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Local alkali-metal-promoted oxidation of Si(100)-(2X 1) surfaces:
A generalized-Hubbard-model calculation
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In order to study the local regime in the alkali-metal-promoted oxidation of silicon, we consider the
coadsorption of an oxygen molecule and a potassium atom on the dimerized Si(100)-(2X 1) surface. An-

tiferromagnetic (singlet) spin correlations within the Si dimers are taken into account from the outset by
working with a generalized Hubbard Hamiltonian. In this background, the adsorption of a K atom
strongly polarizes the medium creating a local charge-spin bag, around the K+ ion, which sets the
scenario for promoted oxidation. When an 0& molecule in its ground state ( Xg ) approaches this region
of the surface, it is influenced by the attractive electrostatic field of the K ion, with the corresonding
lowering of its aSnity level. This eventually crosses the Fermi level and captures the excess electron
charge in the bag. A superoxide 0& ion, the IIg state, is thereby formed, ionicly bonded to K+ and co-
valently bonded to the Si dimer. In the absence of potassium, the oxygen molecule simply physisorbs in

a state adiabatically connected to its gas-phase ground state.

I. INTRODUCTION

The formation of abrupt, atomically perfect Si-Si02 in-
terfaces is very important in silicon-derived technology.
But direct oxidation of a bare Si orbital requires high
temperature and elevated pressures to speed the reac-
tions, ' which in turn cause changes in the electronic
characteristics of the devices by dopants diffusion and
structural modification. Therefore, great interest has been
devoted to the enhancement, by many orders of magni-
tude, of Si oxidation produced by the presence of pread-
sorbed noble, transition, rare-earth and alkali met-
als. ' Problems of interdiffusion and chemical reaction
between adatoms and silicon appear in all metals except
Na, K, and Cs, which can be desorbed, after Si02 forma-
tion, by heating to moderate temperature.

In addition, the alkali-metal-promoted oxidation of Si,
due to the lack of interdiffusion of both elements, is a
well-defined system in studying fundamental mechanisms
of catalytic processes. The role of the alkali metals in pro-
moting oxidation reactions is, however, a matter of con-
troversy in experimental and theoretical studies. The
essential steps taking place in the Si oxidation are, '

therefore, as follows: (a) trapping of the incoming oxygen
molecule, (b) transition of the adsorbed Oz into an excited
state, this process being the rate-controlling step, (c)
transfer of Si dangling-bond charge to the adsorbed mole-
cule, leading to dissociation, and (d) chemical bonding of
the 0 atoms to the Si substrate. Based on this scheme,
several mechanisms have been proposed which can be
classified into two categories regarding the local or nonlo-
cal nature of the microscopic process. The relationship
between the resulting amount of oxide, for a given oxygen
exposure, and the alkali-metal coverage should be a
rigorously linear function if produced by a local mecha-
nism. Therefore, any deviation from proportionality at
low coverage would point to nonlocal activation process-
es.

It seems by now clear that oxygen adsorption is non-
dissociative in nature, even in transition metals. Conse-
quently 02 must undergo a transition to an 02
configuration first stable on the surface, but then dissoci-
ated due to charge transfer from that surface. Oxygen
detected on the surface is only associated with KO2 and
Si02 molecules after high dosages of oxygen. Based on
this fact, Ernst and Yu' measured the absolute value of
the 02 initial sticking coefficient versus Cs coverage, in-
stead of the maximum amount of oxide formed after oxy-
gen saturation. Similar results were found by other
groups using x-ray photoemission spectroscopy, '

also detecting the oxygen of Si02 and KO.
Miranda and co-workers, ' ' using Auger-electron

spectroscopy and photoemission of adsorbed xenon, re-
ported a linear relationship between the alkali-metal cov-
erage and the amount of Si02 formed, thus supporting
the local catalytic picture. In contrast, Soukiassian and
co-workers, ' ' using photoemission spectroscopy, ob-
served a nonlinear relationship between Si02 formation
and alkali adsorption (with a threshold coverage of about
0.5 monolayer) concluding that the catalytic effect is non-
local in nature.

The theoretical models are also equally divided, al-
though they all agree in that the dissociation of 02 is the
rate-determining step of the oxidation process. Norskov,
Holloway, and Lang ' suggested that the local electric di-
pole of the alkali substrate complex increases the molecu-
lar adsorption energy, lowering the antibonding 2m. *02
level. The filling of this level produces then oxygen disso-
ciation. Hellsing postulates a X ~ '6 transition in
the oxidation of silicon, whereas Panas and co-workers
proposed a Xg ~ 5„ transition in the oxidation of
Ni(100).

As to the Si(100)-(2X 1) surface, cluster calculations re-
veal that spin correlations can be important for this sur-
face. In calculations by Artacho and Yndurain, which
consider the effect of on-site interactions in symmetric
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and asymmetric dimer models, it is found that an antifer-
romagnetic (AF) spin arrangement within the dimers
lowers the total energy and opens an AF gap in the sur-
face band structure. The surface is then always semicon-
ducting, irrespective of the dimer model, while the AF
energy lowering () 1 eV/dimer) strongly outweighs any
energy differences between different geometric models.
Thus, whatever the dimer model adopted, spin correla-
tions seem essential to explain the electronic structure of
this surface. It should be noted that these AF spin corre-
lations quickly drop to zero outside the dimers for the
moderate U values appropriate to this surface, so that no
long-range AF spin order actually occurs. Only the spin-
singlet arrangement within the dimers survives.

In the present work we adopt this AF description of
the clean surface, as in previous work, but now we ex-
plore its consequences in an attempt to attain a
comprehensive understanding of the local promotion
effect (adsorption of a single K) on the oxidation of the
Si(100)-(2X 1) surface. A detailed application of the
present model will be made to the oxidation of both clean
and alkali locally covered Si(100)-(2X1) surfaces along
the two reaction paths proposed by Hellsing and Panas
and coworkers.

The calculations are performed for an array of 300 Si
atoms forming three rows of 50 dimers with periodic
boundary conditions (PBC). To study the local 02-K in-

teraction, we will adsorb a single alkali atom on the
valley-cave site, between two dimer rows, followed by the
oxygen molecule in a pedestal-bridge position, over a Si
dimer (Fig. 1). For a discussion of the adsorption sites,
see Michel et al. Since the adsorbed potassium atom is
in an ionized state, its attractive Coulomb interaction
with the first-neighbor Si atoms lowers locally the corre-
sponding Si density of states (DOS). The upper, initially
unoccupied, Si Hubbard band then crosses the Fermi lev-
el. The local adsorption of 02 at this site can therefore be
rather similar to oxygen adsorption on a metal.

II. MODEL AND HAMILTONIAN

We start out with a Hamiltonian of the type

H =Hs +Ho +HK+H
2

indicating schematically three subsystems, the silicon sur-
face, the oxygen molecule, and a single potassium atom,
in mutual interaction. The detailed form of this Hamil-
tonian will be now given in conjunction with the specific
model adopted for the different situations.

A. The substrate (a Si surface)

We take the reconstructed Si(100)-(2X1) surface as a
collection of symmetric dimers forming three rows of 50
dimers along the (110) direction. The intradimer dis-
tance is 2.24 A, the dimers being spaced along the rows
by 3.84 A, while the distance between rows (equivalent
points) is 7.68 A. No consensus has been reached about
the buckled or unbuckled nature of the dimers. The cal-
culations always give energies too close in both cases to
resolve ambiguities. Recently, Wolkow has obtained re-
markable results by observing this surface at different
temperatures, concluding that the buckled-surface
geometry has the lowest energy. But both forms are so
close that Si(100) always shows rows of buckled dimers
even at room temperature. Pairs of adjacent dirners with
anticorrelated tipping angles as well as unbuckled dimers
have also been observed, leading to an image of the sur-
face with both buckled and unbuckled dimers in a corn-
parable amount. (For a discussion, see Stillinger .)
Therefore, we adopt in this work a model of symmetric
unbuckled dimers. We want to stress at the outset, how-
ever, that the exact geometry and nature of the dimers
(buckled or not) have only a minor effect on the magnetic
spin distribution, strongly dominated by the Hubbard
on-site repulsions. These will be shown to play a role in
both the adsorption of electropositive atoms and the elec-
tronic transitions we consider in this paper.

There are four surface dangling-bond bands: Two of
them are of o symmetry (one formed by rr-bonding
molecular levels, well below the bulk band gap, and the
other formed by the empty 0'-antibonding levels, far
above this gap). They will play no role in what follows.
The other two bands are of m. symmetry (m and m'), lying
just in the gap region and being populated by two elec-
trons per Si dimer (or one electron per Si atom). These m.

bands wi11 be considered in what follows as arising from a
half-filled Hubbard band with an AF insulating gap of
the Mott-Hubbard type. Therefore, we describe the Si
surface by the Hubbard Hamiltonian

Hs;=Es;gn;, + g t, c,,+c,+ Us;gn;&n;1, (2)

FIG. 1. Diagram of adsorption sites for the potassium-
promoted oxidation of Si(100)-(2X1) surfaces. Small black cir-
cles: 02 molecule on dimer-brige site. Shaded circle: K on
valley-cave site. White circles denote silicon atoms. The first
layer (1) contains the dimers. For perspective, the second layer
(2), formed by an ideal ( 110) plane, is also shown.

where the indices i and j run through all the Si atoms
with the restriction, suggested by the symbol ( ) in the
double sum, that only first- and second-order neighbors
are connected by hopping (t, ). Us; denotes"the one-
center Coulomb repulsion on the Si atoms, one of the
main ingredients of this model. A weak interchain cou-
pling has been allowed so as to always have a two-
dimensional system. Finally, PBC are used along both
planar axes in order to keep size effects to a minimum.
The t, parameters (intradim"er hopping, as well as first-
and second-order band hopping) are scaled with
Harrison's rules which leave just a single t. This, along
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with Es; and Us;, fix the overall width of the band struc-
ture, the Fermi level ( —4.5 eV), and gap (0.6 eV), respec-
tively. The intra-atomic repulsion turns out to be Us; =1
eV. The silicon DOS for both spins are given in Fig. 2.

B.The adsorbate (an oxygen molecule)

The 02 molecule is characterized by the three 2p-

derived levels corresponding to the n; bonding and the
m.„' and n;* antibonding orbitals, when considering as
frozen the rest of the orbitals during the adsorption pro-
cess. In this picture the yx plane is parallel, while the yz
plane is perpendicular to the surface, as shown in Fig. 3.
The adsorption bond is formed through the interaction of
the ~, and m orbitals of the 02 molecule with the two
dangling bonds (opposite spins) of the dimer. The m„* or-
bital is normal to the Si dangling bonds. We thus write
the Hamiltonian

Ho =gE, n„+—,
' g ( U,& J,b 5„)—n„nb, ,

ab as& bs'

where the summations run over the three orbitals partici-
pating in the adsorption bond of energy E, and connect-
ed by Coulomb ( U) and exchange (J) integrals. These are
adjusted to give, in the gas phase, the ionization as well
as the first and second affinity potentials of the 02 mole-
cule in its ground state. They are I = 12.07 eV A

&
=0.44

eV, and A2= —5.9 eV according to the calculation of
Goddard III, Redondo, and MacGill. These three lev-
els play an important role in the adsorption and promo-

FIG. 3. Diagram of the free dangling bonds of a Si(100)-
(2X1) dimer (bottom) as well as relevant oxygen molecular or-
bitals in the adsorption process.

tion process to be described subsequently. The adjust-
ment is made through a second-degree polynomial in the
molecular charge.

C. The promoter (an alkali atom: potassium)

The potassium atom is here characterized by a single-
level atom, i.e.,

Hx EKEn' (4)

with the level EK = —2.7 eV. Since the final potassium
charge will be very small, no intra-atomic Hubbard U
need to be considered on the potassium atom.

D. Switching on the interactions

The three subsystems are now coupled by hopping and
Coulomb integrals

(b)
l

-50
I

-4.0 -3.0
E(eV)

H'= g V pc+cd,
(aP&s

+ —,
' g U p(n n)(np ——np),

(aP)

FIG. 2. Spin-polarized density of states (DOS) p.ojected on
an atom of the reconstructed Si(100)-(2X1) surface, showing the
Fermi level (thin vertical line) at the midpoint of the gap. (a)
majority spin; (b) minority spin. Energies are referred to the
vacuum level. The calculation has been done for a cluster of
50X 3 dimers with periodic boundary conditions. A Lorentzian
broadening has been used with full width at half maximum
equal to the mean separation between the cluster single-particle
levels.

where u, P now run over the silicon, oxygen, and potassi-
um orbitals. Since we will be faced with large charge
transfers, the Coulomb interaction between them is essen-
tial. The notation is n =n &+n &

and n means the ini-
tial occupation of the ath level. The two-center Coulomb
integrals will be approximated by the expression of Mata-
ga and Nishimoto ' in the form given by Ramaker for
Si02..
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U p=e [R p+2e /(U + Up) j (6)

III. ACTIVATED VERSUS PROMOTED
DISSOCIATION PROCESSES

where U is the Hubbard intra-atomic repulsion of the
ath orbital and R

&
is the internuclear distance. This ap-

proximation takes an average between two extreme situa-
tions: for large distances U ~=e /R & and for small
distances U z =(U + Uz)/2. The mixing hopping in-

tegrals, however, are more tricky. Although they will be
scaled with distance by Harrison rules, three free pa-
rameters still survive, Vsj K Vslo and Vo K. We take
Vs; o from Harrison's adjustment for the SiOz compound
at the equilibrium distance, 1.61 A (Ref. 29, pp.
261—273). The other two parameters follow very simply
from the geometric mean rule, the already adjusted ts;,
and a representative potassium hopping integral, t„(4.52
A) =0.25 eV fitted to obtain just the lowest s band of the
bulk K band structure. An image potential, V; =1/(4d)
(d being the 02-Si distance), is also included with the
correpsonding modification of the energy levels and
Coulomb integrals of the adsorbate. Similar comments
apply to the promoter.

We want to stress at this point that our extensive use of
scaling laws with distance, the geometric mean rule for
mixing hopping integrals, and prescription (6) for intera-
tomic Coulomb integrals strongly reduces the number of
parameters and renders a virtually parameter-free model.
Indeed, the few parameters thereby left are fixed by the
dangling-bond band structure of silicon as we11 as by the
ionization and affinity levels of both adsorbate and pro-
moter.

The Hamiltonian just described is now decoupled in a
self-consistent field unrestricted Hartree-Fock (UHF) ap-
proximation where both the charge and spin (transverse
and longitudinal) components on the Si atoms are con-
sidered on the same footing. The two-center Coulomb
terms are linearized in a simple Hartree-Fock approxima-
tion.

tibonding Oz molecular orbitals, thereby increasing their
O-O distance. It is by now well known that, in this
configuration, the 02 axis is parallel to the surface, the
outermost oxygen orbitals interacting with the dangling
bonds of two Si atoms. We therefore adsorb a single 02
molecule in bridge position over a Si dimer and study its
interaction, as a function of the oxygen-surface distance,
for two different states of 02. the ground state (GS), the

Xz(n, &&m.„'&m.,'t) triplet with the neutral surface, and the
superoxide form II (n„t~n. „'t&m. ,'&) with the Si surface
ionized.

In Fig. 4, we represent the electron-energy curves of
these configurations against distance to the surface. The
lowest curve is that adiabatically derived from the oxygen
GS. The arrows mark the estimated region where the
minimum of the corresponding Born-Oppenheimer curve
lies. Since, clearly, the 02 curve does not cross the GS
adsorption curve before reaching the minimum, no direct
transition can take place. The capture of one electron by
the adsorbed oxygen molecule, therefore„requires some
excitation process (i.e., activated process), as the one pro-
posed by Hellsing or Panas and co-workers.

According to Hellsing, the excitation is to the
'bs(~, &&a,*&&) singlet via the electronic transition

In the GS, the ~,* orbital lies closest to the
surface and repels the dangling-bond charge. The spin-
flip transition empties the ~, molecular orbital, thus al-

lowing its approach to the surface. At short enough dis-
tance, higher values of both image potential and hopping
can lead to recapture of the electron by the ~,* orbital
with the formation of 02, an activated process almost
universally considered as the rate-controlling step for dis-
sociation. In the mechanism proposed by Panas and co-
workers for the dissociation of oxygen on Ni(100), the
excitation is to the b, „state (n, t, n„'&&, m,"&). T.his state is
reached from the GS via a m, &~+*& transition which
leaves 02 in a situation similar to that of the Hellsing
process. The lowering of the repulsion energy between Si
and 02 is now due to the hole produced in the m.„instead
of in the ~,* molecular orbital.

The linearized Hamiltonian just described is now diag-
onalized for the following situations: (1) The Oz molecule
placed at a pedestal bridge on the clean Si surface; (2) A
single K atom on a valley-cave adsorption site, and (3)
The 02 molecule on a pedestal bridge near the pread-
sorbed K atom. These three cases are studied for
different surface-adsorbate distances. We also consider
the approaching molecule to be in different initial states
in order to test the role of the transitions between them
as possible rate-limiting steps in the dissociation reaction.
The interactions described in the preceding section will
now be, accordingly, switched on as needed. The initial
charges on the oxygen levels will have to be likewise
modified.

E (ev)
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1
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2

ling
3

Eg

d(A)

A. Isolated oxygen adsorption: climbing the hill

It is generally admitted that the dissociation of the 02
adsorbed molecule takes place through a superoxide Oz
state. ' ' This ionic state places charge into the ~' an-

FIG. 4. Electron-energy curves against oxygen-surface dis-
tance for the ground state ( h~ ), the superoxide ion ( II~ ), and
the excited singlet ('A~ j of the Hellsing process. Arrows mark
estimated distance where minimum of the corresponding Born-
Oppenheimer curve occurs.
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When the Si on-site repulsions are taken into account,
however, these processes are subject to some restrictions
displayed in Fig. 5. In Hellsing's process, two elementary
virtual steps are needed to achieve a spin-Hip transition,
e.g., one must have m,*t~Sit followed by Si~~m„*~ [Fig.
5(a)], going through a doubly occupied Si dangling bond
and ending up in a state with its AF order distorted (re-

laxed afterwards) by the presence of two neighbor up-spin
Si atoms, thus leading to a net energy rise by —Us;. In
Fig. 5(b) we have represented schematically the alterna-
tive process of Panas and co-workers, which now requires
the successive transitions ~,&~Si& followed by Si&~m. &.

The final situation keeps now the AF order unchanged,
thus lowering its energy by about 1 eV.

Figure 6 shows, finally, the energy-level diagram of the
four 02+Si configurations we are considering, before
switching on the surface-adsorbate interactions. We can
surmise that 5„ lies about 2.2 eV higher than '5 and,
therefore, the transition of Panas and co-workers is much
less probable at low terneprature than the Hellsing transi-
tion. On the other hand, since the state 6„ is not a
long-lived one, it cannot lead to a new dissociation mech-
anism via a Coulomb explosion. Turning then to the
Hellsing process, Fig. 4 also shows that the trnasition
X —+'6 takes about 0.8 eV. Once on this curve, with

the surface-admolecule repulsion lowered, 02 would

E (ev)
7t

VACUUM LEVEL

&x &z

&x

-10—

-15—

-20—

Si Eg 3Q 11g

FIG. 6. Level diagram of the Si+0, configurations con-
sidered in this work at infinite separation, i.e., before switching
on the interactions. Energies are referred to the vacuum level.
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come closer to the Si surface. At about the 02 equilibri-
um distance, the m;* level would cross the Fermi level and
capture an electron from the surface, thereby forming an
ionized species (bottom of Fig. 5). This excitation from
the GS to the superoxide form of 02 stretches the O-O
distance, with a concomitant increase in the overlap of
n, with the dangling bonds of the Si dimers. This pro-
cess leads to the dissociation of 02 with an activation en-

ergy of -0.8 eV.

B. Adsorption of the promoter: setting the local scenario

t I
16s

t I
3h„

Si Si

2
Tl 9

(c)

t I
tl

FIG. 5. Schematic diagram of the intermediate steps leading
from the ground state of the oxygen molecule (top) to the for-
mation of a superoxide ion (c) along the process proposed by (a)
Hellsing or (b) Panas and co-workers.

In order to study the local promotion effect, we place a
single K atom on the Si(100)-(2X 1) cluster. Direct mea-
surernent by Kendelewiez et al. gives a potassium-
silicon distance ds; K =3.14 A and, after the work of
Michel et al. , we place the K atom in a cave interrow
position (Fig. 1). It will be evident later that the enhance-
ment of the dissociaton is higher in this position than in
any other interrow or on-top adsorption site.

Si on-site repulsions play an important role in the
charge-transfer process from K to Si. This is because
hopping mixes only electrons of the same spin and, thus,
polarizes the AF Si surface, creating a spin-charge bag
around the K+ ion. But we must not forget the Coulomb
attraction between Si and K+ (Us; K =0.5 eV) which
enhances the localization of the Si charge near K+. This
can be visualized as the formation of a shallow depression
in the Si-projected DOS, due to the downshift of its levels
by some 0.6 eV, in a region of about two unit cells around
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the potassium atom. Almost 95% of the total transferred
charge (0.93) is localized in this region.

Figure 7 displays the spin-charge bag around the po-
tassium ion, showing both the distorted AF order and the
distribution of the transferred charge surrounded by a
dashed line. The distribution outside this line is just that
of the clean surface. These results can be compared with
the experimental ones obtained by Castro et al. by pho-
toemission of adsorbed xenon at low temperatures. These
authors report a difference between the local field at clean
Si(100) and in the neighborhood of the K adatom of 0.5
eV, which reflects the combined effect of the K electro-
static field and the charge redistribution. They found this
decrease in the surface potential to be localized within a
distance of 4 A, in good agreement with our results (Fig.
7).

We find an electronic contribution to the potassium
chemisorption energy of 3.1 eV, which compares well
with the experimental value of about 2.2 eV in the early
stages of K adsorption and with the 3 eV calculated by
Ling, Freeman, and Delley. These results imply a nu-
clear repulsion of some 0.8—1 eV, which is quite reason-
able. We have not dealt with the local work function, but
our results for the charge transfer and charge localization
are in qualitative agreement with the consensus on the
decrease of the Si work function up to a maximum of
about 3 eV.

To summarize, our calculations show that the adsorp-
tion of a potassium atom modifies the Si(100)-(2X1) sur-
face, forming a patch of limited extension ( —2 unit cells)

where the AF spin and charge distributions are distorted.
Beyond this region, the suface is unperturbed. This is the
local scenario for promoted oxygen adsorption.

C. Adsorbate and promoter together:
opening the path to dissociation

Finally we adsorb the Oz molecule on one of the pede-
stal bridges of this local scenario provided by the charge-
spin bag surrounding K+. The Hamiltonian is now diag-
onalized for the three Oz initial states described in Sec.
IIIA. The electron-energy curves versus distance are
given in Fig. 8, showing a general picture of the process
significantly different from that of Oz adsorption on the
clean Si surface: First, the adsorption energies are always
lower by about 3 eV and, secondly, the crossing point of
the superoxide and the GS curves is reached now at a dis-
tance from the surface larger than the GS equlibrium dis-
tance. Both features are very important during the Oz
dissociation-enhancement process.

In order to provide more insight into this process, we
first plot in Fig. 9 the DOS for the 02 molecular orbitals
intervening in the two bottom curves of Fig. 8 (oxygen in
GS and 02 ). Several remarks should be made from this
figure. The GS oxygen DOS closely resembles both the
DOS of the gas pahse and the so-called physisorbed DOS
in the adsorption of neutral Oz on noble metals. Howev-

er, the ground state of Oz does not lead to the ground
state of the adsorption system. The lowest curve at the
estimated equlibrium distance (about 1.7—1.8 A) corre-
sponds instead to the configuration Oz K+ Si'. Its
molecular DOS is given ia the right panel of Fig. 9, show-

ing the characteristic structure of the superoxide ion,
with the following peaks: the doubly occupied n„' (at 0.3.
and 1.3 eV), the singly occupied n, (at 1.7 eV), and the
doubly occupied n; (at 4.2 and 5.1 eV), all measured with

respect to the unperturbed Fermi level.
This structure agrees with the peroxy-bridge Oz, first

seen by Hofer et al. on Si(111), which constitutes the
so-called precursor state that leads to dissociation. It is
shown to be stable on this surface at liquid-nitrogen tem-
perature and low coverage. Their near-edge x-ray-
absorption fine-structure (NEXAFS) results prove, unam-

0.19
~ 081

0.70, i 0.47
I 0.23 ~ " 0.84

7.68

E(ev)
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2
l1g
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FIG. 7. Diagram of the charge-spin bag around an adsorbed
potassium atom on a valley-cave site of the Si(100)-(2X 1) sur-
face. Squares with arrows denote Si atoms, the length and tip of
the arrows referring to the up and down spins. Numbers on
both sides of each square give the population with spin up and
spin down. Since the bag is of fourthfold symmetry around the
potassium atom, only the top-left quadrant has been shown.
The dashed line surrounds the K-affected region, the distribu-
tion outside being that of the clean surface.
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FIG. 8. Same as Fig. 4 but in the presence of the promoter.
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Having described the result, we now discuss the mech-
anism of Oz formation in the presence of the promoter.
The preadsorbed, partially ionized potassium atom
influences the formation of superoxide in two main ways:
(1) Its Coulomb interaction with the oxygen molecule
leads to a further lowering of the affinity level of the
latter by 0.5 eV. Without potassium, this affinity lower-
ing was due only to the image potential of the neutral Si
surface. (2) The s atomic orbital of potassium has a non-
vanishing overlap with the m.„02molecular orbital which
entails an increase of the K-0 hopping strength. This
gives rise to a new alternative path to the formation of
02 different from the second-order spin-Hip Hellsing
transition. An important redistribution of energy levels
and hence of charge takes place (compare Fig. 9, center
and right panels) with a final formation of Oz-K+Si'.
Notice that this path would be blocked if potassium was
adsorbed on other sites, like a bridge interrow position,
since its overlap with m,

* would then vanish.

-10—

IV. SUMMARIZING CONCLUSIONS

-is —Si

DOS

Il
g

FIG. 9. Density of one-electron states for a Si atom in the vi-

cinity of K+ and for the oxygen molecule in both its ground
state 'X~ and the superoxide form 'II~ at their respective equi-
libriurn distances. Energies are referred to the Fermi level.

biguously, its molecular character, with the molecular
axis parallel to the surface and its O-O distance larger
than in the 02 isolated molecule. Their ultraviolet photo-
emission spectroscopy (UPS) results show two peaks at
2.1 and 3.9 eV, which these authors assign to the ~,' and

zr, molecular orbitals, respectively. Polarized UPS shows
the m orbital to be normal to the surface. This oxygen
state is also found to be stable on Si(100) covered with K,
as reported by Michel et al. ,

3 who observe an 0-K-Si
complex at any temperature. The complex obtained in
the present work also agrees with this experimental re-
sult. At very low K coverage, the increase with ternpera-
ture of the signal from these complexes reported by these
authors could be due to an activated diffusion process of
some of the species (Oz and/or K) on the surface, rather
than to a really active charge-transfer process.

We have performed numerical calculations within the
UHF formalism and have shown that (1) after adsorption
of Oz on clean Si(100), the formation of the Oz superox-
ide ion, precursor of the dissociated state, is an activated
process. The rate-controlling step is excitation to the

02 state, as proposed by Hellsing, occurring via a
second-order spin-fiip process. (2) The adsorption of a
single potassium atom on a valley-cave site leads to a
charge transfer of about 0.9. This charge is essentially lo-
calized within the neighbor unit cells of silicon. It is in
this region where the local action of preadsorbed K on 02
dissociation takes place. In this process, the Hubbard
term is very important. And, finally, (3) the local effect in

the K-promoted 02 dissociation is due to both the lower-

ing of the 02 affinity level by the local field of the partial-
ly ionized potassium atom and the opening of a new
first-order reaction path, alternative to Hellsing excita-
tion, for the formation of 02 with a considerable redis-
tribution if charge leading to the formation of Oz K+Si.
In the language of BO curves, there is a curve crossing
with the ionic H before reaching the minimum of the
adiabatic X~ curve.
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