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Chemisorption of chlorine on Si(111)7 X 7 and 1 X 1 surfaces ~
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Using ultraviolet photoemission spectroscopy (UPS) in conjunction with theoretical calculations, we have
studied the reaction of gaseous chlorine with Si(111) 7 X 7 and 1)& 1 surfaces. The UPS spectra of the two
chlorine saturated surfaces are very similar and consist of four peaks, a sharp main peak at —10.7 eV and
smaller ones at —7.5, —13.0, and —15.7 eV relative to vacuum level. Both the peak positions and their
relative intensities are in quantitative agreement with a theoretical calculation for a structural model in
which a single chlorine atom sits on top of each surface Si atom, indicating that Cl, decomposes at the
surface to make strong covalent bonds with Si.

Recently Schliiter et al. ' have studied the chemi-
sorption of chlorine on the cleaved Si(111)2 x 1
surface using ultraviolet photoemission spectros-
copy (UPS) with a synchrotron radiation source
and showed that the polarization effect of the inci-
dent photon could be utilized to determine the or-
bital characteristics of electronic states observed
by UPS. ' In this paper we present results for
chlorine chemisorption on annealed Si(111)7 x 7
and 1 && 1 surfaces using UPS with a conventional
discharge lamp and we argue that it is possible to
observe the photon polarization effect in UPS
spectra by varying the photon incident angle using
nonpolarized light. A theoretical spectrum cal-
culated for a model system where each surface Si
atom is bonded to a Cl atom is found to be in ex-
cellent agreement with experiment. The tight-
binding approach used here enables us to make a
simple symmetry-orbital assignment to the vari-
ous peaks observed in UPS. These assignments
are shown to be consistent with the observed po-
larization effects.

The vacuum system used for the present investi-
gation has been described elsewhere in detail. '
Briefly speaking the system consists of UPS, ion
neutralization spectroscopy (INS), low-energy-
electron diffraction (LEED), Auger electron spec-
troscopy (AES) and an are-discharge sputtering
device. 'The background pressure was approxi-
mately 2 & 10 "Torr and experiments on gas
chemisorption were carried out in a dynamic gas
flow mode at pressures up to 1 x 10 ' Torr. Chlo-
rine gas of research-grade purity was introduced
to the Si(ill) target surface through a leak valve
using a retractable doser with a small orifice
(1.25 mm diameter) that could be placed close to
the sample surface. ' In this way the effective
chlorine exposure rate was kept at a high value
(equivalent to a pressure of -1 x 10 ' Torr) while

the main chamber remained at a much lower am-
bient pressure (~ 1x10 ' Torr). The Si(111}7&&7

surface was prepared by sputter-etching, remov-
ing approximately 1000 atomic layers using 150-
eV Ne' ions, followed by annealing at 600'C for
10 min. The chemical purity of the surface was
monitored by Auger electron spectroscopy. UPS
spectra were obtained using a conventional He and
Ne discharge lamp and a four-grid hemispherical
energy analyzer which collects all the photo-
emitted electrons, thus minimizing the multiple
scattering or diffraction effects associated pri-
marily with the final states. Angle integrated
spectra thus obtained can be interpreted rather
easily in terms of the density of occupied states
near surface.

Figure 1 shows a family of Het (hv= 21.2 eV)
UPS spectra for the Si(111)7 x 7 surface with var-
ious exposures to chlorine gas (Cl, ). After an ex-
posure of roughly 100 L (10~ Torr sec in Cl, }, we
obtain a chlorine-saturated surface (curve 6 in
Fig. 1). For this saturation coverage, there are
four Cl-associated peaks, the- main peak at E-Ev„~- —10.7 and three smaller peaks at E-E„„~- -7.5,
-13.0, and -15.7 eV. Another significant change in
the UPS spectrum caused by chlorine adsorption is
the reduction in the emission intensity near the
top of the valence band. This occurs because the
Si dangling-bond surface states disappear upon
chlorine adsorption and the adsorbed chlorine
does not give rise to any appreciable emission
intensity at these energies. Essentially identical
UPS spectra were obtained when the clean Si(111)
1 x 1 surface was exposed to Cl, . These observa-
tions were reproduced in the Net (hv= 16.8 eV)
UPS spectra so that it is reasonable to assume that
the structural changes in the UPS spectra repre-
sent changes in the electronic density of occupied
states of the Si(111) surface during chlorine ex-
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UPS spectrum includes a component of secondary
electrons which raises the curve deep in the band,
but does not alter the structure to be compared
with the theox etical curve. The large peak labeled
BC in Fig. 3 arises from the lone-pair peaks B
and C of Fig. 2 which are now merged together due
to resolution broadening. The shoulder A in, Fig.
3 is due to the o bonding peak, A, in Fig. 2. The
small shoulders I and 6 at approximately -10.0
and -2.0 eV, respectively, are due to the under-
lying Si layex which pal. ticipates in bonding and
whose local density of states is modified from that
of bulk Si. In recent UPS measurements with bet-
ter resolution, ' the doubly split nature of the peak
BC has clearly been demonstrated. It is clear that
the two spectra in Fig. 3 are in very good agree-
ment with each other, confirming the validity of the
structural model. It also shows that the semiem-
pirical tight-binding method for chemisorpti. on
studies, which has so far been applied to purely
covalent cases only, can also be successfully em-
ployed when the bonding is appreciably ionic.

A further test of our model, including the or-
bital assignments of the various peaks, can be
obtained from the dependence of the UPS spectra
on the photon incidence angle 6),. By changing the
angle of incidence, the s vs p polarized component
changes. At normal incidence the light is purely
8 polarized, i.e., there is no component of the
electric vector normal to the surface which can
excite electrons from a p, -tyeporbital. Thus peak
A in Fig. 3, which is due mainly to the p, -type
orbitals, should be small for normal incidence.
Further, this peak should grow in intensity as we
move away from nox'mal incidence. That this is
indeed the case is shown in Fig. 4, where the ratio
of intensities of peaks A and Bc, which can be
measured more accurately than the absolute in-
tensities, is plotted as a function of the incidence
angle.

%e also studied the effect of target texnperature
during chlorine exposure and found no significant

Si ( I I I ):C i

60
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F&G. 4. Intensity ratio of peak A to peak BC as a func-
tion of photon incidence angle 8;.

change in the emission intensity due to heating ex-
cept for some shaxpening of the main peak, BC,
at elevated temperatures (-400'C) as a result of
surface migration and island formation of the sili-
con-monochloride phase. The fact that there is no
or very little temperature dependence suggests that
dissociation of chlorine molecules into the chlorine
atoms to form the monochloride phase on Si(ill)
occurs readily at room temperature.

me conclude t at chlorine atoms make covalent
bonds with the surface Si atoms on the two an-
nealed surfaces, Si(111)7&7 and 1x1, so as to
saturate the surface dangling orbitals of Si. As
shown by Schluter et al. similar local bonding oc-
curs on the cleaved Si(111) 2 x 1 surface as well.
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