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Adsorption and reaction processes of physisorbed molecular oxygen on Si(111)-(7 X 7)
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The adsorption and reaction processes of physisorbed oxygen molecules on a Si(111)-(7 X 7) surface have
been investigated using time-resolved O 1s core-level photoemission measurements at 45 K. Physisorbed
oxygen molecules are only observed at 45 K and lower temperatures on a Si(111)-(7X7) surface. At the
dosage when the dangling bonds are saturated by chemisorbed oxygen, the coverage of the physisorbed species
increases drastically. This result indicates that oxygen species, which are chemisorbed on top of adatoms,
modifies the potential energy curve for an oxygen molecule approaching the surface such that physisorbed
oxygen molecules are stabilized. Further, the longer lifetime at a higher dosage indicates that an intermolecular
force plays a role for the stabilization of this species. Taking these results into account, an oxidation stage-
dependent gas-surface interaction for an oxygen molecule approaching the Si(111) surface is suggested.
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I. INTRODUCTION

Oxygen adsorption is a typical system to study in order to
learn about the fundamental properties of the reactions of
diatomic molecules on surfaces. Together with this scientific
interest, the question of how oxygen molecules react on sur-
faces should be important for applications such as metal ox-
ides in heterogeneous catalysis and semiconductor oxides in
device technology. The fundamental steps of oxygen adsorp-
tion are considered to be trapping into a physisorbed state
that leads to a molecularly chemisorbed state, in which the
oxygen molecules are negatively charged and thus have
weakened and extended O-O bonds. The last step leads to
chemisorption in a stable dissociated atomic form.! These
adsorption steps are illustrated in Fig. 1(a) by the one-
dimensional gas-surface interaction potential that a diatomic
oxygen molecule approaching a surface feels. E. and E4 are
the potential energy barriers for chemisorption and for disso-
ciation, respectively. [The potential energies of the barriers
that are below zero in Fig. 1(a), indicate that the physisorbed
and chemisorbed species are metastable.>*] On metal sur-
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FIG. 1. (Color online) (a) One-dimensional potential energy dia-
grams illustrating the gas-surface interaction that a diatomic oxygen
molecule approaching a surface feels. Z corresponds to the distance
from the surface. (b) Schematic illustrations of the bonding configu-
rations of chemisorbed oxygen species discussed in the text. The
notations “paul” and “grif” indicate O, molecules adsorbed on top
of adatoms of a Si(111)-(7 X 7) surface, and “ad” and “ins” corre-
spond to an O atom bonding on top of a Si adatom and to an O atom
inserted into its back bond.
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faces, the three types of adsorption have been reported both
experimentally and theoretically,*> and in many cases the
reaction of oxygen is observed to go through these steps.

Regarding oxygen adsorption on semiconductor surfaces,
a great deal of endeavor has been devoted to silicon
surfaces.® In contrast to metal surfaces, chemisorbed oxygen
molecules were reported to be unstable on a clean Si(111)-
(7% 7) surface,”'7 and to be stabilized only by the presence
of atomic oxygen in the form of ins-paul.'>~!” That is, there
is no local minimum in the potential energy diagram for the
molecular paul and grif configurations (E4=0), and oxygen
molecules approaching the Si(111)-(7 X7) clean surface go
directly to the atomic ins X2 and/or ins-ad conﬁgurations,7
and as a consequence of the presence of these atomic species
E4 becomes #0. The notations “paul” and “grif” correspond
to oxygen molecules adsorbed on top of adatoms of
the dimer-adatom-stacking fault structure'® of the Si(111)-
(7% 7) surface, and “ad” and “ins” correspond to an oxygen
atom bonding on top of an adatom and an oxygen atom
inserted into a back bond, respectively [Fig. 1(b)]. There are
many studies on the chemisorbed states, but none report on
the adsorption and reaction processes of the physisorbed
oxygen molecules on a Si(111)-(7 X 7) surface. It has, how-
ever, been reported that a physisorbed species shows an in-
teresting reaction process on, for example, a semiconducting
TiO, surface.!® Further, although the gas-surface interaction
potential is suggested to be different at different oxygen cov-
erage, there is no systematic study of this issue.

In this paper, we present the adsorption and reaction
processes of physisorbed oxygen molecules on a Si(111)-
(7 X 7) surface studied by time-resolved high-resolution O 1s
core-level measurements. The coverage of the physisorbed
oxygen increases drastically at the dosage when the dangling
bonds of the adatoms are saturated with chemisorbed oxygen
atoms and/or molecules. This result indicates that the chemi-
sorption of oxygen species on top of the adatoms modifies
the potential energy curve for an oxygen molecule approach-
ing the surface by changing E_ to a larger value. Studies of
the lifetime of the physisorbed species show that it is more
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FIG. 2. (Color online) O 1s core-level spectrum of a 10 L O,
exposed Si(111)-(7 X 7) surface at 45 K, recorded 45 min after the
exposure. The open circles are the experimental data, and the solid
line overlapping the circles is the fitting result that is obtained using
the components shown below the spectrum.

stable just after stopping the exposure, and at higher dosages
as well. Since the distance between two oxygen molecules is
shorter at a higher coverage and the attractive van der Waals
force is stronger at a shorter intermolecular distance, we con-
clude that the high stability of the metastable physisorbed
oxygen molecules originates from the increased attractive in-
termolecular force. Moreover, the time-dependent intensities
of the chemisorbed oxygen species suggest that the dissocia-
tion of the physisorbed oxygen molecules produces the oxy-
gen atoms chemisorbed into the back bonds of adatoms and
between the first- and second-layer Si atoms.

II. EXPERIMENTAL DETAILS

The core-level photoemission measurements were per-
formed at beamline I311 at the MAX-II synchrotron radia-
tion facility in Lund, Sweden. O ls core-level spectra were
obtained with an angle-integrated photoelectron spectrometer
with a total energy resolution of ~0.23 eV at a photon en-
ergy of 665 eV, and an acceptance angle of 15°. The base
pressure was below 4 X 107! Torr. The Si(111) sample, cut
from an Sb-doped (n-type) Si wafer, was annealed at 1520 K
for 3 s in the vacuum chamber to obtain a clean surface.
After the annealing, a sharp 7X7 low-energy electron-
diffraction pattern was observed, and neither the C 1s nor the
O 1s peak was detected in the core-level spectra. The
Si(111)-(7 X 7) sample was then cooled down to 45 K before
the oxygen exposure, i.e., 10 K above the desorption tem-
perature of condensed O, multilayers.!>?*2! The quality of
the O, gas was confirmed by a quadrupole mass spectrom-
eter.

III. RESULTS AND DISCUSSION

Figure 2 shows the O 1s core-level spectrum of a 10
Langmuir (L; 1 L=1X107° TorrXs) O, exposed Si(111)-
(7X7) surface, recorded 45 min after the exposure using
hv=665 eV. Four structures are clearly observed at 528.7,
533.1, 537.6, and 538.8 eV. Of these four structures, the
533.1-eV peak is broader than the other peaks, and the
537.6-eV peak has a tail on its lower-binding-energy side. To
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identify the O 1s components that contribute to the spectral
shape, we have analyzed the spectrum by a standard least-
squares-fitting method using Voigt line shapes. The solid line
overlapping the data points (open circles) is the fitting result.
A 200 meV full width at half maximum (FWHM) for the
Lorentzian contribution and Gaussian widths of 850-920
meV FWHM’s were used for all O 1s components that are
shown below the spectrum. From the results of the fitting
procedure, we realize that the broad 533.1-eV peak origi-
nates from four O 1s components, whose binding energies
are 531.8, 533.1, 533.7, and 534.6 eV, and that the tail of the
537.6-eV peak results from the presence of a component at
536.3 eV. Based on the relative binding energies of the O s
core-level  components reported in the  former
studies, 0172223 we conclude that the three at 533.1, 533.7,
and 534.6 eV (the relative binding energies are 0.0, 0.6, and
1.5 V) originate from oxygen atoms chemisorbed into the
back bonds of adatoms, between the first- and second-layer
Si atoms, and on top of the adatoms, respectively, and that
the three at 528.7, 531.8, and 536.3 eV (the relative binding
energies are —4.4, —1.3, and 3.2 eV) result from the ins-paul
species. In contrast to these six components, the 537.6- and
538.8-eV structures were not observed in the former studies
performed between 100 and 300 K, nor in the spectra ob-
tained after annealing the sample at 600 K. Taking into ac-
count that chemisorbed oxygen species with all possible
bonding configurations were observed in these former stud-
ies, the 537.6-eV and 538.8-eV structures cannot originate
from chemisorbed oxygen species.

The oxygen molecule has an open shell in its *3 ground
state, and photoionization from the O ls core-level leads to
two multiplet components (‘S and *3) in the gas phase, i.e.,
the paramagnetic splitting that originates from two final
states with different spins.?* In the case of oxygen molecules
physisorbed on a graphite surface, this paramagnetic splitting
has been reported to be preserved and to have a value of 1.2
eV.2 Further, the %3, component (the stronger component of
the doublet) was observed at binding energies between 537.4
and 537.7 eV depending on the oxygen coverage on a graph-
ite surface. Taking the similarities in both the binding ener-
gies and splitting into account, we conclude that the 537.6-
and 538.8-eV structures originate from the *3 and *3 com-
ponents of physisorbed oxygen molecules.

In order to investigate the adsorption process of the phy-
sisorbed oxygen molecules on a Si(111)-(7 X 7) surface, we
consider the dosage-dependent intensities of the O ls com-
ponents. Figure 3(a) shows the normalized dosage-dependent
intensity of the 537.6-eV component together with those of
the 533.1-, 534.6-, and 528.7-eV components, and (b) dis-
plays the dosage-dependent intensities of the 528.7-, 533.1-,
534.6-, and 537.6-eV O ls component up to 4 L. The inten-
sity of each component is normalized with its maximum in-
tensity in (a). The intensities in Fig. 3 are obtained by ana-
lyzing the photoemission spectra of the Si(111) surface
exposed to ambient O, pressures of 1X 10~ Torr at dosages
up to 3 L and of 5X 107 Torr at dosages above 3 L. The
acquisition time of one photoemission spectrum was ap-
proximately 30 s, i.e., the difference in time between one
data point and the next is approximately 30 s in Fig. 3. Here
we note that the intensity of the 538.8-eV component showed
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FIG. 3. (Color online) (a) Normalized dosage-dependent inten-
sities of the 528.7-, 533.1-, 534.6-, and 537.6-eV O 1s components.
The intensity of each component is normalized with its maximum
intensity in (a). (b) Dosage-dependent intensities of the 528.7-,
533.1-, 534.6-, and 537.6-eV O 1ls component up to 4 L. The
crosses in (b) are the sum of the intensities of the 528.7- and
534.6-eV components, which are multiplied by 3. The intensities in
(a) and (b) are obtained by continuously measuring photoemission
spectra of the Si(111) surface exposed to ambient O, pressures of
1 X107 Torr at dosages up to 3 L and of 5X 10~ Torr at dosages
above 3 L. The difference in time between one data point and the
next is approximately 30 s.

the same dosage dependence as that of the 537.6-eV compo-
nent, the dosage dependence of the 533.7-eV component was
similar to that of the 534.6-eV component, and the dosage-
dependent intensities of the three components that originate
from the ins-paul species were the same. We also notice that
the slope of the intensity increase of the 537.6-eV component
is steeper than the slope of the intensity decrease of the
528.7-eV component, i.e., they do not display the exact op-
posite behavior.

As shown in Fig 3, the rate of intensity increase of the
537.6-eV component changes dramatically at 2.6 L, i.e., the
dosage indicated by a dashed line. This dosage corresponds
to the dosage where the sum of the intensities of the 528.7-
and 534.6-eV components [the crosses in Fig. 3(b)] almost
saturates. Since the 528.7-eV component originates from the
ins-paul species, and the 534.6-eV component results from
oxygen atoms adsorbed on top of the adatoms, all dangling
bonds of the Si(111)-(7 X 7) surface should be saturated at
2.6 L. Therefore, we conclude that the physisorbed oxygen
molecule is rather unstable on a clean Si(111)-(7 X7) sur-
face, but its stability becomes higher on a surface on which
oxygen atoms and/or molecules are already adsorbed at the
on-top sites of the adatoms. This means that an oxygen spe-
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FIG. 4. (Color online) Time dependences of the O 1s core-level
intensities for the physisorbed oxygen molecules (the sum of the
intensities of the 537.6- and 538.8-eV components) of 1, 2, 5, and
10 L oxygen exposed surfaces (open symbols), and the 533.1- and
533.7-eV components of a 10 L oxygen exposed surface (filled
symbols). The inset shows the time-dependent intensities of the O
1s core-level of the physisorbed oxygen of a 10 L exposed surface
obtained under continuous photon irradiation (solid line), and by
turning off the photon irradiation for a period (photon irradiation
was turned off between measuring the open circles).

cies, which is chemisorbed on top of an adatom, modifies the
potential energy curve that an oxygen molecule approaching
the surface feels, such that E, changes to a larger value. This
kind of change was also observed for physisorbed nitrogen
molecules on a Ru(001) surface.?® That is, on a Ru(001)
surface, the physisorbed nitrogen molecules are reported to
be unstable on a clean surface, and to be stabilized only by
the presence of a certain amount of chemisorbed nitrogen
molecules.

The reaction process of the physisorbed molecular oxygen
has been investigated by measuring the time dependence of
the O s core-level intensities. Figure 4 shows the time de-
pendence of the integrated intensities of the O 1s compo-
nents for the physisorbed molecular oxygen (the sum of the
intensities of the 537.6- and 538.8-eV components). Data for
1,2, 5, and 10 L oxygen exposed Si(111) surfaces are shown
by open symbols. The time dependences of the 533.1- and
533.7-eV components of a 10 L exposed surface are shown
by filled symbols. The results in Fig. 4 were obtained by
normalizing the spectra using the background intensities that
are proportional to the photon flux. As can be seen from the
figure, the O 1s intensity from the physisorbed oxygen mol-
ecule decreases with time, and the O 1s intensities of both
the 533.1- and 533.7-eV components increase on a 10 L
exposed surface. The time-dependent intensity increases of
the 533.1- and 533.7-eV components were also observed on
a 5 L exposed surface. In contrast to this behavior, the inten-
sities of the O 1s components of the ins-paul species and the
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534.6-eV component hardly changed with time on 1, 2, 5,
and 10 L oxygen exposed surfaces. These results indicate
that the reaction path of physisorbed oxygen molecules pro-
duced atomic oxygen chemisorbed into the back bonds of
adatoms and between the first- and second-layer Si atoms.
Further, the negligible time-dependent change in intensity of
the ins-paul oxygen species, which has been reported to have
finite lifetimes at temperatures between 100 and 300 K,'4-!7
indicates that this species is quite stable at 45 K. Thus the
origin of the intensity decrease of the 528.7-eV component
observed in Fig. 3 is not a time effect. In Fig. 3, the intensity
of the 528.7-eV component starts to decrease at 2 L, i.e., a
dosage where the intensity of the 533.1-eV component is not
saturated and the intensities of the 533.7-, 534.6-, and
537.6-eV components are still small. The small intensities
indicate that the physisorbed species, and the oxygen atoms
chemisorbed on top of adatoms and between the first- and
second-layer Si atoms, hardly contribute to the decrease of
the ins-paul species. Taking into account that a different
number of ins oxygen atoms per adatom should modify the
charge state of the adatom and thus the amount of charge
transferred into the 27" antibonding molecular orbital, we
propose that a larger number of chemisorbed oxygen atoms
promotes the dissociation of the ins-paul species by changing
E4 to a value close to 0 (E4~0) on the time scale of the
present study (30 s). Here we notice that although the inten-
sities of the O ls peaks can be affected by photoelectron
diffraction effect, such effect has been found to be negligible
for the O 1s components of the physisorbed molecule and
those of the 533.1- and 533.7-eV components.

By fitting the intensity decreases using the equation y
=yo exp(—x/7), where y, is the intensity of the O 1s core-
level of the physisorbed oxygen just after stopping the expo-
sure, we can derive the lifetime (7) of the physisorbed oxy-
gen molecules. The solid lines that overlap the O s intensi-
ties of the physisorbed oxygen molecules on the 1 and 2 L
exposed Si(111) surfaces in Fig. 4 result from 7=45 s and
150 s, respectively. On the 5 and 10 L oxygen exposed
Si(111) surfaces, the O 1s core-level intensities of the phys-
isorbed oxygen molecules do not show simple exponential
decays. First the intensities decrease slowly (first region),
and then the decrease rates become larger (second region).
Regarding the 5 L exposed surface, the lifetimes are found to
be 1400 s and 270 s in these two regions, and those on the 10
L exposed surface to be 1800 s and 500 s.

All these lifetimes were obtained under photon irradia-
tion, and photon irradiation generally dissociates and/or de-
sorbs weakly adsorbed physisorbed species. In order to dis-
cuss the influence of photon irradiation, we have measured
the intensity decreases of the O 1s components for the phy-
sisorbed molecular oxygen by turning off the photon irradia-
tion for a period. The inset of Fig. 4 shows the intensity
decrease obtained for a 10 L exposed surface by turning off
the irradiation for a certain time (photon irradiation was
turned off between measuring the open circles shown in the
inset). As shown in the figure, the intensity decrease of the
open circles is slower than that of the solid line, which rep-
resents the result obtained under continuous photon irradia-
tion. By fitting the intensity decrease of the open circles
(dashed line), the lifetime is found to be 2800 s, i.e., a value
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that is approximately 1.6 times longer than the lifetime ob-
tained by irradiating the surface continuously. In the second
region of the 10 L oxygen exposed surface, the lifetime ob-
tained by eliminating the irradiation effect was 550 s. Re-
garding the 5 L exposed surface, the influences of photon
irradiation have been found to be approximately the same as
those on the 10 L exposed surface in each region. These
results indicate that approximately 1/3 of the reaction of the
physisorbed oxygen species results from the influence of
photon irradiation in the first region of the 5 and 10 L ex-
posed surfaces, and that thermal activation is the dominant
effect of reaction in the second region.

In order to discuss the reaction path of the physisorbed
oxygen molecules in more detail, we compare the O 1s in-
tensity decrease with the intensity increases of the 533.1- and
533.7-eV components. On the 10 L exposed Si(111) surface,
the intensity of the physisorbed oxygen decreases approxi-
mately 190 counts per second (CPS), and the intensities of
the 533.1- and 533.7-eV components increase approximately
45 CPS and 60 CPS in the first region in the case of elimi-
nating the irradiation effect. The intensity changes corre-
spond to the change in coverage of each species, and by
assuming that a physisorbed oxygen molecule only produces
two chemisorbed oxygen atoms by dissociation or leads to a
desorption from the surface, one can estimate that ~45% of
the physisorbed oxygen molecules desorb, and of the ~55%
of the physisorbed molecules that dissociate, ~42% trans-
form into oxygen atoms adsorbed into the back bonds of
adatoms and ~58% adsorb between the first- and second-
layer Si atoms. On the 5 L exposed surface, the intensity
decreases of the physisorbed oxygen and the intensity in-
creases of the chemisorbed atomic oxygen indicated that
~24% dissociates in the first region. Here we notice that this
time-dependent reaction of the physisorbed oxygen mol-
ecules is not inconsistent with the result shown in Fig. 3. The
physisorbed oxygen molecules, which cover the surface,
might obstruct the chemisorption of the next incoming oxy-
gen molecule, and the O s core-level intensities of the
chemisorbed species would be saturated even if vacant sites
for chemisorption remain. Further, since the result shown in
Fig. 3 is obtained under oxygen dosage while the result in
Fig. 4 is obtained after stopping the exposure, the phys-
isorbed oxygen molecules might always be condensed in Fig.
3 but not in the result shown in Fig. 4. Thus, by assuming
that physisorbed oxygen molecules hardly dissociate when
they are condensed but they dissociate easier when the
neighboring molecule is desorbed, the time-dependent reac-
tion products of the physisorbed oxygen can be adsorbed on
the vacant sites mentioned above.

The lifetimes shown in Fig. 4 indicate that the phys-
isorbed oxygen molecules are more stable until approxi-
mately 700 s after stopping the exposure, and at higher dos-
ages. The lower stability of the physisorbed oxygen
molecules on the 1 and 2 L exposed Si(111) surfaces, and the
higher stability on the 5 and 10 L exposed surfaces observed
in the first region, fit well with the results shown in Fig. 3,
i.e., small intensities below 2.6 L and large intensities above
2.6 L.?7 This means that the difference in the lifetime of the
physisorbed oxygen molecules obtained just after stopping
the exposure results from the modification of the potential
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energy curve by oxygen species chemisorbed on top of ada-
toms. In contrast to this case, the change in stability in the
two regions observed on the 5 and 10 L exposed Si(111)
surfaces cannot be explained by the same origin, since both
the intensity of the ins-paul species and the intensity of the
534.6-eV component hardly changed with time. The differ-
ences between these two surfaces are the coverage of phys-
isorbed oxygen molecules and the coverage of chemisorbed
species produced by the dissociation of the physisorbed spe-
cies. According to the reaction discussed above, the coverage
of chemisorbed species produced by the dissociation of the
physisorbed species is smaller on a 5 L exposed Si(111) sur-
face than that on a 10 L exposed surface. This suggests that
the effect of reaction products should be smaller on the 5 L
exposed surface, though the lifetime is shorter and the dif-
ference in lifetime between the first and second region is
larger on the 5 L exposed surface. Thus the chemisorbed
species produced by the dissociation of the physisorbed spe-
cies cannot be the origin of the change in stability observed
in Fig. 4. The distance between two oxygen molecules is
shorter at higher coverages and the attractive van der Waals
force becomes stronger until the intermolecular distance be-
comes as short as the distance in solid oxygen, i.e., as long as
the total energy gain compensates the increasing mutual re-
pulsion. This explains well the results shown in Fig. 4, and
we therefore conclude that the higher stability of the meta-
stable physisorbed oxygen molecules observed at a higher
coverage originates from a stronger attractive intermolecular
force.”® This conclusion suggests that there are two origins
for the stabilization of physisorbed oxygen molecules, i.e.,
the saturation of dangling bonds and the intermolecular in-
teractions.

Moreover, since a higher dissociation probability is ob-
tained at a higher physisorbed oxygen coverage, where the
physisorbed species is more stable, we propose that the at-
tractive intermolecular force prevents the desorption by
changing the potential energy barrier £, as shown in Figs.
5(c) and 5(d). This proposition is supported by the higher
desorption probabilities obtained in the second region
(~77% and ~87% on the 10 and 5 L exposed surfaces,
respectively), since shorter lifetimes suggest that the attrac-
tive intermolecular forces are weaker than those in the first
region.

IV. CONCLUSION

In conclusion, we have investigated the adsorption and
reaction processes of physisorbed oxygen molecules on a
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FIG. 5. (Color online) One-dimensional potential energy dia-
grams illustrating the gas-surface interaction that an oxygen mol-
ecule approaching a Si(111)-(7 X 7) surface feels on the time scale
of the present study. (a)—(d) show the potential energy diagrams at
different stages of oxidation.

Si(111)-(7X7) surface using time-resolved high-resolution
O 1s core-level photoelectron measurements. The coverage
of the physisorbed oxygen molecules increases drastically at
the dosage when all adatoms have oxygen species at their
on-top sites. This result indicates that E_ is almost O on the
time scale of the present study and physisorbed oxygen mol-
ecules are hardly stable on a surface with dangling bonds
[Figs. 5(a) and 5(b)], and that E, changes to a larger value
when the dangling bonds become saturated by chemisorbed
oxygen, as indicated in Fig. 5(c). As the number of oxygen
atoms adsorbed in the back bonds of adatoms increases, E4
becomes almost 0 on the time scale of the present study, and
the dissociation of the ins-paul species is promoted [Fig.
5(c)]. The different lifetimes obtained at different dosages
suggest that the attractive van der Waals force between two
molecules changes the potential energy barrier E_ at a high
coverage of physisorbed molecular oxygen. This promotes
the dissociation into atomic oxygen that chemisorbs into the
back bonds of adatoms and between the first- and second-
layer Si atoms [Fig. 5(d)].
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