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Thermal growth of Sioz-Si interfaces on a Si(111)7X7surface modified by cesium
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%'e have used photoemission spectroscopy to study the Cs-promoted formation of SiOz-Si inter-

faces on the Si(111)7x7 surface. A large enhancement of the oxidation rate was observed at room

temperature with monolayer Cs coverage, and by annealing the initially substoichiometric oxide at

moderate temperature it was transformed into SiOz', meanwhile the Cs eras completely desorbed.

Comparison with previous results from Si(100)2&1 indicates that di6'erences in dangling-bond

density are not of major importance for the initial oxidation, but, probably because of the more

closed structure of Si(111)atomic planes, the oxide layer obtained after annealing was thinner and

less stoichiometric than on Si(100)2)&1. The results also suggest that Cs stays on top of the oxide,

and is preferentially bonded to Si. The catalytic efBciency decreased rapidly as the Cs coverage

was reduced, thereby demonstrating the strongly nonlocal nature of the catalytic mechanism.

I. INTRQDUCTION

It has been known for about a decade that alkali-metal
overlayers may promote the oxidation of semiconductor
surfaces, ' and recently there has been a renewed interest
in this. field. In addition to the remarkable enhancement
at room temperature of the oxidation of III-V semicon-
ductors as well as silicon, it has also been found that
Cs, Na, and K (Refs. 5 and 6) are removable by flash
annealing at moderate temperatures. The growth of
SiOz on silicon surfaces has been achieved at lower tem-

perature than with other processes, which limits the
diffusion of dopants and could provide oxides more resis-
tant to radiation damage. Aside from being potentially
important in device technology, such processes also pro-
vide insight into the fundamental mechanisms of ca-
talysis. A number of mechanisms have been proposed as
important in catalytic oxidation, e.g., enhanced sticking
of 02, dissociation of molecular oxygen, and increased
reactivity through weakening of substrate backbonds.
The thermal desorption of alkali metals is in contrast to
the behavior of several noble, transition, and rare-earth
metals, which also promote the oxidation of semiconduc-
tors, but form bulk compounds with the substrate and
become included in the oxide Slms. " %ith the excep-
tion of lithium, the alkah metals do not interdiffuse or
form bulk compounds with the substrate. The electronic
and structura1 properties of alkali metals adsorbed on
semiconductors has been the subject of several studies,
experimental' ' as well as theoretical. ' ' Except for
the work of Ref. 3, which included a room-temperature
study of Cs-promoted oxidation of the Si(111)2X1 sur-
face, a11 studies so far of silicon oxidation using alkali
metals have been limited to the (100)2X 1 surface. Al-
though Si(ill)7X7 is the most-studied silicon surface,
and therefore well suited as a test case for surface reac-
tions, no oxidation studies using alkali metals have been
carried out on this surface. In particular, the fact that
the (111)7X 7 face is more stable and has a lower density

of dangling bonds could allow us to study the relative
importance of these factors in the promotion mechanism
at room temperature as well as during the thermal
gro~~h of Sio,.

In this paper, we therefore present the results of an in-
vestigation of the oxidation of cesiated Si(111)7X7 sur-
faces by means of valence-band and core-level photo-
emission spectroscopy (PES). In particular we have
monitored the growth of oxide during increased oxygen
exposures, and studied the catalytic eSciency of Cs at
submonolayer coverage as compared to full monolayers.
Our study includes measurements after room-
temperature oxidation, as well as after thermal Rash an-
nealing and Cs desorption. It is the first study of alkali-
metal-promoted oxidation of the Si(111)7X7 surface,
and also the first study of a Si(111) surface involving
thermal annealing. Comparing with results from the
Si(100)2X1 surface we found one remarkable diff'erence
in that the oxide 61m obtained after annealing is consid-
erably thinner on the (ill)7X7 than on the (100)2X1
surface, using the same Cs coverage and Oz exposure.
This is in strong contrast to the results of room-
temperature oxidation, which were very similar for the
two surfaces.

II. EXPERIMENTAL DETAILS

The photoemission experiments were performed in an
ultrahigh-vacuum (UHV) chamber at a pressure of better
than 5)&10 " Torr. Synchrotron radiation, dispersed
by a 3-m toroidal grating monochromator, was provided
by the 1-GeV storage ring at the Synchrotron Radiation
Center of the University of %'isconsin-Madison. The
energy distribution of the photoelectrons was analyzed
by an angle-integrating double-pass cylindrical mirror
analyzer (CMA). The overall energy resolution was es-
timated to be =0.5 eV in the photon energy range ern-

ployed. The silicon sample was cleaned in situ by
thermal annealing. Cesium was deposited on the silicon
surface from a carefully outgassed SAKS getter source.
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The pressure stayed below 1X10 ' Torr during the Cs
deposition. Oxygen exposures ranging from 0.25 to 64 L
(1 L= 1 langmuir= 1 X10 Torr sec) were made using
research-grade oxygen (99.99%%uo). The Cs evaporations
as well as the Oz exposures were all made at room tern-

perature. The sample temperature during annealing was
measured by an optical pyrometer.

III. RESULTS AND DISCUSSION

Figure 1 shows Si 2p and Cs 4d core-level spectra
recorded during a complete oxidation cycle, including
complete Cs removal by annealing at 750'C. The Si 2p
chemical shifts, corresponding to different oxidation
states of Si, ' are indicated by vertical bars. The deposi-
tion of a Cs monolayer (ML) reduced the Si 2p intensity
to less than a third of the original intensity. After expo-
sure to 64 L of Oz, incomplete oxides with silicon bond-
ed to one, two, and predominantly three oxygen atoms
were formed. There is no indication that any signi6cant
amount of SiOz (silicon bonded to four oxygen atoms) is
present. The annealing increased the oxidation stage,
and Si02 was clearly formed, although the Si 2p chemi-
cal shift was somewhat smaller than the shift corre-
sponding to Si bonded to four oxygen atoms. This, how-
ever, is generally the case in Si 2p spectra from thinner
SiOz films. It is well known from earlier studies of Si ox-
idation that the chemical shift of Si 2p increases with ox-
ide thickness, and reaches a limitinp value of =4.3 eV
for Si02 films thicker than =50 A. ' This change is
presumably related to bond-angle strain rather than
stoichiometry.

Turging to the Cs 4d spectra one should notice the ex-
tended tail in the clean Cs overlayer spectrum. To-
chihara et al. ' assigned this tail to extrinsic plasmon
excitations in the Cs overlayer. The 64 I. Oz exposure
removed this tail, indicating charge transfer from Cs, al-
though the associated chemical shift was neghgible.
After a brief annealing at 700'C some Cs was still
present on the surface, but 750'C for just a few seconds
was found sufficient for complete Cs removal. We have
observed that the temperatures needed to desorb Cs
from Si surfaces are not much affected by whether the
surfaces are oxidized or not. This is in striking contrast
to what was reported in the case of oxygen and cesium
coadsorption on tungsten. In that case much higher
temperatures were required to desorb the cesium, ap-
parently due to a strong cesium-oxygen bonding. To-
gether with the absence of significant chemical shifts of
the Cs 4d levels upon oxidation, the desorption behavior
in the present case indicates that oxygen interacts more
strongly with the Si substrate than with the Cs over-
layer. Considering this, the conclusion that formation of
bulk alkali-metal oxides is an important step in the pro-
moted oxidation of Si, drawn recently in a study of po-
tassium on Si(100)2X 1, seems somewhat questionable.
Although bulk cesium oxides form as thick Cs films are
exposed to oxygen, the behavior of Cs monolayers de-
pends on the substrate and is generally different from
that of a thick film. ' The large enhancement of the Si

oxidation rate caused by a monolayer of Gs is apparently
not associated with formation of strong cesium —oxygen
bonds. Moreover, the ease with which Cs is removed by
thermal desorption strongly suggests that it stays on top
while Si02 is formed at the Cs-Si interface. If Cs atoms
were being trapped underneath the Si02 layer, their
desorption would be limited by the diffusion through the
oxide, and also at higher temperatures Gs removal would
be slow. The absence of damping of the Cs 4d emission
after oxygen exposure [see Fig. 1(b)] is another clear in-

dication that most of the adsorbed oxygen goes under-
neath the cesium layer, i.e, to the Cs-Si interface.

Valence-band spectra were also measured, and found
to be very similar to those obtained from the Si(100)2X 1

surface.
Of interest for technological purposes, in addition to

the moderate temperature required, is the fact that, as in
the case of our previous studies on Si(100)2X1, '5' flash
annealing of only a few seconds duration is sufhcient for
the Si02 formation. This may allow for growth of SiOi-
Si interfaces with less defects, as recently demonstrated
by Fogarassy et a/. for direct (without promoter) oxi-
dation of silicon by thermal flashing.

In order to study the initial oxidation of monolayer
cesiated Si(111)7X 7 in more detail, we made stepwise Oz
exposures up to 16 L, starting at 0.25 L, and recorded
the relevant spectra at each step. Figure 2 shows the de-
velopment of Si 2p spectra at increasing oxygen expo-
sure. The spectra are normalized so that the unshifted
component is of constant height. As in Fig. 1 the shifts
corresponding to different oxidation states of silicon are
indicated by vertical bars. As could be expected there is
no firm indication of Si02 formation, and furthermore
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FIG. 1. Photoemission spectra showing (a} the Si 2p, and (b)
the Cs 4d core levels for clean Si(111)7~7, after deposition of 1

ML (monolayer) of Cs, after exposure to 64 L of 0&, and after
annealing at 700 and 750 C, respectively. Photon energies
were 130 eV in (a), and 120 eV in {b). The photoemission in-
tensities are normalized to the beam current. The positions of
Si 2p oxide features, associated with Si atoms bonded to one,
two, three, and four oxygen atoms (Ref. 18), are indicated by
vertical bars.
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FIG. 2. Si 2p core-level spectra showing the growth of ox-
ides on the cesiated {1-ML) Si{111)7X7surface for oxygen ex-
posures up to 16 L. The photon energy was 130 eV. The spec-
tra are normalized to give substrate peaks of equal height.
Vertical bars as in Fig. 1.

the oxidation stage corresponding to one oxygen atom
per silicon atom seems almost absent at any exposure.
As observed for Si(111)2)&1 (Ref. 3) and Si(100)2X1,
the silicon apparently goes rapidly to a state where it is
banded to several oxygen atoms, and as ihe exposure is
increased above 4 L most involved silicon atoms are
bonded to three oxygen atoms. There seems to be some
kind of onset between 1 and 2 L of 02, after which oxi-
dation occurs more readily W. e also observed that the
Cs 4d tail assigned to plasmon excitations' disappeared
after 1-2 L of 02 exposure indicating that the Cs top
layer is stripped of its 6s conduction electrons at a much
earlier stage than the top layer of thick Cs films. '

Finally, we studied how the oxidation depends on the
amount of Cs on the surface. Figure 3 shows Si 2p spec-
tra (a) directly after exposure to 64 L of 02, and (b) after
annealing at 750'C, with varying Cs coverage prior to
oxygen exposure. As before, diiTerent oxidation stages
are indicated by vertical bars. It is clear that submono-
layer cesium coverages resulted in smaller amounts of
oxide, and also the average stage of oxidation was re-
duced, as is evident from the smaller chemical shifts.
This finding applies to the annealed oxides as well. The
valence-band spectra for submonolayer coverages
showed lower intensities of all oxygen-related peaks.
These results imply a general reduction of the oxygen
trapping capability, leading to thinner and less
stoichiometric oxide layers. It is interesting to note that
the lowest Cs coverage reported in Fig. 3(a) was not,
even using a lowest limit estimate, below ha1f a mono-
layer. Yet the amount of oxide formed was just a tiny
fraction of what was obtained using a fuH monolayer of
Cs. This sho~s that there is a very rapid decrease in the
catalytic activity at increasing Cs-Cs separations, and
that isolated Cs atoms are not efBcient promoters. The
strongly nonlinear dependence on Cs coverage ern-

FIG. 3. Si Zp core-level spectra at 130 eV photon energy
from the Si{111)7X7surface exposed to 64 L of 02 after Cs
depositions of varying duration. Spectra in {a) were taken
directly after oxygen exposure, those in {b}after annealing at
750'C. The Cs coverages {1.0, 0.86+0.05, 0.65%0.08 ML)
were determined from relative intensities of the Cs 4d and Si
2p core levels, and by using the fact that the saturation cover-
age is 1 ML at room temperature. Normalization and vertical
bars are as in Fig. 2.

phasizes the nonlocal nature of the catalytic mechanism.
Also, if the deposited Cs had formed islands rather than
spreading uniformly over the surface, one would expect
a more proportional relationship between Cs coverage
and catalytic action.

From these results and our previous studies, ' ' it
seems possible to describe the catalytic oxidation process
at room temperature as consisting of the following steps.
(i) The oxygen molecules stick to the cesiated surface,
and (ii) they are dissociated. It is not fully clear where
and how the dissociation takes place, or what role the
substrate plays, but it has been suggested that 02 is dis-
sociated within the surface dipole layer by charge
transfer to antibonding molecular levels, as was calculat-
ed by Wimmer et a/. for K and CO coadsorption on
Ni. Finally, (iii) the atomic oxygen start forming bonds
with the topmost Si layer. An oxygen-related valence-
band peak, which we, from comparison with the results
of Hofer et al. , associate with molecular oxygen, was
observed to saturate approximately simultaneously with
the onset of oxidation as seen in Si 2p spectra (see Fig.
2). The intensity of another peak, characteristic of
atomic oxygen, continued to increase as further oxygen
exposures were made. Provided that the assignment of
valence-band peaks is correct this observation indicates
that the onset is primarily associated with the dissocia-
tion step.

%e are now ready to compare the present results with
those we previously obtained from the Si(100)2X1 sur-
face. In Fig. 4, Si 2p spectra from oxidized Si(111)7&7
and Si(100)2&(1 surfaces, measured (a) before and (b)
after annealing, are shown together. The spectra from
the difterent surfaces have been normahzed so that the
unshifted Si 2p components are of equal height. The
spectra measured before annealing are very similar, with
the (111)7X7surface only slightly less oxidized. The Si
2p spectrum measured at room temperature from the
surface of cesiated Si(111)2)&1 (Ref. 3) after 02 exposure
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FIG. 4. Comparison of Si 2p core-level spectra at 130 eV
photon energy from oxidized Si(100)2 g 1 (Ref. 2) and
Si(111)7X7 surfaces. Spectra in (a) were taken directly after
oxygen exposure, those in (b) after annealing at 750'C. Nor-
malization and vertical bars are as in Fig. 2.

of the oxide is a straightforward consequence of the re-
duced thickness. As intermediate oxidation states are
characteristic of the oxide-silicon interface, leading to a
less abrupt interface, they appear more important when
the oxide layer is thin.

If the picture of the oxidation process given above is
essentially correct, the growth of thicker oxide films
could possibly be achieved at a temperature that allows
for SiOz formation (as opposed to the room-temperature
formation of lower oxides) simultaneously with contin-
ued oxygen adsorption. It is also likely that thicker Cs
overlayers (sample cooling required) can trap and disso-
ciate more oxygen, leading to a thicker SiOz film.
Alkali-nmtal coverages in excess of one monolayer can
increase the thickness of the resulting Si02 layer as has
been demonstrated using sodium, and lately verified us-
ing potassium.

IV. CONCLUSIONS

is also very similar. After the desorption of the cesium,
the resulting oxide film on Si(111)7X7 is somewhat less
stoichiometric and significantly thinner than on
Si(100)2X1. It seems very likely that the difference in
oxide thickness after annealing can be associated with
structural difFerences. The (111)atomic planes are hard-
er to break up than the more open (100) planes, which
have only two backbonds per Si atom. The similarity in
behavior of the two surfaces during room-temperature
oxidation shows that the top layers of both surfaces are
equally susceptible to room-temperature oxidation. If
the dangling-bond density was of major importance for
the initial oxidation one would expect a more significant
difference at this point. It is also likely that the reactivi-
ty of the top layers is increased by cesium-induced back-
bond weakening. The growing oxide layer may, howev-
er, counteract this mechanism by separating the cesium
overlayer from the silicon substrate. It is also likely that
the oxide layer may contribute to backbond weakening
in a way similar to the Cs layer, although perhaps not as
strongly. This could explain why annealing is needed to
reach the highest oxidation stage. The slower reaction
rate on Si(111)7X 7 during annealing would also indicate
that a considerable fraction of the trapped oxygen
desorbs during the annealing. The lower stoichiometry

In summary, we have demonstrated that 1 ML of Cs
promotes the oxidation of Si(111)7X7by increasing the
sticking of 02, by dissociation of the oxygen molecules,
and most likely also by weakening the backbonds of the
top Si layers so that initial oxidation takes place already
at room temperature. The Cs stays on top and remains
bonded preferentially to Si surface atoms. Annealing at
moderate temperature desorbs the Cs completely and
leads furthermore to the formation of a more
stoichiometric oxide, although with less efFiciency than
on Si(100)2X1. This can probably be associated with
the more closed structure of the Si(111) atomic planes.
Significantly, there is no indication that the di8'erence in
dangling-bond density is relevant during the initial oxi-
dation. Finally, we also found that the catalytic mecha-
nism appears to be strongly nonlocal.

ACKNOWLEDGMENTS

This work was supported by National Science Foun-
dation Grant No. 84-05173 through Northern Illinois
University. The authors are also grateful to the staff of
the Synchrotron Radiation Center of the University of
%isconsin-Madison for their expert technical assis-
tance.

'Permanent address: Service de Physique des Atomes et des
Surfaces, Commissariat a 1'Energie Atomique, Saclay, 91191
Gif-Sur- Yvette Cedex, France.

Present address: Deacon Research, 900 %'elch Road, Palo
Alto, California 94304.

~Mailing address for correspondence concerning this paper:
Synchrotron Radiation Center, University of VAsconsin-
Madison, Stoughton, Vhsconsin 53583-3097.

'J. Derrien, These de Doctorat O'Etat des Sciences Physiques,
Universite d Aix-Marseille, 1976; W. E. Spicer, I. Lindau, C.
Y. Su, P. W. Chye, and P. Pianetta, Appl. Phys. Lett. 33,
934 (1978).

~P. Soukiassian, M. H. Bakshi, and Z. Hurych, J. Appl. Phys.

61, 2679 (1987).
A. Franciosi, P. Soukiassian, P. Philip, S. Chang, A. %'all, A.

Raisanen, and N. Troullier, Phys. Rev. 8 35, 910 (1987).
4P. Soukiassian, T. M. Gentle, M. H. Bakshi, and Z. Hurych, J.

Appl. Phys. 60, 4339 (1986).
5P. Soukiassian, M. H. Bakshi, Z. Hurych, T. Kendelewicz,

and I. Lindau, Bull. Am. Phys. Soc. 32, 532 (1987).
E. M. Oellig, E. G. Michel, M. C. Asensio, and R. Miranda,

Appl. Phys. Lett. 50, 1660 (1987).
7S. Wolf and R. N. Tauber, Siiicon Processing for the VLSI Era

(Lattice, Sunset Beach, California, 1986), Vol. 1.
SP. Soukiassian, M. H. Bakshi, Z. Hurych, and T. M. Gentle,

Phys. Rev. B 35, 4176 (1987}.



37 THERMAL GRO%TH OF SiO -Si INTERFACES ON A. . . 1319

9A. D. Katnani, P. Perfetti, T. X. Zhso, and G. Margaritondo,
Appl. Phys. Lett. 40, 619 (1982).

'DA. Franciosi, S. Chang, P. Philip, C. Caprile, and J. Joyce, J.
Vac. Sei. Technol. A 3, 933 (1985).

~~F. U. Hillebrecht, M. Ronay, D. Rieger, snd F. J. Himpsel,
Phys. Rev. 8 34, 5377 (1986); S. Chang, P. Philip, A. %'all,

A. Raisanen, N. Troullier, snd A. Franciosi, Phys. Rev. 8
35, 3013 (1987).

~2T. Aruga, H. Tochihara, and Y. Murata, Phys. Rev. Lett. 53,
372 {1984); L. N. Surnev, J. Electron Spectrosc. 26, 53
(1982); Surf. Sci. 110, 458 (1981).

' H. Tochihara, M. Kubota, and Y. Murata, Solid State Com-
mun. 57, 437 {1986).

'4R. Avci, J. Vsc. Sci. Technol. A 4, 1400 (1986).
' S. Ciraci and I. P. Hatra, Phys. Rev. Lett. 56, 877 (1986).
'~J. R. Northrup, J. Vac. Sci. Technol. A 4, 1404 (1986).
'7H. Ishida, N. Shima, and M. Tsukads, Phys. Rev. 8 32, 6246

(1985).

M. Tsbe, T. T. Chiang„ I. Lindau, and W. E. Spicer, Phys.
Rev. 8 34, 2706 (1986).

'9E. J. Grunthaner, P. J. Grunthaner, R. P. Vasquez, B. F.
Lewis, J. Maserjian, and A. Msdhukar, Phys. Rev. Lett. 43,
1683 (1979}.

oJ. L. Desplat and C. A. Papageorgopoulos, Surf. Sci. 92, 97
{1980).
B. Woratschek, VV. Sesselmann, J. Kuppers, G. Ertl, and H.
Haberland, J. Chem. Phys. 86, 2411 (1987).

~ E. Fogarassy, A. Slaoui, C, Fuchs, and J. L. Regolini, Appl.
Phys. Lett. 51, 337 (1987).

2~P. Soukiassisn, T. M. Gentle, M. H. Bakshi, A. S. Bommsn-
navar, and Z. Hurych, Phys. Scr. 35, 757 (1987}.

24K. %immer, C. L. Fu, and A. J. Freeman, Phys. Rev. Lett.
55, 2618 (1985).
U. Hofer, P. Morgen, W. %urth, snd E. Umbach, Phys. Rev.
Lett. 55, 2979 (1985).


