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Molecular adsorption and dissociative reaction of oxygen on the $111)7X7 surface
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Reaction paths for the adsorption and dissociation ofn@lecules on a Si(111)77 surface have been
presented by theoretical computations. The adsorption of,am@ecule produces a molecular precursor, and
the subsequent Ldissociation leads to a stable oxidized species. An attack of anotherdcule on the
molecular precursor also gives stable states through the adsorption and dissociation process. In both reaction
paths, small energy barriers appear before thentlecular adsorption and the,Qlissociation requires
substantial activation energies of 1.3 eV. The electron distributions and density of states have been examined
for several stable configurations along the reaction paths. The characteristic properties of these configurations
are discussed and compared with experimental data.

I. INTRODUCTION peratures. For the @ill) surface, a reaction was investi-
gated in which an @molecule interacted with a single dan-

The initial stage of @ reaction with Si111) surfaces has gling bond on a Si surface and a dissociative oxidation
been extensively studied because of the significant imporeccurred as a consequence of the interactidtowever,
tance of silicon oxide in applications for microelectronic ma-there is no theoretical study for two O atoms of ap rfol-
terials. It has been accepted after many studies, over decadegsule simultaneously interacting with a Si surface.
that the adsorption of an Omolecule onto a Si(111)%X7 One of the most powerful experimental techniques to in-
reconstructed surface presents a molecular precursor prececestigate the oxidation reaction of Si surfaces is the pulsed
ing the dissociative oxidation. In early studfesthe O, mo-  molecular-beam reactive scattering metfiddhis method
lecular precursor was detected using spectroscopic tecltan provide some information on the activation process
nigues. A measurement of the work-function shift of the Sithrough the reaction of incident,Cor O pulses with a Si
surfacé also suggested the presence of a molecular precurssurface by detecting the desorption of monoxide SiO species.
after an Q gas exposure at very low temperatures. Recenin the literaturet®!'the O, reaction was first investigated on
detailed experiments using the photofragmentatiora Si100) surface, but some repotts?® suggested that no
techniqué or the optical second-harmonic generationdifference was detected in the reaction kinetics between
method have clarified that this molecular precursor had aSi(100) and S{111) surfaces. Usually, the pulsed molecular-
considerably long lifetime at room temperatures precedindgpeam scattering analysis is performed at high temperatures,
the conversion into the stable dissociated state. However, theeg., 850-950 °C!! Hence the $iL11) surface shows a dis-
atomic configuration of the stable,Onolecular precursor ordered X1 structure in the experiments because the criti-
has not been identified yet. And the absence of a clear modeh! temperature for the X7 phase transition is about
for its atomic geometry still makes the existence of the O 830°C** A recent theoretical work on the reaction of, O
precursor debatable. molecules or O atoms with Si(111X11 surface® has suc-

An understanding of the oxidation reaction is indispens-cessfully presented a reasonable interpretation of the kinetics
able for developing the technology for fine fabrication of of silicon oxidation and SiO desorption in experiments at
silicon oxide films. In order to clarify the kinetics of the high temperatures. This work with thexIl surface, how-
oxidation of a Si surface by Omolecules, several theoretical ever, was insufficient to interpret the experimental findings at
studie§—8 were performed for the Si(100)21 surface. In  room, or lower, temperatures. In the present paper, the inves-
our previous worK, an oxidation reaction was examined in tigation will be focused on the reaction of, @olecules with
which an Q molecule attacked a Si dimer by inserting one Si(111)7xX7 surfaces by constructing a computational
of the O atoms into the Si dimer bond. This @issociative model representing a part of thex?7 reconstructed struc-
reaction required a large activation energy. On the otheture. In particular, the interaction of arn, @olecule with two
hand, Kato, Uda, and Terak@rfound an alternative reaction dangling bonds will be closely examined. In spite of the
path that required no activation energy when gm@lecule  highly restricted posture of the Gnolecule, such a reaction
approached a 8100 surface keeping its molecular axis par- path might have a dominant role at room, or lower, tempera-
allel to the surface and interacting with two Si dimers simul-tures.
taneously. Because of tight constraint on the orientation of Many scanning tunneling microscog8TM) studies on
the incident @ molecule, the channel of this reaction seemedO, adsorption on Si(111)% 7 surface¥®'"met a consensus
to be narrow, as noted in their paper. But, this reaction patlon the point that two types of oxygen-induced sites appeared
is expected to be possibly dominant at room, or lower, temat a very early stage after an exposure to One site was
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embedded between 12 H atoms. During geometry optimiza-
tion, all Si atoms are allowed to move within the constraint
of the Cs symmetry whereas the H atoms were fixed to main-
tain a crystalline structure. The slab model () was em-
ployed for the band calculation to compute the DOS using
the stable atomic configurations obtained by the cluster cal-
culation. The model consists of a supercell with a slab struc-
ture containing a vacuum spacing of 8.6 A. Periodic bound-
ary conditions are applied in all directions. The slab contains
the adatom, the restatom, and the atoms in the first bilayer,
plus their inversions. The unit-cell dimensions are 7.68
X 7.68x12.52 A.
. ) . The reaction paths were determined through the geometry
FIG. 1. (a) Top view of the corner region of the Si(111)7 gptimization to find the stable and saddle points on the po-
X7 DAS structure. The large and small hatched circles denote thf’ential energy hypersurface, using ta initio unrestricted

Si adatoms and the restatom. The open circles denote the atoms I'-‘brtree-FocI(HF) MO method® The intrinsic reaction co-

the first bilayer, and the other atoms, in the underlayer, are re,preérdinates(lRC) were obtained along the steepest descending

sented by small dots. Thex22 area indicated by a dashed line is o o jient from the saddle point to the stable point for both
the focus in the present workb) Computational cluster model *. . .

: ! . directions of the reactant and product. The potential-energy
representing the 22 area in(a). Small solid spheres denote the change along the reaction path was estimated by the second
embedding H atomgc) Slab model representing thex2 area in . X . )
@ 9 <) P 9 order Mdler-Plesset perturbation theofiP-2),2! in which

' the HF level computation was improved by taking electron
p p y 9

observed to be brighter and the other darker than the norm&prrelation into account. Thé_‘i basis functiop was a split-
unreacted Si adatom sites. Further, the number of dark Sité/ﬁalence—type basis set, 3-21G*Band calculations with the
increased with the duration of,@xposure. One studtried sap quel were perfor.med W't.h the local-density .appsroxr
to identify the bright and dark species employing detailegnation in the Vosko-Wilk-NusaitVWN)-type formalism

scanning tunneling spectroscopTS. Another stud§® for the exchana%z-correlation energy, us_ing nor_m-conserving
combining STM with ultraviolet photoelectron spectroscopypseudc’pmentl and a plane-wave basis set with an energy

(UPS provided valuable information. A theoretical CUtoff of 40 Ry. The DOS was computed using eight

investigatioR® was also performed to propose candidates fo©iNts in the Brillouin-zone sampling.

the species. In spite of these efforts, a clear assignment, or

identification, of the bright and dark sites appearing in STM . RESULTS

images has .not been achieved yet. In this work, on the basisy reaction of an 0, molecule with the S{111)7X7 surface

of computational results for the ;Qreaction, structures for ] ] i ]

the stable @ molecular precursor and the dissociative oxida- Figuré 2 shows the atomic configurations and the
tion state on a Si(111)%7 surface are presented, and thePotential-energy change during the adsorption of am@l-
consistency with experimental findings is discussed. Theorefcule on the Si(111)x7 surface. The zero level of this
ical techniques ofab initio cluster calculations and first- Potential energy curve corresponds to an infinite separation
principles band calculations have been adopted for this puief the Q, molecule from the Si surface. Since the ground
pose. Cluster calculations provide molecular orbitd®'s)  electronic state of an isolated, @olecule is the spin triplet,
whose electron density distribution are reflected in STM im-computations have been performed with the spin triplet state
ages, and band calculations with the supercell method pr@ssuming the spin electronic state of the Si surface is the
vide the density of state®0S) which enable a comparison Singlet. Initially the Q molecule weakly adheres to the Si

with spectrums from UPS and STS experiments to be madéurface with a very slight energetic stabilization of 0.2 eV as
indicated by the shallow minimum. The O-O bond length

hardly changes from that of the isolated, @nolecule
(1.24 A). There exists a potential-energy barrier for this O

A schematic illustration of a part of the dimer—adatom—adsorption reaction. In the transition state, the O-O bond
stacking-fault(DAS) structure for the Si(111)¥7 recon- length expands to 1.31 A, and each O atom starts to make a
struction is shown in Fig. (&). The large and small hatched chemical bond with the Si adatom or restatom. The energy at
circles denote the Si adatoms and the restatom, respectivelfie transition state is 0.8 eV, which is the activation energy
all of which have a surface dangling bond. A single cornerrequired for the adsorption reaction of thg @olecule. Be-
hole and two dimer rows are depicted (@). The present yond the transition state, the potential energy decreases
research focuses on the<2 area indicated by a dashed line steadily and an @adsorbed structure with an Si-O-O-Si
which contains an adatom and restatom pair on th77 configuration is generated. The reaction product is depicted
surface. Both a cluster and a slab model were constructed s the @ adsorption state. The stabilization energy of this
represent the surface structure of thig 2 area. The cluster reaction is 4.2 eV.
model shown in(b) was employed for MO calculations to The lowest energy path for the subsequent dissociative
determine the lowest potential-energy reaction paths. Thigeaction is shown in Fig. 3. The potential-energy curve is
model contains the adatom, the restatom, and the atoms presented relative to the initial Qnfinite separation. Com-
the first bilayer. The lower and outer part of this cluster isputations were performed with the spin triplet state. There

II. METHOD OF CALCULATION
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FIG. 3. Potential-energy curve for the subsequent oxidation of
the Si surface. The abscissa represents the distance measured from
FIG. 2. Potential-energy curve for the,Gdsorption on the the first transition state. Atomic configurations for the first transi-

Si(111)7x 7 surface. The abscissa represents the distance from tH®n: the intermediate, the second transition, and the dissociative
transition state measured in the mass-weighted Cartesian coordiXidation states are exhibited. See also the legend of Fig. 2.

nates. Atomic configurations for the shallow minimum, the transi-
tion state, and the Qadsorption are exhibited with bond lengths in
units of A. H atoms are not shown for the sake of visual clarity.
Open and filled spheres denote Si and O atoms, respectively. Figure 4 shows the potential-energy change and the

¢ tential barriers th h thi th Thatomic configurations where anothey @olecule attacks the
appears two potential Energy barriers throtlg IS path. 62 adsorption state of Fig. 2. The potential energy is pre-

atomic configuration of the first transition state suggests the . e : .
dissociation of the @ molecule. Although the O-O bond Sented relative to an Lnfinite separation. The computation

length does not expand compared with the precedipgd® was started with the Qadsorbed Si surface and the addi-

sorption structure, the potential energy increases by 1.3 ewfional O, molecule, both of which contained two unpaired

Passing over the first transition state, a stable configuration f&/€€trons, so that each part represented the spin triplet state.

generated by the separation of the O-O pair. In this stablénitially an additional @ molecule weakly adheres to the Si
structure, each of two O atoms is strongly bound to the Sfdatom with a slight expansion of the O-O bond. Beyond the
adatom or the restatom. In particular, the chemical bonds ar@mall potential-energy barrier (0.1 eV), the @olecule at-
saturated around the Si adatom in a carbonyl-like configurataches to the Si adatom in an Si-O-O configuration. This O
tion with an Si-O double bond. A small energetic activationadsorption gives an energetic stabilization of 2.8 eV, and the
of 0.6 eV is required to overcome the potential barrier of theconfiguration is designated as intermediate. In the subse-
second transition state. This second transition state is respoguent dissociative reaction, the potential energy rapidly in-
sible for the formation of a chemical bond between the Sicreases with the O-O separation. The atomic configuration of
adatom and the O atom bound to the Si restatom. It is sughe transition state suggests the dissociation of thenOl-
gested from the potential-energy curve that the reversed recule, and the potential energy barrier measured from the
action involving the second transition state is unfavorablepreceding intermediate state is 1.3 eV. The reaction pro-
that is, the formation of the Si-O bond easily occurs in spiteceeds to generate a very stable configuration with the forma-
of the difficulty of the Si-O dissociation. Finally an tion of a bond between the dissociated O atom and the first-
O,-dissociated structure with an Si-O-Si-O configuration islayer Si atom. A configuration of two Si-O bonds is
generated. This final reaction product is depicted as the digroduced in the @dissociation state and the surface is fully
sociative oxidation state, and its generation releases a stalierminated by O atoms. This,@lissociation reaction is also
lization energy of 3.0 eV measured from the @dsorption exothermic, releasing an energy of 2.1 eV measured from
structure. the intermediate state.

Intrinsic Reaction Coordinate (Yamu A)

B. Reaction of another O, molecule with the O,-adsorbed
surface



4708 T. HOSHINO AND Y. NISHIOKA PRB 61

(a) 0.03

Shallow Minimum
1.45

0.09

1.80A (1.07)

Intermediate

T T T T T T
0 .
Shallow
— t  Minimum
> o0
\q.)/ (EC8g
> 2F
o>
@
2 L
w
4F
] Oy Dissociation
'6 1 1 1 1 1 1
-15 -10 -5 0 5 10

Intrinsic Reaction Coordinate (Vamu A)

FIG. 4. Potential-energy curve for the attack of anothen@l-
ecule on the @adsorbed Si surface. Atomic configurations for the
shallow minimum, the intermediate, the transition, and thed3-
sociation states are exhibited. See also the legend of Fig. 2.

C. Major stable structures

Several stable states appear along the reaction paths for
the O, adsorption and the dissociative oxidation process in
Figs. 2—4. The configurations and electron populations for
the five stable states are shown in Fig. 5. It has been con-
firmed from supplementary computations that all those stable F|G. 5. Side views of the stable structures fay the clean
structures are obtained even in an optimization without theurface(b) the O, adsorption(c) the dissociative oxidatior{d) the
constraint of the Cs symmetry. In the clean surface $&@te intermediate, ande) the O, dissociation states. The solid spheres
the Si adatom resides on T site terminating with three denote O atoms and the notation for the Si atoms is the same as in
surface dangling bonds. In the, @dsorption staté), the G, Fig. 1. Electron densities ang-spin densities are exhibited together
adhesion dissociates one of the back bonds of the adatowith the vertical heights of the adatoms in units of A.
and results in the Si-O-O-Si formation. The Si adatom is
displaced toward the Si restatom. Since the O-O bond lengthaturated by the dissociated O atom. The restatom hardly
in the transition state for the dissociative reaction was 1.7 Ashifts from the initial crystalline position during the reac-
in previous studie4? the O, adsorption structure apparently tions.
maintains the O-O bond. The vertical height of the Si adatom It is informative to examine the changes of the charge and
increases, compared to its height at Thesite. In the disso- spin distributions. Figure 5 presents the charge arsbin
ciative oxidation statéc), a bridging formation is generated (in parenthesggensities obtained by a Mulliken population
and the Si-O bond lengths and the Si-O-Si bond angle aranalysis. In the clean surface structygeg, one of the un-
close to the values of crystalline SiOThe Si adatom has a paired electrons is localized on the Si restatom, and the other
fourfold coordinate saturated by the dissociated O atomis distributed over th&, site around the Si adatom. In thg O
making the Si-O-Si-O formation. In the intermediate stateadsorption structuréb), a charge transfer of Ge8occurs be-

(d), another @ molecule is attached to the Si adatom while tween the Si atoms and the, @nolecule. Due to this large
maintaining the O-O bond. The atom positions of the Si-O-charge transfer, the Si adatom and restatom become positive.
O-Si scarcely vary from those @b). In the G, dissociation In particular, the Si adatom is strongly positively charged,
state(e), the Si atom disconnected from the adatom is alsavhich induces the negative charging of the underlying Si
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TABLE I. Electric dipole moment in the surface normal direc-

tion for the stable structures.

State

Dipole momentDebye

(a) clean surface

(b) O, adsorption

(c) dissociative oxidation
(d) intermediate

(e) O, dissociation

—-0.72
1.48
1.20
3.16
4.51

0.0

2.0

00

2.0

0.0

2.0

20

20

00

20

Energy (eV)

Si atom disconnected from the adatom. Two unpaired elec-
trons, onea and oneg, are localized on the dissociated O
atoms.

Figure 6 shows the calculated DOS curvesayfthe clean
surface,(b) the O, adsorptionc) the dissociative oxidation,
(d) the intermediate, an¢e) the O, dissociation structures.
The striking feature of these curves is that theadsorption
induces an appearance of a sharp peak at3 eV; how-
ever, the peak disappears in the subsequent dissociation. The
sharp peak at-3.3 eV is observed fotb), (d), and(e) and
hence is considered to originate in the O-O bond in the Si-
O-0-Si formation. Further, an additional sharp peak is seen
in (d) at —4.7 eV. Another important feature in the curves
of Fig. 6 is seen in changes of the DOS curves around the
Fermi level. In(a), two distinct levels for the occupied and
unoccupied states are present near the Fermi level with a
band gap between them. (b), there also exist two levels for
the occupied and unoccupied states. On the other hand, the
structure(c) has no significant states near the Fermi level and
only shows a wide band gap. Neither are distinct levels ob-
served in(d) and(e), and the band gaps are seen to be wider.

It is interesting to examine how the electric dipole mo-
ment changes throughout the reactions. Table | shows the
dipole moment in the surface normal directi¢autward
pointing surface dipolefor the respective stable structures.
In (a), the dipole moment has a negative value, which is
easily understood from the fact that Si adatoms are positively
charged on the clean surfatdn contrast, an adhesion of an
0O, molecule makes the dipole moment positive() and

FIG. 6. Density of states for the stable structures in Fig. 5. TheC): Further, another ©adhesion remarkably increases the
lines are presented in arbitrary units, and the Fermi energy level ¥alue in(d) and(e). It should be noted that the,@dsorption

set at zero.

atoms connecting to this adatom. Most of #espin density
is localized on the Si adatom and the first-layer Si atom

state(b) has a larger electric dipole moment than the subse-
quent dissociative oxidation state).

IV. DISCUSSION

disconnected from this adatom. In the dissociative oxidation

A. Initial stage of O, reaction with Si(111) surfaces

structure(c), a large electron transfer ef 0.8 occurs to the
bridging O atom, whereas the electron transfer to the other O The present calculation has clarified that there appears an
atom is moderate- 0.3e). These electron transfers make the O, molecular precursor preceding the dissociative species in
Si adatom further positively charged. Two unpaired electron$oth the reactions caused by the first and secopattcks

are localized on the O atom attached to the top of the adatomn the Si surface. Slight activation energies are necessary for
and the Si atom disconnected from the adatom. In the intethe adhesion of © molecules to generate such molecular
mediate structuréd), an electron transfer of-0.4e occurs  precursors. The potential-energy barrier for the conversion
from the Si adatom to the newly bonded O atom in additionfrom the molecular precursor to the dissociative species is
to the charge distribution db). Since the attaching £mol- not small, 1.3 eV in both cases. Therefore it is natural to
ecule originally has two unpaire@ electrons, thea-spin  expect that an ©@molecular precursor would be detected in
density at the adatom is canceled by Bespin density. In  experiments. Since both the adatom and the restatom contrib-
the O dissociation structurde), an electron transfer of ute to the Q-adsorbed formation in the first,Qattack, the
—0.4e also occurs between the dissociated O atom and thpresence of an adatom and restatom pair would be favorable
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FIG. 7. Contour plots of electron density distributions in the frontier MO'’s of the stable structufesthe clean surfacgp) the O,
adsorption, andc) the dissociative oxidation state. The levels of the contour lines are 0.0001, 0.0002, 0.0004, 0.0008, 0.0016, and
0.0032/Bohe.

for the initial O, adsorption on the §111) surface. From this above 400 °CG/ and the areas showed disordered images due
viewpoint, the 7 7 structure is considered to be very advan-to the thermally excited random motion of the adatoms.
tageous for the generation of molecular precursor states. In

our previous studie§? the activation energy required for the B. Electron distributions in frontier orbitals

O, dissociative reaction was estimated to be~225% eV
when an Q molecule reacts with a Si(100}21 surface
while maintaining its molecular axis perpendicular to the
surfacé or reacts with a single dangling bond on a
Si(111)1x 1 surface Hence the value of the activation en-

ergy has been reduced by half. This_ W9UId be due to theclssigned both bright and dark sites to the dissociative states
difference that each O atom of the inciden; @olecule ¢ 5, Another study® reported that the bright site was es-

interacts with Si atoms on the surface in the present reactio%mia"y an Q molecular state, whereas the dark site was O
whereas only one of the O atoms interacts with Si atoms iytom-reacted state.

the previous cases. In this work, we have presented a reaction pathway for
The Si adatom has been allowed to move in the preserthe O, adsorption and the subsequent dissociative reaction. It
geometry optimizations, which results in the dissociation ofis interesting to extract the information concerning STM im-
one of the back bonds of the adatom in the &lsorption ages from the data of the present theoretical calculations.
structure(b). Further, the adatom no longer resides on theHence electron distributions have been surveyed for the oc-
initial T, site in the dissociative oxidation structu@. This  cupied and the unoccupied MO’s existing close to the Fermi
result means that the binding of adatoms onTheite is not  level. Our previous studies on the clean and alkali metal-
so tight, which is compatible with the following STM find- adsorbed $L00) structure€®?° demonstrated that electron
ings. In observations of 89, 11X11, and 1X 13 DAS distributions in the frontier MO’s reproduced experimental
structures at 470°C on @il1) surfaces?® several interior STM images well. Figure 7 shows electron distributions in
adatoms escaped from the DAS reconstructed region and reeme occupied and unoccupied MQ's in the vertical plane
turned back again without breaking the framework of thethat contains both the Si adatom and restatom. In the clean
(2n+1)X(2n+1) structuresc2x2, c2X4, orc2xX8 pe-  surface structuréa), most of the electron density in the sec-
riodic structures were usually observed at room temperaturesnd highest occupied MQHOMO) resides around the
in those areas not occupied by th& 7 DAS domains; how- restatom. On the other hand, electrons are localized on the
ever, these metastable structures could not be observediatom site in both the first HOMO and the first lowest un-

Several STM observations to investigate the initialr®-
actions on Si(111)X 7 surfaces have given the same result;
that is, an Q exposure initially generated bright spots at the
sites where Si adatoms used to be imaged, and the sites
turned dark with further @ exposure. Some researchérs
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(iii) 1st LUMO (iii) 1st LUMO

FIG. 8. Contour plots of electron density dis-
tributions in the frontier MO’s of the stable struc-
tures of(d) the intermediate antk) O, dissocia-

& "\ A W tion state. See also the legend of Fig. 7.

occupied MO (LUMO). These electron distributions, pro- higher (LUMO) than those of structure®) and (b). There-
truding upward from the surface, produce substantial signalfore the dissociative oxidation structure is concluded to be
in the STM images, which explains the basic STM resultsmaged remarkably darker.

that Si adatoms are imaged brightly in both conditioné-of Figure 8 shows electron distributions for the stable states
(filled state and(+) (empty statg sample biases. The most generated by the attack of the secong r@olecule. In the
important feature in the Qadsorption structuréb) is that a intermediate structured), the electron distributions of the
large electron density is present at the adatom in the firdirst and second HOMO's have a node on the vertical plane,

HOMO and its distribution protrudes upward above the ada@nd no electron densities are seen in the view. In the third
tom. Further, the energy level of the first HOMO is shal- HOMO, electrons are localized on the Si atom disconnected

from the adatom. Both the fourth HOMO and the first

lower than that for the clean surface structure. A similar UMO t bondi d antibondi h ¢ f
situation occurs in the unoccupied state, also. The firsg.” . represent bonding and antbonding characters o
i-Si or Si-O and seem to give no contributions to STM

LUMO has a large electron o_llstr|but|on above the aOIatomlmages. The energy level of the third HOMO is close to that
and, further, the energy level is lower than that of the clean . .

L . of the second HOMO ofc). Hence the intermediate structure
surface structure. Therefore it is concluded that thjsa@

) . 4 brightly in th b would give a dark image comparable to struct(ae In the
s_orpthn structure IS iImageda brig tly in the STM o serva-02 dissociation statée), electron distributions of the third
tions in bqth the filled and empty states. Moreover, theHOMO, fourth HOMO, and first LUMO represent bonding
brightness is expected to be larger than that for the normal Y, antibonding characters with no protruding distributions.
adatom. It should also be noted that the electron dlstrlbut|0|ci-he energy levels of these HOMO's are the deepest among

in the second HOMO s localized on the Si atom discon-yqge of(a)—(e). Accordingly, the Q dissociation structure is
nected from the adatom. In the dissociative oxidation struc:

X i concluded to be most darkly imaged in the STM observa-
ture (c), the first HOMO represents a bonding between the;; o

adatom and the Si atoms in the underlayer, but no electron Judging from the above results, the @dsorption struc-

density is seen in the plane containing the Si adatom anﬂJre (b) seems to be one of the probable candidates for the

restatom because the ele(_:tro_n distribution has a node On_ﬂl]ﬁ’olecular precursor that is brightly imaged in STM observa-
plane. The electron distribution of the second HOMO is;;

similar to that of the second HOMO @b); that is, electrons tions.
are localized on the Si atom disconnected from the adatom.
Both the third HOMO and the first LUMO represent some

bonding or antibonding characters of Si-Si or Si-O and give In addition to STM observations, spectroscopic experi-
no significant contributions to STM images. The energy lev-ments also provide important information for identifying the
els of these HOMO'’s and LUMO are deep&fOMO’s) or  species on @reacted Si surfaces. A sharp peak at

C. Molecular precursor and its spectroscopic properties
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—3.3 eV appeared in the calculated DOS curves in Fig. 6. The necessity of the presence of adatom and restatom in
In spite of the deviation of the peak position, this featurepairs suggests that the number of @olecular species,
fairly agrees with the combined STM and UPS analysis bywhich are imaged brightly, cannot exceed 3 in a half unit cell
3.8 eV in the binding energy of the UPS spectrum upon aifal findings that the ratio of bright sites to total Si adatoms

) H 9
O, exposure. The intensity of the 3.8 eV peak increased@turates during an exposure of QOIeCUIeSI'_ _
with the number of bright sites in the STM images, and it Measurement of the work function of a Si surface during

decreased when the bright sites turned dark, which was theﬁfﬁosure t%_@ s(t;_gges?e? thehpre_senc%d?;%l @ecursor
grounds for the assignment of the bright site to theni- stale preceding dissociative Chemisorptiomn ©, exposure

induced a large positive work function shift compared to the
lecular precursor.

. clear surface, and the amount of the shift was reduced by the
. T_he UPS experiment by Comtet al.™ suggested that the conversion to a stable dissociative state. The change of the
lifetime of the GQ molecular precursor was considerably

) . - surface dipole moment obtained for structutas (b), and
longer in ultrahigh vacuum conditions. They also showed &) in Taple | is consistent with the feature of the above work

peak of 5.1 eV in addition to that of 3.8 eV and assigneds,ction shift.
both of them to @ molecular chemisorption. Namely, two In the extended Fekel tight-binding calculations by
types of long-lived molecular species were detected. Th&chubert, Avouris, and Hoffmarfi,a variety of structures
DOS curve(d) in Fig. 6 is compatible with their experi- was discussed for assignment of the oxygen associated spe-
ments, in which a sharp peak ef4.7 eV appears when an cies on Si111) surfaces. The ©adsorption structuréb) is
additional Q@ molecule is attached to the surface. The inter-c|gse to the bridge configuration in their work. A major dif-
mediate structured) has two Q molecules, and its DOS  ference of(b) from their configuration is that the back-bond
curve shows two sharp peaks. Therefore the seconth@-  dissociation of the adatom enables a natural Si-O-O-Si for-
ecule, which makes a single bond with the Si surface, woul@nation.
be the origin of the peak of- 4.7 eV. Some configurations were assigned as candidates for the
STS data were sampled for various sites on thepright and dark site STM images in previous studf®.In
O,-exposed SiL11) surfaces by Avouris and Ly8In their  these reports, the bright sites were asserted to be caused by a
STS spectréFig. 4 in Ref. 18, adatoms are characterized by configuration with an insertion of an O atom in the back
occupied and unoccupied states a0.3 eV below and bond of the adatom leaving the dangling bond intact,
above the Fermi level, bright sites have a spectrum that lookghereas the dark image was asserted to originate in a satu-
very much like that of an adatom but more intense, and darkation of the adatom dangling bond with another O atom.
sites show the absence of surface states. The calculated DQ$e structures presented in this work agree with these ideas
curves are compatible with the STS data. In the clean surfad@ the sense that the activation and inactivation of the
structure(a), energy levels exist both below and above thedangling bond at the adatom are responsible for the bright
Fermi level. These energy levels near the Fermi level areind dark site images.
also present in the Qadsorption structuréb). On the other Site hopping of a molecular Ospecies on Si(111)%7
hand, the dissociative oxidatidn), intermediated), and Q surfaces was observed in an STM experiment by Hwang, Lo,
dissociation(e) structures have no levels in the low binding- and Tsong® The hopping mainly occurred between adjacent
energy range. adatom sites in a X7 half unit cell. In Fig. 3, we have
Another STM work reported on the reactivity of the examined the reaction path in which the dissociation of O-O
bright sites? Bright sites(named B sites in Ref. 3were  bond proceeds after the,@dsorption statéb). However, it
dominant reaction products after an exposure of a clean Siould be occasionally possible that one of the Si-O bonds is
surface to @. An additional Q exposure turned some B dissociated after structurép) while maintaining the O-O
sites into dark sitesnamed D sites Subsequently, these D bond. For example, the bond dissociation from the Si adatom
sites were possibly transformed into original B sites by elecwould enable the @molecule to rotate over the Si restatom
tron irradiation. Our theoretical results give a satisfactoryand make another Si-O bond with an adjacent Si adatom,
explanation for this experiment by supposing that the B sitevhich would result in the hopping of bright sites in STM
is structure(b) and the D site is(d). Electron irradiation observations.
would detach the ©@molecule from the intermediate state.
It would be reasonable to consider that there exist several
possibilities for the configuration to generate bright or dark V. SUMMARY

sites in STM images. Therefore the structures presented in Theoretical calculations suggested reaction paths of the
this v_vork should be _regarde_d as one possible example for tk@z molecules on Si(111)%X 7 surfaces. The reaction pro-
species detectable in experiments. cesses of an Qattack on the clean Si surface and another O
attack on the @adsorbed surface were closely examined
with the cluster method. In both processes, stable molecular
precursors appeared preceding the dissociative oxidized spe-
An electron transfer of- 0.8e from the Si atoms to the O cies, and the activation energies required for theldsocia-

atoms (- 0.4% and —0.3& in each O atomoccurs in the tion for both processes were estimated to be 1.3 eV. The
Si-O-0-Si formation of the @adsorption structuréb). This  first O, adsorption on the Si surface generated a molecular
result is consistent with experimental estimations with elecstable state with an Si-O-O-Si formation, which was demon-
tron energy loss spectroscof¥ELS).3? strated to be imaged brightly in STM observations. A disso-
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