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Initial stages of oxygen adsorption on Si(111). II. The molecular precursor
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In the initial stage of oxygen adsorption on Si(111)surfaces, a metastable Inolecular state is found
which precedes dissociation and insertion of oxygen atoms in bridging positions between first- and
second-layer silicon atoms. This precursor can be observed in conventional photoemission experi-
ments at low coverages and —for optimum retention —at low substrate temperatures. Combining
the results from several high-resolution electron spectroscopies such as x-ray photoemission (XPS),
polarization- and photon-energy-dependent uv photoemission, x-ray-induced Auger spectroscopy,
and near-edge x-ray absorption, we are able to characterize the precursor as a negatively charged
molecular species chemisorbed in a bridge configuration between dangling bonds of the surface. Its
decay and conversion into the stable dissociated state could be monitored by XPS up to room tem-
perature, showing a thermally or electronically activated behavior. For the reaction of 02 with
Si(111), a two-stage adsorption model is proposed. It explains a number of observations and
features of oxygen adsorption on differently prepared Si(111) surfaces. The present model may be
applicable to other semiconductor surfaces as well.

I. INTRODUCTION

The present paper is the second part of an extensive
study of oxygen adsorption on differently prepared
Si(111) surfaces at room and liquid-nitrogen tempera-
tures. In part I, ' we have concentrated on room-
temperature adsorption. In agreement with other recent
results obtained with improved experimental tech-
niques a main conclosion was that at 300 K oxygen
adsorption terminates dissociatively on Si surfaces. Even
at the lowest coverages oxygen can break the backbonds
between top and second Si layers and forms Si—0—Si
bridge configurations similar to SiOz. After years of con-
troversial debate this common conclusion derived from
studies using different speciroscopies represents a re-
markable progress which also affects the detailed micro-
scopic understanding of thin SiOz films and the Si/Si02
interface.

From a more detailed point of view, however, the situ-
ation appears less clear. Generally we still have less in-
sight into the mechanisms of adsorption and reaction on
semiconductor surfaces than on metal surfaces. Consid-
ering the system Oz/Si, which can be regarded as a kind
of prototype in this context, several phenomena occur-
ring during the initial step of adsorption have yet to be
understood. Important questions that remain
unanswered, or are even brought up by the identification
of adsorbed oxygen as an oxidelike state, are for example:
What is the role of the dangling bonds? What is the
reason for the inAuence of surface orientation and recon-
struction on oxygen uptake? Are there any minority
species and what is,their electronic configuration? What
is the reason for the striking change of the sticking
coe%cient near half-monolayer coverage? While coad-

sorption experiments, ' comparison of differently orient-
ed and reconstructed surfaces, "' or adsorption and
decomposition of other molecules such as NO (Ref. 13) or
N20 (Refs. 14 and 15) can help to answer these questions,
we believe that the key is still a careful investigation of
the first steps of the interaction of 02 with a well-defined
Si surface.

Most progress in this direction has probably been
achieved for 02 adsorption on the Si(111)surface, so far.
In a previous article we have shown that the dissociative
adsorption of oxygen on Si(111)is preceded by a metasta-
ble precursor. Our UPS data using polarized uv light in-
dicated that the precursor is a molecularly chemisorbed
oxygen species. Of two possible molecular
configurations, the peroxy radical or the peroxy bridge,
only the latter appeared to be in agreement with our re-
sults. The data presented in this paper are meant to
complement and support our previous results.

The spectroscopies applied are high-resolution x-ray
photoelectron spectroscopy (XPS), angle-resolved uv
photoelectron spectroscopy (UPS) with polarized light in-
cluding data taken with synchrotron radiation, high-
resolution x-ray-induced Auger-electron spectroscopy
(XAES), near-edge x-ray-absorption fine-structure
(NEXAFS) spectroscopy, and work-function changes
(b,@). Our earlier results will be presented and discussed
in more detail but also new evidence will be given for the
characterization of the precursor. With respect to part I
we concentrate on low oxygen coverages, low substrate
temperatures, and the [7X 7] reconstructed surface.
These are the conditions under which the precursor can
be observed best. Results obtained at room temperature
and on diff'erently prepared Si(111) surfaces are included
as far as they are relevant for the discussion of the pre-
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cursor.
Specific eInphasis will given to a profound characteri-

zation of the metastable state based on the results froIn
various spectroscopies. Some controversy has been intro-
duced into the present subject by the quoted results of
other studies considering low substrate temperatures
and/or low oxygen coverages. Ibach et ah. previously
observed additional losses with EELS at low tempera-
tures that were not present at higher substrate tempera-
tures. Dissociated oxygen, double bonded in an on-top
position, and a molecular peroxy radical were considered
as possible interpretations for these losses. Whereas
Ibach et al. were in favor of the latter model with argu-
ments that can also be applied to a peroxy-bridge
configuration, Schell-Sorokin and Demuth later came to
a difFerent conclusion. Based on electron-energy-loss
spectroscopy (EELS) data, which confirmed those of
Ibach et al. , in combination with UPS results, they ex-
cluded molecularly chemisorbed oxygen and suggested
that the low-temperature species should be essentially a
double-bonded Si0 molecule adsorbed on the Si surface
similar to CO on metals.

In a photoemission study using synchrotron radiation
Hollinger et a/. identified the shoulder seen in the 0 1s
core spectra at higher binding energy with this low-
ternperature species as the shoulder disappeared upon an-
nealing to 500'C. Like Schell-Sorokin and Demuth they
rejected any molecular species based on their UPS re-
sults. Furthermore they excluded oxidation models that
involve different stages of adsorption by the observation
that the relative intensity of the 0 1s shoulder with
respect to the main peak stays approximately constant
through the whole adsorption range. This 0 1s shoulder
was also found in Ref. 11 but there two regions with
different sticking coefficients were clearly distinguished in
the uptake curve for oxygen on Si(111)below monolayer
coverage. The present experiments on the precursor and
its decay actually clarify this seeming contradiction and
explain the varying quantities of minority species visible
in previously reported data. '

In the next section (II) we give a short description of
the data-analysis procedures used in this paper and part I
for enhancement and quantitative evaluation of our XPS
data. In Sec. III XPS results are presented which demon-
strate the existence of a metastable precursor and are
used for a quantitative evaluation of its decay under
different conditions. In Sec. IV the precursor is charac-
terized as a molecular oxygen species mainly based on the
present UPS data, and on AN, XAES, NEXAFS, and
high-resolution electron-energy-loss spectroscopy
(HREELS) results some of which are discussed in more
detail elsewhere. In Sec. V we show the influence of
different surface preparations and of oxygen coverage on
the precursor and propose a model for the initial stage of
oxygen adsorption on silicon including the molecular pre-
cursor. Finally, a short summary is given in Sec. VI.

II. EXPERIMENTAI. METHODS

A. General remarks

Experimental facilities and sample preparation are de-
scribed in detail in part I and will not be repeated here.

However as the measurements reported below involve
different substrate temperatures a few words on the tem-
perature control appear appropriate. Our system is
equipped with a sample exchange mechanism. The mov-
able sample holder consists of a small copper block that
fits into a larger block mounted on a rotatable manipula-
tor. The silicon crystal was held by two tungsten wires
fixed in the sInall Cu block, with a chromel-alurnel ther-
mocouple spot-welded to one of them. To prevent the
formation of nickel silicide upon heating the sample, the
thermocouple was not in direct thermal contact with the
silicon sample. Thus the precision of temperature mea-
surement was limited and is estimated to be +10% of the
temperature difference relative to room temperature.

A movable filament separately mounted on the mani-
pulator flange was used for heating. Temperatures up to

, 500 K could be achieved by using heat radiation, higher
temperatures by electron bombardment from the filament
located behind the crystal with a positive bias applied to
the sample. Cooling down to 120 K was initially provid-
ed by a liquid-nitrogen bath in thermal contact with the
copper blocks. Later a helium cryostat allowed a
minimum sample temperature of approximately 40 K.

B. Data analysis by Fourier smoothing and deconvolution

Some numerical procedures have been developed and
applied to the data presented here. In particular, "op-
timal Fourier filtering" was used for smoothing spectra,
and, in the case of XPS, instrumental broadening was
deconvoluted by an iterative technique. The underlying
principles will be outlined below', specific details are de-
scribed elsewhere. '

The smoothing procedure uses the concept of optimal
Wiener filtering of the Fourier-transformed (FT) data,
which is well known in digital signal processing. ' lf
s(E)=s(E)+n(E) describes the measured data consist-
ing of the true (uncorrupted) signal s(E) and the noise
n (E), the Wiener filter is defined by

where S(f) and X(f) are the FT of s(E) and n(E), re-
spectively. 6 (f) is applied in Fourier space:
S(f)=G(f)S(f), and s(E)=FT 'IS(f)I is the
smoothed result. It can be shown that G (f ) is optimum
in the sense that the mean value of fdEls(E) —s(E)l is
IIlinioluIn.

The practical problem in constructing 6 (f ) is that
only the corrupted signal s, but not the constituents s and
n, are known. This can be overcome by using specific
features of the data for an approximation, especially tak-
ing into account the rather clear separation of signal and
noise in a wide range of frequencies. ' ' ' Our algo-
rithm divides the frequency space into four regions,
wherein difFerent approximations are made. This can be
done automatically by a computer program and does not
require any input parameters from the user. ' Whereas
simpler schemes' work sufficiently well for most data,
they occasionally lead to oversmoothing of complicated
structures. Our algorithm has proven to work reliably on
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f(k+1) f(k)+ —
( f (k)@ h) (2)

with f '"' being the result of the kth iteration and f ' '=s.
This is the well-known van Cittert method, except for
the factor ~ which was introduced by Jansson et al.
The relaxation factor Ir=a(E,f '"'(E).) generally depends
on the result of the last iteration f '"' and may be used to
constrain the result of each iteration to physically mean-
ingful values. For electron spectroscopic data we choose
a function for Ir which makes sure that f '"+"(E)is posi-
tive for all E [a.= I iff ' '(E) ))0; Ir—&0 iff '"'(E)~0].'

The introduction of such constraints is rather impor-
tant for deconvolution procedures in general and makes
the resulting nonlinear methods superior to linear
methods such as division in Fourier space or the simple
van Cittert algorithm. The latter methods usually lead
to spurious oscillations in the result which are often hard
to distinguish from real peaks. Compared to other more
elaborate methods such as the maximum-entropy
method ' the Jansson —van Cittert method has the ad-
vantage of being applicable to data of moderate signal-
to-noise ratios, especially in combination with the de-
scribed smoothing procedure.

Finally we like to comment on the spin-orbit decompo-
sition used in part I for the Si 2p3&2, 2p, &2 doublet. No
deconvolution algorithm such as the Jansson-van Cittert
method is needed in this case. The 2p]&2 component can
simply be removed by the application of

f (E)=s(E) rf (E+6), — (3)

where r is the intensity ratio of 2pt&2/2p3/2 (0.5) and 6
the doublet splitting [0.608 eV (Ref. 26)]. We assume
identical line shapes for both components.

III. DECAY OF THE PRECURSOR MONITORED
BY XPS

A. Results at 150 and 300 I
The existence of a metastable precursor and its subse-

quent decay are most clearly demonstrated by the O 1s

very different kinds of data from various surface tech-
niques such as XPS, UPS, NEXAFS, energy-loss spec-
troscopy (ELS), temperature-programmed desorption
(TPD), low-energy electron diffraction (LEED), etc. It
has further been applied successfully to analyze two-
dimensional spectra. '

Besides noise instrumental broadening leads to a cor-
ruption of the data. To a good approximation this effect
can be described by a convolution of the physical data
f (E) with an instrumental function h (E) resulting in the
measured function

s (E)= fdE' f (E)h (E E'), —

or s =f h, neglecting noise. Like data smoothing,
deconvolution can be done in a straightforward way in
Fourier space

f=FT '[FT(f)/FT(h)] .

For reasons brieAy discussed below we prefer an iterative
approach. The algorithm is
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FIG. 1. Mg ICa 0 1s core-level spectra of Si(1111-[7X 7] ex-

posed to 2.5 L 02 at 150 K. Recording of the lower five spectra
on the left-hand side was started t minutes after adsorption;
recording time was 5 min, and the overall resolution 0.76 eV.
The topmost spectrum was obtained after mild annealing
(recording time 30 min). The spectra on the right-hand side are
the result of deconvolution of the instrument function. The
spectra demonstrate the decay and conversion of the precursor
(peak at 530.5 eV binding energy, referred to EF) into the stable
state (main peak at 531.6 eV).

core spectra taken at low coverage and low substrate
temperature. Results obtained from a [7X7]-
reconstructed Si surface exposed to 2.5 L [1 Langmuir
(L)—= 10 Torr sec] oxygen at a surface temperature of
150 K are displayed in Fig. 1. From the bottom to the
top of the left-hand side a series of five original spectra
are shown which were recorded at different times t after
dosing. In the spectrum taken immediately after adsorp-
tion (t =0; bottom), a major peak at 531.6 eV and a
shoulder at 530.5 eV binding energy can clearly be dis-
tinguished. This shoulder decreases with time and disap-
pears completely after sufficiently long elapsed time
(=2h, not shown) or after annealing. The spectrum of a
layer obtained after annealing at about 400 K for 5 min is
shown at the top of Fig. 1. Here the better statistics is
due to a prolonged recording time of 30 min, compared
to 5 min, at otherwise identical conditions.

On the right-hand side of Fig. 1 we present results ob-
tained after deconvolution of the instrumental function
by the technique described in Sec. II. They more clearly
show the existence of a second adsorbate state, the meta-
stable precursor, represented by a peak at 1.1 eV lower
binding energy than the main peak. The contribution of
the precursor to the total oxygen coverage (30% shortly
after dosing) can be determined from these spectra by
simple decomposition. The deconvolution reveals that
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the oxygen peak from the precursor is considerably nar-
rower than the main 0 1s peak of the stable state. As dis-
cussed in part I, in the stable state oxygen is dissociated
and forms Si—0—Si bridges between the first two Si lay-
ers. Slightly different bond lengths and angles can give
rise to different 0 1s binding energies leading to a broader
peak and may also be responsible for the weak structure
around 533 eV binding energy. '

Before we discuss the quantitative evaluation of the
precursor decay we show results obtained at room tern-
perature under otherwise identical conditions as for 150
K. Figure 2 displays the spectra recorded immediately
after dosing and 6.5 or 20 min later. In contrast to the
situation at 150 K the precursor is hard to detect in the
untreated data. In the first spectrum at t =0 it contrib-
utes only about 20% to the total intensity, and after 20
min it has decayed to 5% under the influence of the
(enhanced) substrate temperature. This short lifetime of
the precursor has most likely prevented its identification
in other recent photoemission work using 0 1s core spec-
tra. '" Only by using a position-sensitive detector to in-
crease the analyzer sensitivity it was possible to achieve
short enough recording times at the required resolution.
The deconvolution technique helped to detect the weak
features at room temperature.

B. Activation energy

The results of a quantitative evaluation of the precur-
sor decay under different conditions are collected in Fig.
3. The relative precursor intensity referred to the total
oxygen signal is displayed in a semilogarithmic plot
versus time. Within the experimental accuracy all data
points belonging to equivalent conditions lie on straight
lines thus indicating exponential decay of the precursor.
The precursor decays much more rapidly at room tem-
perature than at 150 K. After a 2.5 L dose the lifetime ~
(1/e decay) is 14 min at 300 K (solid circles) and 60 min
at 150 K. The x-ray source was switched on throughout
the measurements in these cases. Without x-ray irradia-

01s T= 300 K

tion the decay process is markedly retarded as indicated
by dotted lines in Fig. 3. This result shows that, besides
thermal activation, electronic processes can stimulate the
dissociation reaction.

Within the simplest possible model the observed behav-
ior of the precursor coverage 0 can be described by a
first-order reaction rate equation

R = dgld—t =8[koexp( El—k& T)+k, )], (4)
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where the decay rate R of the precursor is proportional
to the sum of two independent constants
kr =kcexp( Elk—z T) and k„describing the influence of
temperature and electronic excitation, respectively. The
data indicate a negligible (k &0.1X10 s ') thermal ac-
tivation at 150 K, and hence we can set k,
=(0.25+0. 1)X10 s ' and kT(300 K)=(0.95 +0.2)
X 10 s '. An estimate for the activation energy E and
the preexponential ko in kT can be given taking into ac-
count the data obtained after annealing. Annealing at
400 K for 240 sec resulted in a 90% decrease of the pre-
cursor, i.e., kz. (400 K)=(10.0 3.0) X 10 s '. This
leads to ko = 10 s ' and E =0.24 eV. A graphical plot of
these values is shown in the inset of Fig. 3. Although this
is a very rough estimate based only on three kT values,
the numbers give an idea of the kinetics of the precursor
decay. Unfortunately it was impossible with our experi-
mental setup to heat the crystal during the XPS measure-
ments and thus to monitor the decay at temperatures oth-
er than 150 and 300 K.

Very recently Silvestre and Shayegan derived an ac-
tivation energy for the precursor decay of the same sys-
tem monitoring work-function changes. However, their
result, 0.045+0.015 eV, is not compatible with our value.
Even if we allow for an unreasonably high error in our
temperature control (+50 K at 150 K and at 400 K) and
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FIG. 2. Original (left) and deconvoluted (right) O 1s spectra
of Si(111)-[7X7] exposed to 2.5 L 02 at room temperature
Recording was started t minutes after adsorption.

FIG. 3. Semilogarithmic plot of relative precursor intensity
(referred to total oxygen coverage) vs time at 150 and 300 K
substrate temperature, and for two different exposures. Dotted
lines indicate intervals with the x-ray source turned off.
&=1/(kT+k, ) is the lifetime of the precursor, resulting from
electronic and thermal activation [Eq. (4)]. The inset shows an
estimate of the thermal activation energy; details are explained
in the text.
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in the quantitative evaluation of the relative precursor
coverage (twice the error indicated in Fig. 3), our data ex-
clude activation energies below 0.1 eV. This limit is
shown in the inset of Fig. 3 by a dashed line. (The error
bars in the inset give the mentioned enlarged limits. ) We
suppose that the reason for this discrepancy is a depen-
dence of the decay rate upon oxygen coverage and espe-
cially on the amount of coadsorbed stable oxygen, which
is not included in Eq. (4). Further discussion will be post-
poned until the results of different coverages have been
presented in Sec. V A.

C. Dift'erent activation mechanisms

The decay of the precursor is not only activated by
thermal motion or by x rays but also by high-fIux elec-
tron bombardment (Fig. 4). However, low-energy pho-
tons such as those from a He discharge lamp did not have
a detectable inhuence, even at a photon Aux of about 10'
cm sec ' for HeI, which is rather high compared to
the fiux from a Mg Ku source (=10 ' cm sec ).
Moreover the cross sections for core ionization excited
with standard x-ray sources are usually smaller than
those for valence levels excited with standard uv sources.
Thus the data seem to indicate that a core hole is very
e%cient for dissociation.

A steep increase of the desorption rate is often seen in
photon-stimulated desorption experiments if core thresh-
olds of adsorbates are reached. Thus our results suggest
that the interpretation given there is also applicable to
the dissociation of the precursor. The decay of the core
hole predominantly takes place by Auger transitions and
thus leads to a double hole in the final state, in contrast to

XPS Si (111}- [7x7}
+ 25L 02

activation by:

electrons (2000 eV)

x- rays {1254eV)

annealing to 400K

adsorption at 150 K

536 534 532 530
Binding Energy {ev}

FICx. 4. Deconvoluted 0 1s spectra of Sii 1 1 1)-[7X7] exposed
to 2.5 L 02 at 150 K immediately after dosing (bottom) and
after decay of the precursor activated by electron bombardment
(total dose 3 X 10"electrons/cm ), x-ray irradiation {240W, 150
min), and annealing at 400 K (5 min). The top spectrum is shift-
ed by 0.3 eV to lower binding energy in order to align the main
0 1s peaks.

the situation after primary ionization of a valence level
(one hole). In the latter case the chemisorption bond en-
ables an effective redistribution of charge and an immedi-
ate delocalization of the excitation into the bulk, but in
the former case, the two holes can be strongly localized,
due to Coulomb interaction, thus breaking the bond.

This interpretation applied to our example has one ma-
jor drawback. The calculated cross sections for core-hole
excitations are too small by 3—4 orders of magnitude.
Hence additional or alternative mechanisms must play an
important role. We suggest that secondary (e.g., Auger
or photo-) electrons with sufficient energy () 100 eV) as
well as collective excitations, such as plasmons, excitons,
or phonons, initiated by core ionization and Auger decay,
may play a major role for the decay of the precursor.

Another interesting finding in view of the precursor de-
cay and activation mechanism is presented in Fig. 4,
which compares 0 1s spectra obtained after various treat-
ments of a mixed adsorbate layer on Si(111) (2.5 L 02 at
150 K; spectrum at bottom). The diff'erent treatments
were annealing at 400 K for 5 min, Mg Ea exposure at
240 W for 150 min, and electron bombardment with 2
keV electrons (total dose 10' electrons). In all cases the
weak shoulder at the high-binding-energy side of the
main 0 1s peak is more pronounced after the decay of the
precursor. It is weakest if the decay is activated by an-
nealing and strongest if the decay is induced by electron
bombardment. The rather broad and weakly structured
shoulder obtained after x-ray irradiation can be reduced
by additional heating to a shape and size similar to that
obtained only by annealing. The spectrum measured
after electron bombardment is not affected by such mild
annealing. The latter spectrum had to be shifted by 0.3
eV to lower binding energy to align the main peak. We
suppose that the whole surface is affected by electron
bombardment.

The spectra shown in Fig. 4 demonstrate that the
shoulder discussed by Hollinger et al. in Ref. 6 is due to
a product of the decay of the precursor as is the main 0
1s peak. The different spectra obtained after annealing
and x-ray and electron irradiation are in support of our
suggestion made in part I (Ref. 1) that the shoulder is not
due to a completely difterent oxygen species, e.g., ad-
sorbed in an on-top position, but that it is more likely the
result of distorted Si—0—Si bridges. A rearrangement
of adsorbate bonds should then be possible by annealing
leading to a more homogeneous distribution in the adsor-
bate layer and hence to a sharpening of the 0 1s peak, in
agreement with the results. Mild annealing to 400—500
K, as employed here, leads to a diminishing of the inten-
sity of the shoulder, whereas annealing at higher temper-
atures causes its complete disappearance.

D. O 1s binding energies

Before concluding this section on the XPS results we
should discuss the observed 0 1s binding energies. Gen-
erally XPS core-level shifts (chemical shifts) are caused
by changes of the partial charge in the ground state and
by differences in relaxation (or screening) of the final state
upon ionization. The latter effect can be viewed as being
separable into intra-atomic (or intramolecular) relaxation



INITIAL STAGES OF OXYGEN ADSORPTION ON Si(111). II. 1135

and external screening of the hole, for instance, by charge
transfer from the surrounding solid. Both effects, addi-
tional negative charge density around the core electron,
and improved screening of the final-state hale may lead to
a lowering of the measured 0 1s binding energy.

In the present case we observe three different 0 1s
features: the main peak at 531.6 eV representing the
stable dissociated (majority) state, the shoulder at higher
binding energies, and the new peak at 530.5 eV represent-
ing the metastable precursor state. The binding energy of
the main peak is rather high for a dissociated oxygen ad-
sorbate in the monolayer regime if we compare it to the
binding energies found for atomic oxygen adsorbates on
metal surfaces (-530 eV). Reduced screening and less
negative charge on the oxygen adsorbate on Si are likely
the reason for this shift. The latter argument is support-
ed by recent NEXAFS results and theoretical considera-
tions which lead to the conclusion that the partial charge
on oxygen adsorbates is much smaller than that on the
respective oxides. The conclusion here is that the ioni-
city of oxygen on Si is particularly small ( ~ 50%).

The shoulder at higher binding energies (see, e.g. , Fig.
4) is most likely not due to a diff'erent stable (minority)
species as discussed above and in Ref. 1. Both alternative
interpretations far this shoulder given in Ref. 1, as a sa-
tellite to the main peak or as representative for strained
Si—0—Si bonds, are clearly compatible with the ob-
served higher binding energy. For instance, distorted
bonds should be accompanied by less charge transfer
from the Si atoms to the oxygen and by less efficient
screening of the final-state 0 1s hole.

The low binding energy of the new peak at 530.5 eV
representing the metastable precursor is easy to under-
stand within the same picture if we refer to the results
presented below. These results unambiguously show that
the precursor is a molecular adsorbate state in a peroxy-
bridge configuration which can be described as a nega-
tively charged superoxo (Oz ) species. The partial
charge on this molecular Oz adsorbate (-le ), which is
relatively high for adsorbed small molecules, is responsi-
ble for the enormous work-function change discussed
below as well as for the observed 0 1s binding energy,
which is relatively low for molecular adsorbates. Hence
the smaller binding energy of the molecular state as com-
pared to the atomic adsorbate can be attributed to its
higher negative charge. Efficient intramolecular relaxa-
tion in addition to charge-transfer screening from the Si
neighbors may also contribute to this low binding energy.
It is emphasized that the 0 1s binding energies of
equivalent molecular peroxy (or superoxo) species on
transition-metal surfaces are in the same range [Pt(111),
530.6 (Ref. 31) and 530.8 (Ref. 32); Ag(110), 529.8 (Ref.
33)].

IV. CHARACTERIZATION OF THE PRECURSOR

Various spectroscopies hive been used for characteri-
zation of the precursor. In this section we primarily re-
port on UPS, b,N, and additional XPS results, but also in-
clude the results from a recent synchrotron study of the
precursor utilizing UPS, XAES, and NEXAFS (Ref. 34)
and discuss HREELS results of two other groups. ' All

data corroborate our earlier suggestion of the precursor
being a molecular oxygen species. We show that its
molecular axis is oriented parallel to the surface and con-
clude that the precursor is a peroxylike species bridge
bonded to the dangling bonds of two top-layer Si atoms.

A. UPS results

Figure 5 shows UP spectra taken with polarized uv
light (21.2 eV; He I). The spectra in the middle represent
a mixed layer of precursor and stable state, those at the
top the stable state only; the spectra of a clean [7X7]
surface are plotted at the bottom. The comparison of top
and bottom spectra shows that the structures labeled 7—9
are due to the stable state. Their energy position and po-
larization dependence is in support of atomic oxygen in
the stable state forming a short bridge between two Si
atoms in the first and second layer, as discussed in detail
in part I.' (See also part I for a table of the energy posi-
tions of all labeled peaks. )

While the major part of the Si-derived valence band be-
tween 0 and 6 eV is only little affected by the stable
species, the presence of the precursor results in two new
prominent peaks (labeled 3 and 5) in this energy region at
2.1 and 3.9 eV, respectively. At higher binding energies
only a rather weak structure labeled 6 may be attributed
to the precursor. As already shown in Ref. 4, the intensi-
ties of peaks 3 and 5 are very different with He?I light;
peak 5 is very intense at this photon energy (40.8 eV)
while peak 3 is almost undetectable.

A systematic investigation of the photon energy depen-
dence has been performed with synchrotron radiation.
Selected spectra are collected in Fig. 6. Spectra 6(a)—6(e)

UPS HeI hv = 21.2eV

p- polar.
s —polar.

lh

La stable state

precursor

stable state

clean

12 10 8 6 4 2 0
Binding Energy (eV)

FIG. 5. Polarizati. on {s and p) -dependent UPS spectra of a
clean and two oxygen-exposed Si(111)-[7X7]surfaces. Adsor-
bate preparation for the middle spectra {precursor and stable
state) was the same as for the bottom spectrum of Fig. 1; the top
spectra {stable state, only) correspond to the top spectrum of
Fig. 1 and were obtained after annealing at 400 K. Prominent
peaks and shoulders are labeled by numbers and are discussed in
the text. Dots indicate measured data points, lines are the result
of Fourier smoothing.



1136 U. HOFER, P. MORGEN, W. FOURTH, AND E. UMBACH

--- p-pot
~-" s-pot70o

ursus tert@

9 8
7

el.
precursor '*

~ ~ "- '
+ ~ s

UPS

Photon

Energy

21 eV

correspond to mixed layers of precursor and stable disso-
ciated state, 6(g) represents a clean Si surface, and 6(f) a
surface covered only with stable dissociated oxygen. The
spectra show, for instance, a rapid decrease of the intensi-
ty of peak 3 with increasing photon energy and a reso-
nant behavior of peak 5 around 38 eV, which is due to a
o. shape resonance. For a quantitative evaluation and
discussion of the resonant behavior of peak 5 as a func-
tion of photon energy and for details concerning the ex-
perimental setup at the synchrotron source see Ref. 34.

To complete the UPS'results we show in Fig. 7 the
dependence of peaks 3 and 5 upon emission angle around
the surface normal for s- and p-polarized He I light. The
angular variation was achieved by rotation of the crystal
with fixed uv source and E vector. Therefore the intensi-
ty variation does not exclusively reflect the dependence
on emission angle but also includes that on slightly
different polarizations of the incident light. Figure 7
shows that peak 3 is rather sharply directed towards the
surface normal while there is no significant change of
peak 5 with p-polarized light.

An assignment of the UPS structures to levels of the
proposed adsorbate configuration will be given below,
after the results from other spectroscopies have been
presented. Here we only point out that the UPS data
clearly indicate that the precursor is a molecular oxygen

adsorbate, for the following reasons. The two main peaks
at 2. 1 and 3.9 eV are in an energy region where no peaks
from dissociated oxygen have been found but are expect-
ed for per oxy adsorbates from theoretical calcula-
tions. The resonant behavior of peak 5 is typical for
molecules or molecular adsorbates indicating a transition
from a o. state into a o. shape resonance. We also em-
phasize that the strong dependence of peak 5 on photon
energy, and the energy and angular dependence of peak 3
are further reasons why the precursor species has not
been identified in earlier photoemission work. '

B. Work-function changes

UPS H I --- p-pot.
s-pot.

Our He I spectra were recorded with a —15 V bias ap-
plied to the crystal. This bias allowed us to measure the
low-energy cutoff of the secondary electrons which is
determined by the work function of the sample. The
work function @ was found to be 4.4 eV for the clean
Si(111) surface and @=4.60—4.65 eV for an oxygen-
covered surface, with oxygen only in the stable dissociat-
ed state. The latter value was almost constant up to a
coverage of 0.5 ML. In contrast, layers containing the
precursor yielded much higher work-function values.
Figure 8 displays the observed work-function changes
AN with increasing coverage compared to the clean sur-
face. The work function increases from +=4.4 to 5.05
eV if the coverage of the precursor is increased to the
maximum value of =0. 1 ML. The A4 value of 0.65 eV
is extraordinarily high, in view of such a low absolute

29 eV

38 eV

42 eV

53 eV

V)

0

38eV

, . t. j. I . I I I . I . I. I. I . I. I . I . I.FI . I

10 5 0

Binding Energy (eV)

38eV

FIG. 6. UP spectra of mixed layers of precursor and stable
state at various photon energies (a) —(e) are compared to spectra
of an annealed layer (f), stable dissociated oxygen only, and of a
clean surface (g). Measurement geometries as indicated. The
top spectra of different polarization [{a)21.2 eV] are taken from
Fig. 5. The other spectra were recorded with the F vector lying
in the plane of incidence (p polarization) and are taken from
Ref. 34.

I l I I i l l I I l

8 6 4 2 0
Binding Energy (evj

FIG. 7. Angular dependence of the prominent UPS struc-
tures of the precursor (in a mixed layer) around surface normal
(0 ).



INITIAL STAGES OF OXYGEN ADSORPTION ON Si(111). II. 1137

stable state
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Q.OS Q.1

Coverage
FIG. 8. Work-function changes A4 of layers containing the

precursor for diferent precursor coverages {referred to Si sur-
face atoms, 1.12 X 10' cm ). The work-function change of the
surface covered only with the stable state lies between the
dashed lines for all coverages from =0.1 up to a monolayer.

coverage of the precursor. To explain this observation a
very strong dipole field is necessary which can only be
understood if oxygen is adsorbed above the silicon sur-
face and if considerable charge transfer to the oxygen
molecule has occurred.

Based on A4 experiments, Silvestre and Shayegan de-
rived an activation energy of the precursor, as men-
tioned above. Their reported work-function changes
(b,C&,„=1.6 eV) are even higher than ours, a result that
we attribute to higher precursor coverages obtained at
substrate temperatures below 20 K and/or perhaps to the
different measurement technique. As we observe an al-
most linear increase of the work function with coverage
(the latter independently derived from the 0 ls signal),
we confirm the assumption of Ref. 27 that AN is propor-
tional to the coverage, at least in the low-coverage re-
gime.

C. Si 2p and O 2s levels

Spectra of the Si 2p core levels and of the 2s levels of
oxygen have been recorded for mixed layers of precursor
and stable state and have been compared to spectra from
annealed layers. Though the results do not give
significant new arguments for the characterization of the
precursor, they are reported here for the sake of com-
pleteness.

After oxygen adsorption the Si 2p levels generally show
weak satellite structures whose origin is discussed in part
I.' Conversion of the precursor species into the stable
state leads to an increase of the structures between 1.8
and 3.5 eV whereas the satellite at 0.9 eV below the main
Si 2p3/p component remains unchanged. This result is in
agreement with the suggested configurations for stable
state and precursor. Regardless of the exact origin (losses
or chemical shifts) of the Si 2p satellite structures we ex-
pect less intensity in the case of an on-top bound (molecu-
lar) adsorbate than for atomic oxygen in bridge position
between two silicon atoms, in agreement with experimen-
tal results.

The oxygen 2s levels have been investigated since they
are split by about 14 eV into bonding (2og) and antibond-
ing (2o „) states in the case of the isolated 02 molecule,
and since it seems possible to compare them to theoreti-
cal predictions. For instance, calculations for Oz on
Si(111)from Chen et al. (peroxy radical) predict split 0
2s levels while those of Kunjunny and Ferry on Si(100)
(peroxy bridge) do not. Unfortunately, we observed only
slight changes in the spectra before and after annealing
and could not resolve discernible peaks in the presence of
the precursor. Even the identification of the O 2s level of
the stable (atomic) oxygen state turned out to be difficult
at low coverages using synchrotron radiation because of
its broad structure and because it interferes with plasmon
losses of silicon valence-band electrons.

This negative re'suit is not unexpected. Cederbaum and
coworkers have shown that photoionization of inner
valence levels of molecules is governed by strong correla-
tion effects leading to a splitting of the photoemission sig-
nal into many final states of similar (and hence weak) in-
tensity spread over an energy range of several eV. Thus
we expect only a very broad and weak 0 2s-derived signal
from the molecular precursor which is unlikely to be dis-
cernible from background noise as well as from plasmon
losses and 0 2s structures of the coadsorbed stable state.
Hence the missing intensity from the precursor is in ac-
cordance with, but of course no proof for, its molecular
nature. Likewise only a very broad structure due to an 0
2s-derived orbital has been observed for molecular Oz on
Pt(111)."

D. XAKS, NEXAFS, and HREELS results

Synchrotron radiation was used in a very recent study
to provide complementary data for the characterization
of the precursor. In particular NEXAFS near the 0 1s
edge and XAES measurements were applied. For XAES
the primary core hole cannot be excited by a convention-
al Al Ka laboratory source or even by electrons because
of the sensitivity of the precursor to high-energy elec-
trons and photons, as discussed in Sec. III. Only excita-
tion by synchrotron radiation near the 0 1s threshold
provides maximum intensity and minimum background
for short enough recording times.

In part I, ' we have compared oxygen KLL Auger spec-
tra of isolated O2, stable dissociated OISi(111), Si02, and
OIW(110). The similarity between the Auger line shapes
of adsorbed oxygen on silicon with those of SiOz indicates
that the local electronic character of the oxygen-derived
orbitals is similar for adsorbed oxygen and for Si02. In
contrast, the Auger spectra of layers containing the pre-
cursor are markedly different. They show additional
fine structure which is related to corresponding Auger
transitions found in the spectra of isolated 02. This is
another clear indication for the molecular nature of the
precursor. Moreover, the very weak signal in normal
emission from Auger transitions leading to a 4o.4o.
double-hole final state is in support of an orientation of
the adsorbed molecule parallel to the surface.

The XEXAI'S spectra monitored with 0 Auger partial
yield show two additional structures for layers containing
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the precursor compared to those containing only the
stable dissociated state. Their polarization dependence
unambiguously relates these peaks to m and o resonances
of an oxygen molecule with its axis parallel to the surface
as reported in detail in Ref. 34. From the position of the
o shape resonance an 0-0 distance of about 1.28 A can
be derived.

FEEI. spectroscopy was used by Ibach et al. and
Schell-Sorokin and Demuth for the investigation of oxy-
gen adsorbed on silicon at different substrate tempera-
tures. Besides losses due to bridge-bonded dissociated ox-
ygen both groups found additional losses (the most in-
tense at 1230 cm ' = 152 meV) at low substrate tempera-
tures. We identify these losses as arising from the precur-
sor for the following reasons: The additional loss at 1230
cm ' is weaker at room temperature than at —100 K
and was not found above 450 K. Its relative intensity de-
creases with higher total-oxygen coverage, as is also
shown for the precursor in the present work (see next sec-
tion). Two possible interpretations for the observed
losses are discussed in both references. The value of 1230
cm is close to the vibrational loss of a double-bonded
Si=0 molecule, but can also be attributed to the 0—0
stretching frequency of molecular oxygen with a weak-
ened 0—0 bond.

Sche11-Sorokin and Demuth exclude molecu1ar oxygen
as an interpretation of the 1230 cm ' loss but prefer the
Si=0 model. The Si=O molecule should be weakly
bound to the substrate similar to CO on metals. This
model is in disagreement with the aforementioned NEX-
AFS and XAES results, as is discussed in detail in Ref.
34, in particular because it would involve a molecular
axis perpendicular to the surface. Moreover, for a mole-
cule with an electronic structure similar to CO we expect
an Auger fine structure which is different from that ob-
served. Finally such a model is not compatible with the
present UPS results. The binding energy of peak 3,
which would correspond to the CO 1~ orbital, is by far
lower than expected for Si =0.

In fact, molecular oxygen was excluded by Schell-
Sorokin and Demuth as an explanation for the 1230
cm ' loss because their UP spectra did not show pro-
nounced structures at binding energies below 6 eV. How-
ever, their spectra taken with unpolarized Her light are
similar to ours except for peak 3 [compare our Figs. 5, 7,
and 11(b), and Fig. 9 in Ref. 5]. However, they do show
weak intensity in the region of peak 5 like our spectra
taken with unpolarized He I light [Fig. 11(b)]. Since peak
3 cannot be resolved with poor angular resolution or off-
normal emission (cf. Fig. 7), we conclude that Schell-
Sorokin and Demuth could not detect the features at low
binding energy, and hence the molecular state, due to
their accidental choice of experimental parameters.

Ibach et al. preferred a molecular peroxy species as an
explanation, in agreement with the present results. The
value of 1230 cm ' can be attributed to the 0—0
stretching frequency of a molecular oxygen adsorbate and
is in remarkable agreement with the 0—0 bond length
derived from NEXAFS. Table I compares the results of
Oz/Si(111) (Refs. 2, 5, and 34) with those obtained for
free Oz and dioxygen-metal complexes. According to

TABLE I. Bond lengths, 0—0 stretching frequencies, and
bond orders of isolated O~, superoxo- (0& ) and peroxo- (0~' )

metal complexes, and molecular O~ adsorbates on Si(111),
Pt(111), and Ag(110). Numbers were taken from the references
given.

0& gas
(Oq )

(0 2
)

Oz/Si(111)
Oq/Pt(111)
Oz/Ag(110)

0—0 b.ond
length (A)

1.21'
1.31'
1.45'
1.28 '
1.32 '
1 47'

Stretching
frequency (cm ')

1580'
1125'
860'

1230'
870g'"
640"

Bond
order

2.0
1.5
1.0

—1.5
1 —1.5
+ 1.0

'Reference 41 ~

This value is based on the evaluation procedure of Ref. 45, but
0

is increased to 1.39 A if the procedure of Ref. 44 is being used.
'Reference 34.
The result of Ref. 45 di6'ers from that of a previous publication

[1.45 A (Ref. 44)] but appears to be more likely.
'Reference 45.
'Reference 2.
Reference 42.

"Reference 43.
'Reference 46.
'Reference 47.

Vaska, dioxygen-metal complexes can be divided into two
classes: superoxo (designated Oz ) and peroxo (Oz )

complexes. ' In both cases the oxygen molecule is co-
valently bound to a (transition) metal, but either one or
two electrons have formally been transferred to the anti-
bonding m* orbital of the Oz unit. Table I shows that
both the 0-0 distance and the stretching frequency of the
precursor are very close to the values of superoxo-metal
complexes.

In analogy to the dioxygen-metal complexes we under-
stand the differences of the precursor compared to the
isolated Oz molecule as a change of the electronic struc-
ture (rehybridization) of the adsorbed molecule which is
accompanied by a charge transfer from the substrate into
the antibonding ~* orbital and a reduction of the bond
order. These changes weaken the 0—0 bond and hence
reduce the vibrational frequency and increase the bond
length. The charge transfer from the substrate to the
molecular adsorbate also explains the enormous work-
function change bC& (Sec. IVB) and the low XPS 0 Is
binding energy of the precursor (Sec. III D).

In Table I we a1so include values for the 0—0 bond
lengths and the stretching frequencies for molecular Oz
adsorbates on Pt(111) (Refs. 42 —45) and on Ag(110)
(Refs. 45 —47). Similar to Oz/Si(111) both adsorption sys-
tems show oxygen-derived UPS peaks below 8 eV binding
energy, ' ' rather low XPS binding energies of the
0 1s level [Pt, 530.6 eV (Ref. 31); Ag, 529.6 eV (Ref. 33)],
and large work-function changes [Pt, +0.8 eV (Ref. 42);
Ag, +0.5 —0.7 eV (Ref. 33)]. These data also fit very well
to the present results and corroborate our interpretation
for the metastable precursor on Si(111).
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E. Discussion of the bondiag con6guration

The present results unambiguously prove that the
metastable precursor is a chemisorbed molecular oxygen
species. The main arguments for its molecular nature are
(a) the additional 0 ls peak at 530.6 eV, (b) the additional
main UPS peaks at 2.1 and 3.9 eV, which appear in an
energy region where no peaks from dissociated oxygen
are expected by theory or have been found experirnental-
ly, (c) the molecular o shape resonance, (d) the addi-
tional Auger peaks, which are only compatible with
peaks from a molecular species, and (e) the m and cr res-
onances of the NEXAFS data which are similar to those
for Oz/Pt(ill) and isolated Oz. In the following we
concentrate on the discussion of two different bonding
configurations, the end-on bonded peroxy radical and the
bridge-bonded peroxy molecule. Though, in chemical no-
tation, they should be called "superoxo" according to the
NEXAFS and EELS results and Ref. 41, we retain the
notations "peroxy radical" and "peroxy bridge" for the
02 molecule attached to the surface by one and two oxy-
gen atoms, respectively, as this is the tradition in reports
on the oxygen interaction with silicon surfaces.

Originally a bridge-bonded oxygen molecule was al-
ready proposed by Green and Liberman in 1962 to ex-
plain the kinetics of oxygen uptake on silicon and ger-
manium surfaces as observed by gas volumetry. ' The
peroxylike molecule was suggested to be chemisorbed to
the Si surface via two dangling bonds. Later Goddard
et al. proposed the peroxy radical instead. It was ar-
gued that the 0 orbitals needed for the surface chemical
bond are rotated by 90' for the two atoms and therefore
only one 0 atom should be bonded to the Si surface.
However, as the chemisorption of a molecule often leads
to a considerable rearrangement of orbitals, geometrical
restrictions derived from the isolated molecule need not
hold for an adsorbate. Calculations of Bhandia and
Schwarz showed that the chemisorption of a peroxy
bridge is energetically possible even on an unreconstruct-
ed Si(111)surface with unsaturated dangling bonds rigid-
ly oriented perpendicular to the surface. Thus it does not
appear to be justified to rule out one of these models for
other than spectroscopic reasons.

There are some observations which make it tempting
to identify the precursor with a peroxy radical. First, the
0—0 distance, the stretching frequency, and the pres-
ence of a m resonance in the NEXAFS spectra indicate
that the oxygen molecule retains considerable m bonding
upon adsorption. This is neccessarily the case for the
radical configuration. In fact, more superoxo-metal com-
plexes are known with an end-on rather than with a
bridge bonding. Second, it is easy to imagine suitable ad-
sorption sites for an end-on bound peroxy radical on the
[7X 7] reconstructed Si(111) surface, whereas this com-
plicated surface structure does not seem to provide two
bonds for a bridging oxygen molecule, at first glance.
There are, however, severe arguments against the peroxy
radical and in favor of a bridge-bonded molecule which
are derived from the NEXAFS, XAES, XPS, and UPS
results.

One argument against the peroxy radical arises from
the orientation of the molecular axis. While the peroxy

bridge model involves an 0—0 axis parallel to the sur-
face, in case of the peroxy radical this axis is tilted at
least by 26' with respect to the surface plane. This tilt
should lead to considerable intensity of the o. shape reso-
nance in the NEXAFS spectra taken with the E vector
perpendicular to the surface plane, and also to a distinct
peak from the 0.0. transition in the Auger spectrum, none
of which is seen.

Furthermore, the peroxy radical consists of two ine-
quivalent oxygen atoms, which is in disagreement with
our XPS results. The spectra of the mixed layers contain-
ing the precursor show one rather narrow 0 1s peak at
530.6 eV binding energy (compare Fig. 1), while a split of
1.3 eV derived from calculations is expected for the
peroxy radical. The only alternative explanation would
be that the second 0 1s peak accidentally coincides with
the main 0 1s peak from the stable dissociated state.
This is not only unlikely, but can also be excluded for
quantitative reasons. Such an explanation would require
that the major peak at 531.6 eV (Fig. 1) contains a frac-
tion of the precursor which must be equal in intensity to
the peak at 530.6 eV. Thus the ratio of molecular to dis-
sociated oxygen would be 2:1 in the mixed layer after 2.5
L oxygen exposure and not 1:2 as derived above. The ra-
tio of 2:1, however, is in disagreement with the corre-
sponding UPS results (cf. Figs. 4 and 5). Peaks 7 and 8,
which are due to nonbonding 0 -derived orbitals of the
stable state, only show a 50%, and not a 150%, increase
after annealing of the mixed layer.

Finally, the observed polarization dependence of the
UPS peaks disagrees with calculations for the peroxy rad-

. ical, whereas the peroxy-bridge model allows a straight-
forward identification of the UPS structures. This is
shown in Fig. 9 which compares polarization-dependent
He I spectra of a mixed layer with calculated oxygen local
density of states (LDOS) for difFerent models taken from
different references. At the top, two calculations for dis-
sociated oxygen are displayed. ' They show that the
model for oxygen atoms in bridge positions very well ex-
plains energy position and symmetry of peaks 7—9 of the
stable state. The calculation for dissociated oxygen in an
on-top site is neither compatible with the peak positions
and symmetries of the stable state nor with the features
from the precursor. This is discussed in detail in part I.

Calculations for molecular species are shown in the
lower part of Fig. 9. The binding energy scale refers to
the Fermi level of our experiment but is adjusted for
some of the calculations. (For details on the alignment of
scales see figure caption. ) From symmetry selection rules
applied to atomic p„, states and to a I,b, 2 states of a ly-
ing molecule with C2, symmetry we derive for normal
emission: states with p (in contrast to common assign-
ment, the y axis is along the surface normal in these cal-
culations whereas the z axis is oriented along the molecu-
lar axis) or the a, character cannot be excited by radia-
tion with the E vector in the surface plane (s polariza-
tion), but are expected to be predominantly observable
for p polarization. The opposite is true for p, and bl
derived states, for which we ignore different orientations
relative to the surface lattice since various azimuthal
orientations of the molecular axis are possible on Si(111).
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Cz, a2 states are not observable at any polarization in this
geometry.

Figure 9 shows that both calculations for the peroxy
radical give a symmetry for the topmost levels which is
not compatible with the polarization dependence of our
peaks 3 and 5. Chen et al. , who neglect the tilt of the
0—0 axis, predict two states at 3 and 4 eV binding ener-
gy (BE) which must be compared with peaks 3 and 5.
Whereas the first peak with 0 p„character should be
visible for both polarization directions, the peak at higher
BE with 0 p, character should be reduced with p polar-
ization in contrast to observation. Goddard et aI. pre-
dict higher ionization potentials for the topmost levels

than Chen et al. Only a complete rearrangement of their
energy levels would reproduce the observed polarization
dependence in our spectra. Qualitatively this disagree-
ment between calculation and experiment may be under-
stood as follows. In the case of the peroxy radical,
02m.~-derived electrons are located at the dangling oxy-
gen atom and hence cannot participate in a surface bond.
This lone pair should have low binding energy like peak
3, but as it is oriented approximately normal to the sur-
face, it should show a polarization dependence opposite
to that observed. In the bridge configuration, however,
both oxygen atoms are bound to Si atoms and no lone
pair with pure p~ character can be expected.

Regrettably we do not know of any calculation for a
peroxy bridge on Si(111). Kunjunny and Ferry who con-
sidered 02/Si(100) do not give symmetries for their
LDOS peaks. Thus we can only state that their predicted
energy positions are in good agreement with our experi-
mental results. We can, however, take. the calculations
of Selmani et al. for Oz/Ag(110) as a basis for a compar-
ison, though in this case the 0—0 bond appears to be
considerably weaker as compared to 02/Si(111). The cal-
culations by Selmani et a/. for a long bridge site and the
shortest considered 0—0 distance (1.50 A) show rather
good agreement with our results. Peak 5 can be assigned
to a m„-derived a

&
state that disappears for s polarization

and shows the molecular o.-like shape resonance. Peak 3
is likely to be due to the 02~ —derived b, orbital, and
peak 6 can be identified with the b2 orbital. The latter
peak, which is not very pronounced in Fig. 9, is clearly
discernible with unpolarized HeI light, due to better
statistics [see, e.g. , Fig. 11(b), next section].

Of course, only a detailed calculation for Oz on Si(111)
can confirm the above peak assignment for the bridge-
bonded molecule. However, since it is the only
configuration that is compatible with all spectroscopic in-
formation, we strongly favor it as a model for the precur-
sor. The question of the possible adsorption sites in case
of the Si(111)-[7X 7] surface will be addressed in the next
section.

Selmani et al. 02/Ag (110)

l

16 12 8 4 0

Binding Energy (eVI

FIG. 9. Comparison of our polarization-dependent He i UPS
data from the mixed layer with various calculated oxygen local
density of states (I DOS). The calculations are taken from
different references and comprise different adsorbate
configurations. Atom in short bridge, Ciraci et al. (Ref. 54);
atom on top, Chen et al. (Ref. 36); molecular peroxy radical,
Chen et al. (Ref. 36); molecular peroxy radical, Goddard et al.
(Ref. 35) (only ionization potentials); molecular peroxy bridge
on Si(100), Kunjunny -and Ferry (Ref. 37); molecular peroxy
bridge on Ag(110), Selmani et al. (Ref. 38). Some of the calcu-
lated spectra have been shifted' for better alignment by 1.3 eV
(Ref. 54) and 0.8 eV (Ref. 36), respectively. Note that the z axis
is aligned along the molecular axis, and the y axis represents the
surface normal.

V. TWO-STAGE ADSORPTION MODEL FOR OXYGEN
ADSORPTION ON Si(111)

In part I, ' the stable oxygen species was characterized
as dissociated oxygen, bridge bonded between the first
and second Si layer, involving a breaking of Si—Si bonds.
Obviously this configuration can be most easily reached
through a bridge-bonded peroxylike molecule as inter-
mediate state (Fig. 10). The oxygen molecule first at-
taches to the dangling bonds of two silicon atoms in the
first layer thereby weakening the intramolecular oxygen
bond. Thermal or electronic activation then causes the
oxygen atoms to Aip from the molecular peroxy bond into
backbonds between the (initially) involved Si atoms in the
first and adjacent Si atoms in the second layer. This
model is confirmed by the following results on the cover-
age dependence of the precursor (VA) and by the results
obtained on diff'erently prepared surfaces (VB). Taking
into account the metastable nature of the chemisorbed
molecule, the various aspects of oxygen uptake on Si(111)
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precursor

stable state

FIG. 10. Suggested model for oxygen adsorption on Si(111)
involving precursor and stable state. The positions of silicon
(open circles) and oxygen atoms (solid circles) are given for an
unreconstructed surface. Possible adsorption sites in the DAS
model of the [7X7] reconstruction are discussed later in the
text.

surfaces are consistently explained by a two-stage adsorp-
tion model (V C).

A. Coverage dependence of the precursor

All spectra presented in the last section were taken
after an oxygen exposure of 2.5 L yielding a 1:2 ratio of
molecular precursor to stable dissociated state. It was
not possible to prepare layers consisting of molecular ox-
ygen only, even at substrate temperatures as low as 50 K.
Lower coverages, e.g. , after exposures of 0.5 —1 L oxygen,
lead to signals at the limits of a reasonable XPS experi-
ment because the sensibility of the precursor to x-ray ra-
diation requires short recording times ( & 10 min). Even
at these low coverages dissociated oxygen contributes
more than 50% to the total coverage.

The results of Silvestre and Shayegan upon adsorp-

tion at 17 K, however, indicate that it is possible to
achieve higher coverages of molecular oxygen under cer-
tain conditions. The enormous work-function increase of
1.6 eV reported in Ref. 27, which was found after heating
to T & 40 K to desorb physisorbed oxygen, is a clear evi-
dence for a higher molecular coverage. At higher surface
temperatures the h4 of Ref. 27 comes close to our
values. In Sec. V C we suggest that some coadsorbed dis-
sociated oxygen is necessary to stabilize the precursor on
the [7X7] reconstructed surface. Before we discuss this
idea we should also present the results obtained for
different oxygen coverages and for differently prepared
surfaces. These results reveal the critical role of the dan-
gling bonds and of the surface reconstruction for the sta-
bility of the precursor and for the adsorption kinetics.

Selected results from our experiments on the coverage
dependence are collected in Figs. 11(a)—11(c). Figure
11(a) displays the XPS Q ls core spectra which were ob-
tained after different oxygen doses as indicated. With in-
creasing total oxygen coverage the rehatiue coverage of
the precursor (peak at 530.5 eV) stays approximately con-
stant up to an exposure of 5 L. For higher exposures the
absolute coverage of dissociated oxygen increases at a
slower rate while that of the precursor stays constant.
The resulting uptake curves for the molecular precursor
and for the total oxygen coverage are plotted in Fig. 12.
The. total coverages have been derived by the calibration
procedure discussed in part I.' Note that the solid curves
belong to a substrate temperature Df 150 K. At room
temperature (dashed line) the initial sticking coeKcient
(i.e., slope of the curve) is smaller but levels off' at higher
exposures than at 150 K, thus leading to higher total oxy-
gen coverages after exposures of 10 L and more.
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FIG. 11. (a) Series of deconvoluted XPS 0 1s spectra obtained immediately after various oxygen exposures at 150 K containing
precursor and stable state; (b) UPS He I spectra of the same layers; (c) UPS He I spectra of these layers taken after decay of the molec-
ular precursor upon annealing at 400 K.
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FIG. 12. Oxygen-uptake curves for 02/Si(111)-[7X7] at 150
and 300 K. For 150 K the total coverage and the contribution
of the molecular precursor are shown. The coverage refers to Si
surface atoms, 1.12 X 10' cm

In Figs. 11(b) and 11(c) Her UPS spectra taken before
and after annealing at 400 K are shown. They were
recorded with unpolarized light at normal emission with
an angular resolution of +1'. Though the various struc-
tures are not as pronounced as they are with polarized
light (compare Fig. 5) they can easily be identified and are
labeled 1 —8 as above. A comparison with the XPS spec-
tra shows a consistent increase of the oxygen-derived
structures with coverage. For peak 2 we observe a very
interesting behavior. This peak vanishes for saturation of
the precursor after an exposure of 5 L [Fig. 11(b)], but
some of its intensity reappears after conversion of molec-
ular oxygen into the stable dissociated state by annealing
[Fig. 11(c)].

Peak 2 is due to a surface state of the [7X 7] recon-
structed silicon surface. On the basis of the
dimer adatom— stacki—ng-fault (DAS) model of the
[7X 7] reconstruction Northrup identified this surface
state as doubly occupied dangling-bond states located at
the six rest atoms of the [7X7] unit cell. The rest
atoms are threefold coordinated surface atoms which are
not bonded to an adatom. The behavior of peak 2 upon
adsorption thus indicates that the molecular precursor is
chemisorbed to these dangling bonds, while they are less
afFected by the stable dissociated state, as expected for the
model suggested. Peak 1, which is also due to a surface
state, shows qualitatively the same behavior. This is best
seen in Fig. 11 when the distances between valence-band
maximum and Ef are compared in the spectra taken be-
fore and after annealing. According to Northrup, this
surface state is composed of substrate dangling-bond
states and adatom p, orbitals. This information is needed
for the discussion of the adsorption sites in Sec. V C. We
note that this assignment of surface states to certain sites
within the DAS model is also evident from the scanning
tunneling microscope studies by Hamers et al.

B. Induence of surface reconstruction

An adsorption mechanism involving the dangling
bonds should depend on surface reconstruction. In Fig.
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FIG. 13. He I valence-band spectra of differently prepared,
clean Si(111) surfaces. a and b indicate two different samples.
The carbon and nickel contamination in the surface region was
determined by XPS and is given in percent with respect to Si
surface atoms (l. 12 X 10' cm ).

13 we show HeI UPS spectra of differently prepared
Si(ill) surfaces of two samples a and b. Though cut
from the same wafer, spectra from the two clean [7X 7]
reconstructed surfaces show some differences. Sample b
which exhibited the sharper [7X 7] LEED pattern also
yielded sharper UPS peaks from the characteristic [7X 7]
surface states 1 and 2. The differences might be caused
by different quality of the polishing procedure or by con-
tamination. Although the spectrum of sample a does
show some similarity to the carbon-contaminated sample
b, as seen in Fig. 13, we can exclude this possibility be-
cause all samples have been regularly monitored for car-
bon contamination with XPS. Instead, we suspect that
the doping material phosphorus could be enriched at the
surface in the case of sample a. The XPS P 3p peaks are
in the same energy range as the strong plasmon losses of
Si 2p, and hence small amounts of phosphorus cannot be-
distinguished. The surface enrichment of' a constituent
may be caused by the annealing of the crystal to light
redheat for several hundred times. In the case of a heavi-
ly boron-doped sample a similar effect has been reported
very recently.

Qualitatively all [7X7]surfaces showed the same spec-
tral features after oxygen adsorption. The reactivity was
highest for the clean sample b. The total oxygen cover-
age after a 2.5 L dose was smaller by 30%%uo in the case of
sample a and by 20%%uo in the case of the heavily carbon-
contaminated surface b. No significant difference could
be observed comparing the clean and the weakly carbon
contaminated surface. The relative amount of molecular
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oxygen was the same for all [7X7] surfaces within the
experimental error of ( 10%%uo.

Marked differences were observed between the
differently prepared clean surfaces. In the upper part of
Fig. 13 three spectra are compared which show the
valence bands of a sputtered and slightly annealed surface
(labeled [1X 1];clean), an Ar-sputtered, nonannealed sur-
face, and a quasi-[1X1] surface, stabilized by 0.05 ML
Ni after heating to about 1100 K," that did not show an
overstructure in the LEED pattern. Figure 14 displays
the corresponding He II spectra obtained after an oxygen
exposure of 2.5 L at 300 K. The intensity of peak 5 iden-
tifying the precursor decreases when comparing the
[7X 7] reconstructed, the sputter-annealed, and finally
the [1X1]Ni surface. It is correlated with the decreas-
ing intensity of the dangling-bond peak 2 (Fig. 13). Fig-
ures 7, 9, and 10 of part I (Ref. 1) complement this
finding in the coverage range from 2.5 to 250 L 02.

C. Fast and slow stages of oxygen adsorption

The observed coverage dependence and the inAuence of
surface preparation suggest the following: As long as the
Si surface provides free dangling bonds and adsorption
sites, molecular oxygen can be chemisorbed, leading to a
relatively high sticking coefficient. Once chemisorbed,
the peroxy molecule can dissociate, and oxygen atoms are
inserted into the backbonds of the top Si layer. If suit-
able bonds for attachment of molecular oxygen are ex-
hausted the oxygen molecules must dissociate and break
the backbonds in a different way in order to be adsorbed.
Since this is probably a more complicated and thus less
likely process it leads to a lower sticking coefficient.
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FIG. 14. He rr UP spectra taken immediately after exposure
of diA'erently prepared Si(111}surfaces to 2.5 L oxygen at room
temperature. The hatched area indicates the varying contribu-
tion of the molecular precursor (peak 5 in Figs. 5—7}. The sput-
tered "[1X 1]"surface was obtained by sputtering and slight an-
nealing to remove implanted Ar.

The proposed two-stage adsorption model involving
the molecular precursor easily explains various kinetic as-
pects of oxygen adsorption under different conditions.
The first measurements using gas volumetry already
showed that a fast initial-adsorption stage is followed by
a slower sorption process. As, for example, seen in the
uptake curve of Fig. 12 in part I, the sticking coefficient
drops for the Si(111)-[7X7]surface by a factor of 10 be-
tween 10 and 25 L though the total oxygen coverage is
still well below a monolayer. Up to this exposure (10—25
L) we always found significant precursor peaks in the UP
spectra (compare, e.g. , Fig. 7, part I).

The difFerences between the uptake curves obtained at
150 and 300 K (Fig. 12), respectively, are also a direct
consequence of the precursor and its decay. At low sub-
strate temperatures the decay rate is slow compared to
the dosing time. The consequence is that most of the
available dangling bonds are saturated by molecular oxy-
gen at relatively low coverages leading to a drop of the
sticking coefficient between 5 and 10 L exposure. Thus
for doses higher than 10 L the total coverage at 150 K is
smaller than that at 300 K, despite the higher initial
sticking probability.

A sputtered and slightly annealed surface shows a
[1X 1] LEED pattern and is likely to be recrystallized in
the topmost layer, with some sputter-induced amorphous
Si layers underneath. This idea has been proposed by Co-
min et al. ' based on surface extended x-ray-absorption
fine structure (SEXAFS) measurements. It is corroborat-
ed by our present UPS data (Fig. 13) which show
significant emission from the surface states 1 and 2. The
observation of these states also suggests that the adsorp-
tion behavior on this surface should be similar to that on
the clean [7X7] surface, but eventually involving less
molecular oxygen. This is indeed observed if we corn-
pare, for instance, the coverage dependence of peak 5 in
the UPS spectra of Figs. 7 and 9 in part I.' Moreover the
fast-adsorption stage ends at lower total coverage (al-
ready below 10 L on the [1X1] surface) leading to a
lower overall sticking coefficient (compare Fig. 12, part
I). The results from the sputtered and sputter-annealed
surfaces also exclude the possibility that the observed
molecular precursor is a minority species bound to de-
fects on the surface, as one might be tempted to suspect
from the low coverages.

In the case of the [1X 1] Ni surface we did not see
features of the precursor. We suspect that mainly a
difFerent arrangement and orientation (or a lack) of dan-
gling bonds, and not the presence of metallic sites, lead to
the lower sticking probability and to the shorter lifetime
of the precursor ori this surface. %'e also observed a
lower absolute sticking coefficient and a more gradual
change with exposure than on the [7X 7] surface as ex-
pected from our model.

Finally we discuss possible adsorption sites for the pre-
cursor on the [7X7] reconstructed surface. As described
by the DAS model, the number of terminating silicon
atoms that are only threefold coordinated is drastically
reduced upon reconstruction compared to a truncated
(111) surface. Only the 12 adatoms, the six rest atoms,
and the corner atom of the [7X 7] unit cell are reasonable
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candidates for an attachment of oxygen molecules in view
of the above discussion. The corner atom may be in-
volved but it cannot account for the entire amount of ad-
sorbed molecular oxygen. The distance between two ada-
toms, or even two rest atoms is very large compared to
the 0—0 bond length of 1.3 A and the normally ob-
served Si—0 bond lengths of about 1.6 A. Only the dis-
tance of about 4 A between a rest atom and a neighboring
adatom is accessible for a bridging oxygen molecule on
the undisturbed [7X7] surface. These adsorption sites
are in agreement with the observed effect on the
dangling-bond states 1 and 2.

However, we do not believe that we mainly observe
this configuration in our measurements. This adsorbate
configuration is likely to be rather unstable and to disso-
ciate quickly leading to bridge-bonded atomic oxygen.
Dissociated oxygen then leads to a rearrangement of the
surface, especially in the layer of the adatoms. Now suit-
able adsorption sites may exist in the layer of the rest
atoms. The oxygen molecule can then be bonded with
one end to a rest atom and with the other end to an atom
previously attached to an adatom. Such sites should have
a similar geometry as that sketched in Fig. 10. Since the
involved silicon atoms are rather tightly bound in this
configuration, a relatively long lifetime of the precursor is
plausible.

Of course, some of these last ideas are still somewhat
speculative at the moment. More experiments and espe-
cially calculations for difI'erent adsorbate geometries that
can be compared to the present data set could help to get
more insight. %'e believe that our model of oxygen ad-
sorption involving a molecularly chemisorbed precursor
is also applicable to other silicon surfaces and perhaps to
other semiconductor surfaces. Very recently published
results on the Si(110) surface support this suggestion. '

VI. SUMMARY

The initial stage of oxygen adsorption on Si(111) in-
volves two diferent adsorbate configurations: a stable

dissociated oxygen species and a molecularly chem-
isorbed precursor.

Using high-resolution XPS, work-function data, and
polarization-dependent UPS we have characterized the
precursor as a superoxolike bridging molecule attached
to the surface via two dangling bonds. This interpreta-
tion is supported by high-resolution XAES, NEXAFS,
and HREELS ' results published elsewhere. The stable
state is an oxygen atom in bridge position between silicon
atoms in the first and second layer, as described in part

The decay of the precursor and its conversion to the
stable state could be monitored by XPS on the Si(111)-
[7X7] surface, for which the lifetime of the precursor
was found to be highest. The decay is a thermally or
electronically activated process. We estimate a thermal
activation energy of 0.24 eV on the [7X7] surface.

On the basis of the suggested two-stage adsorption
model involving the molecular precursor, it is possible to
explain the dependence of the sticking coefIicient upon
exposure, temperature, and surface preparation. The ob-
served decrease of the sticking coe%cient by one order of
magnitude in the submonolayer regime is understood as
an exhaustion of suitable sites for the adsorption of
molecular oxygen.
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