topmost layer with no energy barrier

Second, we have treated the spin state as one of the
grees of freedom. Spin states could be converted mo
,

t

TABLE II. Final energy gains, chemisorption barriers~eV!, and spin states for an O2 molecule’s weak
adsorption and chemisorption for the cases of~a!, ~b!, ~c!, ~d!, ~e!, ~e!8 and~f! in Figs. 1 and 2. Here, top, 1st
and 2nd denote the top of a dimer, the first subsurface, and the second subsurface.

Case ~a! ~b! ~c! ~d! ~e! ~e!8 ~f!

Physisorption energy 0.00 0.12 0.39 0.03 - - -
Spin state triplet triplet triplet triplet triplet triplet triplet

Chemisorbed layer - top top top-1st 1st 1st 2nd
Energy barrier - 0 0 0.8 1.03 0.29 2.4
Chemisorption energy - 5.99 2.96 6.16 6.17 6.59 6.00
Spin state - singlet singlet singlet singlet singlet single
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through spin-orbit interactions in a nonmagnetic system. T
final configurations of cases~a! and ~d! still remain un-
changed from the initial configuration even if the spin state
allowed to change. Dramatic changes have been obtaine
the cases~b! and~c! without overcoming any energy barrie
Figures 3~b! and 3~c! show the final configurations of O2
molecular chemisorption corresponding to the cases~b! and
~c! in Fig. 1. The corresponding valence-charge densi
around the O atoms sliced along the dashed line and a
the two atoms on the final configurations in Fig. 3 are sho
in Figs. 4~b! and 4~c!, respectively. Chemisorbed oxyge
seems to be hybridized with electronic charges from
lower Si substrates. The energy changes for these reac
are also summarized in Table II.

In case~b!, a molecule expands its bond length toward t
adjacent parallel dimers, and is finally dissociated over
two Si dimers, corresponding to one of the stable configu
tions realized in the former LDA calculation.16 The dissoci-
ated O atoms settle down stably on the top of each Si di
as shown in Fig. 3~b!. The spin configuration results in
spin-singlet state. Asymmetric Si dimers below the O ato

FIG. 3. Final configurations of the~a!, ~b!, ~c!, ~d!, ~e!, ~e!8, and
~f! cases for O2 molecular adsorption on the Si(100)-c(432) sur-
face after molecules are dissociated and/or fully relaxed with s
state conversion. Open circles are O atoms, and shaded and
circles are Si atoms, respectively. Si atoms are denoted by larg
smaller circles according to the distance from the surface.
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are also redeformed to be symmetric. Here the O atoms
the lower Si atoms form strong chemical bonds. The ene
gain is 5.99 eV. Since case~d!, having a geometry closer to
case~b!, does not show any tendency toward chemisorpti
dissociative chemisorption occurs where the two ha
occupied antibonding 2ppg* states of an O2 molecule are
strongly hybridized with occupied states from two Si dime
in an appropriate geometry, and/or the O atoms make str
bonds with Si atoms by transferring electronic charges fr
Si atoms.

C. Chemisorption with energy barrier

There is some evidence that O atoms exist in back-b
centers upon oxidation at low temperatures as reported
the STM and SREM studies.12,31 If the topmost layers are
fully oxidized, an O2 molecule must be dissociated in lowe
subsurface layers or a dissociated O atom must migrate
the lower subsurface layers. To examine fundamental dis
ciation processes of an O2 molecule with some energy bar
riers, the O2 molecule is dissociated from cases~d!, ~e!, ~e!8,
and~f! of Fig. 1. Each O atom is moved toward a Si dimer
toward the adjacent Si bond center and is settled down
tween two Si atoms with a constraint on the center of an2
molecule mass fixed to move toward the Si substrate,
shown in Figs. 3~d!, 3~e!, 3~e!8, and 3~f!. Spin states are
treated as one of the degrees of freedom. However, the
sociation of an O2 molecule does not occur easily in case~a!,
although it is very close to two Si dangling bonds. In ca
~d!, one of the dissociated O atoms finally settles down
the top of a Si dimer, and the other one in a back-bond ce
of a topmost Si atom. The dissociated O atoms finally se
down in bond centers of the first and second subsurface
ers in cases~e!, ~e!8, and ~f!, respectively. The final spin
configurations are a spin-singlet state. These chemisorpt
require the energy barriers of 0.8, 1.03, 0.29, and 2.4 eV
cases~d!, ~e!, ~e!8, and ~f!, respectively, but obtain chemi
sorption energies of 6.16, 6.17, 6.59, and 6.00 eV in ca
~d!, ~e!, ~e!8, and~f!, respectively, as tabulated in Table I. A
important finding here is that a dimer chemisorbed with an
atom in a back-bond center always tilts downward from
Si surface at the O atom as shown in Figs. 3~e! and 3~e!’.
The valence charge densities around O atoms on cross
tions sliced along the two atoms@the dashed line in the fina
configurations for case~e!# is shown in Fig. 4~e!. Chemi-
sorbed oxygen seems to be hybridized with electro
charges from the lower Si substrates. O atoms chemiso
on the topmost layer mostly settle down on the top of a
dimer by breakingp orbitals of the Si dimer, whereas thos
chemisorbed on subsurface layers settle in the bond cen
of two Si atoms by breaking Sis orbitals. These are com
mon features for O2 molecule chemisorption processes. T
fact that energy gains in cases~e! and ~e!8 are larger than
those of cases~b! and~d! suggests that O atoms located in
bond center of two Si atoms is energetically the most sta
configuration which can be realized in oxyge
chemisorption.32

D. Local densities of states

Our other concern is the mechanism for formation of Si
bonds. As shown in Figs. 4~b!–4~e!, O atoms chemisorbed
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FIG. 4. Equicontour plots of valence-charge densities around O atoms sliced along the two O atoms in the final configurations
~b! and~c!, and along the dashed line in the final configuration of case~e! of Fig. 3. O and Si atoms are indicated by hatched and dark circ
respectively.
o
t

ha

fin
su
a
ol
ll
o-

O
up
ta
or
V

t o
b-
u

ion

ti

-
it
se

a
2
r-
c

er
o
ic

r

of

he
e
est
d O
zed

cur

ther
d to

t O
than
xist
to a
of

h-
ms

on

or
for
rgy
ro-

er-
In
atom
on the top of a dimer or in a bond center seem to ads
electronic charges from adjacent Si atoms. To arrive a
more detailed understandings of those mechanisms, we
calculated local densities of states~LDOS! around an O atom
before and after dissociative chemisorption. Here we de
the LDOS associated with each Wigner-Seitz cell. The
percell is divided into Wigner-Seitz cells. Then the LDOS
the O atom is calculated by summing the proportional v
umes of electronic states involved in the Wigner-Seitz ce

Figure 5~a! shows the LDOS of the O atom before diss
ciative chemisorption corresponding to Fig. 1~a! for com-
parison. We can observe three main peaks in this LD
structure for each spin state. All the peaks are split into
and down-spin states because the system is in a triplet s
The first peak, more than 25 eV below the Fermi level, c
responds to 2ssg orbitals. The second peak about 15 e
below the Fermi level corresponds to 2ssu* orbitals. The
third peaks around 10 to 0 eV from the Fermi level consis
2psg , 2ppu , and 2ppg* orbitals. Those peaks undergo su
stantial changes upon the dissociative chemisorption. Fig
5~b! shows the LDOS at the O atom after chemisorpt
corresponding to Fig. 2~b!. The peak consisting of 2s orbit-
als is almost degenerated because of molecular dissocia
This peak is not shifted much from the center of 2ssg and
2ssu* orbital peaks in Fig. 5~a!, although the O atom is nega
tively charged. The electronic charges in the Wigner-Se
cell are actually summed as large as 6.3 electrons. The
ond peak around 5 eV from the Fermi level in Fig. 5~b! is not
easy to split into three subpeaks, clearly featuring the ch
acteristics of a hybridized orbital composed of oxygenp
and silicon 3p orbitals rather than of an atomic orbital. Fu
thermore, we can see a broad peak corresponding to uno
pied antibonding states at higher energies above the F
level. Those results suggest that the dissociative chemis
tion on this site occurs mostly by hybridization of atom
orbitals between the Si substrate and an O2 molecule rather
than by charge transfers from the Si substrate to an O2 mol-
ecule. Figure 5~c! shows the LDOS at the O atom afte
rb
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chemisorption corresponding to Fig. 3~e!8. The peak consist-
ing of 2s orbitals is not shifted much from the center
2ssg and 2ssu* orbital peaks in Fig. 5~a!, as well as in Fig.
5~b!. The splitting of the second peak around 5 eV from t
Fermi level in Fig. 5~b! is rather obscure to be identified. Th
electronic charges in the Wigner-Seitz cell are mod
enough to be 6.5 electrons. The electronic states aroun
atom on the bond center also show rather strongly hybridi
orbital characters. It implies that dissociation of an O2 mol-
ecule and migration of an O atom in subsurface layers oc
with rehybridization of atomic orbitals.

E. Migration of O atom from topmost layer
to back-bond center

O atoms seem to be located in back-bond centers ra
than on topmost layers when the Si substrate is expose
O2 molecular gas with submonolayer coverage,31 as the cal-
culated results in the previous two subsections reveal tha
atom chemisorption in bond centers gains more energies
that on the top of dimers. This means that O atoms may e
mostly at bond centers when the system comes close
thermally equilibrated limit. So far, possible pathways
oxygens to reach back-bond centers are from cases~d!, ~e!,
and ~e!8 of Fig. 1 to those in Fig. 3. Another possible pat
way for oxygen could be obtained by starting from O ato
dissociated on the top of a dimer as in cases~b! and ~c! in
Fig. 3.

Here, we examine the possible migration of O atoms
the top of dimers to lower back-bond centers. Cases~b! and
~c! in Fig. 2 are chosen as typical initial configurations f
O-atom migration because no energy barrier is required
the dissociative chemisorption. Figure 6 shows the ene
change and schematic views of oxygen’s rebonding p
cesses during the migration in case~b!. One of the two Si-O
bonds is first remade to form double Si-O bonds, after ov
coming an energy barrier of 1.27 eV, as listed in Table III.
this stage, a metastable geometry appears, where an O
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is strongly bonded with one of the Si atoms in an asymme
Si dimer. The energy gain in this metastable configuratio
0.63 eV from the top of the migration barrier. As the O ato
moves further toward the lower bond center, another ene
barrier of 0.50 eV, evaluated from the metastable configu
tion, appears. The final configuration comes upon a sm
energy gain of 0.17 eV from the first chemisorbed config

FIG. 5. Local density of states at the O atom~a! when an O2

molecule is weakly adsorbed on the Si surface@case~a! of Fig. 1#,
~b! when an O atom is chemisorbed on the top of a Si dimer@case
~b! of Fig. 3#, and~c! when an O atom is chemisorbed at the bac
bond center@case~e!8 of Fig. 3!#.
ic
is

y
-
ll
-

ration. The electric charges remained at the final configu
tion form a dangling bond on the Si atom opposite to the
atom of a dimer chemisorbed with the O atom, which may
a chemisorption site for another O2 molecule. In all the pro-
cesses, two Si-O bonds have been remade, but the numb
Si-O bonds has been maintained, leading to a relatively sm
energy barrier for O atom migration in comparison to hybr
ized bond energies between Si and O atoms.

Figure 7 shows the energy change and schematic view
oxygen’s rebonding processes during the migration in c
~c!. The oxygen molecular bond is first broken with
strengthening of the Si-O bond. It requires a small ene
barrier of 0.69 eV as listed in Table III. The O atom mov
further toward the lower Si-Si bond center, where the O at
forms a strong bond with two Si atoms. In this stage, a me
stable geometry appears, where the other O atom is bon
with one of the Si atoms on an asymmetric Si dimer. T
energy gain in this metastable configuration is 3.02 eV fr
the top of the migration barrier. When the other O ato
migrates from the top of the Si atom into the lower Si-
back-bond center, it comes upon another energy gain of 1
eV after an energy barrier of 1.02 eV. The final configurati
comes upon a substantial energy gain of 2.87 eV from
first chemisorbed configuration. It is obvious from the
analyses that the O atom remaining at the top of a Si dim
could also exothermically migrate into a closer Si-Si bo
center with a small energy barrier. By summarizing t
analyses on these typical examples, we expect that migra
occurs successively as a consequence of exothermic ch
sorption of an O2 molecule on Si surfaces.

-

FIG. 6. Total-energy change and snapshots in geometry va
tion when a dissociated O atom, as in case~b! of Fig. 3 migrates
from the top of a Si dimer to a back-bond center corresponding
case~d! of Fig. 3.

TABLE III. Energy barriers and energy gains~eV! for O-atom
migration from configurations~b! and ~c! in Fig. 3 to a back-bond
center.

Case 1st barrier 1st gain 2nd barrier 2nd gain total g

~b! 1.27 0.63 0.50 1.31 0.17
~c! 0.69 3.02 1.02 1.56 2.87
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F. Spin conversion effects on chemisorption

As a spin state has been treated as one of the degre
freedom required to find the minimum-energy configurat
in the calculations for chemisorption, final-spin configur
tions are found to be part of a singlet state in any case
oxygen-chemisorbed Si~100! surfaces. Although final con
figurations after chemisorption are part of a spin-sing
state, the spin state has to be conserved in diabatic chem
processes in order for one to know the diabatic energy cu
accurately. Dissociation pathways and energy barriers for
case~b! in Fig. 1 are, hereafter, examined closely as an
structive example of chemisorption, by taking account of
spin-conservation law. Each up- and down-spin elect
number is conserved in a certain period along the poten
energy curve. The O2 molecule was lowered quasistatical
toward the Si surface while maintaining the initial spin co
figuration. The total energy of the system is calculated a
function of the O-atom height from the Si surface for ea
spin state for case~b! in Fig. 3 as shown in Fig. 8.

A possible initial-spin configuration is a triplet, quintet,
singlet state when an O2 molecule is put far above the S
surface. The lowest-energy initial configuration is a trip
state, as represented by triangles in Fig. 8, where an O2 mol-
ecule and a Si surface are a triplet and a singlet state, res
tively. The triplet state in this case corresponds toSz51. The
triplet states are represented by this state withSz51 for en-
ergy curves, since the spin-orbit interaction is extrem
small as compared to the exchange interaction. As the2
molecule moves with a constraint on the center of the m
lecular mass fixed toward the Si surface in the triplet ca
this motion ‘‘finds’’ an upward valley on the potentia
energy surface.28 As the O2 molecule approaches the Si su
face, the triplet state crosses the energy curve of a sin
state. At the bond-breaking stage of the O2 molecule, the O2
molecule in a triplet state comes across an abrupt en
barrier blocking a further transition. The constraint by t
triplet state causes an energy barrier preventing the O2 mol-
ecule from coming closer to the Si surface. For the quin
state as represented by rectangles in Fig. 8, both the O2 mol-
ecule and the Si surface are in a triplet state, and are cou
together in an antiparallel direction, when the O2 molecule is

FIG. 7. Total-energy change and snapshots in geometry va
tion when a dissociated O atom, as in case~c! of Fig. 3 migrates
from the top of a Si dimer to a back-bond center.
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far from the Si surface and has no chemical interaction w
the Si surface. We call this configuration a quintet state
cause the two systems have their own degrees of freedo
spin states, but it is finally a singlet state when the two s
tems are merged together, and loses its total spin becaus
quintet state withSz50 immediately corresponds to a singl
state. One of the dimers closer to the O2 molecule is relaxed
until it is almost symmetric. In the spin-singlet state for t
Si surface, up- and down-spin electrons occupy the sa
dangling bond on one side of one Si dimer. These electro
however, half occupy the different dangling bonds on bo
sides of one Si dimer with the same up- or down-spins, wh
the Si surface is in a spin-triplet state. The total energy
relatively high, as much as 0.38 eV, compared with the to
system in a spin-triplet state. As the O2 molecule moves
down to the Si surface, thereby slightly elongating the bo
length, both spin configurations of the triplet states in the2
molecule and Si surface are converted into singlet states,
the total system remains a spin-singlet state, which is in
cated by rectangles in Fig. 8. Then the half-occupied a
bonding 2ppg* states in the O2 molecule begin to hybridize
with occupied states from dangling bonds on Si atoms. T
bonds are remade to be strongsg bonds between O and S
atoms. After the O2 bond-length elongation, this energ
curve shows a lower energy than the triplet state for the t
system. No apparent energy barrier appears along this t
sition. This configuration finally results in case~b! of Fig. 2.
Another singlet state in the highest-energy configuration
represented by a circle, where both the O2 molecule and the
Si surface are in a singlet state. Therefore, both the O2 mol-
ecule and the Si surface have no spin polarization. The t
energy of this initial configuration is substantially high,
much as 1.14 eV, compared with the total system in a sp
triplet state at the initial stage. The motion of the O2 mol-
ecule toward the Si surface leads to the same pathway as
obtained in calculations with a degree of freedom to the sp
The spin conversion first appears in an O2 molecule and not
in the Si surface. This case also results in case~b! of Fig. 2.

a-

FIG. 8. Total-energy change as a function of O height from
Si surface when an O2 molecule is dissociated as in case~b! of Fig.
3. Circles, triangles, and rectangles represent spin-singlet, s
triplet, and spin-quintet configurations.
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The energy curve crossing by the spin-triplet and sp
singlet states shown in Fig. 8 gives us a common fea
unique to spin-flip O2 chemisorption on Si~100! surfaces,
although crossing angles may differ from site to site. T
energy levels for both spin-triplet and spin-singlet sta
could be interchanged through spin-orbital interactions at
crossing points. When the spin-orbit interaction is perturb
in the range of two energy curve crossing points, the2
molecule in a spin-triplet state can be converted into a sin
state with a certain probability. The adiabatic spin conv
sion with a small perturbation at the energy-level cross
ranges can be described by applying the Landau-Ze
Stueckelberg theory. The probability for the 1→2 electronic
transition is given by28

P2←154uDu22e2pd~e2pd21!cos2S p

4
1t D , ~1!

whered is the imaginary part of a classical action integr
andt is a phase factor.D is given by

D5e2pd1~e2pd21!ei [(p/2)12t] . ~2!

Since the distance of Si and O atoms is great enough to
2.7 Å, while the distance of two O atoms is 1.3 Å at the sp
conversion stage, here we have calculated the trans
probability with spin-orbit interactions in an O2 molecule for
simplicity. By using ^ 1Sg

1uHsou 3Sg
2&5122 cm21 for the

spin-orbit interaction,29 P2←1 has been calculated as a fun
tion of the incident energyEi of an O2 molecule perpendicu
lar to the surface, as shown in Fig. 9, where the oscillat
factor is neglected. Sticking probabilities decrease with
incident energy in proportion toE21/2 at lower-energy
ranges. The calculated curves well describe the overall
dency of incident energy dependence of sticking probab
ties at low surface temperatures as clearly seen in the ex
ments of the molecular beam studies.4 The same discussio
may be also applicable to case~c! of Fig. 3. A continuous

FIG. 9. Sticking probability as a function of incident energy
an O2 molecule for case~e! of Fig. 3.
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adiabatic-potential curve from the initial spin-triplet config
ration to the final spin-singlet configuration is obtained
diagonalizing the Hamiltonian including spin-orbit intera
tions. The energy eigenvalues of the spin-triplet state at
initial configuration are split into three states after diagon
ization. One of these three states,LZ50 andSz50, lowest
among the three states, could be adiabatically connecte
the final spin-singlet state.29 The above calculation implies
that the adiabatic motion can be realized solely at lower te
peratures and with lower incident energies for O2 molecules.
Translational motions or thermal vibrations of an O2 mol-
ecule prevent the O2 molecule from traveling with the adia
batic limit, because the energy perturbation by spin-orbit
teractions in an O2 molecule is too small to transfer betwee
two energy curves. Those superfluous energies could b
the adiabatic motion with a small spin-orbit splitting gap.

In case~c!, a molecule is adsorbed in a weakly chem
sorbed state, where the half-occupied orbitals in an O2 mol-
ecule are hybridized with the occupied states of the Si s
face. The final O2 molecular bond length is elongate
slightly with 0.30 Å. The asymmetric Si dimer below the O2
molecule is also redeformed to be symmetric to make bo
with the O2 molecule, as seen from Fig. 4~c!. A substantial
energy gain of 2.96 eV is obtained in the final configuratio
The charge densities between the O atoms and the Si a
suggests that the antibonding 2ppg* orbitals of the O2 mol-
ecule are hybridized with occupied states in the lower
atoms, as seen from Fig. 4~c!. The spin configuration result
in a spin-singlet state. In this case, triplet to singlet conv
sion occurs at some point by charge transfer or hybridiza
of half-occupied oxygen orbitals and Si surface bonds. T
spin-orbit interaction, therefore, also works here as the sa
mechanism works in case~b!.

Since the final configurations for O2 molecular chemi-
sorption are spin-singlet states in any case, with certain
ergy barriers, conversion of a spin state may have some
fect on chemical reactions, as is always true for barrierl
chemisorptions in cases with no energy barriers. Diab
energy curves for case~e! in Fig. 3 have been closely exam
ined as an instructive example for chemisorptions with so
energy barriers by conserving the spin state. Each up-
down-spin electron number is conserved in a certain pe
along the potential-energy curve. The total energy of the s
tem is calculated as a function of the O-atom height from
top of the Si surface for each spin state. As shown in Fig.
an O2 molecule starts to move toward the Si substrate wit
stable spin-triplet state when an O2 molecule is set far from
a trough between two dimers on the Si surface. The ene
barrier first appears at the initial stage of O2 molecular dis-
sociation, as represented by triangles representing the tr
state. Charge transfers may occur from dangling bonds o
atoms to the O2 molecule at the next stage. The spin state
the Si surface is converted into a triplet state, while that
the O2 molecule is converted into a spin-singlet state.
these processes, the total spin configuration still remain
the initial triplet state. As the antibonding 2ppg* states in the
O2 molecule hybridize further with the remaining hal
occupied states on the dangling bonds on Si atoms, a s
singlet configuration represented by circles in Fig. 10 a
pears at an energy relatively lower than that of the sp
triplet configuration. The conversion from the spin-tripl
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state to the spin-singlet state eventually occurs after o
coming an energy barrier of 1.03 eV. Once the system o
comes the barrier, the entire system is inevitably conve
into a spin-singlet state, because the trapped oxygens
spin-triplet state could fall into a energetically lower sing
state. A spin-orbit interaction eventually works for spin-sta
conversion after the crossing points of the two ene
curves, where another energy excitation is required for
turning to the initial configuration. The activation energy
overcome the barriers is, therefore, most important for
chemisorption process in this case, rather than spin-state
version, in contrast to the barrierless chemisorption in ca
~b! and ~c!.

The energy-curve crossing also appears after a small
ergy barrier when an O2 molecule is lowered inside a troug
between dimers on the Si substrate in cases~e!8 and~f! ~not
shown here!. These are common features for dissociat
chemisorption with some energy barriers.

IV. DISCUSSION

A. Chemisorption in initial stage

According to molecular-beam studies, the absolute val
of the sticking coefficients of an O2 molecule range from 2
31024 to 0.2 at 300 K. This means that O2 molecules with
relatively low energies may be chemisorbed as a con
quence of multiple collision events with the Si substrate.
particular, for lower incident energies, an O2 molecule will
have sufficient time to adjust its lateral position and mole
lar orientations before it is dissociatively chemisorbed,
observed in an O2 molecule chemisorption on Pt and
surfaces.33,34 Another important mechanism is a spin-orb
interaction. As revealed in the present study, an O2 molecule
with a low incident energy is dissociatively chemisorb

FIG. 10. Total-energy change as a function of O height from
Si surface when an O2 molecule is dissociated as in case~e! of
Fig. 3. Circles and triangles represent spin-singlet and tri
configurations.
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more easily through a spin-orbit interaction, whereas o
with a slightly higher incident energy is repelled at the
surface. Those general behaviors of adiabatic or diabatic
cesses, dependent on the incident molecular energies
consistent with the findings of molecular-beam studies3,4

The sticking coefficients for low incident energies were a
found to increase with a lowering of the temperature.2

Since the incident energies of O2 molecules used in the
molecular-beam studies are at least 0.06 eV, these in
conditions for molecular energies may have given rise
some differences from STM studies. In STM studies,9,10 the
Si substrate was exposed to O2 molecular gas with a sub
monolayer coverage, mostly at temperatures slightly hig
than room temperature. Direct dissociative chemisorption
an O2 molecule at subsurface layers requires 0.8 or 0.29
for cases~d! or ~e!8 of Fig. 3. Since those processes requ
atomic motions in restricted configurations at and abo
room temperatures, they can occur with high incident en
gies or at high temperatures in the molecular-beam stud
but may not occur with low incident energies. A more pla
sible chemisorption pathway is the O2 molecular dissociative
chemisorption followed by migration of an O atom to
back-bond center, as described in relation to Fig. 6. Thi
because the initial chemisorption process generates a su
fluous energy of almost 3 eV per O atom, which may su
cessively cause oxygen migration with energy barriers
1.27 or 0.6 eV. Another additive migration from a back-bo
center to a lower bond center is unlikely to occur becaus
requires an energy barrier of 2.5 eV.35,36 The recent SREM
observation of oxidation of the Si~100! strongly supports the
idea that layer-by-layer oxidation starts from the first subs
face layer at room temperatures.12 The activation energy of
the first subsurface layer’s oxidation has been found to
0.03 eV, close to 0 eV. We cannot, of course, rule out
existence of dissociated O atoms on dimers, as shown in
3~b!, because observation of a small chemisorbed O atom
not an easy task for STM. A chemisorbed O atom may ev
tually migrate from the top of a Si dimer to a back-bon
center after long duration on a dimer. Surface protrusion
oxygen adsorbed substrates observed by the STM stu31

may have been caused by buckling of dimers.32 In the
present study, spontaneous dimer buckling is found to
caused by oxygen chemisorption in a back-bond cen
These findings can account well the observations obtaine
STM studies.

B. Oxidation in subsurface regions

As SREM observation of oxidation on the Si~100! indi-
cates that layer-by-layer oxidation starts from the first s
surface layer at room temperatures,12 the activation energy of
the first subsurface layer’s oxidation can be estimated to
very close to 0 eV. The STM study also implied O-ato
chemisorption in a back-bond center at temperatures slig
higher than room temperatures.31 Direct correspondence o
the SREM study to the STM study may be difficult, becau
the experimental conditions for these studies are not
same. However, those experimental results strongly indic
that oxidation proceeds from the first to the second sub
face layer in a layer-by-layer manner.
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In our study, the activation energy of O2 molecular disso-
ciative chemisorption followed by O-atom migration fro
the topmost layer to the first subsurface layer is estimate
0 eV. Since this process leaves a dangling bond on the
posite side of a dimer, another O2 molecule arriving on the
same adjacent parallel dimers can repeat the same diss
tive chemisorption. Those processes thus fully oxidize
first subsurface layer without any barrier energy. The acti
tion energies of O2 molecular dissociative chemisorption o
the second subsurface layer are estimated to be as larg
2.4 eV in the present study, accounting well for the expe
mental value of 2.5 eV for dissociative chemisorption at h
temperatures.6 Although this dissociative chemisorption e
ergy at the second subsurface layer does not directly co
spond to the activation energy of oxidation at the seco
subsurface layer, these calculated results are in good ac
dance with the experimental results, where the second
surface layer’s oxidation requires an extremely long time
higher temperatures compared with that of the first sub
face layer. As the oxidation proceeds from the surface,
oxidized layers are expected to reduce the stress gene
by volume expansion through lattice relaxation or am
phization. This process will substantially reduce the acti
tion energy of the second layer’s subsurface oxidation fr
the present dissociative chemisorption of 2.4 eV.

V. CONCLUSION

In conclusion, O2 molecular adsorption is examined fro
several sites closer to the highest occupied state on the u
e
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atom in a Si dimer and above the subsurface bond cen
O2 molecules are found to be weakly adsorbed with a sp
triplet state. The present studies also found that an O2 mol-
ecule is adiabatically chemisorbed through a spin-orbit in
action at the center of adjacent parallel dimers or at the to
a dimer at lower temperatures when the O2 molecule reaches
the surface in an appropriate orientation with a lower in
dent energy. This dissociative chemisorption is followed
migration of an O atom from the topmost layer to a bac
bond center, leading to a full oxidation of the first subsurfa
layer without any barrier energy. The dissociative chem
sorption is also found to occur at sub-surface layers wit
relatively higher incident energy, or at high temperatur
The calculated results explain well the existence of an2
molecular precursor, the sticking probabilities of an O2 mol-
ecule reported in experimental studies, and the initial oxi
tion processes of Si subsurface layers.
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