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Electronic properties of 02 on Cs or I%a overlayers adsorbed on Si(100)2 x 1

from room temperature to 650 C
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Valence-band and core-level photoemission spectroscopy experiments using synchrotron radia-

tion were performed at various temperatures to study the effect of oxygen on cesium or sodium

overlayers adsorbed on a Si(100)2X 1 surface. At room temperature, a large enhancement of the

silicon oxidation was observed with formation of high oxidation states such as Si . Thermal an-

nealing to low temperatures resulted in the formation of a Si02-Si interface with subsequent com-

plete desorption of the alkali metal.

In recent years, there has been a growing interest in the
study of the electronic properties of alkali-metal adsorp-
tion on metal surfaces' combined with new theoretical
approaches using full-potential linearized augmented-
plane-wave (FLAPW) calculations for transition metals.
Similar works have been reported for alkali-metal adsorp-
tion on semiconductors by theoreticians as well as ex-
perimentalists. Intensive eff'orts have also been devoted to
the coadsorption of oxygen with alkali metals on metal sur-
faces. ' ' However, despite the promising results ob-
tained so far in the pioneer work on GaAs, " it is only re-
cently that comparable work has been performed on semi-
conductors where cesium and sodium were shown to
dramatically enhance the oxidation rate of silicon' ' by
several orders of magnitude, and of indium phosphide' by
up to 10' . The oxidation of semiconductors is important
in device technology. High oxygen exposures [10 —10 L
(1 L =one langmuir = 10 Torr sec)] combined with tem-
peratures on the order of 1000 C are necessary to oxidize
silicon (see Ref. 15, and references therein) while oxygen
exposures between 10 —10' L are required for III-V com-
pound semiconductors. ' These difficulties have redirected
the eff'ort to look for catalysts such as noble, transition,
and rare-earth metals, ' which also promote the oxidation
of semiconductors as is done by alkali metals.

In this Rapid Communication we present, as a function
of increasing temperature, the electronic properties of the
Si(100) 2 x 1 surface covered with Cs or Na overlayers at
room temperature, followed by molecular oxygen expo-
sures. Valence-band and core-level photoemission spec-
troscopy was performed using synchrotron radiation. For
the first time, we show that the room-temperature catalyt-
ic oxidation was combined with the subsequent total
thermal desorption of the catalyst at moderate tempera-
tures, resulting in the formation of a clean Si02-Si in-
terface.

The experiments were carried out at the new 1-GeV
storage ring at the University of Wisconsin-Madison. The

light was dispersed by a Grasshopper Mark II monochro-
mator. The experimental chamber was equipped with a
double-pass cylindrical-mirror analyzer (CMA) with a co-
axial electron gun for Auger electron spectroscopy (AES)
and low-energy electron diffraction (LEED) optics. The
overall resolution (electrons+photons), which was 0.3 eV
in the valence band, was estimated at 0.9 eV in the Si 2p
core-level region. The pressure was 3x10 " Torr. The
Si(100) single crystal was cleaned by cycles of ion bom-
bardment and thermal annealing at 1000'C and checked
for cleanliness by AES while LEED showed the expected
2X 1 reconstruction. Pure cesium or sodium was deposited
on the silicon surface by the use of carefully outgassed
chromate sources. The pressure did not increase by more
than 2x10 " Torr for cesium and 5X10 " Torr for
sodium during the time necessary to deposit one mono-
layer. '

Figures 1(a) and 1(b) display the behavior of Si 2p and
Cs 4d core levels for the Oz/Cs/Si(100)2X 1 system at
various temperatures from room temperature to 650'C.
When one monolayer of cesium deposited on Si(100) is ex-
posed to molecular oxygen at room temperature, a new
structure appeared to grow at 2.6-eV higher binding ener-

gy from the Si 2p core level. It is related to silicon atoms
bonded to three oxygen atoms, ' Si +. When the temper-
ature was raised to 650 C, the chemical shift is increased
to 3.9-eV higher binding energy relative to the Si 2p core
level. It corresponds to the formation of silicon dioxide'
Si02 on the silicon surface. If we follow the corresponding
behavior of the Cs 4d core level [Fig. 1(b)], one can ob-
serve that oxygen exposures change the shape and the in-
tensity ratio between the 4d5y2 and 4d7/2 spin-orbit-split
components. This could be related to the disappearance,
in the presence of oxygen, of the plasmon satellite' as a
consequence of the charge transfer from cesium to oxygen.
We will discuss this point in detail elsewhere. ' With in-
creasing temperatures, the Cs 4d core-level intensity [Fig.
1(b)1 decreased and cesium was completely removed from
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FIG. l. (a) 64-L 02/I ML Cs/Si(100): Photoemission spec-
tra showing the Si 2p core level for increasing temperatures with
the use of an incident photon energy of 130 eV. The photoelec-
tron intensity is normalized to the beam current. (b) 64-L 02/I
ML Cs/Si(100): Photoemission spectra showing the Cs 4d core
levels for increasing temperatures with the use of an incident
photon energy of 120 eV. The photoelectron intensity is normal-
ized to the beam current.

the surface at 650 C. Figure 2 displays the intensity of
the Cs 4d core levels versus temperature. Note that above
500 C, the amount of cesium present on the surface de-
creases rapidly and linearly. Concurrently, the ratio of
"2p" core-level intensities between Si02 and Si is seen to
remain constant. The total desorption of cesium was
reached at 650 C while temperatures well above 1000 C
were necessary to remove it completely from transition
metal surfaces. Therefore, a clean (uncesiated) SiOz-Si
interface is formed at 650'C (Ref. 12) which is a lower
temperature than that necessary' to form such an inter-
face without cesium.

Figure 3 displays the valence band of the cesiated
Si(100) 2X I surface, and the oxygen-covered Cs/
Si(100)2X 1 surface from room temperature to 600'C.
The exposure of the cesium overlayer to 64-L oxygen re-
sults in the growth of peaks A and B which are related to
oxygen 2p levels. The cesium 5p semicore levels are shift-
ed to lower binding energy by 0.4 eV. One must note that
much larger shifts have been reported ' for transition
metal substrates. This implies a preferential reaction of
oxygen with silicon rather than with cesium, as can be de-
duced from the large chemical shift of the Si 2p level [Fig.
1(a)]. This is in contrast with the behavior of cesiated
transition-metal surfaces, where both substrate and adsor-
bate were markedly oxidized. ' When the temperature
was raised, peak A disappeared while peak B is shifted up-
ward to 7.4-eV binding energy above 550 C, correspond-
ing to the formation of Si02 as already observed on the Si
2p chemical shift. At 600 C the shoulder between peak B
and the Fermi level was related to emission from the sil-
icon valence band. Peak C (11 eV) was also related to
Si02 formation. ' From the Si 2p core-level intensities, it
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FIG. 3. The valence-band spectra for the I-ML Cs/Si(100)
and 64-L 02/I ML Cs/Si(100) systems at various temperatures
are shown. An incident photon energy of 82 eV was used. The
photoelectron intensity is normalized to the beam current.

FIG. 2. The intensities of the Cs 4d and Na 2p core level vs

temperature for the 64-L 02/I ML Cs or Na/Si(100) using in-

cident photon energies of 120 and 82 eV, respectively, are
displayed. Also shown is the ratio between the Si 2p core-level
intensities for the Si02 and Si species, obtained with a photon

energy of 130 eV.
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is possible to estimate the thickness of the silicon dioxide
as greater than 10 A. ' One must note that the oxygen
saturation exposure was not reached at 64 L.

Figures 4(a) and 4(b) show the behavior of Si 2p and
Na 2p core levels of the 64-L 02/1 monolayer (ML)
Na/Si(100)2X 1 system for various temperatures up to
550 C. The behavior of sodium was found to be similar to
that observed for cesium. The exposure to oxygen of the
sodium overlayer induced the growth of Si + as can be de-
duced from the 2.6-eV chemical-shift feature' on Fig.
4(a). However, for the same conditions, the amount of
Si + was lower with sodium than it was with cesium, as
can easily be seen from the relative intensity of the Si +

oxide peak on both systems [Figs. 1(a) and 4(a)]. When
the temperature was raised to 550 C, the oxide chemical
shift increased to higher binding energy by 3.9 eV from
the Si 2p level, corresponding to the formation of Si02. '

The Fig. 4(b) exhibits the corresponding sequence of the
Na 2p core level. In the presence of 64-L 02, the full
width at half maximum (FWHM) of the Na 2p core level
doubled. With increasing temperatures, its intensity de-
creases rapidly and linearly from 400 to 550 C, where it
reaches zero (Fig. 2). This indicates that sodium was en-
tirely removed from the silicon surface at 550 C, and a
clean (sodium free) Si02-Si interface was formed.

As in the case of cesium, a plasmon satellite exists on
Na/Si(100) near the Na 2p core level and is destroyed in
the presence of oxygen by charge transfer from Na to 02.
This point will also be discussed elsewhere. '

Figure 5 displays the valence-band spectra for 1-ML
Na/Si(100), for this system exposed to 64-L oxygen at
room temperature, and then followed by annealing at vari-
ous temperatures up to 550'C. The photon energy was 82

eV. Peaks 2 and B are related to oxygen 2p levels. How-
ever, at room temperature the spectrum at 64-L
Oz/Na/Si(100) exhibits peak 8 less intense than peak A
while the situation was reversed with cesium. Further-
more, on 02/Cs/Si(100), peak 2 has a binding energy 5
eV instead of 5.75 eV for 02/Na/Si(100) system. These
differences are most likely related to the size of the cesium
atom which is much larger than silicon, while sodium and
silicon radii are about the same. Concurrently, a smaller
amount of oxide (Si + ) was formed at room temperature
with Na when compared to Cs [Figs. 4(a) and l(a)]. On
02/Cs/Si(100) system, oxygen migrated underneath the
cesium as already reported on metallic substrates. ' A
similar oxygen migration may also occur in the case of
sodium although its smaller size allows Na atoms to come
closer to the silicon surface, reducing the space for an oxy-
gen atom. Therefore, the diA'erences in the 0 2p levels
could also be related to a diA'erent environment for oxygen
in the presence of Cs than of Na. With increasing temper-
atures, the 0 2p levels were modified as follows: peak 2
disappeared, and peaks B and C arose at 7 and 11 eV at a
temperature of 500 C, which corresponds to formation of
Si02 (Ref. 15) (with —4-eV gap) as already has been de-
duced from the Si 2p chemical shift [Fig. 4(a)]. As in the
presence of cesium, the shoulder between B and the Fermi
level (at 550'C) was related to emission from the silicon
valence band. The thickness of Si02 was estimated to be
7-8 A.

Although core-level photoemission spectroscopy has
detection limits on the order of 0.1%, the rapid and linear
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FIG. 4. (a) 64-L 02/1. 0 ML Na/Si(100): Photoemission

spectra showing the Si 2p core level for increasing temperatures
with the use of an incident photon energy of 130 eV. The photo-
electron intensity is normalized to the beam current. (b) 64-L
02/1 ML Na/Si(100): Photoemission spectra showing the Na
2p core levels with increasing temperature with the use of an in-
cident photon energy of 82 eV. The photoelectron intensity is
normalized to the beam current.

—15 —10 —5 0

Binding Energy (eV)

FIG. 5. The valence-band spectra for the 1-ML Na/Si(100)
and 64-L 02/I ML Na/Si(100) systems at various temperatures
are shown. An incident photon energy of 82 eV was used. The
photoelectron intensity is normalized to the beam current.
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decrease of Cs 4d and Na 2p core levels versus tempera-
ture suggests the complete removal of each of these alkali
species by thermal desorption. If diA'usion were occurring,
the observed linear decrease would not be expected.
Therefore, it is probable that no catalyst remains on the
surface above the observed desorption temperatures.

In contrast with other metals or rare-earth metals, ' our
results indicate that cesium and sodium showed no silicide
formation. On Si(100), Cs and Na form a polarized bond
which lowers the surface work function. With both al-
kalis, we found that "s" valence electron hybridized with
"p" levels of the silicon substrate. ' ' ' A similar hybridi-
zation was also reported on transition metals involving "d"
surface states in very good agreement with FLAPW calcu-
lations. ' The alkali metal weakens the back bonds of sil-
icon which are therefore easily broken in the presence of
oxygen, which is dissociated by the presence of cesium or
sodium on the surface. Our results also indicate that a
precursor oxygen molecular state exists prior to dissocia-
tion by alkali metals. This step is directly related to the
onset of oxidation. ' Cs and Na also increase the oxygen
sticking coe%cient dramatically. All these factors contrib-
ute to the enhancement of silicon oxidation. In compar-
ison with transition metals, the rather low temperature
of alkali desorption indicates that the bonding between Cs

or Na and silicon is rather weak.
Similar to Cs and Na the other alkali metals should play

the same role of electronic promoter of Si oxidation. This
has already been shown for Li and K, where potassium
also desorbed at mild temperatures. However, in con-
trast with the other alkali metals, Li interdiffuses through
the surface and therefore is not removable by thermal
desorption.

In conclusion, we have shown that alkali metals enhance
the oxidation of silicon by 4-6 orders of magnitude. Our
results have revealed that in the presence of a sodium or
cesium layer, oxygen preferentially reacts with the silicon
substrate in contrast to metallic substrates, ' where both
adsorbate and substrate react with oxygen. Finally, for
the first time the catalytic oxidation of silicon was com-
bined with the removal of catalyst at moderate annealing
temperature.
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