
PHYSICAL REVIEW B 15 JANUARY 1999-IVOLUME 59, NUMBER 3
Adsorption of atomic and molecular oxygen and desorption of silicon monoxide
on Si„111… surfaces

T. Hoshino
Faculty of Pharmaceutical Sciences, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan

~Received 3 February 1998; revised manuscript received 31 August 1998!

Quantum chemical theoretical calculations were performed to investigate the adsorption reaction of an O2

molecule or an O atom with a single dangling bond on the Si~111! surface and the desorption reaction of SiO
gas from the O-adsorbed Si surface. The dissociative reaction of an O2 molecule requires an activation energy
of 58 kcal/mol, whereas no potential-energy barrier exists in the reaction of an O atom. The most stable
O-adsorbed species has a Si-O-Si bridging configuration. This configuration is formed by a conversion from
the preceding metastable species where an O atom directly attaches to a surface dangling bond. It was revealed
in the SiO desorption that the dissociation of two Si-Si bonds and one Si-O bond was responsible for the SiO
generation. The activation energy of each dissociation was estimated to be 89 and 44 kcal/mol, respectively.
In addition, the consistency of the theoretical calculations for the kinetics of the oxygen adsorption and
subsequent SiO desorption was examined under change in the size of the computational model clusters.
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I. INTRODUCTION

The adsorption reaction of oxygen on Si surfaces and s
sequent desorption of SiO has been studied extensively1 be-
cause of its technological importance and because of k
scientific interest. In particular, the kinetics of the O2 reac-
tion with a Si surface was one of the major targets in ear
studies.2,3 Some spectroscopic observations performed
room temperatures2 indicated that the final stable state
chemisorbed oxygen species had a Si-O-Si bridging confi
ration. The measurement of the surface work-function s
at very low temperatures3 provided clear evidence for th
presence of the molecular precursor preceding the fi
bridging configuration. These experimental findings su
gested that there existed an activation energy barrier for
oxidation reaction of Si~111! surfaces with O2 molecules.
The kinetics of desorption of oxidized species on a Si surf
is also an important subject in oxygen reaction with a
surface. It is known that the monoxide SiO is produced
the sublimation of silicon oxide films at high substrate te
perature and sufficiently low oxygen pressure. Pulsed m
lecular beam reactive scattering is a powerful technique
investigating the kinetics of those reactions.4 Reaction of the
incident O2 or O pulses with the Si surface at substrate te
peratures above;1000 K leads to the production of SiO
molecules. Several experiments5,6 suggested that the reactio
path of O2 molecules on Si surfaces was via a sequen
two-step process. One of these two steps was interprete
be identical to the step detected in the reaction with an
atom. A clearer explanation, however, is required for a be
understanding of the kinetics of oxidation and the etch
mechanisms of Si surfaces by molecular and atomic oxyg

Theoretical investigations of the initial stage of oxidati
reaction of dimers on the Si(100)231 surface have alread
been performed by several groups.7–10 In our previous
work,10 an oxidation reaction was examined in which an2
molecule was inserted into the dimer bond while keeping
PRB 590163-1829/99/59~3!/2332~9!/$15.00
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molecular axis perpendicular to the surface. An activat
energy of 60.4 kcal/mol was required for the dissociat
reaction with the O2 molecule. In contrast, the oxidation re
action by an O atom needs no activation energy. The act
tion energy estimated for the O2 dissociative reaction is com
patible with the value for one of the sequential steps obtai
in the experiments by pulsed molecular-beam scattering.5 In
spite of much theoretical work,7–10 the desorption process b
SiO sublimation has not yet been fully elucidated: there
mains a strong need to investigate the reaction mechanis
the desorption process of SiO on the Si surface based
reliable theoretical approach. It is also interesting to see h
the O2 molecule or O atom interacts with a dangling bond
a Si surface. Hence, the main target of the present work i
reveal the mechanisms of the adsorption of an O2 molecule
and of an O atom on a dangling bond on the surface and
desorption of SiO species from the oxidized Si surface.
this study, first principles cluster calculations were p
formed to examine the process of O2 or O reaction on the
Si~111! surface at high substrate temperatures. The ato
configurations and the potential energy curves along
probable reaction paths are presented to suggest the kin
of oxygen on Si surfaces.

II. METHOD OF CALCULATION

Two molecular models, Si4H9 @Fig. 1~a!# and Si22H21
@Fig. 1~b!#, were used to represent the Si~111! surface struc-
ture. The small model, Si4H9 @Fig. 1~a!#, consists of four Si
atoms in the first bilayer, which provides a single surfa
dangling bond. This model also corresponds to the struc
of a Si rest atom on the Si(111)737 surface. Nine H atoms
were employed to terminate the outer and lower bonds
making a cluster model suitable for quantum chemical c
culation. Most of the computations were performed us
this small cluster with an added O2 molecule or O atom to
obtain the reaction paths and their potential-energy curv
The extended model, Si22H21 @Fig. 1~b!#, contains a small
2332 ©1999 The American Physical Society
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PRB 59 2333ADSORPTION OF ATOMIC AND MOLECULAR OXYGEN . . .
cluster model~shown with hatched circles! and also includes
all the second neighbor and a part of the third neighbor
atoms from the center Si rest atom. The outer and lo
chemical bonds were also embedded in H atoms. This la
cluster model was employed to check the consistency of
computational results with different cluster sizes by comp
ing the potential-energy change during the reaction. In
initial structure, the Si-Si and Si-H bond lengths were se
2.35 and 1.48 Å, respectively, and all bond angles were
to 109.47°. In the small cluster model, all the Si and O ato
were allowed to move independently during geometry o
mization, whereas the movement of the H atoms was
stricted to maintain a crystalline structure. In the lar
model, geometry optimization was achieved for the four
ner Si atoms@darkly hatched in Fig. 1~b!# and the O atom
while maintaining the initial crystalline positions for th
outer Si atoms and the embedding H atoms.

The lowest potential-energy reaction paths were de
mined through the geometry optimization employing anab
initio Hartree-Fock molecular orbital~MO! method.11 The
positions of the Si and O atoms were fully optimized at a
stable and saddle points with the energy gradient method12 It
was confirmed from the vibration analysis at the optimiz

FIG. 1. Model molecules used for the cluster calculations.~a!
Si4H9 and~b! Si22H21 clusters are employed to represent the atom
geometry of the unreconstructed Si~111! surface. Large shade
spheres denote Si atoms, where the darker spheres in~b! correspond
to the four Si atoms in~a!. Small solid spheres denote the hydrog
atoms used to terminate the chemical bonds at the outer and l
parts of the cluster.
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saddle point that a negative frequency appeared in the vi
tional mode, indicating a large motion of the O atom. T
intrinsic reaction coordinates~IRC! were obtained along the
steepest descending gradient from the saddle point to
stable point for both directions of the reactant and produ
That is, the so-called IRC calculations were carried out
confirm that the optimized saddle point was valid for t
transition state of the reaction. The potential-energy cha
along the reaction path was estimated by total-energy ca
lations with the second-order Mo” ller-Plesset perturbation
theory11 ~MP-2! to include the effect of electron correlation
Because of the computational limitation, an MP-2 compu
tion was impossible for the large cluster model. Hence,
density-functional theory~DFT! was employed for the esti
mation of the total energy in the computation with the lar
cluster. The exchange energy was computed with
gradient-corrected formula proposed by Becke,13 and the
correlation energy was with the formula derived by Le
Yang, and Parr.14 This method was reported to yield accura
thermochemical properties for a wide variety of molecu
systems.15 The DFT calculations were also performed wi
the small cluster to check the computational compatibi
between the MP-2 and DFT methods. The basis set func
was a standard split-valence type GTO set, 3-21G*.16 The
computer program used wasGAUSSIAN94.17

III. RESULTS

The potential-energy changes shown in Fig. 2 represe
brief summary of the reaction of an O2 molecule or O atom
with a Si rest atom on the Si~111! surface. Paths I and I
indicate the oxidation reactions by an O2 molecule and by an
O atom, respectively. Both reaction paths lead to the gen
tion of the same reaction product on the Si surface, the ‘‘
sorbed structure.’’ This adsorbed structure is converted in
‘‘bridging structure’’ through reaction path III. This bridging
structure is the most stable species for the oxidized Si~111!
surface obtained with the present model cluster. At high s
strate temperatures, the SiO molecule desorbs through p
IV and V. There exists an intermediate state, the ‘‘pred
orbing state’’ which is a product of path IV. An SiO mo
ecule finally detaches from the surface through reaction p
V. In the following subsections, the reaction mechanism a
the potential-energy curve are presented for each reac
path in detail.

A. Oxidation by O2 molecule„path I …

The potential-energy curve along the lowest energy p
for the reaction of O2 molecule with a dangling bond on th
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FIG. 2. Potential-energy changes during t
whole process of oxidation of Si surfaces by O2

molecule or O atom and subsequent desorpt
with SiO molecule. The energy is presented re
tive to the value for the bridging structure whic
is the most stable state in the reaction. The re
tion process is divided into several pathwa
named paths I–V, connected at major stab
states.
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2334 PRB 59T. HOSHINO
Si~111! surface is shown in Fig. 3. The zero level of th
potential curve corresponds to an infinite separation of
O2 molecule from the Si surface. Since the cluster mo
representing the Si surface has a single dangling bond
electronic spin state is doublet. The electronic ground s
of O2 molecule is the spin triplet. Hence, the computati
was performed with the spin quartet state for the whole s
tem. In Fig. 3, there exists a large potential energy bar
during the reaction along path I. A shallow minimum a
pears before the energy barrier, which indicates a very sl
stabilization compared to the initial state. The potential
ergy rapidly increases with an approach to the transit
state. The energy at the transition state is 58 kcal/m
which is the activation energy required for the dissociat
oxidation reaction of the O2 molecule. Beyond the transitio
state, the potential energy decreases steadily, and
O-adsorbed structure plus a single O atom is generate
reaction products. The stabilization energy is 21 kcal/mo

FIG. 3. Potential-energy curve along the lowest-energy reac
pathway for the oxidation by an O2 molecule~path I in Fig. 2!. The
energy is presented relative to an infinite separation of the O2 mol-
ecule from the Si surface. The abscissa represents the distance
the transition state measured in the mass-weighted Cartesian
dinates. Atomic configurations for~a! the shallow minimum,~b! the
transition state, and~c! the adsorbed structure plus the O atom a
exhibited with electron densities anda-spin densities~in parenthe-
ses! obtained by Mulliken population analysis. Some bond leng
are presented in units of Å , and no hydrogen atoms are shown f
the sake of visual clarity. Open and shaded spheres denote O a
atoms, respectively.
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The optimized atomic configurations and the electr
populations corresponding to~a! the shallow minimum,~b!
the transition state, and~c! the adsorbed structure plus the
atom are shown in the upper part of Fig. 3. In the shall
minimum, no charge transfer occurs between the Si surf
and the O2 molecule. Thea-spin densities shown at the tw
O atoms are equal at 1.0, which indicates that the O2 mol-
ecule keeps the initial electronic structure of the spin trip
state. In the transition state, the O2 molecule approaches th
Si surface dangling bond up to 2.5 Å, and a small amoun
electrons transfers from the Si surface to the O2 molecule.
The bond length of the O2 molecule increases to 1.68 Å
from the initial value of 1.24 Å, and thea spin density
begins to localize at the upper O atom, which suggests
dissociation of the O2 molecule. In the adsorbed structu
plus the O atom, the O2 molecule is completely dissociate
as confirmed by an O-O distance of 2.7 Å. Thea-spin den-
sity of the separated O atom is almost 2.0, which means
this O atom is in the spin triplet state, i.e., the ground st
for atomic oxygen. The Si-O bond length becomes 1.70
in the O-adsorbed structure, and much of the unpaireda-spin
electron that was localized at the Si surface dangling b
moves to the O atom. A charge transfer of20.38e from the
Si surface to the O atom also occurs.

B. Adsorption of O atom „path II …

The lowest-energy reaction path was obtained for the
action of O atom with a dangling bond on the Si~111! sur-
face. The potential-energy curve shown in Fig. 4 is presen
relative to an infinite separation of the O atom from the
surface. Since the electronic ground state of the final prod
the O-adsorbed structure, is the spin doublet state, comp
tions have been carried out with the spin doublet st
throughout reaction path II. There exists no potential ene
barrier in the adsorption reaction of the O atom. This is
prominent difference from the reaction by the O2 molecule.
The potential energy gradually decreases as an O atom
proaches the Si surface, and the reaction finally results in
generation of an O-adsorbed structure. The stabilization
ergy of this reaction path is 84 kcal/mol compared to t
initial state.

The optimized atomic configurations and the electr
populations corresponding to~a! the Si surface with the O
atom and~b! the adsorbed structure are also shown in Fig
For the Si surface with the O atom, an unpairedb electron
appears on the Si rest atom, which suggests a single dan
bond on the Si surface. Thea-spin density of the O atom is
2.0, which means that the O atom is in the ground electro
state of atomic oxygen~the spin triplet state!. In the adsorbed
structure, a charge transfer of20.39e occurs from the Si
surface to the O atom, and thea-spin density is localized on
the O atom. The optimized Si-O bond length is 1.70 Å. It
important to note that the atomic configuration and the el
tronic structure of the adsorbed state produced by path II
identical to that obtained by path I.

C. Conversion from adsorbed structure to bridging
structure „path III …

The lowest-energy reaction path for the conversion fr
the adsorbed structure to the bridging structure is shown
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PRB 59 2335ADSORPTION OF ATOMIC AND MOLECULAR OXYGEN . . .
Fig. 5. The potential-energy curve is presented in rela
value to the adsorbed structure. Computations were
formed with the spin doublet state. There appears a sm
potential-energy barrier for the conversion reaction of t
path. The potential energy slowly increases with approac
the transition state from the adsorbed structure. The en
at the transition state is 4.4 kcal/mol; that is, the activat
energy required for this conversion is trivial. Passing o
the transition state, the potential energy gradually decrea
and a bridging structure is produced as a consequence o
conversion reaction. The stabilization energy is 28 kcal/m
relative to the initial adsorbed structure. The final bridgi
structure is the most stable among all of the states inve
gated in this report.

The optimized atomic configurations and the electr
populations in~a! the adsorbed structure,~b! the transition
state, and~c! the bridging structure are shown in the upp
part of Fig. 5. The adsorbed structure is identical to the fi
product of paths I and II. A charge transfer occurs from
Si surface to the O atom, and much of thea-spin density

FIG. 4. Potential-energy curve along the lowest energy reac
pathway for the adsorption of O atom~path II in Fig. 2!. The ab-
scissa represents the distance measured from the adsorbed str
in the mass-weighted coordinates. Atomic configurations for~a! the
Si surface with the O atom and~b! the adsorbed structure are e
hibited with electron densities anda spin densities~in parentheses!.
See also the legend of Fig. 3.
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concentrates on the O atom. In the transition state, th
atom leans toward one of the Si atoms in the second la
which leads to the formation of a three member ring of O-
Si. The amount of the electron transfer from the Si surface
the O atom increases compared to the initial adsorbed st
ture, and most of thea spin density is still localized on the O
atom. In the bridging structure, the O atom is complet
inserted into the Si-Si bond. The two Si-O bonds assume
same length, 1.61 Å, and the Si-O-Si bond angle becom
143°. These values are fairly close to those of crystall
SiO2 (a-quartz18!. The charge transfer from the Si to the
atom drastically increases to20.81e. An unpaireda-spin
electron transfers to the Si rest atom; that is, most of
a-spin density is localized at the Si rest atom, which in
cates the presence of a single dangling bond on the rest a
It is reasonable to conclude that the bridging structure is
typical configuration of silicon oxide on an Si~111! surface.

D. Dissociation of Si-Si bonds for SiO sublimation„path IV …

The potential-energy curve along the lowest energy re
tion path for the dissociation of Si-Si bonds during the S
desorption is shown in Fig. 6. The potential energy along t
path is presented relative to the bridging structure. The re
tion path was determined with the spin doublet state, but
potential energy changes were computed for both the s
doublet and the quartet states. In the spin doublet state

n

ture

FIG. 5. Potential-energy curve along the lowest-energy reac
pathway for the conversion of the silicon oxide structure~path III in
Fig. 2!. The energy is presented relative to the adsorbed struc
The abscissa represents the distance from the transition state
sured in the mass-weighted coordinates. Atomic configurations
~a! the adsorbed structure,~b! the transition state, and~c! the bridg-
ing structure are exhibited with electron densities anda-spin den-
sities ~in parentheses!. See also the legend of Fig. 3.
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2336 PRB 59T. HOSHINO
potential energy monotonically increases as the reac
progresses from the bridging structure to the predesorb
state. The energy difference between the bridging struc
and the predesorbing state is 89 kcal/mol, which pose
significantly large activation energy barrier in the desorpt
process. In the spin quartet state, the potential energy gr
ally decreases from the bridging structure to the predes
ing state. In fact, the predesorbing state is located at
potential-energy minimum in the spin quartet state. This f
was confirmed by the geometry optimization with the sp
quartet state. Note that the two spin electronic states,
doublet and quartet, converge to the same energy in the
desorbing state.

The optimized atomic configurations and the electr
populations in~a! the bridging structure and~b! the predes-
orbing state are also shown in Fig. 6. The bridging struct
is identical to the product of path III, where the Si-O bo
lengths and Si-O-Si bond angle are close to the value
crystalline SiO2 . In the predesorbing state, the Si rest ato
moves upward, and the Si-Si bonds between the rest a
and the second layer atoms are completely dissociated.
Si-O-Si bond bends to the opposite direction compared to
bridging structure. Both Si-O bond lengths are 1.65 Å, a
the Si-O-Si bond angle is 139°. The electron populat
shown in Fig. 6~b! is the value obtained in the spin doubl
state. A charge transfer of20.83e is still achieved due to the
electron attraction of the O atom from the adjacent Si ato
No significant charge transfer, however, occurs around

FIG. 6. Potential-energy curve along the lowest-energy reac
pathway for the dissociation of Si-Si bonds for SiO desorption~path
IV in Fig. 2!. The circle and square plots are for the spin doub
and quartet states, respectively. The energy and the distance i
scissa are measured from the bridging structure. Atomic config
tions for~a! the bridging structure and~b! the predesorbing state ar
exhibited with electron densities anda-spin densities~in parenthe-
ses!. See also the legend of Fig. 3.
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dissociated Si atoms in the second layer. A large density
b-spin electrons appears at the Si rest atom, and in cont
two dissociated Si atoms in the second layer have la
a-spin densities, which means that each of those Si ato
has a single dangling bond. In the predesorbing structure
electron populations of the spin quartet state are almost
same as those of the doublet state, except that theb-spin
density at the Si rest atom is substituted by ana-spin.

E. Detachment of SiO molecule„path V…

The lowest-energy reaction path for the detachment o
SiO molecule from a Si surface is shown in Fig. 7. T
potential-energy curve is presented relative to the predes
ing state. Computations were performed with the spin qua
state. There exists a potential-energy barrier for the sep
tion of the SiO molecule. The potential energy steadily
creases with approach to the transition state, and the valu
the transition state is 44 kcal/mol compared to the pred
orbing state. Beyond the transition state, the potential ene
gradually decreases, and a shallow minimum appears be
the complete separation of the SiO molecule. The energ
this shallow minimum is higher than that of the predesorb
state by 26 kcal/mol. At the SiO separation, the poten
energy becomes 32 kcal/mol. Therefore, the final SiO d
connection from the Si surface is required to overcome
slight energy barrier of 6 kcal/mol.

n

t
ab-
a-

FIG. 7. Potential-energy curve along the lowest-energy reac
pathway for the detachment of the SiO molecule~path V in Fig. 2!.
The energy is presented relative to the predesorbing state. The
scissa represents the distance measured from the transition
Atomic configurations for~a! the predesorbing state,~b! the transi-
tion state, and~c! the SiO separation state are exhibited with ele
tron densities anda-spin densities~in parentheses!. See also the
legend of Fig. 3.
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The optimized atomic configurations and the electr
populations~a! in the predesorbing state,~b! in the transition
state, and~c! at the SiO separation are shown in the upp
part of Fig. 7. The predesorbing state is identical to the fi
state of path IV. Thea-spin densities are localized at the tw
dissociated Si atoms in the second layer and the top Si a
that used to be the rest atom. In the transition state, the S
bond length between the O atom and the Si rest atom red
to 1.60 Å. In contrast, the bond length between the O at
and the Si atom in the second layer expands to 2.44 Å. T
structural change suggests that the dissociation of one o
Si-O bonds is responsible for the potential-energy barrie
the transition state. The charge transfer to the O atom
duces to20.54e compared to the predesorbing state w
most of the charge transfer from the top Si atom. Thea-spin
density of the Si atom in the second layer increases, an
the same time, the spin density of the top Si atom decrea
At the SiO separation, the bond length of the SiO molec
becomes 1.55 Å. A charge transfer of20.56e occurs only
in the SiO molecule. No charge transfer occurs from the
surface to the SiO molecule. Thea-spin density suggest
that SiO molecule is the spin singlet state. Each of three
atoms left on the surface after SiO desorption has ana-spin
density of;1.0, which suggests the presence of single d
gling bond on each Si atom.

F. Comparison of computational results
with small and large clusters

In order to check the dependence of the computatio
results on the size of the model cluster, calculations w
performed with the large cluster shown in Fig. 1~b!. The
potential energies were obtained for the four stable states~a!
the adsorbed structure,~b! the bridging structure,~c! the pre-
desorbing state, and~d! the SiO separation state. The geom
etry of every stable state was optimized with the large mo
However, the DFT was employed because of the shortag
computational memory for the MP-2 level calculation wi
the large cluster. Furthermore, calculations with the D
method were also carried out for the small cluster with
ometry optimization for the purpose of evaluating the co
putational errors caused by the differences between the
ployed theories.

A comparison of the potential energies between sm
Si4H91O, and large, Si22H211O, cluster models is pre
sented in Table I. The potential energy is relative value w
respect to the respective cluster. The bridging structure is
course, the most stable state in every calculation. It can
seen from the small cluster calculation that some degre

TABLE I. Comparison of potential-energy changes between
small and large cluster models. The energy differences are
sented relative to the bridging structure.

Si4H91O Si22H211O
MP-2 ~eV! DFT ~eV! DFT ~eV!

Adsorbed structure 1.22 0.95 0.96
Bridging structure 0.00 0.00 0.00
Predesorbing state 3.88 3.67 3.66
SiO separation state 5.30 5.76 5.46
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error exists between the MP-2 and DFT methods. Howe
the potential-energy changes during the reaction gener
agree with each other. Good consistency of the potential
ergies between the small and large models is obtained
the DFT method, except for an error in the SiO separati
From this consistency, it is safe to assume that the sm
cluster gives reasonable results for the potential-ene
changes in the reactions addressed in this work. The st
tural transformation during the reaction computed with t
large cluster is shown in Fig. 8. Every optimized atom
configuration of the~a! adsorbed structure,~b! bridging
structure,~c! predesorbing state, and~d! SiO separation state
completely agrees with those obtained by the small clus
This agreement also supports the consistency of calculat
between the small and large cluster models.

IV. DISCUSSION

The theoretical calculations executed in this work ha
provided the following findings on the kinetics of oxidatio
of Si~111! surfaces and subsequent desorption of SiO.~1!
The most significant difference between oxidation reactio
by O2 molecules and O atoms is in the activation ener
necessary for the reactions. The dissociative oxidation re
tion by an O2 molecule requires a large activation energy
58 kcal/mol (2.5 eV), whereas no activation energy is

e
e-

FIG. 8. Atomic configurations for~a! the adsorbed structure,~b!
the bridging structure,~c! the predesorbing state, and~d! the SiO
separation state, optimized with the large cluster of Si22H21 @Fig.
1~b!#. Open and shaded spheres denote O and Si atoms, re
tively. Consistency is achieved with the optimized structures of
small cluster model.
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quired for the oxidation reaction by an O atom. It is intere
ing to note that the activation energy estimated for the2
molecular reaction is very close to the value previously
tained for the oxidation of Si dimers on Si~100! surfaces:10

namely, the dissociative reaction by an O2 molecule requires
a similar activation energy whether it attacks a Si dangl
bond or a Si-Si covalent bond.~2! The silicon oxide pro-
duced by the dissociative reaction by an O2 molecule is iden-
tical to that produced by the adsorption reaction by an
atom. Therefore, the subsequent reaction process afte
adsorbed structure is common both in the reaction by an2
molecule and an O atom.~3! In both the oxidation reaction
by the O2 molecule and the O atom, the oxygen initial
attacks a surface dangling bond and results in attachme
the Si rest atom. Subsequently, the adsorbed structure
verts to the bridging structure with an oxygen insertion in
the Si-Si bond.~4! In the desorption process of SiO mo
ecule, the dissociation of the Si-Si and/or Si-O bond requ
a large activation energy. An activation energy
89 kcal/mol (3.9 eV) is required for the dissociation of tw
Si-Si bonds from the stable bridging structure. The sub
quent detachment of the SiO molecule involves a disso
tion of one Si-O bond, which requires an activation energy
44 kcal/mol (1.9 eV). Therefore, the rate determining s
for SiO desorption is concluded to be the breakage of
Si-Si network, instead of SiO detachment.

Experimental findings for the kinetics of SiO sublimatio
through the reaction of an O2 molecule or an O atom with a
Si surface were already provided by the pulsed-modula
molecular beam scattering studies.5,6 Those studies sug
gested that the reaction of an O2 molecule on the Si~100!
surface occurred via a two-step process: O2(g)
→I1⇒I2⇒SiO(g). The reaction process involved two inte
mediates that were produced sequentially. In contrast,
reaction of an O atom on the Si~100! surface was suggeste
to follow a single step process, which involved a single
termediate: O2(g)→I8⇒SiO(g). The rate constant in the re
action kinetics for the O atom was found to be equal to t
obtained for one of the steps in the O2 molecular reaction.
Consequently, Engstrom and co-workers5 interpreted that the
intermediate I2 was identical to the intermediate I8 and
the desorption kinetics of I2⇒SiO(g) was equivalent
to I8⇒SiO(g), whose activation energy was estimat
to be 79 kcal/mol (3.4 eV). The activation energy f
the reaction path of I1⇒I2 was reported to be
60 kcal/mol (2.6 eV). The kinetics of the reaction of a
O2 molecule with Si~111! surfaces was also reported usin
the pulsed-modulated molecular-beam technique.19 The same
sequential two-step process was observed for the reactio
Si~111! surfaces as well. No significant difference was fou
between the Si~100! and ~111! surfaces in regard to the re
action rate constants. Another important finding for the
netics of the thermal desorption of SiO on the Si~100! sur-
face was presented by Sun, Bonser, and Engel20 using the
temperature-programmed desorption~TPD! technique. The
experimental results showed that the activation energy
produce SiO(g) was 8564 kcal/mol (;3.7 eV). The ac-
tivation process was suggested to be closely involved in
decomposition of oxide films.20,21 Judging from a compari-
son of the present computational results with the above d
it is plausible to interpret the experimental results as follow
-

-

g

the

to
n-

s
f

e-
a-
f
p
e

d

e

-

t

on

-

to

e

ta,
.

~1! The activation energy of 2.6 eV, which was detect
only in the reaction by O2 molecule, is involved in the dis-
sociation reaction of O2 molecule.~2! The activation energy
of 3.4–3.7 eV, which was measured in the SiO desorpti
originates to the breakage of the bond network preced
SiO detachment.~3! The intermediate species observed as2
and I8 is the bridging structure, where an oxygen is locat
between two Si atoms.

Since the initial Si surface employed in the present wo
has a perfect bilayer structure, a large activation energy
rier is expected for the breakage of the network of Si
bonds in the SiO desorption process. Once the reaction s
and the surface structure becomes disordered, the Si-Si
work dissociates more easily. The structure shown in F
7~c! becomes the next target for oxidation reaction by the2
molecule and the O atom. Therefore, the activation ene
measured in experiments is a mixture of those of many
actions involving the various initial surface structures. Co
sequently, it would be reasonable to think that the compu
tional value of the activation energy for the SiO desorpti
reported here gives an upper bound relative to the exp
mental data.

In this work, the reaction pathways and their potent
energy changes have been clarified through the process o2
or O adsorption and the subsequent SiO desorption on
surfaces. Such a reaction process has been studied b
pulsed molecular-beam scattering technique. Yu a
Eldridge6 performed the experiment with three different su
strate temperatures, 850°, 900°, and 950° C. In the exp
ment by Engstrom and co-workers,5 the reaction was ana
lyzed in the temperature range of 730–900 °C. Although
clean Si~111! surface usually shows a 737 reconstructed
structure at room temperatures, the surface barely maint
the 737 structure at the high substrate temperatures use
the above experiments. The critical temperature (Tc) for the
737 phase transition was reported to be about 830 °C,22 and
at higher temperatures than Tc , the surface structure be
comes disordered and is observed as the 131 structure in
the diffraction method. This disordered 131 phase can be
observed with a scanning tunneling microscope~STM! even
at around 500 °C when the surface is supercooled from
high temperature above Tc .23 The motion of atoms in the
131 phase was reported to be very active.24 Therefore, it is
natural to assume that the detailed geometry of the sur
atoms scarcely contributes to the rate-determining steps
der the experimental conditions with which the desorption
SiO occurs from Si surface. In fact, the pulsed molecu
beam analysis by Ohkuboet al.19 showed no difference for
the reaction kinetics between the Si~100! and Si~111! sur-
faces. This means that differences of surface atomic ge
etry does not dominate the reaction any more at the h
temperatures. The present computations were perfor
with the cluster model representing the 131 structure of the
Si~111! surface, and focused on the interaction of an O2 mol-
ecule or an O atom with a single dangling bond on the s
face. Hence, the present theoretical approach would co
spond to the experimental situation in which the oxidati
and subsequent desorption rapidly occurs at high temp
tures. On the other hand, the present approach seems
inadequate for the interpretation of the experimental findin
obtained at room or low temperatures.2,3 For instance, the
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presence of a stable O2 molecular precursor is difficult to
account for with the present computational results. The
bilization energy at the shallow minimum in path I is to
slight to be detected in experiments. And, the charge tran
between the O2 and the Si surface hardly occurs at the sh
low minimum in spite of the experimental detection of
large amount of electron transfer in the O2 precursor state.25

This discrepancy would intimate the possibility that the
teraction of an O2 molecule with the 737 structure induces
another reaction process not initiated on the 131 surface.
Accordingly, it would be significant to theoretically invest
gate the reaction of O2 molecule at room or low temperature
by constructing a model cluster representing the 737 recon-
structed surface.

In the reaction pathway examined here, the dissocia
reaction of an O2 molecule on the Si surface requires a fair
large activation energy, 2.5 eV, which suggests the d
culty of O2 dissociation at room temperatures. In fact,
isolated O2 molecule needs an energy of 5.1 eV to dissoci
into atomic oxygen by itself.26 Hence, the interaction with a
single Si dangling bond is concluded to promote the reac
ity of O2 molecule because the activation energy is redu
by half. This finding means that the O2 dissociative reaction
requires an interaction with Si substrate. Without such in
action, O2 molecules would hardly have a chance to initia
the oxidation. According to the estimation by Hattori,27 only
one of the 109 incident O2 molecules could contribute to th
oxidation on the H-terminated Si~111! surface. From this
viewpoint, it would be interesting to examine the dissociat
reaction of an O2 molecule when it interacts with two dan
gling bonds simultaneously with a highly restricted incide
posture. Such a situation would be more important in re
tions at low temperatures because the total reaction
could be occasionally dominated by a narrow react
channel.8,28 Accordingly, theoretical investigation of the re
action of an O2 molecule with the 737 Si surface would
also be important.
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V. SUMMARY

Ab initio quantum chemical calculations were perform
to investigate the oxidation mechanism by O2 molecules or
O atoms on Si~111! surfaces and the subsequent desorpt
mechanism of SiO molecules. The lowest-energy reac
paths were obtained for the whole process of the oxida
and desorption. The interaction of an O2 molecule with the
Si~111! surface leads to a dissociative oxidation which
quires a large activation energy: 58 kcal/mol. In contrast,
activation energy barrier exists in the reaction of an O ato
Both the oxidation by the O2 molecule and the O atom resu
in the generation of the same silicon oxidized species, wh
the O atom attaches on a surface dangling bond of the Si
atom. This structure converts into a more stable structure
an activation process of 4 kcal/mol, where an Si-O-Si brid
ing structure is produced. In the pathway of the sublimat
of an SiO molecule from the oxidized silicon surface, the
appear two activation energy barriers that involve the dis
ciation of Si-Si and Si-O bonds. The breakage of Si-Si n
work requires a large activation energy, 89 kcal/mol, a
the detachment of the SiO with the dissociation of the S
bond has another activation process of 44 kcal/mol. T
SiO desorption is endothermic by 121 kcal/mol (5.2 e
compared to the Si-O-Si bridging structure. The potent
energy changes during the reaction process have been
firmed to be consistent under the extension of the clu
model size.
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