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Angle-resolved photoemission measurements using synchrotron radiation have been performed on a cleaved
Si(111) surface covered to saturation with Cl. Two main Cl-induced peaks, identified as the o and =
bonding levels, are observed, and the angular dependence of their intensities supports the onefold site for the
Cl adatoms. The two-dimensional energy bands for the o, =, and two previously unobserved levels,
designated b and s, are mapped directly from the angular dependence of peak positions. As far as dispersion
and rough energy location are concerned, these Cl-induced surface energy bands are in remarkably good
agreement with self-consistent pseudopotential calculations. There are some minor differences in detail,
concerning precise energy locations and band splittings. The b level is identified, on the basis of the
pseudopotential charge densities, as a state involving the Si back-bonding orbitals. The s level is attributed
to bonding between Cl p, and Si s orbitals, in contrast to the o level which involves bonding between Cl p,

and Si p, orbitals.

I. INTRODUCTION

Angle-resolved photoemission is a technique
which can be used to determine both the atomic
and electronic structure of surfaces.! In this pa-
per we report an angle-resolved photoemission
study of Cl adsorbed on the cleaved Si(111) sur-
face. Our measurements of the angular depen-
dence of the intensities of Cl-induced features in
the photoemission spectra lead to the conclusion
that the Cl atoms sit in the onefold, or covalent,
site—a result in agreement with the conclusions
of other studies. From the angular dependence of
peak positions in the spectra, we obtain energy
(E) versus parallel wave vector (k,) dispersion re-
lations for a number of the Cl-derived levels.
Theoretical E(k,) relations have been calculated
for the covalent position using a pseudopotential
method, and are found to bear a strong resem-
blance to the experimental E(k,) curves. There
are, however, some minor differences in details.
The end product of our experimental and theoreti-
cal investigations, therefore, is a rather detailed
picture of the chemical bonding of this particular
surface system.

The format of this paper is as follows. In Sec.
II, we describe the experimental details. Typical
experimental results are shown and the atomic
position of Cl on the Si(111) surface is discussed
in Sec. III. In Sec. IV, we present and discuss the
experimental Cl-induced surface energy bands. In
the concluding Sec. V, the results of the pseudo-
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potential calculation are presented and compared
with our experimental results.

II. EXPERIMENTAL DETAILS

The angle-resolving photoemission spectrometer
system used in these studies is described else-
where,? and has two electron-energy analyzers of
the plane-mirror type. All the measurements re-
ported here were taken with only one of the ana-
lyzers, the one which samples photoelectrons
propagating in the plane of incidence. The geo-
metry of the experimental measuring system is
shown schematically in Fig. 1. Monochromatic
radiation was obtained from the ultra-high-vacuum
Seya-Namioka beam line on the Tantalus I storage
ring, located at the University of Wisconsin Syn-
chrotron Radiation Center. The radiation was in-
cident on the surface at 45° in a p-polarization con-
figuration. The angular and energy resolutions

to v
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FIG. 1. Schematic diagram of the geometry of the
experimental measuring system.
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FIG. 2. Photoelectron-energy spectra taken at normal
emission and %w=20 eV for a clean and chlorine-covered
Si(111) surface.

are estimated to be +2° and 0.4 eV, respectively.

The surfaces were prepared by cleaving single
crystals of Si in an atmosphere of Cl,. The pres-
sure was 8 X 1077 Torr and the total exposure was
~400 L (1 Langmuir=10"° Torr sec). Under these
conditions, a saturation coverage of Cl with a
p(1 x1) structure is obtained.® After exposure,
the Cl, gas was pumped away, and the photoemis-
sion measurements performed. Several cleaves
were performed, and the results were found to be
reproducible.

The effect of chlorine adsorption on the photo-
emission spectrum of Si(111) is illustrated in Fig.
2. These spectra were taken at normal emission
(6 =0°) at the photon energy Zw=20 eV, and are
plotted against initial-state energy taking zero at
the valence-band maximum E,. Two very prom-
inent Cl-induced peaks appear in the energy range
-9 to -4 eV. The peak at the higher initial ener-
gy (lower binding energy) has been identified as
due to the Cl p, , or m-bonding orbital, and the
peak at lower energy has been identified at the
Cl p, or o-bonding orbital.* Qur own identifica-
tions confirm these assignments, as will be dis-
cussed in Sec. III.

III. CHLORINE ATOMIC POSITION

There are two likely possibilities for the position
of Cl atoms adsorbed on Si(111). The first is the
onefold site where the Cl atom sits directly above
a surface Si atom. The second is the threefold

Si(u)ct
Cl

N

Three fold site
(ionic position)

One fold site
(covalent position)

FIG. 3. Possible atomic positions of chlorine adsorbed
on a silicon (111) surface.

site where the Cl atom sits in the open space be-
tween three neighboring surface Si atoms. The
two positions are indicated in Fig. 3. Two inequi-
valent threefold sites actually exist. However,
they only differ from each other in second-nearest-
neighbor positions. The theoretical calculations
to be described below are performed on a struc-
ture with Cl sitting on top of a second-layer void.
Pseudopotential calculations for the onefold geo-
metry show that the Cl p, orbital (the z axis is
taken perpendicular to the surface) gives rise to

a peak in the surface density of states at appreci-
ably lower energies than the peak associated with
the p, , orbitals.* This is consistent with simple
chemical intuition. In the onefold site the Cl p,
orbital will overlap with the Si dangling orbital
and form a covalent bond of ¢ symmetry having

an energy lower than that of the p, , orbitals. The
onefold site is therefore sometimes referred to as
the covalent site. On the other hand, similar cal-
culations for the threefold site show that the p,
orbital is less strongly bound than the p, , orbitals
but is not well resolved from them. This is again
consistent with chemical intuition for this more
ionic site.

The observation that the Cl-induced contribution
to the photoemission spectrum consists of two
well-resolved major peaks, as in Fig. 2, imme-
diately favors the onefold or covalent site. As
further confirmation, Schliiter et al.* show that
the observed dependence of the lower energy peak
on the polarization of the incident radiation is,
under certain simplifying assumptions, consistent
with ¢ symmetry. We show now that the same
assignment canbe arrived atindependently from the
angular dependence of the two major peaks.

Figure 4 shows the photoelectron energy spectra
of Cl on Si(111) as a function of polar angle 6.
These data were taken at Zw=24 eV in the TMT
azimuth. It is noted that the intensities of the two
main peaks vary strongly with 6. There are also
changes in peak positions, but discussion of these
changes is deferred until Sec. IV. The intensity
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FIG. 4. Polar-angle dependence of the spectra for Cl
on Si(111) taken at Zw =24 eV along the TM T azimuth.

variations of the two main peaks are plotted against
6 in Fig. 5. What is plotted here is actually the
normalized peak intensity, i.e., peak height di-
vided by cosf. The cosine factor accounts for the
particular experimental geometry used here, in
which the area of the sample “seen” by the analyzer
is larger than the area actually illuminated. (The
opposite situation would be the so-called “flooded-
source” configuration in which the illuminated
area is always larger than the area seen by the
detector.) Inclusion of the cosé factor, however,

Polar angle ©

FIG. 5. Plots of the # dependence of the intensities of
the two main Cl-induced peaks in the TMT azimuth.
The full (dashed) curve corresponds to the higher (lower)
initial-energy peak in the data of Fig. 4.

is partly for “cosmetic” purposes, and our quali-
tative conclusions do not depend on whether this
factor is included or not. The normalized intensity
of the Cl-induced peak at lowest initial state en-
ergy is represented by the dashed curve in Figure
5. There is a well-defined maximum in the range
6 =20°-25°. The corresponding results for the
other main peak (full curve in Fig. 5) show a main
maximum near § =70°, and a local minimum near
6=0°

These results can be understood qualitatively in
terms of the simple model of Gadzuk.® This is a
model which is known to be inexact. However,
there are indications from both x-ray®” and ultra-
violet experiments® that the model may be of use
in making qualitative identifications of orbital
character. In the Gadzuk model, it is assumed
that the wave function of the final state in the op-
tical transition which gives rise to the photoelec-
tron may be adequately represented by a single
plane wave of momentum 3; | f)=e™®¥. The initial
state is represented as an oriented atomic orbital;
|i)=xp(?). The intensity of emission of photoelec-
trons with momentum P from the orbital (¥) is
then given by

I®) o< (K-BF [ (®) |2, 1

where 2 is the vector potential of the electromag-
netic field, and § is the Fourier transform, or
momentum representation, of the orbital . The
angular dependence of an atomic orbital is the
same in both real space and momentum space. The
other main angular dependence is embodied in the
(K-ﬁ)“ term and is determined by the polarization
of the incident radiation. These various factors
are illustrated schematically in Fig. 6. The radi-
ation is incident at 45°, so that (X+P)? gives rise

to a cos? distribution as shown. (Strictly speaking,
we should take into account the reflected andtrans-
mitted electromagnetic waves as well. These con-
siderations, and also the complications associated
with surface local field effects,’ are ignored here.)
The angular dependence of |§(B)[? for p, and p, or-
bitals are also shown as dashed curves in the low-
er half of Fig. 6. Multiplication of these curves
with the (X+P)? factor gives rise to the full curves,
whose lobes have their maxima at 6 =22.5° and
67.5° for the p, and p, orbitals, respectively. In
this model the p, orbitals are invisible since the
electron-energy analyzer lies always in the nodal
plane of this orbital.

Comparison of the data of Fig. 5 with the simple
model results of Fig. 6 leads us to identify the Cl-
induced peak at lower (higher) initial state energy
with the Cl p, (px-y) orbitals. This identification
immediately leads to the onefold (or covalent)
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FIG. 6. Schematic representation of the angular de-
pendences of (& -B)? and | @)| 2 for p, and p, orbitals
(dashed curves). Full curves represent the product

A -D2y@) 2

choice for the Cl atomic position. This conclusion
agrees with the earlier conclusions of Schltiter et
al,* based on a combined theoretical and experi-
mental approach to the polarization dependence of
the angle-integrated photoemission. We wish to
emphasize, however, that our present assignment
of the Cl atomic position can be made independent-
ly of the earlier theoretical and experimental
work. Using angular considerations alone, we
identify the lower energy peak as Cl p, derived.
Using the chemical intuition considerations dis-
cussed above, we are then automatically led to the
onefold site geometry.

It should be noted that the 7 emission identified
with Cl p_ , orbitals in Fig. 5 (full curve) exhibits
a relative maximum at about 6 =35°, which is not
accounted for by the simple model described above.
This maximum is due to emission from states in-
volving Si back-bonding orbitals in addition to the
T emission, i.e., at 6~35° there is a partial en-
ergy overlap of these different initial states. We
shall discuss this point further below.

IV. SURFACE ENERGY BANDS

In addition to the intensity variation discussed
above, it is found that the energy positions of Cl-
induced peaks vary with angle. This effect can be
seen in Fig. 7, which shows a sequence of spectra
taken at various polar angles in the KM azimuth
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FIG. 7. Polar-angle dependence of the spectra for Cl
on Si(111) taken at 7w =20 eV along the TKM azimuth.

at 7w=20 eV. From these results we have derived
the two-dimensional energy bands by the usual
procedure. For each peak we read the kinetic en-
ergy T in vacuum and then obtain the parallel wave
vector, k, by applying the elementary formula

k,=(@mT/r?)"/?siné . (2)

Each peak therefore gives rise to a point in an E
vs k, plot, and the results corresponding to the
spectra in Fig. 7 are shown in Fig. 8. The data
refer to initial state energy E=T - Jiw + £, where £ is
the ionization potential. Positive values ofk cor-
respond to emission projecting on the [011] di-
rection. Points having negative values of &, were
obtained at negative polar angles or after a 180°
rotation of the sample about its normal at positive
polar angles.

Smooth curves have been drawn through the ex-
perimental points of Fig. 8. These curves were
drawn subject to two constraints: (a) the curve
must be symmetrical about T, i.e., E(k,)=E(-k,)
and (b) the energies at the M point must be con-
sistent with those at the M point along the M
azimuth. This latter consideration, which will be
discussed below, leads us to draw the main 7 band
through the lower of the two sets of points at M.
It is seen that the 7 band (based on the Cl p, , or-
bitals) displays a considerable amount of disper-
sion. The 7 band has its maximum at an energy
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FIG. 8. Surface energy-band structure along TKM
derived from the energy locations of Cl-induced features
in the spectra of Fig. 7. Smooth curves have been drawn
to pass nearthe experimental points and have the re-
quired symmetry.

of about —-4.5 eV, and has its minimum near or

at the zone boundary at an energy of about -5.7

eV. The ¢ band (based on the Cl p, orbitals), on
the other hand, is quite flat, appearing consistently
at an energy of about -7.5 eV. It should be rec-
ognized that the numbers quoted above represent
the positions of the maxima of peaks which have

an appreciable width as is evident from an inspec-
tion of Figs. 2, 4, and 7.

In addition to the main 7 and o bands, other fea-
tures are observed in specific parts of the zone.
Near the M point there is a band at about -5 eV,
and near the K point there is a band in the range
-9.4 to -8.7 eV. These will be identified with
features in the pseudopotential calculations to be
discussed in Sec. V.

The two-dimensional Brillouin zone appropriate
to the unreconstructed surface of Si(111) is shown
in Fig. 9. It is seen that if we vary k, along the
I'MT azimuth, we expect the experimental bands
to have mirror symmetry about the M point. We

FIG. 9. Two-dimension-
al Brillouin zone appro-
priate to the 1 x1 Si(111)

M surface.

also expect the energies at the M point along the
TMT azimuth to be the same as those obtained at
the M point along the 'KM azimuth. Earlier ex-
periments on the layer compound InSe, which has
the same two-dimensional Brillouin zone, showed
that these symmetry requirements were strictly
observed in the experimental data.'®

Our experimental results for the Cl-derived en-
ergy bands in the T'MT azimuth are shown in Fig.
10. These data were obtained from the spectra
of Fig. 4 taken at /iw =24 eV, augmented by addi-
tional spectra taken at 7w =19 eV (not shown).
Positive values of k, correspond here to emission
projecting on the [1_12] direction. It is seen that
the data are consistent with the requirement that E (%))
=E(~k,) and that the expected mirror symmetry
about the M point is clearly displayed. Smooth
curves embodying these symmetry properties ex-
actly have been drawn close to the experimental
points. The 7 peak is occasionally seen as a weak-
ly resolved doublet, and so two 7 bands have been
drawn. The higher of these passes through the M
point at an energy of -5.6 eV. This band is there-
fore identified with the lower of the two bands
found at M along the I'KM azimuth. This is also
the reason why the 7 band in Fig. 8 was drawn
through the lower rather than higher sets of points,
as mentioned above. The higher set of points at
M along KM are associated with the feature “b”
found along ’'MT and shown in Fig. 10. This fea-
ture corresponds to a rather weak structure ob-
served in the spectra taken at Zw=19 eV. The
smooth curve through these data points has been
drawn dashed to indicate that its precise shape is
more tentative than for the other structures.
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FIG. 10. Surface-energy band structure along TMT
derived from the data of Fig. 4 (open circles) and addi-
tional spectra taken at Zw=19 eV (open squares).

Smooth curves have been drawn to pass near the ex-
perimental points, to have the required symmetry, and to
be compatible with the data taken along the TKM azimuth.
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Apart from this feature b the basic behavior
for the 'MT azimuth is similar to that for the
LKM azimuth., The 7 band displays considerable
downward dispersion away from I', whereas the
o band is quite flat. Below the o band, a feature
is observed in the energy range —10 to -9 eV, in
the vicinity of the zone boundary.

V. PSEUDOPOTENTIAL CALCULATIONS

The electronic structure of Cl adsorbed on
Si(111) has been calculated theoretically for both
the onefold and threefold sites. The method is
described in detail elsewhere.'' Very briefly, it
consists of setting up a pseudopotential Hamilton-
ian for a fictitious atomic structure composed of
a sequence of thin films of material separated by
thin regions of empty space. The system there-
fore retains a periodicity in the direction perpen-
dicular to the films, so that standard pseudopo-
tential methods can be applied, albeit with a rather
large unit cell. The method is quite versatile and
has been applied to the study of surface relaxation,
reconstruction, and chemisorption.'? The results
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FIG. 11. Comparison between the results of pseudo-
potential calculations (left-hand panel) and a composite
of the experimentally determined Cl-induced surface
energy bands (right-hand panel). In each panel, the
surface bands have been superimposed on the two-di-
mensional projection (represented by the cross-hatched
regions) of the bulk Si energy band structure.

for the surface density of states of Cl on Si(111)
have been published earlier.*

The calculated energy bands for Cl adsorbed in
the onefold site on Si(111) are shown in the left-
hand panel of Fig. 11. The cross-hatched regions
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FIG. 12. Theoretical charge-density contour maps for the Cl-induced levels of the Si(111) Cl chemisorption system.
The contours are displayed in a (110) plane intersecting the (111) surface at a right angle. The left-hand panel shows
the maps for m-like (top) and o-like (bottom) surface states; the right-hand panel shows the maps for Si back-bonding-
like (top) and Si(s), Cl(p,) bonding-lixe (bottom) surface resonances. The energy bands corresponding to these states

are labeled 7, o, b, and s in Fig. 11.
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represent the projection of the bulk Si band struc-
ture on the surface Brillouin zone. The full and
dashed curves represent the Cl-induced energy
bands. The o band occurs for the most part in an
absolute gap of the bulk Si band structure, and is
therefore to be thought of as a true Cl surface
state. The other bands, including the 7 bands, are
degenerate with bulk Si states over parts of the
zone, and are therefore to be thought of more as
Cl surface resonances in these regions.

The right-hand panel of Fig. 11 represents a
composite of our experimental results for the Cl-
induced energy bands, superimposed on the same
two-dimensional projection of the bulk Si band
structure. It is seen that there is a remarkable
overall similarity between the theoretical and ex-
perimental bands. In particular, the 7 band is
predicted to be a doublet with downward dispersion
away from I'. The ¢ band, on the other hand, is
predicted to be quite flat. The experimental fea-
tures b and s also have their counterparts in the
theoretical calculations, and will be discussed in
more detail below.

Although the overall agreement is excellent, it
is seen that there are some differences in detail.
For example, although the maximum of the 7 bands
occurs at —4.5 eV in both theory and experiment,
the o band occurs at —=7.5 eV in experiment but at
about -8.3 eV in theory. This discrepancy is prob-
ably related to the magnitude of the Cl pseudopo-
tential, The present calculations are known to
place the Cl 3s core level at too low an energy,
suggesting that the Cl pseudopotential is too strong.
Weakening of the Cl pseudopotential could raise the
3score level and would have the effect of narrowing
the o-m separation. The anticipated correctionis
therefore inthe correct sense to remove this discrep-
ancy. We also note that the splitting between the
two 7 bands is quite appreciable in the theoretical
calculations. The splitting observed experiment-
ally is small or is not well resolved. Also, it
should be mentioned that because of finite resolu-
tion, the detailed connectivity of the 7 and b bands
in the experimental part of Fig. 11 has been drawn
in somewhat conjecturally.

The different nature of the 7 and o levels is il-
lustrated in Fig. 12, where theoretical charge den-
sity contours are displayed in a (110) plane cutting
the (111) surface at a right angle. The surface lo-
calization and molecular character of these levels
are readily observable. The peak designated o
is seen to be strongly Cl p,-like, whereas the 7
peak is clearly p, -like.

The real-space charge distributions calculated
for the two other features labeled b and s are also
presented in Fig. 12, Inspection of the charge dis-
tribution associated with the b bands shows that

these states involve transverse (or back-bonding)
orbitals between the first and second Si atomic
layers. These states are modified by Cl chemi-
sorption, but retain their primarily back-bonding
character. Experimentally, the b-band features
are rather weak, which probably explains why we
missed most of the b bands predicted theoretically.
However, as mentioned in Sec. III, a relative max-
imum in the intensity of the 7 emission is observed
near §=35°, At this polar angle £,~1.04, i.e.,

the relative maximum is observed near the M point
where the b bands exhibit a minimum and partly
may overlap with the 7 bands. The intensity of
this relative maximum depends on the direction

of emission. This is observed in Fig. 13 where
the intensity variation of the 7 emission is plotted
against 6 at Zw=24 and 19 eV. The dashed (full)
curves represent the intensity along (antiparallel
to) the azimuth corresponding to the direction of
the back-bond when going from the first to the sec-
ond Si atomic layer. The difference in the charge
density of the b states along these two azimuth
seems to be the most probable cause of the dif-
ferences in the emission intensity. Figure 13 also
indicates that the (relative) emission intensity
from the b bands and the 7 bands depends strongly
on the photon energy. In order to separate the
emission from these bands, it would be certainly
worthwhile to repeat these experiments more

FIG. 13. Plots of the 6 dependence of the intensity of
the m-like peak in the TM T azimuth at 7w =24 and 19 eV.
The dashed (full) curves correspond to emission with El
parallel to the [T12] direction ([112] direction).



carefully under conditions of higher angular and
energy resolution, at anumber of photon-energies.

The low-energy s states correspond, according
to the pseudopotential calculations illustrated in
Fig. 12, to bonding between the Cl p, and Si s or-
bitals. Our experimental results place this band
almost 1 eV higher in energy than in the theoreti-
cal calculations. Indeed, the experimental band
in the vicinity of the K point falls in the absolute
gap of the Si bulk band structure, and is therefore
a true surface state in this region, as opposed to
a surface resonance in the calculations. Again,
the discrepancy is probably related to the magni-
tude of the chlorine pseudopotential.

In summary, these angle-resolved photoemis-
sion studies have yielded information on theatomic
position of Cl adsorbed on Si(111). In addition we
have obtained, through comparison of theoretical
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and experimental E(,) dispersion relations, a
rather detailed picture of the chemical binding of
this particular chemisorption system.
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