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The adsorption of 02 molecules on 2X 1 reconstructed dimers on Si(001) surfaces and the subsequent
oxidation have been investigated by ab initio quantum-chemical calculations. Detailed analyses of the
potential-energy hypersurfaces in the spin triplet and quintet states have revealed that the triplet state
has the lowest-energy reaction path of the oxidation process. On this lowest-energy reaction path, the
electronic state as well as the atomic-level configuration of the molecularly adsorbed metastable precur-
sor of 0& on Si(001) surfaces was clarified. The molecular adsorbate is converted into the atomically ad-
sorbed stable state by the dissociation of the 02 adsorbate to oxygen atoms. This is just the insertion
process of an oxygen atom into a Si dimer bond to produce silicon oxide. The activation energy required
for this conversion has been calculated to be 60.4 kcal/mol, which is in accordance with the value 60
kcal/mol obtained by experiments at high temperatures. By the inspection of the temperature depen-
dence of the reaction-rate constants, it has been concluded that the reconstructed dimer is hardly oxi-
dized at room temperature and that the origin of the natural oxide of Si(001) surfaces might be defects of
the surface reacting with 02 molecules, i.e., the defect-free Si(001) surface is stable against 02 molecules
and is not oxidized at room temperature. This conclusion is consistent with recent experimental results
that reconstructed dimers on the terraces of Si(001) surfaces were inactive for an exposure of 0~ mole-
cules and only defect sites on the same surfaces have reacted with 02 molecules.

I. INTRODUCTION

A great deal of research' ' has been devoted to analy-
ses of the adsorption and reaction of 02 molecules on the
surfaces of single crystal silicon. The interest has been
concentrated on the determination of the chemical
species of oxygen in the adsorption process, i.e., molecu-
lar or dissociative (atomic). Many trials to determine the
precise structures of oxygen adsorbed Si surfaces have
been performed.

With respect to the Si(111) surface, Hofer and co-
workers' clarified the existence of a molecularly ad-
sorbed metastable precursor of 02 using several spectro-
scopic techniques. They also clarified that this precursor
was converted to a dissociated final stable state of oxygen
through a thermally or electronically activated process,
and the activation energy in this process was estimated
to be 5.5 kcal/mol on 7X7 surfaces. Hollinger et al.
also detected conversion from the molecular precursor of
adsorbed oxygen on Si(111}surfaces to the final stable
state using synchrontron radiation photoemission spec-
troscopy. Silvestre and Shayegan verified the existence
of an oxygen precursor by measurements of the work-
function shift of Si(111)surfaces, which originate from an

02 gas exposure on the surface at low temperatures
(T=20 K). They also observed that this precursor was
stable at low temperatures (T &120 K), and that the ac-
tivation energy for the conversion of this precursor to a
stable state was very low, i.e., 0.9 kcal/mol.

For Si(001) surfaces, a similar adsorption process, i.e.,
the conversion from a molecularly adsorbed metastable
precursor to a dissociated final stable state of oxygen, was
also suggested by several studies. ' However, the pro-
cess remains obscure for Si(001) surfaces, and the activa-
tion energy for the conversion from the precursor to the
stable state has not yet been reported explicitly.

A theoretical approach to the adsorption and subse-
quent reaction of 02 molecules on Si surfaces has not
been developed enough. Semiempirical and nonempirical
quantum-chemical calculations by Barone' or Smith and
Wander' gave just the stable structures of the final ox-
ides. First-principles total-energy calculations with the
local-density approximation by Miyamoto and co-
workers' failed to find even the existence of an activation
energy barrier for the dissociation process of the 02 mole-
cule on the Si surface.

The main target of this research is the elucidation of
the reaction mechanisms of the oxygen adsorption and
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the subsequent oxidation processes on Si(001) surfaces,
which reproduce experimental findings. A short descrip-
tion of the method used in this study and the results are
presented in Secs. II and III, respectively. In Sec. IV, a
discussion is given comparing the results with experimen-
tal findings. Finally, the results are summarized, and
conclusions are given, in Sec. V.

II. METHOD OF CALCULATIONS

A. Computational procedures

The potential-energy hypersurface for the adsorption
reaction of Oz molecules on the Si(001) surface was deter-
mined using the ab initio molecular-orbital (MO) method
with the Mdller-Plesset (MP) perturbation theory, which
is an advanced method beyond the Hartree-Fock (HF}
level calculation, because electron correlation is taken
into account.

Kartree-Fock level calculations

In the HF method, the eigenvalue equation for the
electronic state is reduced into the one-electron eigenval-
ue equation

f (x)g;(x)=eg;(x),
v Z N

f (x)= —
—,
' V —g +g [J (x)—E,(x)]

a=1 a j
Z

=h (x)+u "F(x) h (x)= —
—,
' V' —g

a=1 a

J,(x)g, (x)= fdx'f,"(x')r 'P, (x') P;(x),

Ki(x)g;(x)= f dx'g~"(x')r 'f, (x') QJ(x),

where N and v are the total number of electrons and nu-
clei, respectively, x and x' are the position vectors of
each of two electrons, and r is the distance between them.
r, is the distance between the electron x and the nucleus
a. Z, is the atomic number of the nucleus a and g; are
the molecular orbitals (MO's). The wave function of the
ground electronic state of a molecule is expressed by a
single Slater determinant constructed by the eigenfunc-
tions obtained from Eq. (1). Since the operator f (x) in
Eq. (1) depends on its solution [f (x')] thorough the
electron-interaction terms (J, and E ), the eigenvalue
equation (1) must be solved iteratively. The Hartree-
Fock (HF) energy E of the ground electronic state is
given in the following expression:

N V ZE=g g, (x) —
—,
'V' —g P;(x)

I a=1 a

i.e., Ho and the perturbed term V:

H =Ho+ V

where

N

H=gh;(x) +g g r,, ',
l 1=1 J)1
N N

Ho=+ f;(x)=g [h;(x)+u; (x}], (3)

N N

V=+ g r,,
' —g u,""(x) .

The Rayleigh-Schrodinger perturbation theory using the
partitioning of the Hamiltonian in Eq. (3) gives the HF
energy [Eq. (2)] as the sum of the zeroth- and first-order
energies. The correlation energy is first given by the
second-order energy E2 [Eq. (4)]:

where

, ~ ~ ~ ~ (ijllrnn &(mnllij &

8;+Cj E, E,
„

(4)

( ijllmn ) = (ij l
mn ) —(ij lnm ),

&ij lmn &
= f f dx dx'p;(x)p'(x')r 'g (x}g„(x').

P; and g are the occupied MO's whereas ttt and g„are
the unoccupied MO's by electrons in the ground electron-
ic state, i.e., the second-order energy correction by Eq.
(4) is due to double excitations from the occupied MO's,
and g; and g are due to the virtual MO's P and P„.E;,
c, c, and c,„arethe eigenvalues of the eigenfunctions

, and g„,respectively, determined from Eq. (1).
Minima and saddle points on the potential-energy hy-

persurface are characterized by the first and second
derivatives of the potential energy with respect to the
mass-weighted coordinates of the nuclei. The first deriva-
tives with respect to all of the coordinates of the nuclei
must be zero at a local minimum or a saddle point. If all
the second derivatives on vibrational modes are positive,
the point is a local minimum. On the other hand, only
one of the second derivatives is negative and all others
are positive at a saddle point. When some atoms of the
considered molecule were fixed at their initial positions
during computations, the derivatives with respect to
these fixed atoms were omitted from the conditions for
minima and saddle points. In order to determine the
minima and saddle points, the optimization method
developed by Schlegel' was employed. Most calculations
have been performed with GAUSSIAN92 computation pro-
gram produced by Gaussian, Inc.

+-,' y y &y;(x}IJJ(x) IC, (x) ly;(x) & (2) B. Model molecular systems

Second-order perturbation-theory calculations

In the MP perturbation approach, the true Hamiltoni-
an H for the electronic state is partitioned into two parts,

Figure 1(a) represents (2X1) reconstructed dimers on
the ideal Si(001) surface. It has already been clarified'
that the dimers become symmetric structures on an ideal
Si(001) surface which is free from defects or impurities.
Our previous study' ' revealed that there exist two
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FIG. 1. (a) 2XI reconstructed Si(001) surface. Solid and
open spheres at the left were considered for the construction of
a small model, and those at the right for a large model. (b) A
molecular system of the small model, Si&H4+02. (c) A molecu-
lar system of the large model, Si9H»+02. Large and small
solid spheres denote silicon and hydrogen atoms, respectively.
Open spheres denote oxygen atoms in (b) and (c).

stable geometries when an 02 molecule is adsorbed on a
symmetric dimer. One is the case when the molecular
axis of an 02 molecule is perpendicular to a Si dimer
bond, and the other is the case when the molecular axis is
parallel. For the latter case, it has already been reported
that the adsorption of an 02 molecule to the Si dimer
forms a Si-0-0-Si configuration with a stabilization ener-

gy of 41.8 kcal/mol (Ref. 20) and may give a scanning
tunneling microscope (STM) image of a so-called missing
dimer defect. '

In this paper, research was concentrated on the oxida-
tion reaction mechanism which is generated in the former
case, i.e., an 02 molecule is inserted into a Si dimer in the
fashion shown in Figs. 1(b) and 1(c), and subsequently
dissociates to form silicon oxide.

Two types of model compounds —a small model
[SizH4+02, Fig. 1(b)] and a large model [Si9H&&+02, Fig.
1(c)]—have been used in this study. In order to con-
struct the mode1 compounds usable for ah initio
quantum-chemical calculations, first we focused on two
atoms of a Si dimer and the second-layer atoms [see the
left part in Fig. 1(a)]. The two atoms of the Si dimer (the
solid spheres) were left unchanged, while the four
second-layer atoms (the open spheres) were replaced by
hydrogen atoms in the small model. The structure of this
Si2H4 model is assumed to be the symmetric dimer part
of the most stable atomic configuration of the large mod-

el, Si9H&2 which is described below. The Si-H bond
length of this model is 1.48 A, which was taken from the
optimized structure of the singlet SiH2 molecule. The
small model Si2H4+02 is employed for the preparation
of detailed maps of the potential-energy hypersurfaces
from which the most probable reaction paths of the Si di-
mer oxidation process were determined for the spin trip-
let as well as spin quintet electronic states.

The large model Si9H&2+02 is employed for the pur-
pose of the elaboration of the total-energy change along
the most probable reaction path which was determined
using the small model. In order to take the inhuence
from the underlayer Si atoms into account, the large
model consists of the part shown in the right side of Fig.
1(a). In a manner similar to that used in constructing the
small model SitH4+02, nine Si atoms (solid spheres) were
left unchanged, and 12 outer atoms designated by open
spheres were replaced by hydrogen atoms. The atomic
configuration of the underlayer part of this Si9H, 2 model
was assumed to be a single-crystal structure of silicon,
i.e., the Si-Si bond length and the bond angles are 2.35 A
and 109.47', respectively. The Si-H bond length is 1.48
A. The two uppermost Si atoms are allowed to move in-
dependently through the optimization. It will be suggest-
ed in Sec. III that these two uppermost Si atoms always
keep a symmetric configuration through the oxidation re-
action.

C. Basis set functions and electronic states

Each MO is expressed by a linear combination of
Gaussian-type basis set functions. All calculations in this
study are carried out with the standard split-valence-type
basis set 3-21G. '

The ground electronic state of a symmetric dimer of Si
is proved to be the singlet state. The ground electronic
state of an 02 molecule is known to be the spin triplet
Xg, which is energetically more stable than the spin

singlet state 'b, by 22.5 kcal/mol and than the state 'X

by 37.5 kcal/mol, respectively (Fig. 2). Therefore, the
ground electronic state of the total molecular system
which consists of 02 and a Si dimer is the triplet state.
The first excited state of a symmetric Si dimer was
proved to be the triplet state, and the potential-energy
level exists slightly above the ground state, as shown in
Fig. 2. For this reason, we cannot ignore the possibility
that the ground state of the total system might be the
spin quintet state which arises from the X oxygen and
the silicon dimer in the triplet state. The calculations
were performed for the following cases.

Case (1): the triplet 02 molecule reacts with a singlet
SizH4 (the spin triplet state).

Case (2): the triplet Oz molecule reacts with a triplet
SizH4 (the spin quintet state).

III. RESULT

A. Reaction mechanism in the triplet state [case (1)]

The potential-energy map for case (1), the spin triplet
state, is shown in Fig. 3, where the abscissa (R, ) and or-
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FIG. 2. Energy-level diagram of the electronic eigenstates for
(a) an oxygen molecule and (b) a symmetric Si dimer. The total
reaction systems in the spin triplet state (1) and the spin quintet
state (2) originate from the combinations indicated by the dot-
ted lines.

dinate (R2) are the distances shown in Fig. 1(b), i.e., the
distance (R, ) between the Si dimer bond and the lower
oxygen atom and the bond length (R2 ) of the reacting ox-

ygen molecule, respectively. The total-energy calcula-
tions at the MP2 level were performed at more than 200
points to complete the potential-energy contour map
(Fig. 3). The positions of the two Si atoms were fully op-
timized at every point of these more than 200 specified by
the two variables R

&
and R2, while four hydrogen atoms

were always fixed at their initial positions to keep the
crystal structure. The solid line in Fig. 3 denotes the
lowest potential-energy path along the steepest potential
gradient on the potential-energy hypersurface. The three
minimum which indicates the physical adsorption of the
02 molecule to Si(001) surfaces, (b) the transition state of
the oxidation process of Si(001) surfaces by the 02 mole-

cule, and (c) the stable structure of silicon oxide that is
finally produced.

When a spin triplet 0& molecule is located far enough
apart from a SizH4 (R, =6 A), both the SizH~ and 02
molecules keep their optimized structures which are
determined in each standing alone, and the potential en-

ergy of the total reaction system is equal to the simple
sum of each of them. Therefore, no interaction exists be-
tween them at R, =6 A. The value of the potential ener-

gy in this initial stage is set at the zero level of this con-
tour map.

A shallow minimum appears when an O2 molecule ap-
proaches the Si2H4 up to the distance of R&=4.30 A

[Fig. 3(a)]. At this stage, the potential energy hardly
changes along the R

&
direction, but a remarkable change

is observed along the R2. This situation means that the

Oz molecule keeps its molecular characteristics, and that
the expansion or contraction of the O-O bond distance
are strongly restricted at this stage (a). As shown in Fig.
4(a), the O-O distance keeps the same value as an isolated

02 molecule, 1.24 A, determined by the optimization
with 3-21G basis set, and no charge transfer takes place
between the Si2H4 and 02 molecules. The alpha spin den-

sity which generates the spin triplet state in this calcula-
tion is localized completely at the oxygen part, and distri-
buted equally in each of the oxygen atoms.

The potential energy of the system is elevated when the

02 molecule approaches closer to the Si2H4. The O-O
bond length Rz begins to expand at the distance R,
shorter than 2.5 A. The potential energy increases gradu-
ally with the expansion of the bond length of the 02 mol-

ecule. Figure 3(b) corresponds to the transition state of
the oxidation reaction. The geometry and electronic
structure [Fig. 4(b)] show that the 02 molecule is just
about to dissociate at point (b), i.e., the O-O bond length

R2 expands to 1.65 A, and the alpha spin density begins

to be localized at the upper oxygen atom. The electron
transfer takes place from the Si2H4 to the 02 molecule by
—0.3e at this transition state, and the distance R

&
is 2.12

A. One should note that the alpha spin density at the

upper oxygen atom changes drastically from 1.0 at point
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FIG. 3. Contour plots of the potential-

energy hypersurface in case (1): the spin trip-
let state. The numerical values of the potential

energy (kcal/mol) are indicated on the stan-

dard that the infinite separation between the Si
dimer and the 02 molecule is zero kcal/mol.
Axes R, and R2 correspond to distances Rl
and R, in Fig. 1(b). The solid line denotes the
lowest potential-energy path along the steepest
potential gradient on the potential-energy hy-

persurface. The three broken circles indicate

(a) the shallow minimum, (b) the transition
state, and (c) the final stable state of oxide.
The potential-energy values and the atomic
configurations were determined at the MP-2
level using the small model.
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FIG. 4. Atomic config-
urations for (a) the shallow
minimum, (b) the transition
state, and (c) the final stable state
of the oxide in the spin triplet
state, which correspond to (a),
(b), and (c), respectively in Fig.
3. Electron densities and alpha
spin densities (in parentheses)
obtained by Mulliken population
analysis are also shown.

(a) Shallow Minimum (b) Transition State (c) Final Products

(a) to 1.7 at point (b).
When the oxidation reaction proceeds beyond the tran-

sition state, a strong force appears to make the lower oxy-
gen atom form chemical bonds with each Si atom. It
should be noted that the potential-energy change depends
only on R

&
and is independent of the O-O bond length

Rz in this area. This situation means that the 02 mole-
cule has already dissociated completely after passing
through saddle point (b). Finally, the reaction system is
stabilized at point (c},where silicon oxide and an oxygen
atom are produced. This situation is rejected in the deep
potential valley elongated along the R 2 axis in the
potential-energy map in Fig. 3. The corresponding atom-
ic configuration and the electronic structure are
represented in Fig. 4(c). The generated silicon oxide is in
the spin singlet state, whereas the atomic oxygen is in the
spin triplet state, as shown by the alpha spin density of
2.0 at the upper oxygen atom. The electron transfer
takes place from the Si atoms to the oxygen atom in the
silicon oxide by —0.9e.

B. Reaction mechanism in the quintet state [case (2)]

The potential-energy map for case (2}, the spin quintet
state, is shown in Fig. 5. The shallow minimum corre-
sponding to the physical adsorption (a), the transition
state of the oxidation process of Si surfaces (b), and the
stable structure of silicon oxide finally produced (c) exist
in the quintet state in Fig. 5 similarly to the spin triplet
state in Fig. 3. The solid line indicates the lowest
potential-energy path along the steepest potential gra-
dient on this potential-energy hypersurface.

When the spin triplet 02 molecule and the spin triplet
Si2H4 exist far enough apart from each other (R, =6 A),
the structure of the reaction system retains the optimized
structure which is obtained by the calculation on each of
the isolated systems, and the potential energy of the total
system is equal to the simple sum of these two isolated
molecules. For this reason, the value of the potential en-

ergy at this initial state is assigned to the zero level of the
potential-energy contour map in Fig. 5.
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FIG. 5. Contour plots of the potential-
energy hypersurface in case (2): the spin quin-
tet state. The numerical values of the potential
energy (kcal/mol) are shown on the standard
that the infinite separation between the Si di-
mer and the 02 molecule is 0 kcal/mol. Axes
R

&
and R2 correspond to distances R

&
and R &

in Fig. 1(b). The solid line denotes the lowest
potential energy path along the steepest poten-
tial gradient on the potential-energy hypersur-
face. The three broken circles indicate (a) the
shallow minimum, (b) the transition state, and
(c) the final stable state of oxide. The
potential-energy values and the atomic
configurations were calculated at the MP 2 lev-
el using the small model.
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The reaction system is stabilized slightly when the 02
molecule approaches the Si2H4 up to 4.02 A [Fig. 5(a)].
The corresponding atomic configuration and electronic
state are shown in Fig. 6(a). No charge transfer from the
Si2H4 to the 02 molecule occurs, and the O-O bond
length (R, ) keeps the value of an isolated 02 molecule,
1.24 A, determined by the optimization with 3-21G basis
set. Four alpha electrons, which originate the spin quin-
tet state in this calculation, are distributed uniformly on
each of the oxygen as well as silicon atoms. This situa-
tion means that the oxygen molecule still holds its
characteristics as a molecule at this point.

The potential energy does not increase significantly un-
til the 02 molecule approaches the Si2H4 at about 3.0 A,
while the O-O bond length R2 remains unchanged.

0

Beyond 3.0 A, the potential energy is elevated steadily
while shortening the distance R &, but the slight expan-
sion of the O-O bond length r2 still occurs. This situation
in the quintet state is different from the spin triplet state,
where a remarkable expansion of the O-O bond length R2
was observed before the reaction proceeds to the transi-
tion state (Fig. 3). The transition state in the quintet state
locates on point (b) in Fig. 5. The corresponding
geometry and the electronic structure is shown in Fig.
6(b), where the O-O bond length R2 is not so long: 1.40
A, and the alpha spin density in the 02 molecule is partly
localized to the upper atom. This result indicates the
generation of one oxygen atom in the spin triplet state
(upper), and the other in the spin singlet state (lower).

Beyond the transition state, the O-O bond length R2
begins to expand rapidly in accordance with the decrease
of the potential energy. The system is finally stabilized at
point (c), where silicon oxide and an oxygen atom are
produced. No change of the potential energy against the
distance R2 indicates that the 02 molecule has dissociat-
ed completely. The drastic change of the potential ener-

gy along the R, direction means that the oxygen atom
forms strong chemical bonds with the Si atoms in the sil-
icon oxide produced. As shown in Fig. 6(c), the silicon
oxide with an Si-0-Si bridge configuration in the spin
triplet state and an isolated oxygen atom in the spin trip-

let state are generated as the final products. A charge
transfer occurs by —1.0e from the Si atoms to the oxygen
atom in the silicon oxide. The alpha spin density on the
Si-Si dimer in Fig. 6(a) before the oxidation still remains
on the same atoms even after the silicon oxide is generat-
ed [Fig. 6(c)].

C. The most probable reaction path

As shown in Fig. 3 for the spin triplet state and in Fig.
5 for the spin quintet state, two kinds of the lowest
potential-energy paths along the steepest potential gra-
dient were determined on the oxidation reaction of the
outermost layer of the 2 X 1 reconstructed Si(001) surface.
Which, then, is the most probable reaction path of the
two? Since the absolute values of the potential energy on
the zero level are different in each of the hypersurfaces,
the potential energies appearing in Figs. 3 and 5 cannot
be compared directly as they are. The difference in the
absolute values of the potential energy in the infinite sep-
aration must be taken into consideration in the following
discussion. Detailed comparisons of the potential-energy
change following the reaction paths revealed that (1) the
potential-energy hypersurface of the spin triplet state is
lower than that of the quintet state at the infinite separa-
tion between an 02 molecule and a Si2H~, and (2) the
potential-energy hypersurface of the spin quintet state
crosses with that of the spin triplet state only at the area
of the final products. These findings indicate that the
lowest potential-energy path of the spin triplet state is the
most probable reaction path of the oxidation process of
Si(001) surfaces with 02 rnolecules. For this reason, it is

concluded that the activation energy measured in experi-
ments has to be generated in the reaction in the spin trip-
let state.

In order to determine theoretically an activation ener-

gy which is comparable with experiments, more elaborate
calculations employing the large model Si9H, 2+02 were

performed along the lowest potential-energy path in the
spin triplet state. The result is shown in Fig. 7. The
potential-energy change obtained following the lowest-
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FIG. 6. Atomic config-

urations for (a) the shallow

minimum, (b) the transition
state, and (c) the fina stable state
in the spin quintet state, which

correspond to (a), (b), and (c) in

Fig. 5, respectively. Electron
densities and alpha spin densities

(in parentheses) obtained by
Mulliken population analysis are
also shown.
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tion path (~ A) along the steepest potential
gradient on the potential-energy hypersurface
in the spin triplet state. The energy was calcu-
lated by the MP perturbation theory up to the
second order using a large model: Si9H»+0, .
The zero line is the infinite separation between
the Si dimer and the 02 molecule. The dis-

tance on the abscissa is the reaction path on
the potential-energy hypersurface expressed by
the mass-weighted 3N-6 dimensional Cartesian
coordinates where N is 23, the number of the
atoms constructing the large model. The inset
shows the trace of the lowest-energy reaction
path in the two-dimensional coordinates where
distances R& and R2 correspond to those of
Fig. 1(c). The dotted line representing the
Eckart-type potential-energy function was

drawn by curve fitting performed in such a
manner that these two potential-energy curves
match well at the vicinity of the potential-

energy barrier.

energy reaction path is shown as the solid line in Fig. 7.
The oxygen bond length R2 in Fig. 1(c) and the positions
of two dimer Si atoms are fully optimized at the Hartree-
Fock level at all the points in Fig. 7, specified by the dis-
tance R, between the Si(001) surface and the 02 molecule
which is shown in Fig. 1(c), while all the hydrogen atoms
and seven underlayer Si atoms are fixed at their initial po-
sitions to retain the crystal structure. Using these opti-
mized structures, the values of the potential energy were
redetermined at the MP2 level.

The re1ationship between 8& and E2 following the
lowest potential-energy reaction path is also shown in the
inset of Fig. 7. Comparing the trace of the lowest
potential-energy reaction path shown in Fig. 3 with those
in Fig. 7, one can confirm the consistency of the compu-
tational results between the small (Si2H4+02) and large
models (Si9H,2+02). The shallow minimum, the transi-
tion state, and the final stable state are also recognized in
Fig. 7. At the shallow minimum the system is stabilized
by 0.6 kcal/mol. The potential energy at the transition
state is very high, i.e., 60.4 kcal/mol, which is considered
to be the activation energy required for this reaction.
The stabilization energy of the final stable state is 26.4
kcal/mol. This small stabilization energy originates from
the fact that the final products are the stable silicon oxide
and the unstable oxygen atom.

IV. DISCUSSION

A. Temperature dependence

of the oxidation reaction-rate constants

It is well known that Si(001}surfaces utilized for elec-
tronic devices are often covered with natural oxide thin
films in air. However, the activation energy result ob-
tained for the oxidation by 02 molecules predicts that
only the perfect (001) surfaces covered with the recon-
structed dimers are not oxidized at room temperatures.
What then, is the origin of the natural oxide formation?

It has generally been recognized that the
quantum-mechanical tunneling effect makes a significant
contribution to chemical reactions (e.g., the hydrogen
abstraction and insertion) and the effect appears dom-

inantly in the rate constants at low temperatures. One of
the most prominent efFects induced by the tunneling is an
unusual lowering of the apparent activation energy in ex-
periments observed at low temperatures. For this reason,
an investigation was carried out on the possibility of the
contribution of the tunneling effect to the oxidation reac-
tion which follows the adsorption of 02 molecules on
Si(001} surfaces at room temperatures. The lowering of
the apparent activation energy in experiments could be
predicted by the temperature dependence of rate con-
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stants which are calculated with a consideration of the
tunneling effect.

The barrier region of the lowest potential-energy reac-
tion path (Fig. 7) has been fitted approximately to an
analytical function of the Eckart potential. ' The
asymmetric Eckart potential along the reaction path x
can be written as

100~

Ol

-100-

V(x)= —Ag/(I g) —Bg—/(I —g), g= —exp(2nx/L),

where —A is the exothermicity and L is a characteristic
length related to the tunneling frequency. Using formula
(5), the barrier height measured from the reactants is
given by

VnH=(A +B) /4B .

The result of a curve fitting with the Eckart potential is
also shown in Fig. 7 by the dotted line. A particle having
mass p with translational energy (Er) permeates through
the Eckart potential barrier with a probability P (Er ):

-200

A
-300

i0

-400 '

10

1QQQ/T (K 1)

15

where

cosh[2~(a —P) ]+cosh[2m5]
cosh[2n(a+P}]+cosh[2m5]

k(T) ~ f P(Er)exp( Er/kT)dEr —.
0

(8)

The classical rate constant without the tunneling is also
calculated in Eq. (8) by substituting the classical
transmission probability P (Er) with the quantum-
mechanical P (Er ):

0, Ez- & VBH

1, E V (9)

In this classical case, Eq. (8) is integrated analytically to
give the familiar form

k(T}~kTexp( —VBH/kT) . (10)

The temperature dependence of the rate constants
theoretically obtained using Eqs. (8) and (10) are shown in
Fig. 8. The contribution of the quantum-mechanical tun-
neling effect appears in the rate constant at low ternpera-
tures. Nevertheless, the activation energy with the
quantum-mechanical tunneling effect estimated from the
local slope of the Arrhenius plot at low temperatures is
still high: =40 kcal/rnO. This result means that the

a = (Ez'/c) — P= ~ [(Ez' A )/c]'

5=—,'[(B —c)/c]', c =h /8pL

h is the Planck constant. In the present theoretical
analysis, the particle is the representative point of the re-
action system on the potential-energy hypersurface,
where p = l because the hypersurface is constructed with
the mass-weighted coordinate as indicated in Sec. IIA.
A quantity proportional to the rate constant k (T) is ob-
tained by the following equation (8) with P(Er), when
the Boltzmann distribution of the translational energies
of the particle is assumed:

FIG. 8. Temperature dependence of the rate constants of the
oxidation of the reconstructed Si dimers on Si(001) surfaces by
02 molecules. The solid line represents the case considering the
tunneling effect, and the dotted line expresses the classical case
without quantum-mechanical tunneling. The rate constant at
1250 K was tentatively assumed to be unity at the ordinate.

tunneling effect has no serious inhuence on the oxidation
of Si(001) surfaces with Oz molecules when the surface is
perfectly covered with reconstructed dirners.

B.Comparison with experimental findings

Engstrom and co-workers ' and Evelyn, Nelson, and
Engel ' used a pulse-modulated molecular-beam reactive
scattering method in kinetic studies of 02 molecules or
oxygen-atom adsorption to Si(001) surfaces as well as Si0
desorption from the same surfaces at high temperatures
(T) 1000 K}. Their experimental results suggested the
following sequential process in the reaction with rnolecu-
lar oxygen:

02(g)

So
2 kl k2

= SiO(g),

and for atomic oxygen:

k'

O(g) :SiO(g), (12)

where So and So are the sticking probability of 02 mol-
2

ecules and 0 atoms to Si(001) surfaces. The activation
energies for the rate constants k, and kz were estimated
to be 60 and 78.5 kcal/rnol, respectively. The rate con-
stant k' was found to be identical to k2. Thus it was con-
cluded that the adsorption of atomic oxygen directly gen-
erates the intermediate state I', and that I' in Eq. (12) is
identical to the intermediate state I2 in Eq. (11). This re-
sult was also confirmed by other groups ' using similar
modulated molecular-beam techniques. These results are
strongly considered to support our theoretical results;
i.e., the first step with k, in Eq. (11) is the oxidation pro-
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cess of Si dimers by 02 molecules adsorbed on Si(001) sur-

faces, and the second step with k2 is the desorption of
SiO from the surfaces. Moreover, it has been clarified
from our theoretical research that no activation energy
is required in the oxidation of Si dimers on Si(001) sur-
faces by atomic oxygen, and that silicon oxide with the
Si-O-Si bridging structure is formed spontaneously.
Therefore, we conclude that the intermediate state I2 in

Eq. (11) is a final stable silicon oxide, and that the inter-
mediate I, in Eq. (11) is a molecularly adsorbed precur-
sor state and the rate constant k& corresponds to the oxi-
dation process of a Si dimer on Si(001) surfaces by the ad-
sorbed 02 molecule. The activation energy 60.4 kcal/mol
theoretically obtained by our calculations agrees quite
well with the value derived from the modulated
molecular-beam analyses.

Judging from the large activation energy estimated in
this study, it is concluded that symmetric dimers on
Si(001)-2X1 reconstructed surfaces are inert against the
oxidation reaction by 02 molecules and hardly oxidized
at room temperatures. Recent STM observations by
Avouris and Lyo also support this conclusion. The
STM images, after an exposure of 02 molecules on
Si(001)-2X1 surfaces, showed that the majority of sym-
metric dimers appearing were unreactive, while defect
sites only, in particular C-type defects, have high reactivi-
ty and the oxidation of Si(001) surfaces at the initial stage
is essentially restricted to the dimer defect sites. This
high reactivity of C-type defects is reason why the con-
version from the molecular precursor of 02 adsorbed on
Si(001) surfaces to the final stable state is not obviously
detectable in experiments comparing with the cases for
Si(111)surfaces. ' The natural oxide film formation on
Si(001) surfaces might originate from the defect sites.

Some groups reported ' that electron transfer from
Si surfaces to 02 adsorbed molecules promotes the oxida-
tion reaction on Si surfaces. This experiment is compati-
ble with our calculation that the oxidation of reconstruct-
ed dimers on Si(001) surfaces by an adsorbed Oz molecule
requires a charge transfer of 0.3 electrons at the transi-
tion state in the spin triplet state [Fig. 4(b)].

V. SUMMARY

The adsorption reaction of 02 molecules and the subse-
quent oxidation of reconstructed dimers on Si(001) sur-

faces were investigated using ab initio quantum-chemical
calculations. The investigation has been performed both
in cases of spin triplet and spin quintet states. For both
cases, detailed analyses using potential-energy contour
maps revealed that (1) a shallow minimum of the
potential-energy hypersurface exists for the molecular ad-
sorbate of Oz on Si(001) surfaces as a precursor, (2) the
dissociation of the adsorbed 02 molecule for the oxida-
tion of Si(001) surfaces requires a large activation energy,
and (3) silicon oxide with an Si-0-Si structure and an iso-
lated oxygen atom are generated as the reaction products.

The lowest-energy reaction path exists on the
potential-energy hypersurface in the lowest triplet state.
The activation energy for the oxidation of Si(001} sur-
faces completely covered with reconstructed dimers by
the adsorbed Oz molecules is obtained to be 60.4
kcal/mol by the elaborate calculations using the Mdller-
Plesset perturbation theory up to the second order. Some
experiments exist which support this theoretical result.
The temperature dependence of the reaction-rate con-
stants was calculated theoretically on this oxidation pro-
cess by considering the contribution of the quantum-
mechanical tunneling effect. The apparent activation en-
ergy estimated from the Arrhenius plot with the calculat-
ed rate constants is 40 kcal/mol at low tetnperatures.
Therefore, it was concluded that Si(001) surfaces perfect-
ly covered with the reconstructed dimers are inert against
the oxidation by the 02 molecule at room temperature.
STM images of Si(001) surfaces after an exposure of 02
molecules support this conclusion; i.e., the oxidation by
O2 molecules starts at the defect sites only, and the recon-
structed dimers remain unreactive. Natural oxides cover-
ing Si(001} surfaces might originate from the oxidation
which begins at the defect sites of the surface by the 02
molecule.
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