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We have studied the initial stages of the oxidation of the Si (111) surface using extended 
Hiickel tight-binding calculations. Due to the different dangling bond sites present on the 
reconstructed Si ( 111 }-7 X 7 surface, one may expect more than one molecular precursor 
or dissociated Si-O configuration to be formed. As candidates for the main and kinetically most 
stable molecular precursor, structures involving O2 associated with a single Si adatom site are 
proposed. Bridge structures are found to be less stable. However, dissociated species derived 
from bridge structures play an important role in the oxidation proces~. In this paper we in
troduce the computational approach used, and discuss the nature of the molecular precur
sors. In a second paper the nature of the atomic oxygen containing products and the mecha
nism of Si04 formation are discussed. 

INTRODUCTION 

The oxidation of silicon is one of the most important 
reactions in the area of microelectronic materials. Under
standing this process would provide insight into the prop
erties of the Si/Si02 interface, which critically affects the 
operation of microelectronic devices. Thus, the interaction 
of oxygen molecules or atoms with silicon has been studied 
intensively over 30 years, both experimentallyl-16 and the
oretically.17-20 Spectroscopic methods used in the oxidation 
studies, such as x-ray photoelectron spectroscopy (XPS), 
ultraviolet photoelectron spectroscopy (UPS), and high
resolution x-ray-induced Auger-electron spectroscopy 
(XAES), give information which is averaged over the dif
ferent surface sites and the different Si-O configurations 
which may be present on the surface. 

The above techniques have been supplemented more 
recently by scanning tunneling microscopy21 (STM) and 
atom-resolved scanning tunneling spectroscopy (STS).22 
STM and STS provide information about individual sur
face sites. STM was, for example, decisive23-25 in proving 
the atomic and electronic structure of the 7X7-Si(l11) 
reconstruction, the DAS (dimer adatom stacking fault) or 
Takayanagi model26 (Fig. 1). 

As can be seen from Fig. 1, the reconstructed SiC 111) 
surface contains the top layer Si atoms, so-called adatoms, 
second layer rest atoms (with dangling bonds which are 
not saturated by bonding to an adatom), comer holes, two 
different stacking patterns, and dimers. Oxidation of this 
complex structure is not going to be simple. 

Theoretical calculations of the oxidation reaction are 
difficult since the unit cell is very large. Goddard, Re
dondo, and McGill17 used the generalized valence bond 
method for a Si3 cluster, saturated with H and with an O2 
placed on top. Chen, Batra, and Brundle18 used the first 
principles extended tight-binding method with a six-layer 

slab of an unreconstructed Si ( 111) surface. Bhandia and 
Schwarz19 performed semiempirical simple valence-force
field-bond-energy bond order calculations. Ciraci, Ellial
tioglu, and Erkoc20 used an empirical tight-binding method 
with a six double-layer slab of an unreconstructed SiC 111) 
surface. They all come to somewhat different conclusions 
regarding the main oxygen species on the surface during 
Si C 111) oxidation. 

The experimental literature was reviewed recently and 
new UPS and XPS results were presented on the initial 
stages of the oxidation of Si (111 ).IS In this study it was 
concluded that the dissociative adsorption of O2 on 
Si(111) is preceded by a metastable precursor. This pre
cursor involves molecular oxygen, which is stable at low 
temperatures, even for -10 min at room temperature. Us
ing several surface science techniques, Hofer et al. 15 came 
to the conclusion that this precursor is an O2 bridging 
between adatom and rest atom dangling bonds. 

The idea of a molecular precursor is also supported by 
the STM experiments.27 Thus, the observed high site selec
tivity of the reaction can best be explained in terms of a 
site-selective formation of the molecular precursor at sites 
which have a high density of states at the Fermi energy. 
These sites are the corner-adatoms sites, particularly those 
in the faulted half of the 7 X 7 unit cell. A typical STM 
topograph obtained after the exposure of the 7 X 7 surface 
to 0.2 L of O2 is shown in Fig. 2 (1 L= 10-6 Torr s). 
There are two kinds of oxygen-induced sites which appear, 
respectively darker and brighter than the unreached Si ada
tom sites of the 7 X 7 surface.27 

For the purpose of discussion we label the state of the 
reacted surface immediately following the O2 exposure as 
stage 1. During stage 1 both molecular precursors and 
products containing atomic oxygen coexist. At longer 
times, say I h later, all molecular precursors have dissoci-
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c RESTATOM ADATOM 

FIG.!. (A) Top view and (B) side view of the Takayanagi, or DOS, 
model of the SiClll)-7X7 surface. Each unit cell contains 12 adatoms, 6 
rest atoms, and one comer hole. The deeper atoms are indicated as solid 
dots. The left triangle shows a stacking fault. (e) Next neighbors of the 
rest atom and adatom site (compare also to Fig. 3). 

ated in a room-temperature experiment and only stable 
products exist. We denote this stage as stage 2. STM im
ages obtained during stage I show time-dependent changes 
(e.g., certain bright sites turn dark).27 For an exposure of 
~O.2 L O2, the site distribution is roughly 5% bright sites, 
5% dark sites, and 90% unreacted sites. In stage 2 there 
are somewhat more dark sites than bright sites. As the O2 
exposure is increased, stage 1 becomes shorter in duration, 
and dark sites become the dominant products. 

In this paper, we first describe our computational ap
proach, then we briefly discuss the stable structures con
taining oxygen ("Si-O configurations") and finally focus 
on the nature of the molecular precursors. We attempt to 
identify the most likely precursor structures by comparing 
theoretical density of states (DOS) and crystal orbital 
overlap population28,29 (COOP) curves with experimental 
UPS and STM results. 

COMPUTATIONAL METHOD 

We have performed extended Hiickel30 tight-binding31 

slab calculations with weighted Hi/s.32 The methodology is 
approximate, not reliable quantitatively, but provides a 
conceptual basis for understanding. Five double layers 
were used and the unit cell was composed of a 2 X 2 ada
tom model for the Si(111) surface which includes a rest 
atom. At the bottom, hydrogen saturates the dangling 

FIG. 2. Topograph of the unoccupied states of a Si(111)-7X7 surface 
after exposure to -0.2 L of O2 at 300 K (sample bias = +2 V). Typical 
bright oxygen-induced sites are indicated by B. 

bonds (Si-H: 1.48 .A). Previous calculations on oxidation 
have used unit cells containing only an adatom; however, it 
has been shown25

,33 that adatoms and rest atoms are cou
pled, so that in order to probe charge-transfer processes 
both types of sites should be included. In comparison to 
the real 7 X 7 unit cell (see Fig. 1) we neglect the effect of 
the dimers, corner holes, and of the stacking fault. Al
though these, especially the stacking fault and corner 
holes, do playa significant role in the oxidation (see Refs. 
27,34, and 35), we think that the 2X2 unit cell is a fairly 
good representation for the reactive sites of the 7 X 7 unit 
cell, since adatoms and rest atoms are the dominant fea
tures of Si (111) surface chemistry. 

1 
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The 2 X 2 unit cell is shown in a top view in structure 
1 as a slightly shadowed area on a hexagonal, puckered 
Si ( 111) surface. The numbering of the Si atoms is also 
indicated (the small solid circles refer to the up position). 
The two lattice vectors a and b of the overlayer structure 
are 2X3.84 A, corresponding to the lattice vectors of the 
unreconstructed hexagonal SiC 111) surface (3.84 A). The 
large shaded circles indicate the adatoms and the large 
open circles indicate the rest atoms. The z direction is per
pendicular to the surface. 

Due to the surface reconstruction most of the surface 
Si atoms will be displaced from their ideal positions (Si-Si 
unreconstructed distance: 2.35 A). These displacements 
are especially strong next to the adatom. Meade and 
Vanderbilt36 have already pointed out that the adatom and 
the rest atom could not relax laterally since they occupy 
positions of threefold symmetry, and that the Si atoms 
3,4,5 should relax in equal measure toward the adatom. 
Another aid to constructing the right atomic positions for 
the reconstructed Si ( 111 ) surface comes from surface 
x-ray diffraction studies by Robinson et al. :37 The pro
jected bond lengths into the (111) plane vary between 2.07 
and 2.13 A. Our calculations show that the bond with the 
most antibonding character is between Si 1 and Si2 and 
should therefore be lengthened. On the other hand, the 
shortest bond is to be expected between Si2 and SilO (un
derneath Si2 in the second double layer). 

Altogether, the parameters most influenced by the re
construction are z(Si1), z(Si2), z(Si lO ) (directly under
neath Si2), z(Si3,4,s), r(Si3,4,s) (towards the adatom), and 
z(Si9). We have chosen the first set of parameters in ac
cordance with Qian and Chadi,38 modified slightly to take 
into account results from Meade and Vanderbile6 and 
from our calculations. The resulting atomic relaxations 
from the ideal positions are shown in structure 2 (side 
view). The displacements are given in 10-2 A. 

Si 3 ,4.5 13 t 
C9 Si g 

41 

2 

In our calculations we find the adatom pz orbital and 
the Si3,4,5 pz orbitals at 0.6 eV (in the following referred to 
as adatom dangling bond) and the doubly occupied rest 
atom dangling bond at 0.7 eV (see Fig. 7). 

In UPS spectra (e.g., Fig. 11) the rest atom appears at 
-1 eV (previous calculations36,38,39 have shown that the 

UPS peaks S 1 and S2. derive from adatom and rest atom 

TABLE I. Summary of the extended Hiickel parameters used in this 
contribution. The (a) Hii values for oxygen are used for all Si-O config
urations. In addition, we have used the (b) Hii values for all configura
tions that do not contain molecular oxygen. 

Atom Orbital (a) Hii(eV) (b) Hii(eV) Sl 

0 2s -30.0 -32.3 2.275 
2p -13.6 -14.8 2.275 

Si 3s -17.3 1.383 
3p -9.2 1.383 

H Is -13.6 1.300 

dangling bonds, respectively). This shift is due to the 
strong increase of total DOS between 0.5 and 2 eV. STS 
data from the rest atom site show a peak at 0.8 eV23,24,28 in 
good agreement with our calculations. 40,41 

Table I summarizes the extended Hiickel parameters 
used. The oxygen parameters were chosen as follows: By 
taking the energies used by Ciraci, Ellialtioglu, and 
Erkoc2o [see Table I, set (a)] we find for most configura
tions which involve molecular oxygen a prominent peak in 
the DOS at 4 eV below the Fermi energy. As will be seen, 
this result is in agreement with the findings of photoemis
sion experiments. For those configurations which involve 
no molecular oxygen we have used the "normal" extended 
Hiickel parameters for oxygen [Table I, set (b)]. All solid 
state calculations were performed using 18 k points42 dis
tributed randomly over half the Brillouin zone, so as to 
avoid problems due to symmetry changes between different 
Si-O configurations. 

THE SILICON-OXYGEN CONFIGURATIONS 

Figure 3 shows most of the configurations discussed in 
this contribution. It can be seen that some involve molec
ular oxygen3,5,9,15,17 either attached to one Si atom or as a 
bridge between two Si atoms (peroxy bridge). Other ge
ometries are derived from adsorbing atomic oxygen on top 
of top-layer Si atoms7,9,I0,13 or inserting atomic oxygen into 
a bond between the adatom and a first layer silicon (ada
tom backbond).4,6,14,15.20 In the following they are referred 
to as clean [clean reconstructed 2 X 2 Si (111) surface plus 
an oxygen molecule far away from the surface], grif (for 
Griffith) ,43 paul (for Pauling) ,44 para (from parallel to the 
surface), trival (one oxygen is trivalent), bridge, bridge-si3, 
bridge-ins (bridge between Si3 and rest atom and, in addi
tion, one oxygen is inserted), ins (from inserted), ad, rest, 
ins-ad, ins-rest (one 0 is inserted, one on top of the rest 
atom within one unit cell), and ins-ad-rest. In the absence 
of a systematic nomenclature of adsorbate sites, these 
terms are at least descriptive. 

The sites with which the O2 molecule interacts first, at 
both low and high temperatures, are the Si adatom sites. 
The evidence for this comes from UPS measurements, 
which we will show later in this paper. Rest atom sites are 
less reactive initially. The difference in reactivity between 
these two kinds of sites can be understood by considering 
that the initial event in the O2 sticking to the surface in-
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FIG. 3. The Si-O configurations discussed in this contribution (solid 
circle: 0; open circle: Silo Sil is the adatom, Si9 is the rest atom (see also 
Fig. 1). Clean stands for the clean SiC 111) surface plus one O2 molecule 
without any interactions with the surface. Ins-ad-rest (the only structure 
not shown) consists of ins-ad and rest in one unit cell. For ad, also a bit 
of the Si arrangement close to the adatom is displayed. 

volves a "harpooning" process in which electrons tunnel 
out of dangling bond states into the 21T* affinity level of 
O2.21 The fact that the adatoms are situated more than 1 A 
further out than the rest atoms, and the binding energy of 
their dangling bond electrons is lower than that of rest 
atoms, makes the harpooning process more efficient at ada
tom sites. This is the reason why we concentrate our initial 
discussion on the adatoms. 

In those cases where an oxygen inserts in the adatom 
backbond, the silicon ato111s at the surface layer have to be 
reorganized. It is obvious that the main shift is a horizontal 
displacement of the adatom. By doing this the SiI-Si2 bond 
overlap population will be reduced substantially. This is 
not a problem, since this bond is weak. The computed 
displacements of the Si atoms are listed in Table II. 

Since the Si-O bonds are quite localized, it is safe to 
take Si-O distances and angles of oxygen from the struc-

TABLE II. Displacements of the Si atoms (in A) for the case of an 
oxygen inserted in the Sil-Si3 backbond. 

Sil Si3 Si4 Si5 

x +0.38 -0.11 -0.04 -0.04 

Y +0.06 =-0.06 
z +0.05 -0.22 -0.1 -0.1 

4 

o 

-4 

~ -8 

>-
E' 
~ -12 
w 

-16 

-24 

1.28A 

..... Ef---l- ----- ----J ---;~; 
lI=~-""'-"r!'-'---"~--'~ ····;,..3(1" 

-28~==--...c==-_-LL __ -1L __ ~ 
Density of States-

FIG. 4. Influence of the 0-0 distance on the oxygen DOS level splitting. 
Oxygen DOS for paul for an oxygen distance of 1.2. 1.28, 1.39, and 1.46 
A. The DOS of the bonding s-s interaction (2u, not shown here) moves 
from - 33.8 (1.46 A) to - 35.5 (1.2 A). The integration line goes from 
0% to 100% within each box. 

ture of bulk Si02, with a mean value of 1.61 A and 144° 
(Ref. 45) (Si-O-Si), respectively. In agreement with pre
vious calculations17,20 we have chosen these values for most 
cases. For the inserted oxygen it turned out that better 
results were obtained using an Si-O-Si angle of 140°, in 
agreement with Ciraci, Ellialtioglu, and Erkoc.2o 

A crucial point is the 0-0 distance. NEXAFS studies 
showed46 that the 0-0 distance should either be 1.28 or 
1.39 A, depending on the way the experimental results are 
analyzed. Hofer et al. favor the shorter value because of 
expectations based on an 0-0 stretching frequency of 1230 
cm- I . According to Vaska,47 one can assign reasonable 
values for 0-0 distances if one knows the charge on the 
coordinated molecule and vice versa. Based on this, the 
charge on the O2 fragment we obtain from our calculations 
for most of the models (- 1.2 to - 1. 6) is in better agree
ment with the longer distance of 1.39 A. Also, Goddard, 
Redondo, and McGill have found an optimized distance of 
1.37 A for the paul configuration. 

In Fig. 4 O2 contributions to the DOS are shown for 
four 0-0 distances, for the paul configuration. Other con
figurations, such as para, grif, and trival, show very similar 
behavior. 

To choose the right 0-0 distance, we can look at the 
splitting of the two 0 (2p) levels depending on the dis
tance. Since we know from UPS spectra that this splitting 
should be substantially bigger than 2 eV (otherwise one 
would see an additionid peak), the shorter distance (1.28 
A) seems a more reasonable choice. 

In the absence of a reliable geometry optimization, we 
have done all calculations with both distances (1.28 and 
1.39 A). If we do not explicitly mention the distance, we 
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mean the values depicted in Fig. 3, which, for most cases, 
is the shorter distance of 1.28 A. Since most peroxo com
plexes have quite long 0-0 distances (mean value: 1.46 
A), we have chosen 1.39 A for the grif configuration. In 
case of the bridge configuration, we had to lengthen the 
0-0 bond to 1.5 A and the Si-O bond to 1.78 A. It is 
worth mentioning that such unusually long Si-O distances 
(bulk Si02 has Si-O distances of typically 1.61 A) do oc
cur in some Si-O complexes, which have distances between 

o 45 1.65 and 1.79 A. 
In case of paul and para the outer oxygen is above the 

hollow position. We discuss the (very small) threefold bar
rier due to rotation of the outer oxygen in a subsequent 
publication.48 

In the different models for the precursor state, molec
ular O2, stretched to a varying degree, is involved. It is thus 
appropriate to review the well-known orbitals of O2, shown 
in structure 3 below (adapted from Ref. 49). 

* 30U 

* -+- -+-71'g 

3 

The ground state of O2 is 3~g, two electrons in the 
0-0 antibonding 'iT: orbital. Superoxide, O2, has a longer 
bond, corresponding to further filling of 'iT:, and peroxide, 
O~-, has the 1T'i completely filled. Complexes of O2 popu
late 'iT: to a varying extent47,50 and are likely to sl?an the 
range of distances between molecular O2 (1.21 A) and 
peroxide (typically 1.46 A). In our coordinate system (see 
structure 1), the 0 (pz)-O (pz) interaction always belongs 
to the 'iT set. But because the O2 orientation varies, Px and 
Py have both 0' and 'iT character, or conversely one compo
nent of O2 'iT may be made up of a mixture of Px and Py. 

THE MOLECULAR PRECURSORS 

Since temperature and coverage can change the kinetic 
channels for the O2 molecules incident on the Si (111) sur
face,t5 different Si-O configurations should be expected de-

10 

5 

> ., 
--5il 0 
i> 
<:: 
~ ., -5 
.~ 
Q3 
~ -10 

-15 
= '" .., ., 

Ol ..... os ] ." 

'" = . ;;; OIl '5, ... ~ 
~ 

'';' J, ~ :S '" Q., .8 ., Q., 
OIl OIl 

~ 
." ,.Q 
.;:: 

,.Q ,.Q 

FIG. 5. Relative total energies of all molecular precursors mentioned and 
for the configurations clean and ins-ad (see Fig. 3). Since bridge-ins in
volves three oxygen atoms, this total energy is corrected by the energy the 
system gains by inserting one oxygen atom into the Si-Si backbond. 

pending on the experimental conditions. We concentrate 
on low O2 exposures (e.g., 0.2 L O2), There are two dif
ferent temperature regimes: (a) room temperature, at 
which STM data were obtained (stage 1), and (b) low 
temperature (95 to 150 K), at which UPS, XPS, 
NEXAFS, etc. measurements were made. We try to sepa
rate these two regimes. We will see later that the main 
difference between the low- and the high-temperature con
figurations is due to a higher percentage of dissociated ox
ygen species formed at high temperatures. 

Before we summarize the findings for the two temper
ature regimes separately we discuss (I) total energies, (II) 
oxygen DOS in comparison with UPS spectra, (III) DOS 
close to Fermi energy in comparison with STM results, 
(IV) charges, (V) COOP for all molecular precursors. 

(I) Figure 5 shows the relative total energies of all 
molecular precursors mentioned in the preceding section. 
For comparison, we have also shown the total energy for 
the clean surface plus an oxygen molecule (labeled clean in 
Fig. 3) and for the configuration ins-ad (stable and dom
inant Si-O configuration in the dissociated stage51

). 

This figure is consistent with the observation that most 
of the molecular precursors are metastable. The compari
son to clean allows us to get an idea of the binding energy. 
For grif, para, and paul, the binding energy is substantial 
(~5 eV/unit cell). For a Si3 cluster Goddard, Redondo, 
and McGi1117 calculated a binding energy of 2.2-2.5 eV for 
paul (1.37 A). This indicates that an oxygen molecule, 
once it has hit the Si surface and found one of these posi
tions, will stick there and await further dissociation. Figure 
5 suggests that more than one molecular precursor may be 
involved in the oxidation process. Only two bridge config
urations are significantly less stable, which can be ex
plained easily in terms of unfavorable interactions (see dis
cussion below). 

The ins-ad atomic oxygen configuration is by more 
than 5 eV lunit cell preferred over all molecular precursors. 
This shows again the great thermodynamical tendency for 
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Density of States-

FIG. 6. Oxygen DOS for the precursors. The nature of some localized peaks is also indicated. All geometrical data can be obtained from Fig. 3. For grif, 
the 0-0 distance is also 1.28 A. 

the oxygen molecule to dissociate on the surface. The rel
atively long lifetime (10 min at room temperature) is due 
to kinetic barriers for the dissociation of the spectroscopi
cally detectable precursors. 

(II) Figure 6 shows DOS plots of the oxygen involved 
in these precursors, in order of descending total energy. 
Most of the DOS is very localized (this was pointed out 
already by Goddard, Redondo, and McGill)Y One can 
clearly identify the original levels of the O2 molecule (com
pare to structure 3). The indicated nature of the states 
reflects the main contributions to each peak. The 1T* levels 
are not totally occupied. This can be deduced also from the 
charge of the O2 fragment, which is not - 2 but -1.2 to 
-1.6. The experiments indicate that the main spectroscop
ically detectable precursor has a DOS peak at 4 eV. This is 
demonstrated by comparing UPS spectra at 100 K (peak 
at 4 eV) and after annealing at room temperature (much 
smaller peak at 4 e V or no peak at all, as in Fig. 11). 

We suggest that the second oxygen peak which results 
from the splitting of the Orr levels be associated with the "7 
eV peaks" which are already identified as belonging to the 
stable state that follows the dissociation of the precursor. 
Thus, by coincidence, the 7 e V peaks belong to both the 
precursor and the stable state. This is consistent with the 
fact that the intensity of the 7 e V peaks is never smaller 
than the 4 eV peak [see, e.g., the curve 0.1 L in Fig. 11(b)]. 
Others have interpreted this fact as indicating the 
inability-even at very low temperatures-to detect only 
the precursor without the stable state being mixed in to the 
extent of at least 50%. XPS data have been interpreted 
making the same assumption (see the Appendix for de
tails). 

Other calculations have also assigned the 4 eV peak to 
molecular oxygen species on the surface (-n:) and they 
agreed that these states are very localized and have a char-

acter similar to that of free O2, For the other states, Chen, 
Batra, and Brundlel8 computed both the 1Tu and the 3ug 
levels to be at 10 eV instead of 7 eV. This would imply a 
stronger peak at 10 eV (1Tu plus 3ug ) than at 4 eV (1Tg ). 

Such a strong 10 eV peak does not appear in the experi
mental UPS spectra (e.g., Ref. 15 or Fig. 11). Goddard, 
Redondo, and McGilll7 found the 1T u peak at 7 e V and the 
3u g peak at about 10 e V. 

As can be seen from Fig. 6, paul, para, and grif have 
states at -4 and -7 eV below the Fermi level and thus fit 
best the UPS spectra. The bridge configuration shows too 
small a splitting of the oxygen levels, due to the long 0-0 
distance of -1.5 A. As discussed in the preceding section, 
this small splitting is not in agreement with the UPS spec
tra. 

(III) The comparison of oxygen DOS with UPS spec
tra provides information about the nature of the Si-O 
structures formed at low temperature. In order to compare 
with room temperature STM results (stage 1) one must 
consider all possible DOS close to the Fermi energy. 

(a) Some oxygen DOS is shifted close to the Fermi 
energy for the bridge configuration, which would 
give bright sites in STM images. 

(b) If one considers Si atoms, the orbitals that could 
give bright STM images are mainly the adatom 
and rest atom dangling bonds (namely the corre
sponding pz orbitals). 

In Fig. 7 the DOS close to the Fermi energy of (a) the 
pz (Sil ) (adatom) and (b) thepz (Si9) orbitals (rest atom) 
are shown for the various oxidation models. As expected, 
all direct interactions with the dangling bonds (for paul, 
para, and grif) shift them to higher energy. In some cases 
these are shifted too far from E F to be detectable by STM. 
Thus, these precursors can only appear as dark sites in 
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FIG. 7. DOS for the adatom pz orbitals Ca) and for the rest atom pz 
orbital (b) for the configurations as indicated. All geometrical data can be 
obtained from Fig. 3. A dotted line indicates too small a DOS to be 
visable on this scale. In these cases the DOS is pushed up to higher 
energies due to O-Si1 (pz) interactions. The relative scale for the DOS is 
the same for all configurations. 

STM. However, in the case of an indirect interaction (the 
oxygen not occupying an on top site; in bridge and trival) 
significant DOS remains near E F' sufficient to lead to the 
appearance of bright sites in STM. STM indicates that 
early after small O2 exposures (stage 1) about 50% of all 
reacted adatom sites appear bright, 
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FIG, 8. Charges at different atoms for the configurations marked; open 
circle: adatom; solid circle: Si3; triangle: rest atom. 

(IV) Another measure of the energy shift of a state 
(e.g., a dangling bond) is the charge. If, as consequence of 
interaction, the DOS is pushed up in energy above the 
Fermi level, the corresponding occupation of that orbital is 
reduced and the charge on the atom becomes more positive 
(see also structure 4). In cases such as paul, para, and grif 
the occupied orbital which is pushed up in energy has 
mainly Si l pz character (see structure 4, right picture). 

weak 
interaction 

strong 
interaction 

4 

strong interaction 
between levels with 

different energies 

Figure 8 shows the charges at the adatom (Sil ), the Si3 
atom;-and the rest atom (Si9 ), for the precursors and for 
clean as a comparison. In general, these curves reflect the 
fact that the more charge is transferred, the stronger the 
silicon-oxygen interaction. In the cases of paul, para, and 
grif, basically all of the charge is transferred from Si I to the 
O2• the very negative rest atom remains remarkably unaf
fected. For trival (for geometry see Fig. 3) the oxygen 
interaction with Si l and Si3 is very similar. They give up an 
equal amount of charge density to the inserted oxygen. The 
rest atom dangling bond remains intact (see also Fig. 7). 
In bridge the rest atom gives much more charge to the 
oxygen than the adatom. 

On the clean surface the rest atom is much more neg
ative than the adatom. This is because the rest atom is 
unstrained; its dangling bond is near the top of the valence 
band, but not much destabilized. The adatom pz orbital 
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In bridge-ins (B) Oins-O (solid line) and Sit-Oins (dotted line) is displayed. 

interacts with the Si beneath so that the corresponding 
level is destabilized, and is pushed above the Fermi level. 

(V) Figure 9 show the corresponding COOP curves 
for the 0-0, Sil-O, SirO (bridge-siJ and bridge-ins), 
Si9-O and Sil-Oins bond. In the case of O2 the states cor
responding to the two 0(2p) DOS peaks have quite differ
ent bonding characteristics. The lower one is bonding (la
beled 11") and the upper one is 0-0 antibonding (11"*). The 
molecular binding properties are maintained upon O2 ad
sorption (see structure 3). This bonding-antibonding pat
tern is followed throughout all models. We have plotted 
the corresponding total overlap populations in Fig. lO(a). 

For most configurations the 11",11"* system of the oxygen 
molecule is retained despite the interaction with the surface 
(compare also to structure 3; note that the indicated levels 
in Figs. 6 and 9 reflect the main contributions for the 
peaks). The bond is, however, strongly weakened. The 
overlap population drops from 0.71 (02 in the gas phase 
with the same distance: 1.28 A) to a bit below 0.5 [Fig. 
lO(a)]. As can be seen from Fig. lO(a) the overlap popu
lation for the bridge configuration drops sharply. This hap
pens because the 3a* state is lowered in energy and part of 
its DOS is now below EF (Figs. 6 and 9). To demonstrate 
the range of total overlap population for the 0-0 bond in 
bridge we have marked two data points in Fig. 10, one for 
the geometry shown in Fig. 3 and a second one for longer 
distances (Si-O: 1.8 A, 0-0: 1.53 A). The fact that the 
overlap population is close to zero or even negative is an 
important result, since it shows that if bridge is formed as 
an intermediate on the Si (111) surface, it should immedi
ately dissociate. Thus, bridge is an unlikely candidate for 
the main precursor, which is stable for ten minutes at room 
temperature. 

Most of the Si-O overlap populations [Fig. 10 (b)] are 
close to the "normal" value in Si02• One exception is grif. 
The reduced overlap population must be due to the geom-

etry of the three-membered ring, which gives rise to stron
ger antibonding interactions. Indeed, one bonding peak be
comes antibonding while going from paul, para to grif. 
This peak is indicated by an arrow in Fig. 9. 

On the basis of the above results we can examine which 
of the molecular oxygen adsorption configurations are the 
most promising candidates for the precursor state. 

( 1) Bridge-ins: The reason why we consider this struc
ture is that Hofer et al. 15 suggested that bridge will quickly 
dissociate leading to an inserted oxygen. They suggested 
that the O2 could bond to Si3 and Si9 as in bridge-ins, to 
give a almost symmetrical structure with the O2 axis par
allel to the surface. This configuration appears to be ruled 
out by our calculations. Due to the unfavored 0ins-O in
teraction (Figs. 9 and 10) and to the presence of the hy
pervalent Si3 atom, the system is unstable; its total energy 
is calculated to be almost 10 eV more positive than for the 
unreacted surface (Fig. 5). Moreover, the oxygen DOS 
(Fig. 6) does not match the peaks found experimentally. 

(2) Bridge-si3: One of the destabilizing features of 
bridge-ins is the Oins-O interaction. This interaction is not 
present in bridge-si3. From a geometrical point of view the 
0-0 bridge fits well in between Si3 and Si9 (Fig. 3). But 
this configuration also can be ruled out: The total energy is 
5 eV too high (probably due to the hypervalent Si3). 

(3) Bridge: This configuration can be ruled out, too: 
Figures 9 and 10 show that the long 0-0 bond (1.5 A) in 
bridge is very weak and would dissociate instantly. Thus, 
bridge is an unlikely candidate for the main precursor, 
which is stable for 10 min at room temperature. Only at 
very low temperature could the bridge configuration be 
reasonably stable. However, even at low temperature 
bridge is unlikely to be present because the long 0-0 dis
tance leads to a splitting of the oxygen DOS of only 1.2 
eV-too small compared to the observed splitting of 3 eV 
(100 K UPS). 
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FIG. 10. Overlap populations for the precursors. (a) 0--0: open circles; 
0; .. -0: solid circles; (b) Sil-O: open circles; Si9-O: solid circles; Si3-O: 
crosses. The reference dark line in (a) indicates the overlap population 
for an oxygen molecule (1.28 A.) in the gas phase. The two data points for 
bridge reflect the influence of geometrical changes (see text). 

We would like to mention at this point that the theo
retical calculations of Kunjunny and Ferry,52 which Hofer 
et al. 15 relied on and which show oxygen DOS in good 
agreement with the experimental results, were performed 
for an unreconstructed Si(100) surface which allows a 
symmetric peroxo bridge with a distance of only 1.28 A. 
We do not believe that these DOS are of a bridge-type 
configuration that can be formed on the reconstructed 
SiC 111) surface. 

( 4) Trival: This precursor configuration can probably 
be ruled out, too, at least in the case of low-temperature 
experiments. Experiments at 100 to 120 K have shown that 
the 0-0 axis has much more parallel than perpendicular 
character.46 So, the trival structure with an angle of 60· to 
the surface (Fig. 3) cannot contribute significantly to the 
population of the spectroscopically detectable precursors at 
low temperature. 

(5) Grif: So far, this structure cannot be ruled out. 

Oiiepossible objection is that a distance of 1.28 A is a bit 
too short for this three-membered ring structure. A dis
tance of 1.39 A would lead to a splitting of the oxygen 
DOS tOD small to the one observed in UPS. 

(6) Paul: The only argument for this .structure not 
being the main precursor at lOOK is that the 0-0 axis 
makes an angle with the surface of 36° (Fig. 3) while 
NEXAFS experiments (at 100 K) show that this axis 
should be essentially parallel to the surface. Since all other 
data fit very well with experiment, we do not exclude this 
structure. At higher temperatures paul appears to be a very 
good candidate for the precursor. 

(7) Para: This configuration appears to be in best 
agreement with experimental results and should definitely 
be considered a good candidate for the main precursor. 

To summarize, only grif, paul, and para remain likely 
candidates for the major, metastable precursor. This is in 
agreement with the conclusion of Goddard, Redondo, and 
McGill17 (they favored paul, 1.37 A) and of Chen, Batra, 
and Brundle18 (they favored para, 1.2 A). The paul and 
para structures are similar. The former fits the experimen
tal finding that the 0-0 axis is parallel to the surface, the 
latter has a lower total energy by 1.5 eV. We are driven to 
combine these structures, to form a paul-para hybrid. By 
mixing this two configurations we take into account some 
dynamics of the oxygen. molecule chemisorbed on the 
SiC 111) surface. This is illustrated in structure 5. Perhaps 
grif could be included, too. 53 

r 
paul para 

5 

But not all experimental observations can be explained 
by choosing these molecular precursors. STM pictures at 
stage 1 (room temperature) indicate that -50% of the 
reacted adatom sites appear as stable bright sites in STM 
topographs of unoccupied states. Such products cannot be 
obtained from paul-para or grifprecursors. Moreover, UPS 
spectra indicate that the rest atom dangling bonds are, at 
least partly, eliminated by the interaction with oxygen. For 
these reasons, we might expect that other unstable precur
sors, which dissociate too fast to be detected with UPS, 
might be important in the oxidation process. 

Candidates for these unstable and minor precursors are 
trival and bridge. Mainly due to the antibonding 0-0 bond 
in bridge (Figs. 9 and 10), this structure cannot be stable 
at room temperature. But it could be the unstable candi
date, since bridge will dissociate to ins-rest, which gives rise 
to bright sites and eliminates the rest atom dangling bond. 

So, we will add to the major precursors grif and paul
para the minor precursor trival (due to NEXAFS measure
ments46 only the room temperature case) and the main 
product ins-rest produced by the unstable precursor bridge 
[see also structure 6 and paper II (Ref. 54)]. By including 
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structures like ins-rest we get a mixture of precursor and 
stable states, which is in agreement with experimental find
ings. 

At this point we would like to discuss the room
temperature case first and the low-temperature case in a 
following part of this section. The results for both temper
atures are similar. The main difference is that the ratio of 
precursor to dissociated state is a bit larger at 100 K. 

Room-temperature condiitions 

The picture which fits best the product distribution 
formed in stage 1 (e.g., 0.2 L O2, room temperature), is a 
mixture of roughly 50% (ins, ins-rest, trival) and 50% 
(paul-para, grif, ins-ad). The channels leading to this dis
tribution are illustrated in structure 6. Bold names or ar
rows indicate favored configurations or pathways. See also 
paper II. 

Precursors major: minor: (unstable: 

~;~f 
Dissociated States ~ ins ins-rest 

III dark sites in STM 

6 

bridge·si3. 
bridge· ins 

In order to give a strong UPS signal at 4 eV, paul-para and 
grij must be present in substantial amounts. In order to 
have approximately 50% stable bright sites in STM and to 
involve the rest atom (UPS finding), ins-rest should be the 
second dominant configuration. 

To summarize, our calculations suggest that at low 
coverages at room temperature, initially a mixture of very 
roughly 40% ins-rest, 10% trival, 45% paul-para and grij 
and 5% ins-ad is formed (these percentages refer to the 
reacted sites. 90% of all sites will still be unreacted, i.e., 
clean). Please note that these percentages are merely in
tended to help us to visualize the processes occurring in 
stage 1. They are not to be taken as quantitative results. 
Taking this mixture of configurations, the ratio between 
bright sites and dark sites is 1:1, the ratio between adatom 
and rest atoms involved is 2.5:1, the mixture between pre
cursors and stable states is 1.2: 1. The resulting DOS's fit 
quite well the UPS spectra. All these facts are in good 
agreement with the UPS and STM experimental results. 
The dissociated configurations following these precursors 
also match the experimental results (see paper II). 

Low-temperature regime 

Figure 11 shows UPS (hv=40.8 eV) spectra27 ob
tained by exposing the surface at 95 K to the indicated O2 
exposures, followed by brief annealing to the indicated 

02/Si(111 )-7x7 O(2p) 

ups: hv=40.8 eV 

o 2 4 6 8 10 12 14 16 
BINDING ENERGY (eV) 

FIG. 11. UPS spectra of (a) the clean Si(111)-7X7 surface, indicating 
the adatom (SI) and the rest atom dangling bond (S2)' (b) two different 
oxygen exposures to this surface at 95 K, (c) five different temperatures 
at 0.4 L O2 to show the annealing process. 

temperatures. 55 The spectra presented show best the pre
ferrential quenching of the adatom dangling bond at low 
oxygen exposure. 

Let us consider two examples from the low- and high
temperature regimes: (a) 0.4 L, 95 K (precursor plus dis
sociated states), (b) 0.4 L, 300 K (only dissociated states). 

Before we attempt to simulate the low-temperature re
gime, one should recall the results of the preceding sec
tions. At low coverages (0.2 L O2), stage 1, room temper
ature, we suggested as likely 45% (grif and paul-para), 
10% trival, 40% ins-rest, and 5% ins-ad. Mixing these 
configurations in proportion to their weight, we would not 
get a good representation of stage 1 (precursor state), since 
STM pictures show that only about 10% of all adatom 
sites have reacted. In order to simulate this coverage we 
have to mix in 90% of the structure clean. The thus ob
tained DOS, however, does not compare well with the low
temperature UPS spectra, because the oxygen peaks are 
not strong enough, due to the presence of 90% of clean. 

Since we get too much of clean surface character 
mixed in, it is reasonable to conclude that the coverage of 
oxygen containing sites at 95 K must be substantially 
higher at the same exposure. This is also indicated by, for 
example, the work ofIbach, Bruchmann, and Wagner6 and 
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N '" him l16 IJIS a et a . They show that the sticking coefficient at 
100 K is close to 1, approximately 10 times higher than at 
room temperature. The coverage, or more precisely, the 
fractional oxygen coverage, is defined as the ratio of the 
number of oxygen adatoms to the number of Si atoms in 
the first layer of the bulklike Si(Ill) surface. 16 The unre
constructed surface has 49 dangling bonds (7X7). How
ever, the reconstructed surface has only 19 dangling bonds 
(12 at the adatoms, 6 at the rest atoms, and one at the 
comer hole). In other words, a coverage of about 0.4 is 
sufficient to quench all rest atom and adatom dangling 
bonds and a coverage of 0.25 to quench all adatom dan
gling bonds if the oxygen attacks the adatoms first (Fig. 11 
and other results indicate that the adatom dangling bonds 
are initially preferentially quenched). 

Let us now consider the reactions at rest atom sites. 
Most UPS spectra indicate that the rest atom peak at 1 e V 
does not change very much upon small oxygen exposures. 
But this does not imply necessarily that the rest atoms 
remain unreacted, because the adatom dangling bond of 
bright sites (inserted oxygen in the backbond) also has a 
DOS peak at about 1 eV.51 So, upon rest atom reaction, 
bright sites may be created at the same time so that the 1 
eV peak does not change too much. This situation may 
arise through the dissociation of the bridge precursor to 
give an ins-rest structure. The ins-rest configuration elimi
nates one rest atom dangling bond and creates a bright site 
at the same time. 

To summarize, at 0.4 L (95 K), most of the adatom 
sites have reacted, most the rest atom dangling bonds are 
still intact, and the coverage is about 0.4. The reacted rest 
atoms most likely are the result of the formation of the 
ins-rest configuration. 

Now, if we look at the configurations for stage 1 
(STM) , room temperature [90% clean, 4.5% (grif and 
paul-para), 1% trival, 4% ins-rest, and 0.5% ins-ad] it is 
obvious that the picture will be quite different at low tem
perature. First, we will not mix in clean, since a coverage of 
0.4 corresponds to almost two oxygen atoms per 2 X 2 unit 
cell. Second, the presence of the trival structure in any 
significant amount is unlikely, since the 0-0 axis is found 
to be parallel to the surface at 95 K. 

The configurations grif, paul, and para have very sim
ilar DOS, if one uses the 1.28 A 0-0 distance for grif. 
Since the smaller distance is energetically not favorable for 
grif, we will concentrate on paul-para. Further, we get best 
agreement with the experimental results if we take a pre
cursor:dissociated state ratio of 2: 1. This reflects that at 
low temperature the dissociation probability is lower than 
at 300 K (this ratio was 1.2: 1 at room temperature). More
over, after reinterpreting the data of Hofer et al. 15 (see the 
Appendix) the same ratio of 2:1 results from the analysis 
of their XPS and UPS data. 

This leaves us with 2/3 paul-para and 1/3 (ins-rest and 
ins-ad). The best fit with the UPS spectra is obtained for 
2/3 paul-para and 1/3 ins-rest. The corresponding calcu
lated DOS is shown in Fig. 12 (solid curve). Note that by 
doing this no adatom dangling bond states (at 0.5 eV) 
remain unchanged: They are either eliminated by interact-

;:
·in 
c: 
Q) 

o 

-I 0 2 3 4 5 6 7 8 9 10 (( 12 

Binding Energy (eV) 

FIG. 12. Projected (and smoothed) DOS of the the adsorbate oxygen 
layer and the first two silicon double layers for (a) 67% paul-para and 
33% ins-rest (solid line) and (b) 67% ins-ad and 33% ins-rest (dashed 
line). 

ing with an oxygen atom coming in on top (paul-para) or 
the dangling bond electrons are transferred to bright site 
dangling bonds (ins-rest), located at 1 e V. The combined 
rest atom plus bright sites peak is clearly seen, although 
shifted a bit to higher energies (compare to Fig. 11). The 
Si bands rise sharply up to 2 eV. This rise creates a shoul
der at about 2 eV. In a polarized UPS study, Hofer et al. 15 

observed such a peak at 2 eV. The peak at 4 eV is clearly 
attributed to the precursor and the peaks at ~ 7 e V are 
representative of a mixture of stable configurations and 
precursors. 

After annealing to higher temperatures (no additional 
oxygen exposure) the precursor dissociates (see Fig. 11). 
At 95 K we have found the best fit for 2/3 paul-para and 
1/3 ins-rest. This will give us 2/3 ins-ad (the main disso-
.. h C 48 clatlOn pat way lor paul-para) and 1/3 ins-rest at higher 

temperatures. The dashed line in Fig. 12 shows the corre
sponding calculated DOS. Note that the coverage is much 
higher than that in stage 2 (STM, room temperature). The 
reason is that we have exposed the surface to oxygen at 95 
K and then we have annealed the surface. This leaves us 
with about 10 times higher surface coverage. 

It is obvious from the experiments and calculations 
that the main change resulting from the dissociation of the 
precursor is a shift of DOS intensity from the 4 e V area to 
the 7 e V area. In both precursor and stable products the 7 
eV band consists of mainly two peaks. In the Appendix we 
discuss some further details of the interpretation of the 
precursor states. 

It needs to be mentioned that our approximate method 
of calculation neglects the image shifts of the negative ion 
states of O2, This shift may be significant, and as a reviewer 
notes may increase charge transfer and the binding ener
gies. 

SUMMARY 

As major stable precursors we have identified the paul
para and grif structures. A possible minor precursor is 
trival (only at room temperature). In addition, we have 
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considered the bridge configuration as an unstable precur
sor which dissociates immediately to give mainly the ins
rest structure. The remaining precursors give dark sites in 
STM pictures, and UPS signals at 4 and 7 eV, whereas the 
dissociated state ins-rest leads to bright sites and UPS sig
nals at 7 eV. The ratio of precursor states:dissociated states 
is about 1:1 at room temperature and 2:1 at 100 K. 
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APPENDIX: FURTHER COMMENTS ON PRECURSOR 
STATES 

In the studies by Hofer et al. 15 a single 0 (Is) XPS 
peak was obtained for the precursor state, whereas a per
oxy radical should show a double peak. 56 It was suggested 
that this narrow 0 (Is) peak indicates that both oxygens 
are identical. It was mentioned that "the only alternative 
explanation would be that the second 0 (Is) peak acciden
tally coincides with the main 0 (Is) peak from the stable 
dissociated state," but this possibility was excluded by not
ing that a precursor to stable state ratio of 2: 1 would be in 
disagreement with UPS results: Peaks 7 and 8 [7 eV peaks] 
only show a 50%, and not a 150%, increase after annealing 
of the mixed layer. However, as can be seen from Figs. 4 
and 6, the precursor shows about the same DOS at 6 to 7 
eV as at 4 eV. In other words, these peaks at 6.5 and 7.5 eV 
contain contributions from the DOS's of both the precur
sor and the stable state. A ratio of 2:1 (precursor:stable 
state) is in very good agreement with the UPS spectra: A 
2: 1 ratio means that the combined DOS for the peaks at 4 
and 7 eV is distributed as follows (without 3a contribu
tion): 33% at 4 eV (precursor), 33% at 7 eV (precursor), 
and 33% at 7 eV (stable state). Taken together, 66% at 7 
eV. By annealing, all precursor states change to stable 
states and we have now 100% at 7 eV. 100% as compared 
to 66% is a 50% increase, as it should be according to the 
UPS data. Another indication that this scheme may be 
correct is that the 0 (Is) peak from the stable state in the 
XPS spectra shifts a bit towards higher energy during an
nealing. Hofer et al. 15 found the splitting of this 0 (Is) 
peak to be 1.1 eV. This is close to the calculated splitting 
for a peroxy-radical [1.3 eV (Ref. 57)], which is a good 
argument in favor of our paul-para precursor structure. 

The net effect of reinterpreting these experimental data 
is that (a) we do not need to accept any more that the two 
oxygens of the precursor are identical, (b) the 7 e V peaks 
result come from both, precursor states and stable states, 
and (c) it is possible to have almost exclusively precursor 
states at very low temperatures. 
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