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Initial stages of oxygen adsorption on Si(111): The stable state
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We present new experimental results from a comprehensive study of the chemisorption of oxygen
on differently prepared Si(111) surfaces, using low-energy electron diffraction and high-resolution
electron spectroscopies such as x-ray photoemission spectroscopy, x-ray-initiated Auger-electron
spectroscopy, and polarization-dependent ultraviolet photoemission spectroscopy. In the mono-
layer regime two different states of oxygen have been observed: a molecular precursor and a stable
dissociated configuration. The latter is the subject of this paper. Its electronic structure and local
symmetry are compatible only with a bridge-bonded atom between Si atoms in the first and second
layer, respectively, with relatively little influence on the dangling bonds. The presence of a second
dissociated oxygen adsorbate, e.g., a diatomiclike monoxide, is excluded by our data. The coverage
dependent O 1s and Si 2p data indicate that the observed satellite structures in the submonolayer re-
gime are due to excitations rather than to chemically shifted peaks from atoms in different bonding

situations.

I. INTRODUCTION

The mechanism of oxygen adsorption on semiconduc-
tors as a first step of oxidation, and the identification of
the bonding configurations of oxygen during this stage of
adsorption, remain questions of central interest in surface
science,! and largely unsolved.>® As still more experi-
mental results are published with improved experimental
techniques,®~7 or those based on comparisons with
refined theoretical treatments,® the older literature is
found to contain a number of hypothetical conclusions,
where methods and data were, in fact, insufficient. It also
appears that the most commonly applied surface-sensitive
spectroscopies, such as Auger-electron spectroscopy
(AES), ultraviolet photoemission spectroscopy (UPS), x-
ray photoemission spectroscopy (XPS), and low-energy
electron-loss  spectroscopy with  high resolution
(HREELS), have some inherent biases the way they are
commonly practiced, in particular when, essentially, a
single technique is applied. Moreover, sample prepara-
tion and oxygen exposure conditions may be found to
vary strongly between different reports, and claims as to
the reproducibility of the results were not always substan-
tiated.

A large interest has centered on the case of oxygen ad-
sorption on silicon surfaces in an attempt to understand
the manageable properties of the Si/SiO, interface, which
is the key to the very successful silicon metal-oxide-
semiconductor (MOS) technology.® However, it is gen-
erally agreed that clean silicon surfaces cannot be directly
oxidized to form thick bulklike SiO, overlayers by expo-
sure to dry, unexcited oxygen at room temperature. The
reason is that the initially adsorbing oxygen molecules,
under these conditions, saturate the surface with an oxy-
gen species which must be energetically and/or sterically
blocking any further uptake of oxygen at and through the
surface. To identify this oxygen species and its
configuration has been the subject of many stud-
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ies,! 819715 ysing surface-sensitive spectroscopies with

sensitivities typically down to a few percent of monolayer
coverage. Different silicon surfaces with different stable
surface reconstructions or different degrees of surface dis-
order have been studied,” with the result that differences
in reactivity with respect to oxygen have been unraveled.

In the present investigation we have attempted to pro-
vide an extensive, complementary set of data for the in-
teraction of oxygen with the Si(111) surface at low cover-
ages. A particular advantage of the present approach, as
compared to various previous publications, is the com-
bination of many results obtained by different techniques
under closely controlled identical conditions for a variety
of parameters such as surface structure, oxygen exposure,
and substrate temperature. In particular, surface tech-
niques such as angle-dependent, high-resolution XPS
(valence levels, O 2s, Si 2p, and O ls), polarization and
angle-dependent UPS, as well as high-resolution, x-ray-
initiated AES (XAES) were combined to compare the
different results from identical surfaces. Low-energy
electron diffraction (LEED) was employed to study the
surface structure and perfection during preparation of
the silicon surfaces and as a result of various oxygen ex-
posures. We studied oxygen adsorption on atomically
clean surfaces and on surfaces with a controlled amount
of foreign atoms (Ni and C), and we prepared various sur-
face structures, as characterized by their LEED patterns:
[7X7], [1X1], “[1X1]”;(Ni), and completely disordered
sputtered surfaces.

Our previous experiments’ on the kinetics of oxygen
adsorption at room temperature on differently prepared
surfaces showed that for all Si(111) surfaces studied the
sticking probability for oxygen decreases rapidly during
buildup of the first layer. The initial sticking probability
as well as the amount of adsorbed oxygen after identical
doses are highest for a clean [7X7] surface and lowest
for a sputtered, disordered surface.” The results confirm
the earlier finding!® of a fast initial adsorption stage fol-
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lowed by a slower sorption process.

Our present investigations were performed to detect
possible differences in the atomic and electronic structure
of the silicon surfaces with adsorbed oxygen in these two
initial stages of adsorption. The most notable result is
the discovery of a metastable molecular-oxygen
species,!! 7! most likely a peroxy bridge molecule, as an
intermediate in the chemisorption process or, more accu-
rately, a precursor to the stable dissociated oxygen adsor-
bate. The lifetime of this precursor was found to depend
on temperature, probing radiation, oxygen exposure, im-
purities, and surface structure.!"!3 It thus appeared with
variable relative intensities and time dependences in our
various measurements, and probably elsewhere too, mak-
ing its appearance difficult to ascertain.>!#!> However,
once its spectroscopic features are recognized, its
influence on the spectra of mixed layers can be deter-
mined and the spectra correspondingly corrected to allow
a discussion of the characteristics of the stable chem-
isorbed oxygen species. The precursor results, in particu-
lar, its characterization and decay kinetics, and the
influence of the substrate will be discussed in detail in the
following paper.'?

In this paper we concentrate on the stable oxygen
species which is the decay product of the precursor, or, in
general, the stable reaction product of oxygen chemisorp-
tion on clean or adsorbate (e.g., O, C or Ni) covered sil-
icon surfaces. We show that the stable species is an
atomic configuration, i.e., oxygen is dissociatively ad-
sorbed. All of our results including the comparison of
our angle- and polarization-dependent UPS data with
theoretical calculations are fully consistent with a
bridge-bonded O configuration in a short bridge between
Si atoms (silicon monoxide), as proposed earlier. The
influence of surface structure and cleanliness on adsorp-
tion kinetics and spectral features is remarkable and will
be discussed together with the role of the dangling bonds
observed in UPS. The high-resolution core-level spectra
show additional structures which were previously inter-
preted as different formal oxidation states of silicon (Si 2p
spectra) and diatomic silicon monoxide species (O 1s
spectra), respectively. We object to the interpretation of
a diatomiclike monoxide at low or medium exposures,
and we tentatively suggest excitonic and interband excita-
tions rather than intermediate oxidation states as ex-
planation of the high-energy structures in the low-
coverage regime.

The structure of this paper is as follows. The descrip-
tion of the experimental conditions in Sec. II is followed
by a section with the presentation and discussion of the
results (Sec. ITII). Then follows a general discussion of the
stable oxygen state(s), including a comparison with
theory, and an alternative interpretation of the additional
spectral features (Sec. IV). A summary of the results
(Sec. V) concludes the paper.

II. EXPERIMENTAL METHODS

The silicon crystals used were n-type [n(P)~10"
cm 3] from Wacker Chemitronic. Samples with (111)
surfaces were prepared by cutting (111)-oriented silicon
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wafers into squares of approximately 1X1 cm? (X0.2 cm
thickness) and by orienting and polishing them. The
sample holder was fitted with two W wires engaging
grooves notched into two of the sides of the crystals. A
chromel/alumel thermocouple was spotwelded to one of
the W wires, close to the crystal. Uniform heating was
obtained by bombarding the back side of the crystal with
electrons from a separate, moveable filament, with a bias
applied to the crystal. Cooling facilities were also provid-
ed in the form of a liquid-nitrogen bath in thermal con-
tact with the W wires. The samples could be transferred
in and out of the ultrahigh vacuum chamber through a
fast entry system. The final processing of samples was
done inside the chamber. It always included many cycles
of oxygen treatment and sputtering with 600 eV Ar™
ions, normally followed by annealing.

The experimental facilities consist of a modified Vacu-
um Generators (VG) ESCALAB-Mk I system, equipped
with a twin anode (Mg, Al) x-ray source, an x-ray mono-
chromator, a spherical (150°) sector analyzer with a posi-
tion sensitive detector array at the output focal plane for
high sensitivity and energy resolution, and with a transfer
lens between sample and analyzer with variable input
aperture for selecting high sensitivity or high-angular
resolution. Further equipment includes a high-flux uv
lamp (Vactronic) with polarizer for Hel light (VG),
LEED optics (Riber), and a gas dosing system.

The gas doser is a glass capillary array, suspended over
the crystal surface to direct a homogeneous current of
effusing gas particles onto the surface. The inlet system
consists of differently sized volumes which are separated
from the main gas supply and the glass capillary array
with right angle toggle valves. To obtain a given expo-
sure, one of these volumes is filled with oxygen at a
selected pressure, and is then dosed onto the sample
through the glass capillaries. This procedure allows us to
achieve very reproducible gas doses (1-5 %, depending
on the pressure needed in the supply volume). Optimally
clean conditions for the gas exposures are assured by a
short distance between gas doser and crystal and by a
good base pressure ( <5X 107 !! mbar). As a further pre-
caution, the ionization gauge was always turned off dur-
ing exposures. Note also that the system is pumped by
diffusion pumps, so that there is no possibility of getting
oxygen excited by ion pumps.

The electron spectrometer was calibrated (accuracy
~50 meV), in agreement with standards set down by the
National Physics Laboratory (Teddington, United King-
dom),'® and controlled by a microprocessor based data
acquisition system. Some of the data were treated by
mathematical methods such as Fourier smoothing, spin-
orbit decomposition, and deconvolution,!” which will be
described in more detail in the following paper.!3> In
most cases smoothed curves as well as original data
points are shown.

The differently prepared Si(111) surfaces of this study
were [7X 7] surfaces with variable amounts of C impuri- .
ties (0-5 %), including virtually clean surfaces, a clean
[1X 1] surface produced by Art bombarding (600 eV)
followed by mild annealing to desorb Ar, a “[1X1]” sur-
face stabilized by small amounts of Ni (about 3-5 % in
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the surface region, as derived from XPS), and an Ar*
sputtered, totally disordered surface. For comparison,
data from a SiO, sample were also taken. The SiO, sam-
ple was a chemically grown, ~ 100-nm thick oxide film
on a 0.2-mm thick silicon substrate.

II1. EXPERIMENTAL RESULTS
AND INTERPRETATION

In this section we present the experimental results
grouped with respect to the techniques employed. Refer-
ences to previous experimental work are given for com-
parison, and some spectral features are discussed together
with the presentation of the data. The conclusions drawn
from the data as a whole are summarized in the general
discussion of Sec. IV.

A. Si2p and O 1s core lines

The Si 2p core lines excited with Mg Ka radiation
were recorded for various oxygen coverages on the
different surfaces included in this study. The two major
findings are first that there are no significant qualitative
differences for the various surfaces, and secondly that the
spectral region around the lines is only little affected by
the oxygen exposures,’ even after the highest doses em-
ployed (25000 L O,). [1 langmuir (L) =107 Torr sec.]
In particular, at grazing exit angles of the emitted photo-
electrons, i.e., for conditions of high surface sensitivity,
some shifted intensity is observable at the high-binding-
energy side of the Si 2p peak (see Figs. 1 and 2). The de-
tails of this part of the spectrum are best recognized after
stripping off the spin-orbit split 2p;,, component and
deconvoluting the instrumental broadening function.!3!’
The results of such a procedure are shown in Fig. 1 for
one example, Si(111) [7X 7] exposed to 250 L O,. At the
top, two spectra are displayed for normal and grazing
emission angle, respectively. The dots represent original
data points, the solid lines the result of a Fourier smooth.
The middle spectrum shows the pure 2p;,, component at
grazing angles after stripping off the 2p, ,, peak, and the
bottom spectrum is the (Fourier-smoothed) result of
deconvoluting the measured instrumental function (Mg
K a radiation plus analyzer transmission).!*!’

The deconvoluted spectrum clearly shows a satellite at
0.9 eV higher binding energy (BE) which is already visible
as a shoulder in the middle spectrum, and which reprodu-
cibly appears with varying intensity depending on oxygen
coverage. The spectra also show some additional struc-
tures extending up to about 3.5 eV higher BE. Hollinger
and Himpsel,”'> and subsequently others,'®* 2! found
very similar structures and distinguished peaks at 0.9,
1.8, 2.6, and 3.5 eV. They attributed these peaks to Si
atoms in different bonding configurations and assigned
them formally to Si'™, Si*™, Si*" and Si*". We have in-
dicated their peak positions in Fig. 1 by marks but we
note that positions and intensities of our peaks between
1.8 and 3.5 eV depend on coverage, signal-to-noise ratio,
and deconvolution procedure. Hence one cannot claim
to be able to discern “peaks” or satellites, apart from that
at 0.9 eV, in the coverage range studied here. This state-
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ment is also true for the spin-orbit decomposed spectra of
Fig. 2 obtained after different oxygen exposures. We
note, however, that a peak at 3.5-4 eV higher binding en-
ergy does start growing at higher exposures (250-2500 L
O,) which remains weak for dry oxygen exposures but in-
creases drastically for thermally grown oxide films.> This
peak indicates the growth of amorphous silicon dioxide
and shifts gradually to higher binding energies. It ap-
pears at 5 eV higher BE for the SiO, sample (Fig. 2).

Next we consult the O ls spectroscopic information.
Figure 3 compares O 1s peaks recorded after different ox-
ygen doses. The top spectrum shows SiO,, the middle
spectra represent two original O/Si(111)-[7X 7] data sets
both on the same intensity scale, whereas the bottom
spectra were Fourier-smoothed, deconvoluted (instru-
mental function) and normalized to equal heights for
better comparison of line-shape changes. These O 1s
spectra, though 50% broader than the Si 2p;,, spectra,

Si(1M)-[7x7]1+ 250L 0O,

measured
XPS Mg Ka

- spin-orbit
decomposed

Intensity (arb. units)

deconvoluted

L} 1 M T v { v
104 102 100 98
Binding Energy (eV)

FIG. 1. Si 2p lines of a Si(111)-[7X 7] surface exposed to 250
L O,, as measured with Mg Ka radiation (top), after stripping
off the spin-orbit split 2p,,, component (middle), and after
deconvolution of an instrumental function which has been
determined separately (bottom). Dotted curves represent origi-
nal data points, solid lines are the result of Fourier smoothing
(top) and deconvolution (bottom). The top spectra were taken
at normal and grazing angles, respectively, in order to accentu-
ate the contribution from the surface region.
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also clearly show additional intensity on the high
binding-energy side of the O 1s peak extending from 0.5
to about 3.5 eV energy separation. This intensity also
grows with increasing exposure, perhaps showing some
structure. We emphasize that no significant differences,
i.e., differences beyond the noise level, could be observed
between spectra taken at normal and grazing angle, re-
spectively, at least not in the energy range within 3 eV
from the peak maximum. This result indicates that the
additional features are either satellites to the main peak
or represent additional oxygen species with a depth dis-
tribution identical to that of the main component. We
also note that the high-BE structures disappear upon
heating to more than 500°C.°

In the O 1s case, the comparison of results obtained
from differently prepared surfaces reveals some line-
shape differences. Even the raw data of Fig. 4 clearly in-
dicate that the significant peak asymmetry of oxygen on
the [7X7] surface, which is due to the additional struc-
ture at the high-binding-energy tail, is similar or slightly
reduced for the [1X1];Ni surface but nearly disappears
for the sputtered (disordered) Si surface (middle spectrum
of Fig. 4). One could argue that the inhomogeneity of the
sputtered surface leads to smearing of structures and
asymmetry since different adsorption sites and bonding

Si 2p3/2

sio,

Si(111)-[7x7]

N 425 L 0,

Intensity (arb. units)

.’A :'s
W, \-- clean

[P B BT B sl )

106 104 102 100 98
Binding Energy (eV)

FIG. 2. Spin-orbit decomposed Si 2p;,, spectra for SiO, and
for various oxygen doses on Si(111)-[7X7] for normal (solid
lines) and grazing (dots) emission angles.

configurations may cause peak broadening. However,
this effect must be rather small because the peak widths
are nearly equal, and hence it cannot explain the disap-
pearance of the asymmetry. In addition, the high-BE tail
of the middle O 1s peak reaches less far than that of the
bottom peak of Fig. 4.

In conclusion of this section we note that appealing,
and by now apparently accepted, interpretations were
previously given for the additional Si 2p and O 1s
features. While the Si 2p structure is believed to contain
distinct peaks representing Si atoms in different bond
configurations with oxygen neighbors,!>1872! a5 men-
tioned above, the O 1s structure was explained as arising
from diatomiclike silicon monoxide (Si=0).® We agree
that the previous results gave good evidences for these in-
terpretations, in particular, for the Si 2p structures in the
high-coverage regime or for thermal oxide interfaces. We
stress, however, that, at least in the low-coverage range,
some doubts as to these interpretations arise. This is dis-
cussed in Sec. IV, and an alternative explanation for the
additional structures as excitations is given. We are con-
vinced that our data are more compatible with such a
picture rather than with the earlier interpretation. Note
that the presentation of our results and most of the con-
clusions are independent of this new interpretation.

5340 eV O1s
! Mg Ka
M
Si0,
/ ll:.'\

537 534 531
Binding Energy (eV)

532,‘1 eV

~
1

SiliN)-[7x7] ;
+0, "

7 __2500L O,
}
Fosarev
/ /,-‘m . 25L0,
A NN

’*w,_‘,
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deconvoluted,
normalized

2 0 -2
Relative Binding Energy (eV)

6 4

FIG. 3. Original O 1s spectra for SiO, (top) and for two
different oxygen doses on Si(111)-[7X7] (middle) as well as
Fourier-smoothed, deconvoluted, and normalized O 1s spectra,
taken after four different exposures (bottom).
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FIG. 4. Normalized O 1s spectra from differently prepared Si
surfaces [7X7], sputtered, and [1X 1];Ni obtained after equal
exposures to 250 L O,.

B. O KLL Auger spectra

X-ray-initiated Auger spectra (XAES) from the decay
of an O 1s hole were recorded with high resolution and
relatively good signal-to-noise ratios in the counting
mode. Three spectra representing different oxygen cover-
ages on the Si(111)-[7X 7] surface are shown in Fig. 5
(middle). The spectra were Fourier-smoothed as indicat-
ed by the solid lines drawn through the original data
points. Relevant oxygen Auger data from the literature
are included in Fig. 5, such as isolated molecular O,
(top),?? Si0,, as received and sputtered (middle), and oxy-
gen adsorbed on W(110) (bottom).?> The literature and
SiO, data are shifted by several eV, as noted in the figure,
in order to align with our O/Si data for ease of compar-
ison. These shifts contain several contributions of
different origins like different reference levels, chemical
state, dynamical screening, effective hole-hole interaction
in the Auger final state, etc.

The magnitude of the shift as well as the obvious
differences between line shapes, relative peak positions,
and intensities of our O/Si Auger spectra and those from
molecular O, or O/W(110) make it clear that the latter
represent different O-bonding situations. For instance,
the obvious disagreement of the fingerprints from O/Si
and molecular O, makes it unlikely that our stable oxy-
gen species is molecularly adsorbed, since adsorbed
species preserving their molecular integrity (e.g., CO,
NO, N,, N,0) usually yield rather similar XAES spectra
compared with the gas phase.?? In fact, the results of a
very recent study using synchrotron radiation clearly

prove that the molecular precursor yields rather different
Auger fine structures which resemble those of isolated O,
(like the top spectrum of Fig. 5) and disagree with those
of the present O/Si(111) data.’? The difference between
O/Si and O/W(110) is much less pronounced but still
significant. This is understandable even if oxygen is
atomically (dissociatively) bound to the surface in both
cases, since the Si—O bond is much more covalent than
the W—O bond.

The three O/Si spectra show only subtle differences
which may not be significant in view of the poor S/N ra-
tio of the “5 L” spectrum. The width of the prominent
peaks seems to increase for higher coverages. The reason
for this could be either increasing inhomogeneity in the

XAES | [OKLL |

+9evV

0, (gas)

o/si(m)

5L
Ty 25L
=
[y
3 10000 L
a
[
o
LY
> “
7?-(5 eV, :
tll P Si0g
-93 . sputtered
< P!

™ as
received

O/W(110)

460 480 500 520
Kinetic Energy (eV)

FIG. 5. Comparison of XAES spectra from O, gas (Ref. 22),
oxygen adsorbed on Si(111)-[7X7] for three different doses,
SiO, sputtered, SiO, as received, and dissociatively adsorbed ox-
ygen on W(110) (Ref. 23). Note that the energy scale refers to
0O/Si(111), and that the other spectra were shifted by the energy
values given in the figure. All energy scales refer to the Fermi
level apart from that of gaseous O, which refers to the vacuum
level.



39 INITIAL STAGES OF OXYGEN ADSORPTION ON Si(111): ...

surface region due to incorporation of oxygen, or addi-
tional, chemically different species, or excitations parallel
to the Auger process like those discussed for the XPS
peaks in Sec. IV C, or a combination of these effects. The
apparent loss of resolution for the sputtered as compared
to the “as received” SiO, sample (Fig. 5) supports the first
suggestion.

It should be noted that the additional high-BE features
observed in the primary photoionization (O 1s) spectra
probably do not contribute to the Auger spectrum. Since
these O 1s features appear on the high-BE side of the
main O 1s peak they should, for instance, lead to
enhanced emission on the high-kinetic-energy side of the
main O KLL Auger peak at 510 eV, provided that no
significant energy shifts occur, our new peaks appear, in
the valence spectra, as in the present case (see below).
This is apparently not the case because for increasing ox-
ygen exposures no intensity increase could be found for
the high-energy tail above 510 eV although the additional
O 1s features grow considerably (compare Fig. 3). It
could be argued that the Auger spectra of a different oxy-
gen species, such as Si=0, may look rather different
(e.g., with peaks below 510 eV only) thus explaining the
missing intensity increase above 510 eV. However, care-
ful analysis of the Auger line shapes of the high exposure
spectra did not reveal any additional Auger features
which are very likely to appear if a different oxygen
species were added.

The explanation of the missing structure is very
straightforward, however, if the high-BE O 1s features
are satellites representing excitations. In this case addi-
tional Auger structures are not expected because most ex-
cited primary states settle down to the ionic ground state
before the Auger decay occurs, as shown for several ad-
sorbate systems.?* Moreover, the increasing width and
structure observed on the low-kinetic-energy side of the
main Auger peaks would be consistent with excitations
occuring during the Auger process.

Finally, we emphasize the striking similarity between
the Auger line shapes of adsorbed O on Si and those of
Si0O,. It is well established that the Auger decay is a very
local process due to the nature of the two-electron matrix
element. Thus the present KLL spectra display the local
overlap of the valence (L) orbitals with the initial 1s (K)
level which is localized around the oxygen nucleus. The
similarity of the O/Si and SiO, Auger spectra then must
indicate that the local character of the oxygen-derived or-
bitals is very similar for adsorbed oxygen at various cov-
erages and for SiO,. In any case, it proves that the stable
oxygen adsorbate is dissociated at all coverages. A de-
tailed discussion of the line shapes of SiO, and adsorbed
O is given in Refs. 23 and 25.

C. He1 and He 11 UPS spectra and polarization dependence

The valence electron structures of various silicon sur-
faces were studied with UPS using HeI and He 11 radia-
tion from a gas discharge lamp, and, in some cases, a po-
larizer for Hel light. To assign structures in the UPS
spectra due to adsorption of oxygen, and to assess the de-
gree of structural information available from these spec-
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tra, a number of differently prepared Si(111) surfaces
were studied as shown in Figs. 6—-10. In these figures, all
spectra are on the same intensity scale without any reduc-
tion or subtraction of background. The HeI spectra were
always recorded with a — 15 volt bias applied to the crys-
tal in order to reduce the influence of a small, residual
magnetic field on the photoelectrons. A clean Ru surface
was used to establish the location of the Fermi level,
which is here used as the reference for binding energies.
Spectra of the “clean” surface, i.e., the surface before ox-
ygen adsorption, were also recorded; they are displayed
at the bottom of each figure for reference. A comparison
of the clean spectra from differently prepared surfaces
will follow in our next paper'® together with a discussion
of the influence of the surface preparation on the adsorp-
tion behavior of the molecular precursor.

In the spectra of the clean Si(111)-[7X 7] surface it is
possible to assign a number of peaks, as indicated in Figs.
6 and 7 at positions which agree with published results.
Peaks 1 and 2 are most likely due to surface states,2°
while peak 3 is due to a direct transition in the bulk.?’
Peaks 1 and 2 are also observed with He 11 radiation (Fig.

Si(iM)-[7x7] + O2

6 He I, hv = 21.2 eV
! s-and p-polarized
normal emission

25010

25L0,

12510,

Intensity (arb. units)

5L 0y

25L0,

clean

1
10 5 0
Binding Energy (eV)

FIG. 6. Polarization-dependent He 1 UPS spectra for the
clean and oxygen exposed Si(111)-[7X 7] surface after various
doses. Spectra taken with s- and p-polarized light are labeled by
S and P, respectively. Prominent peaks and shoulders are la-
beled by numbers and are discussed in the text.
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FIG. 7. He 11 UPS spectra from the clean and oxygen covered
Si(111)-[7 X 7] surface.

7), while peak 3 is not. The symmetries of peaks 1 and 2,
as observed with s-and p-polarized He1 light (Fig. 6),
agree with earlier findings,?® allowing for the assignment
of peak 2 as due to photoemission from the occupied dan-
gling bonds since peak 2 is most pronounced for p-
polarization indicating P, symmetry. Peak 3, on the oth-
er hand, shows up for s polarization indicating P,, sym-
metry. Since it disappears for increasing O coverage it
could alternatively, or partly, be due to the Si backbonds.
We note that after low oxygen exposures (=10 L) an
oxygen-derived peak which is due to the molecular pre-
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cursor!! ™13 appears at the same binding energy. The en-

ergies of the peaks are collected in Table I. Peak energies
which are compatible with a (weak) structure in the
respective spectrum but were derived from other data are
denoted by parentheses.

The clean spectra from the Si(111)-[1X1], sputter-
annealed surface (Figs. 8 and 9) look very similar to those
from the [7X 7] surface (Figs. 6 and 7) showing peaks at
about the same binding energies. The only exception is
the structure around 3.5 eV which is clearly a peak at 3
eV for the [7X7] surface but is smeared out for the
[1X 1] surface with a broad maximum at 3.8 eV in He 1.

In Fig. 6 we also show a series of Hel spectra of the
[7 X 7] surface after increasing oxygen exposures obtained
with two different polarizations. The geometry of the
system allows the polarization vector to lie in the surface
plane (‘s polarization™) or to be inclined at 30° to the nor-
mal (“p polarization”). The spectrometer accepted a nar-
row (1°) angular cone of emitted electrons around the
normal to the surface. Oxygen exposure strongly affects
the features in the upper part of the electron distribution
(0-6 eV binding energies), including peaks 1-5. In addi-
tion, new peaks (6, 7, and 9) are seen to grow, with inten-
sities scaling approximately with the O 1ls signal (see
later). Peaks 6 and 7 are here clearly distinguishable as
two peaks, with different behavior with respect to polar-
ization. The dangling bonds are affected by the adsorp-
tion of oxygen but are still clearly visible after 12.5 L,
which corresponds to approximately 0.5 monolayers (see
Fig. 12). At the highest coverage included here, the elec-
tron distribution from the Si valence band is relatively
smooth and unstructured, probably due to a loss of order
in the surface region and/or to scattering of the outgoing
electrons. The LEED pattern in this case indicates that a
large proportion of the surface layer is disordered.

A series of Hell spectra of the [7X7] surface under
conditions identical to those of Fig. 6 are shown in Fig. 7.
Here, however, the resolution is set slightly lower than
for the Hel spectra in order to obtain a good signal-to-
noise ratio. This could be the reason that the two peaks 6
and 7 are not well resolved in these spectra. A new

TABLE 1. Binding energies (in eV) from He and He 11 photoemission spectra of Si(111)-[7X 7], re-

ferred to Er.

Peak number (referring to Figs. 6—10)

Experiment 1 2
He1, clean surface 0.3 1.0
He1l, clean surface 0.3) 1.1
He1, average over 0.3% 1.0°
2.5, 5, 12.5, 25, and 250 L O,

He11, average over

2.5, 5, 12.5, 25 and 250 L O, 1.1°

3 4 55 6 7 8 9 10
2.1 3.1 (3.8 7.7
(2.1) 2.7 (4.5) 7.32 7.52 10.1
2104 32 394 65 7.7° 10.7
7.4
2.2)  3.0° 3.8 68 7.7 10.8 13.48

2Composite peak.

®Only very weakly populated at 25 and 250 L O,.
‘Very weak at 250 L O,.

4Molecular precursor.

‘Very weak at 2.5 L O,.

fAfter annealing at 400 K.

80nly seen for =5 L O,.
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FIG. 8. Unpolarized He 1 UPS spectra from the clean and ox-
ygen covered Si(111)-[1X 1] surfaces prepared by sputtering and
slight annealing.

feature, 10, is observed at higher binding energies than
can be observed with HeI radiation. The dangling bond
peak (labeled 2) is vanishing gradually, as for HeI.

A very interesting feature in the He II spectra is peak 5,
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FIG. 9. As Fig. 8 but He 11 spectra.
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which is also visible in the HeI spectra, although less in-
tense. This peak increases in intensity at intermediate ex-
posures, but is later reduced at the highest exposures. As
seen in the following spectra, a similar peak appears for
the [1X 1] surface, although less intense, but not for the
[1X1];Ni surface. This peak is indicative of the molecu-
lar precursor,!’ ~13 which occurs with variable probabili-
ties on different surfaces even at room temperature. A
detailed account of the nature of this state with addition-
al experimental evidences will be published separately in
our next paper.!3 Spectra which contain a minimum in-
tensity in peak 5 are obtained by heating the surface to
400 K. Under these conditions the structure disappears,
because all precursor molecules are converted to the
stable dissociated (atomic) oxygen species.!!13

The following figures, Figs. 8 and 9, represent the re-
sults for the [1X1] sputter-annealed surface. Positions
of peaks and shoulders as well as relative intensities of all
oxygen-induced features are identical to those of Figs. 6
and 7 within the error limits indicating that the stable ox-
ygen bond on the [1X 1] and [7X 7] surfaces is identical
or, at least, indistinguishable by UPS. The only excep-
tion is peak 5 which is weaker for the [1X 1] surface in
agreement with the finding that the molecular precursor
decays more rapidly on [1X 1] than on [7X7].13

In Fig. 10, He 11 spectra from the [1X 1;Ni surface are
shown. They look generally similar to those from the
[7X7] (Fig. 7) and [1X 1] surface (Fig. 9), respectively,
with some subtle but significant differences. First, the
spectrum from the clean surface exhibits a much less pro-
nounced surface (dangling bond) state (peak 2), less inten-
sity in peaks 5 and 8, but a sharper and maybe more in-
tense peak 4, which may contain some Ni 3d contribu-
tion. Secondly, oxygen adsorption leads to less structure
and to less oxygen-induced intensity as compared to spec-
tra from the [7X7] and [1X 1] surfaces obtained after
the same exposures. This missing intensity is due to a
smaller amount of adsorbed oxygen because of the lower
sticking coefficient for oxygen on the [1X1];Ni surface
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FIG. 10. He 1 UPS spectra for the clean and oxygen covered
Si(111)-[1 X 1];Ni surface.
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(see Sec. IV A). Thirdly, the oxygen-induced peak 5 is
missing as no molecular precursor could be observed at
room temperature on the [1X 1]; Ni surface.'3

D. XPS valence-band spectra

Figure 11 presents some XPS valence-band spectra ob-
tained with Mg K« radiation for the [7X 7] surface and
for SiO,, respectively. We note that the instrumental
resolution here is about 0.9 eV as compared to 0.1 eV for
He1 and 0.3 eV for He 11, leading to much broader struc-
tures. Due to the different cross section for hv=1254 eV
the spectra of Fig. 11 look different compared to those of
Figs. 6-10 and those of Refs. 5 and 6. In the clean
spectrum, peak 4/5 between 3 and 4 eV which is most
prominent for Hel and Hell is hardly seen in Fig. 11,
like peak 8 of Figs. 6 and 8. However, a new dominating
peak at about 12 eV appears for Mg K a excitation which
is most likely due to emission from the bottom of the Si
valence band. The relatively high intensity of the 12-eV
structure is not unexpected since these bands are mostly
derived from Si 3s states, and s states should have a
higher “XPS” cross section than p states but a much
lower “He 1/11” cross section.

The middle spectrum taken after a 250 L O, dose is
comparable to those obtained with Hel or Hell under
similar conditions. The three peaks at 3.3, 7.6, and 10.3
eV coincide approximately with peaks 4, 6/7, and 9 of
Figs. 6—10 (see also Table I). As mentioned, the peak in-
tensities are different due to different cross sections for
Mg Ka and Hel/11. A new, very broad feature between
16 and 32 eV with a maximum at 24.8 eV is also clearly
seen in Fig. 11 which is, of course, not observed with
He 11 radiation due to its limited photon energy range.
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FIG. 11. XPS (Mg Ka) valence-band spectra from the clean
and oxygen covered Si(111)-[7 X 7] surface and from SiO,. Note
the scaling factor for the middle spectrum.
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This peak was also observed in a recent synchrotron
study!? and is due to emission from the O 2s level of ad-
sorbed atomic (dissociated) oxygen. Its extraordinary
width is not surprising since photoemission from inner
valence levels of covalently bound atoms commonly leads
to very broad features due to strong electron correlation.
This causes configurational mixing and a spreading of the
total intensity into very many final states of the photoion-
ized system below and above the expected energy position
of the O 2s peaks.?®

Interestingly, the O 2s peak becomes much narrower
for the SiO, sample (topmost spectrum of Fig. 11), more
intense, and is shifted only by 2 eV compared to the
valence levels which are shifted by 5 eV. Note that ap-
parently all Si-derived peaks (Si 2p and valence band) are
shifted by 5 eV while the oxygen core levels are shifted
only by 2 eV (O 1s and O 2s). The reason for the rela-
tively large and differential shift is likely to be due to
differences in partial charge and differences in ‘“‘extra-
atomic” screening. For example, in the nonconducting
silicon oxide sample effective charge-transfer screening is
missing. It is remarkable that even the oxygen-derived
valence-band peaks behave like Si states (5 eV shift) sig-
naling their partial Si character, whereas the more local-
ized O 2s “inner valence” level obviously behaves more
like an oxygen core level (2-eV shift) indicating that the O
2s level does not significantly contribute to the Si—O
bond of SiO,, in contrast to O/Si. We may speculate that
the transition from a more covalent (O/Si) to a more ion-
ic system (SiO,) is responsible for the observed changes of
the O 2s peak, leading to quenching of all excited states
and hence to the concentration of the total intensity in a
“true” O 2s peak, i.e., a peak which represents the O 2s
atomic orbital in a one-electron picture. Perhaps the
change of bonding character is also responsible for the
apparently enhanced O 2s cross section for SiO,.

Finally, we note that the adsorption of oxygen leads to
a gradual lowering of the edge of the valence bands on all
the different silicon surfaces studied here (Figs. 6-11),
with respect to the Fermi level. This is observed in the
spectra as a shift of the onset of emission from the
valence band towards higher binding energies. The in-
crease of the negative charge in the surface region is due
to donation from the adsorbed oxygen atoms, with the
net effect that the bands thereby become flatter than in
the initially depleted situation.”? Under such cir-
cumstances sharp structures in the photoelectron spectra
should remain sharp, even at higher oxygen coverages.
This is the case for the set of spectra obtained here, only
counteracted somewhat by effects of surface disorder and:
scattering.

E. LEED studies

Systematic LEED studies were performed with the
[7X 7] surface. Patterns of variable quality in terms of
contrast and diffuse background were obtained for
different levels of C impurities. For the cleanest surface,
the changes of the [7X 7] pattern were followed for all
oxygen exposures included here. We observed that a gra-
dual weakening of the [7X 7] pattern and a gradual in-



39 INITIAL STAGES OF OXYGEN ADSORPTION ON Si(111): ...

crease of the diffuse background accompanied the expo-
sure to oxygen. At no point is a new phase, like a [1X1]
structure, observed. Most of the long-range order of the
[7X7] surface is lost during the fast adsorption stage,
which terminates after 12.5 L (see Fig. 12). However,
even after very high exposures, e.g., ~10000 L, parts of
the surface still preserve a [7X7] reconstruction, and
hence a weak 7 X7 overstructure is observed by LEED.

1IV. DISCUSSION OF THE ADSORPTION
OF THE STABLE OXYGEN SPECIES

A. Oxygen uptake and coverages

Oxygen uptake curves, i.e., coverage versus exposure,
of three different Si(111) surfaces are shown in Fig. 12.
An absolute coverage scale is given on the right-hand side
based on a careful comparison of the present XPS data
with those obtained for CO on Ru(001). In that case the
saturation coverage corresponds exactly to % of a mono-
layer of CO molecules, under certain conditions.’*® Our
comparison was performed under identical experimental
conditions taking into account all intrinsic XPS satel-
lites.>! An overall accuracy of 25% is estimated with the
main uncertainty being due to the differences in satellite
structures of the O 1s lines in these cases. A more exten-
sive discussion of the measurements is given in Ref. 7.
Effects of low substrate temperatures will be discussed in
our next paper.13

The two discernible stages of adsorption illustrated by
Fig. 12 were earlier believed to represent or contain
different configurations of oxygen.!®*? It was supposed
that the first stage corresponds to chemisorption, leaving
oxygen in its stable adsorbed configuration, and that the
second stage represented a gradually increasing incor-
poration of oxygen in a surface oxide.3? Alternatively, it
was suggested that first molecularly bound oxygen ad-
sorbs between two Si atoms of the topmost layer, and
then in the “slow sorption stage,” dissociation occurs.*

From the calibration of coverages, we see that on the
[7X 7] surface the slow adsorption sets in at a coverage

100 Si(111) + O, il
Relative latoms/cm?)
grl(seopeak .17,7{ r"'/'/ 410 x10°

,_t:_w\'—‘l_.-._-'l*' 10
10 ° Mf
sputtered 102
-01
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1 10 100 1000 10000 .

Oxygen Dose (L O,)

FIG. 12. Oxygen uptake curves derived from O 1s data on
double-logarithmic scales for three differently prepared sur-
faces. Note the relative intensity scale (left) and the absolute
coverage scale (right) which has been calibrated by careful com-
parison with the known coverage of CO/Ru(001) (Ref. 30).
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of approximately 4 of a monolayer of oxygen atoms with
respect to the number of silicon surface atoms (1.12 X 10
cm~2). We see no differences in XPS or XAES spectra
for coverages well below and well above this value. In
UPS, the same is true when features due to the precursor
are neglected. We therefore conclude that the stable
state of oxygen is the same for all coverages studied here,
and hence models which postulate differently bound,
stable oxygen states in the two sorption regimes appear to
be unlikely (see also Sec. IV C).

We further note that the relatively steep initial increase
of the uptake curve, i.e., a relatively high sticking
coefficient, is most likely due to the occurrence of the ob-
served molecular precursor state as will be discussed
later.”> Here we stress the big influence that surface
structure -and composition obviously have on the sticking
coeflicient and the absolute coverages reached for a given
exposure. For instance, from Fig. 12 it can be derived
that for a 10* L O, exposure the [7X 7] surface adsorbs
two times more oxygen than the [1X1];Ni surface, and
three times more than the totally disordered (sputtered)
surface. This result is somewhat surprising since one
usually expects a higher uptake reactivity for the more
open surfaces. Qualitatively, one can thus argue that the
reconstructed [7X 7] surface is in fact more reactive be-
cause of relatively many topmost Si atoms in prominent
positions®*3> and because of the relatively large number
of dangling bonds. Apparently these are drastically re-
duced for the [ 1 X 1];Ni (compare Figs. 10 and 7), and the
sputtered surface.

In the [1X 1];Ni case the reason could be that Ni levels
hybridize with the surface states thus quenching the dan-
gling bonds and lifting the reconstruction. In the case of
the sputtered surface it has been suggested, based
on surface extended x-ray-absorption fine structure
(SEXAFS,) results, that a well-ordered “‘crystalline” layer
of Si atoms is formed on top of the sputter-induced amor-
phous region.>® In this layer, rearrangement of surface
atoms with optimum saturation of Si bonds is likely to
occur and hence neither free dangling bonds nor prom-
inent Si atoms are expected to facilitate the oxygen up-
take and dissociation. Our result (Fig. 12) is thus compa-
tible with the finding of the SEXAFS study.3¢

B. Local bonding of the stable state

The configuration of the stable state of adsorbed oxy-
gen can be derived from the combined experimental evi-
dence presented above, and from a comparison with
theoretical predictions for different stucture models. The
different electron spectroscopies and ion probes, that
have been applied to study this system, have different sen-
sitivities to the structure of oxygen. The electronic states
are probably best studied by UPS and synchrotron
radiation-induced photoemission at low ( <200 eV) pho-
ton energies. Typical early results of such studies’’
showed strong oxygen-derived peaks to dominate the
spectra obtained with HeI and He11 light sources. Evi-
dence for the involvement of the dangling bonds (on
cleaved surfaces) in the adsorption process was obtained
even earlier.%3°
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The quality of UPS data remained relatively un-
changed for about a decade, with several reports of the
features in UPS spectra corroborating the early data. In
view of this, theoretical calculations of local densities of
states were performed to explain the UPS results®40~42
testing atomic and molecular bonding geometries.
Agreement between these theories and any of the experi-
ments was never quite satisfactory, as the calculated den-
sities of states were never matched by the same details in
the experimental data. The present set of data represents
an improvement of this situation, as illustrated by Figs.
6—10. Here the main oxygen related structure at about
7.5 €V is clearly resolved as two peaks with different sym-
metry, and the photoelectron distributions in general
show clearly identifiable peaks and shoulders.

The models for the configuration of adsorbed oxygen
fall into two classes, molecularly adsorbed and dissociat-
ed, i.e., atomic oxygen. For the stable state discussed
here, all the present evidence (XPS O 1s, XAES, and UPS
data, see Sec. III, as well as the molecular precur-
sor!1713) speaks in favor of a dissociated, atomic
configuration. For the UPS data this is now discussed in
more detail.

Different positions of the oxygen atom have recently
been examined, in Ref. 8 including monatomic on-top (of
the dangling bond) and bridge-bonded positions. Calcu-
lated valence orbital energies and populations® are com-
pared to our UPS spectra in Fig. 13. The on-top position
in the upper panel of Fig. 13 disagrees with the present
experiments, since it predicts a single (O,) oxygen-
derived peak and only one more peak (O,) at slightly
higher binding energy, in contrast to the double-peak
structures 6/7 and 9/10. Moreover, neither peak 9,
which is only observed for s polarization, nor peak 7,
which is equally intense for both polarizations, is compa-
tible with an O, band since such o states should be total-
ly symmetric with respect to the Si-O axis which coin-
cides with the surface normal in this case; hence the o
bands for the on-top position should be observed only for
p polarization, in disagreement with the results of Figs. 6
and 13.

Similar arguments can be used to exclude double-
bonded (diatomiclike) Si=0 with oxygen in on-top posi-
tion, as suggested by Ludeke and Koma*® and recently
for a minority species by Hollinger et al.% and Schell-
Sorokin and Demuth.? In this case, peak 9 must also
represent a o-like bond, namely, that which is equivalent
to the 40 orbital (or 4a, in C,, symmetry) of the analo-
guous organic carbonyls, or adsorbed CO, and peaks 6
and 7 would be due to 50 (5a,) and 17 (1b) orbitals.
Again, the polarization dependence shown in Figs. 6 and
13 is incompatible with such an assignment, in agreement
with chemical intuition which suggests that double-
bonded Si=0 species would not be stable under the
present conditions.**

A much better agreement is offered by assuming the
bridging position connecting silicon atoms in the first and
second layer as either a single bridge or as two bridges
per surface unit cell. This would assign peak 6 as the O,
level and peak 7 as the O; level, having different sym-
metries, as indeed observed for the [7X 7] surface with s
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and p polarized light. Peaks 9 and 10 should then have
O, character, although the energies predicted for these
peaks are somewhat higher than observed, which is not
surprising in view of the model character of such calcula-
tions® and in view of the unknown geometrical parame-
ters. The local symmetry of the bridge position would be
C,,. For this symmetry group the nonbonding O(2p)
electrons should mainly contribute to the 2b, and 7a, or-
bitals,?® and the bonding O(2p ) electrons to the 5b, orbit-
al. The 2b, orbital should be oriented perpendicular to
the plane containing the oxygen and silicon atoms, i.e., it
lies approximately in the surface plane. It should be to-
tally nonbonding like the O, band of Ciraci et al.® and
should be visible preferentially with s polarization, in
agreement with the observed behavior of peak 6. The 7a,
orbital lies in the SiO-Si plane, is weakly bonding like the
O; band of the slab calculation, and should be observable
with s as well as with p polarization, in agreement with
the dependence of peak 7. Finally, the bonding 5b, orbit-
al, which is antisymmetric with respect to the symmetry
axis in C,, symmetry, and which should be equivalent to
the O, band in the model of Ciraci et al., is expected to
be predominantly observable with s polarization, like
peak 9 of Figs. 6 and 13.

Binding Energy (eV)

FIG. 13. Comparison of experimental Hel, He 11, and XPS
valence-band data from oxygen covered Si(111)-[7X7] (taken
from Figs. 6, 7, and 11) with the results of theoretical calcula-
tions by Ciraci et al. (Ref. 8) for four different adsorbate
configurations as indicated in the figure.
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The He 11 spectra (Figs. 7, 9, and 10) have shown that
after exposures of 5 L O,, or more, peak 9 splits into two
peaks labeled 9 and 10. This is also in excellent agree-
ment with the results of the calculations of Ciraci et al.
which yielded a splitting of the O, band when, at higher
coverages, two oxygen atoms become bonded to one Si
atom in the topmost layer (see also Fig. 13). The simul-
taneous splitting of the O, peak would not be resolvable
by our measurements. However, the predicted oc-
currence of two O 2s peaks at higher coverages is not
seen in our data (see Fig. 11). The reason is likely that
the calculation overestimated the delocalized valence-
band character of O 2s derived states, which presumably
are more localized, corelike in this case. Hence less, or
no, splitting is expected which, together with the correla-
tion effects expected for inner valence levels,?® would be
compatible with the broad O 2s feature of Fig. 11.

In conclusion, the UPS results clearly favor the assign-
ment of dissociated, bridge-bonded oxygen as the major
stable product of the chemisorption reaction. Of course,
we cannot completely exclude that a minority species
(e.g., less than 10%) of on-top oxygen also exists; this is
discussed in Sec. IV C in more detail. Also, a minority of
bridging atoms in unfavorable bonding configurations (as
discussed at the end of Sec. IV C) which may lead to some
smearing of UPS structures cannot be excluded. The Si
2p and O 1s spectra, and the UPS data, show that the ma-
jority species of adsorbed oxygen has very little influence
" on the surface charge distribution, and that a single
species of oxygen dominates over the whole range of cov-
erages studied here. The influence of this species on the
dangling bond states is relatively small, as seen in the
UPS spectra. This observation further corroborates the
finding of an oxygen position between Si atoms of the first
and second layer, respectively, since oxygen breaks a
backbond in this model leaving the dangling bonds essen-
tially unaffected. The disappearance of the sharp dan-
gling bond peaks in the cases of high oxygen coverages
(>>12.5 L) is mainly an effect of the disorder of the sur-
face, as measured with LEED. From the O KLL spectra,
compared empirically with a selection of various experi-
mental results from other relevant oxygen configurations,
an atomically bonded oxygen configuration is also clearly
indicated. We note at this point that a similar
configuration of oxygen was already suggested by Ibach
et al.* based on systematic HREELS studies.

C. Discussion of an on-top minority species

Recently Hollinger et al.’ suggested the presence of
two chemisorbed oxygen states for room temperature
(RT) adsorption in the low-to-medium coverage range
(1-10* L 0,), based on the finding of an asymmetric O 1s
peak. Their conclusion is in agreement with that of
Schell-Sorokin and Demuth® but different from that of
Ibach et al,* the last two based on low-temperature
HREELS results. Hollinger et al. identified one major O
Is component (80% of total oxygen coverage) as bridg-
ing, oxidelike oxygen, as in the present study, and one
minor component (20%) as nonbridging, diatomiclike
monoxide. In our previous’ and in the present study (see
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Figs. 3 and 4) we also observed a shoulder on the high
binding-energy side of the O 1s peak but come to a
different assignment. Hollinger et al. also give three sup-
porting arguments, the disappearance of the shoulder
upon annealing at 500°C, a charge-transfer argument to
explain the binding-energy shift, and the mentioned inter-
pretation of Schell-Sorokin and Demuth.® Their diatom-
iclike interpretation of the minority species in the O 1s
spectra has very recently been adapted by other authors
(see, e.g., Ref. 21). We disagree with this interpretation
for the following reasons.

(1) Our XPS O 1s data do not show an angular depen-
dence (see Sec. IIT A); in particular, the intensity ratio of
shoulder and main peak is constant for all angles, even
for grazing exit angles for which the surface sensitivity is
highest. If the shoulder would be due to a diatomiclike
monoxide it should be enhanced for grazing exit angles as
this species is expected to be located in the topmost layer®
as compared to the main bridge-bonding species which
occupies sites between first- and second-layer Si atoms.

(2) The O 1s spectra from a sputtered surface do not (or
hardly) contain a shoulder at the high-BE side of the oxy-
gen peak (Fig. 4) although all other data are identical to
those from the [7X7] reconstructed surface. Such be-
havior is unlikely if the shoulder were due to an addition-
al species.

(3) The Auger data are not compatible with a diatomic
on-top oxygen species. Since such an oxygen adsorbate
should yield a rather different Auger fine structure com-
pared to the bridging species (e.g., one which is similar to
that of isoelectronic adsorbed carbon monoxide?) at least
a few of its peaks or shoulders should be clearly distin-
guishable from those of the majority (bridging) oxygen.
A careful analysis of the Auger line shapes, however, ex-
cludes the presence of such an additional species if it con-
tributes more than about 10% to the total oxygen cover-
age. Note that the Auger fine structures can be a very
sensitive tool for the distinction of chemical states, in
particular for covalent bonds.?>?*

(4) The UPS data are also incompatible with two
different oxygen species. Neither in our data nor in the
data of Hollinger et al.® can additional peaks or shoulders

. be found that disappear upon annealing at 500°C. How-

ever, additional structures are expected for an on-top
minority species such as a diatomiclike monoxide. More-
over, all observed peaks are well explained by the calcula-
tions of Ciraci et al.® for bridging oxygen but are incom-
patible with an on-top adsorbate (see preceding section).
(5) We also disagree with Schell-Sorokin and Demuth’s
interpretation of the additional HREELS peaks,3 as dis-
cussed in detail elsewhere,!? since we found features of a
precursor state at the low-BE side of the main O 1s peak
(and in UPS, near-edge x-ray-absorption fine-structure
spectroscopy, and XAES) which is unambiguously due to
a molecular adsorbate state and explains the additional
HREELS peak. This finding is in agreement with the in-
terpretation of Ibach et al* who observed the same
HREELS structure, as shown in Ref. 3, and assigned it to
a molecular state. These authors also argued that a vi-
brational frequency identical to that of an isolated
Si=O0 molecule (as found for the additional HREELS
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peak) appears to be unlikely for a diatomiclike adsorbate
due to the presence of Si backbonds.

As we clearly exclude the interpretation of two dissoci-
ated, rather different adsorbate states for the observation
of an asymmetric O 1s peak, we should offer an alterna-
tive explanation. In our opinion the most likely interpre-
tation is that of excitonic and/or interband excitations
which accompany the main O 1s and Si 2p peaks as satel-
lites and appear with significant intensity under certain
conditions. This idea is discussed in more detail in Sec.
IVD. However, we cannot exclude that the main origin
of the asymmetric O Is structure is simply the inhomo-
geneity of oxygen adsorbate bonds. It is conceivable that
the squeezing of oxygen atoms into an ordered surface
layer leads to distorted Si-O-Si bridges, unfavorable bond
distances, or even unsaturated bonds. Hence a distribu-
tion of electronic bonding configurations which slightly
differ from each other may result.

Arguments for such an explanation can be found in all
spectroscopic results. For example, upon annealing the
O 1s asymmetry disappears and all adsorbate-induced
structures in the UPS and HREELS spectra become
sharper.® This is consistent with the experience that an-
nealing usually causes a spatial and electronic rearrange-
ment of adsorbate bonds thus leading to a relaxation of
bond distortions and to a homogeneous distribution of
the energetically favorable oxygen bond which is ap-
parently the Si-O-Si bridge configuration. Such a model
is also consistent with a redistribution of Si 2p satellite in-
tensity upon annealing,® and with the fact that the best
ordered [7X 7] surface shows the highest O 1s satellite
intensity while the disordered sputtered surface shows
the weakest (Fig. 4). Indeed, the better ordered the clean
surface is the more stress and distortion is expected to
occur upon incorporation of oxygen.

D. Alternative interpretation of satellite structures

As mentioned in Sec. III A and in the preceding sec-
tion we do not believe that there is presently an unambi-
guous, completely satisfactory explanation for the addi-
tional oxygen-induced core-level structures or satellites.
In general, structure at the high-BE side of a peak could
have at least three different types of origins.

First, inelastic losses occur on the low-kinetic-energy
(KE) side of a peak. They can have discrete energies, like
plasmons or excitations from occupied to unoccupied or-
bitals or bands, or they contribute to a widespread struc-
tureless enhancement of the background. The lack of
pronounced peaks and the increase of the additional Si 2p
features at grazing exit angles could support such an in-
terpretation. However, there are clear arguments against
this interpretation from the fact that for photon energies
close to threshold or for normal emission from a surface
layer of adsorbed oxygen a similar structure is observed
as well as from the observation that the additional Si 2p
structure is limited to a very small energy range (about
3.5 eV) below the Si 2p level.

Secondly, intrinsic losses or excitations, i.e., excitations
which occur together with and are coupled to the photo-
ionization process, could be observable in photoemission
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experiments from solids or adsorbates. Such excitations
could be plasmons, shake-up processes, interband transi-
tions, excitons, etc. While plasmons in Si require excita-
tion energies (AE  me~18 eV, AE  ~12 eV) much
higher than the “loss” energy observed, and shake-up
processes usually occur only in free molecules*® and in
molecular solids or adsorbates,?! interband transitions
and/or excitons are conceivable candidates as explana-
tion for the low-KE structures of Figs. 1-4. They will be
discussed below.

Chemical shifts are the third possible explanation for
the structures at higher binding energies. In fact, as men-
tioned and discussed in the preceding section Hollinger
and Himpsel>! interpreted their Si 2p and O 1s spectra
in such a way. This interpretation is supported by the
appearance of prominent peaks at 4.5 eV (Si 2p;,,) and
~2 eV (O 1s) higher binding energies (see Figs. 2 and 3)
when SiO, layers are formed, and by the structures be-
tween the Si 2p peaks of pure Si and SiO,, respectively,
which were observed for thin silicon oxide layers
thermally grown on a pure Si substrate.>!® The question
is, however, whether small amounts of adsorbed oxygen
in the (sub)monolayer range, as studied here, already lead
to the formation of Sit-, Si?*-, Si**-, Si**-like states
which give rise to discernible peaks in the Si spectra. We
have serious doubts, and hence we suggest interband and
excitonic excitations as an alternative explanation. This
will now be discussed.

First to the doubts: As mentioned above, our Si 2p
peaks at higher binding energies, apart from that at 0.9
eV, are barely discernible and not reproducible in
different spectra which would be surprising if they
represent different Si" * states. Of course, multiple bond
configurations such as those discussed in Sec. IV C (bond
distortion, disorder, etc.) can cause a smearing of struc-
tures. However, in this case the sharp peak at 0.9 eV
would be at variance. Secondly, it appears unlikely that
oxygen coverages far less than a monolayer should al-
ready lead to Si’" and Si*" states. Thirdly, the Si 2p
structure at higher BE increases as a whole for succes-
sively increasing oxygen coverages as seen in Fig. 2.
However, if discernible Si” * states exist, we would expect
to observe first the appearance of Si'", then Si*™, etc.,
since, on the average, Si atoms in the surface region will
first react with one oxygen, then with two, etc. Fourthly,
there is only one major O 1s peak with an increasing but
small shoulder at higher binding energy for all O cover-
ages studied here. This indicates that the O 1s binding
energy is insensitive to the state of the neighboring Si
atom(s) since most of the intensity is concentrated in only
one O 1s peak for low as well as for high coverages.
However, the O 1s shoulder then remains to be explained.
In the chemical-shift picture it must represent oxygen ei-
ther in a different chemical state (which was excluded in
Sec. IV O), or in distorted bonds (which would be some-
what surprising in the light of the insensitivity to the
state of the Si neighbors), or bound to Si** because it ap-
pears at the same energy as oxygen in SiO, (see Fig. 3),
and because Si** is the only minority Si species expected
in this exposure range. But why should only Si** neigh-
bors cause a shift of the O 1s level and not Si** or Si**?



Fifthly, the absence of an O 1s shoulder in the case of the
sputtered surface (Fig. 4) remains unexplained (no Si**?).
Sixthly, annealing at 500 °C causes a significant reduction
of “Si'* and Si**” while no equivalent increase of Si’™
and Si** peaks is observed.®

These inconsistencies and our experience with satellites
in adsorbate systems®! have lead us to the suggestion that
in the low-coverage range studied in this work, the addi-
tional structures in the Si 2p and O 1s spectra are due to
excitonic and interband excitations rather than to chemi-
cally shifted states. We suggest that the peak at 0.9-eV
higher BE is due to an excitonic ‘““‘shake-up” process in
which, in addition to the normal photoemission process,
an electron is excited from the top of the valence band to
an excitonic level in the band gap. From the energy posi-
tion of this peak we derive that the binding energy of the
exciton is about 0.2 eV as measured from the bottom of
the conduction band. This value is within the range of
older experimental results [0.15-0.9 eV (Ref. 46)] which
lead to a long-standing controversy because of their large
discrepancy ( ~0.7 eV). Recent experimental*’ as well as
theoretical*® results, however, converge towards an exci-
ton binding energy of 0.2%0.15 eV which is in perfect
agreement with our Si 2p satellite. We note, however,
that most published results refer to a core excitation, i.e.,
a transition 2p — excitonic level, whereas in our picture
two holes were created, one in the photoionized 2p level
and one in the valence band. It is not clear yet whether
the valence-band hole stays localized due to the presence
of the 2p hole and hence contributes to a higher binding
energy of the exciton, or whether the influence of the
valence-band hole is negligible because of delocalization.

The structure at higher binding energy could be due to
interband (shake-up) transitions, i.e., to excitation of an
electron from the valence to the conduction band simul-
taneous with the 2p photoionization. In this case the
“loss” structure should be similar to the convolution of
valence and conduction band weighted by an overlap ma-
trix element. This weighted convolution should result in
a broad hump with only little structure and a 1.1 eV sepa-
ration from the main peak, which is consistent with our
experimental observation for both core levels. The asser-
tion that interband (or excitonic) transitions in the Si sub-
strate contribute to the O 1s adsorbate spectrum is corro-
borated by similar findings for adsorbed oxygen, nitro-
gen, or carbon atoms on metal surfaces.’!

Finally the question remains to be answered, why exci-
tonic and interband excitations only appear in the pres-
ence of oxygen. Hjalmarson et al.*’ pointed out that for
the Si 2p level the predicted Frenkel core exciton should
have a negative binding energy, i.e., it becomes a
conduction-band resonance, because the Si (Z +1) ana-
logue, phosphorus, is a shallow donor in Si. It appears
plausible that neither the resonant Frenkel nor the bound
but delocalized Wannier exciton have sufficient overlap
with the Si 2p core level in order to contribute to a
significant shake-up intensity. Hjalmarson et al. also ar-
gued that only a slightly more attractive central-cell po-
tential would be necessary for a localized Frenkel-type
exciton. We suggest that such a change of the Si poten-
tial is induced by bonding oxygen neighbors, and hence
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localized Frenkel excitons are enabled by the presence of
oxygen. A similar effect, namely, an enhanced central-
cell potential and hence a contraction and localization of
the wave function of the valence and conduction elec-
trons, could also be responsible for the increase of the in-
terband transitions induced by adsorbed oxygen. Howev-
er, this is speculation at present.

In conclusion of this section we feel that there are con-
vincing reasons to reject the chemical-shift picture for the
additional structure at the high binding-energy side of Si
and O core levels for room-temperature adsorption in the
monolayer regime. Instead, we suggest that excitonic and
interband excitations are responsible for the observed
structures in the XPS spectra. We stress that the findings
discussed above can easily be understood within an exci-

. tation model. For heavily oxidized samples, or for thin,

thermally grown Si/SiO, interfaces, the chemical-shift
picture is still applicable since experiments in these cases
show much higher intensities and clearly discernible
peaks in the high-BE range.>!°

V. SUMMARY

Based on the combined use of various spectroscopies
such as high-resolution XPS (Si 2p, O 2s, and O ls),
XAES, and, in particular, polarization-dependent UPS
data we have obtained a rather complete set of spectro-
scopic information under identical conditions on
differently prepared Si(111) surfaces, at room temperature
and at low-to-medium coverages. The UPS results are
compared to, and agree very well with, theoretical calcu-
lations.

Thus we arrive at a consistent interpretation of the
configuration of the stable chemisorbed oxygen species.
This species is an oxygen atom inserted in the lattice in
bridging positions between silicon atoms in the first and
second layer, respectively. It occurs from the lowest cov-
erages up to a full monolayer coverage, and probably at
higher coverages, too.

This stable species is preceded by a molecular adsorp-
tion state, which occurs with variable lifetimes and inten-
sities on differently prepared surfaces and under differing
experimental conditions, as described in Refs. 11 and 12
and in the following paper.!3

The presence of a second dissociated stable oxygen
state for RT adsorption (e.g., a nonbridging, diatomiclike
monoxide) is clearly excluded by our data.

The additional Si 2p and O 1s structures on the high
binding-energy side of the main peaks can be understood
in the framework of the conventional chemical shift mod-
el, but a new interpretation which appears more likely is
suggested for adsorption in the monolayer regime. In this
new model the structures are explained as satellites aris-
ing from excitonic and interband transitions that prefer-
entially occur on well-ordered surfaces after adsorption
of some oxygen.
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