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Measurement of the Angle of Dangling-Bond Photoemission from Cleaved Silicon
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(Received 18 August 1974)

The surface state near the top of the valence bands on the cleaved (ill) face of Si has
been investigated by using angular-resolved photoemission spectroscopy at the photon en-
ergy 10.2 eV. Anisotropy, dispersion, and splitting are observed. The results are con-
sistent with an appreciable admixture of S& character in this surface-state band.

Photoemission from the intrinsic surface state
close to the top of the valence bands on the (111)
face of Si has been observed recently in several
laboratories. ' ' This particular state, some-
times designated as the Sy surface state band, is
thought to be composed primarily of P„or dan-
gling-bond-type, orbitals, where the z axis is
normal to the crystal surface. ' In this Letter,
we report angular-resolved photoemission stud-
ies which have revealed detailed information on
this surface state not attainable by conventional
photoemission techniques. Our results demon-
strate for the first time the energy dispersion of
the surface-state band consistent with recent
semiempirical tight-binding calculations. In the
outer regions of the two-dimensional Brillouin
zone, however, the surface state is observed to
split. This and certain other features of the data,
namely the energy location of the surface state
and also the azimuthal dependence of the emis-
sion intensity, indicate that the dangling-bond
surface state on cleaved silicon surfaces is more
complicated than current models would suggest.
The possibility of an appreciable admixture of
the so-called S, surface state is advanced.

The measuring apparatus has been described
elsewhere. ' Photons of energy 10.2 eV are inci-
dent normally upon the sample, and photoelec-
tron energy spectra can be measured as a func-
tion of both the polar angle, 0, and the azimuthal
angle, cp. Lightly doped p-type (p-2x10'4 cm ')
silicon (111) samples were prepared by cleaving
in ultrahigh vacuum of about 5X10 "Torr. Mea-
surements were taken on three separate cleaved
surfaces and were found to be reproducible. Spec-
tra will be referenced to initial-state energy rel-
ative to the clean-surface Fermi level, EF, which
was obtained from measurements on a Cu film
evaporated on the Si surface in ultrahigh vacuum.

Figure 1(a) shows photoelectron spectra taken
at 9 = 25' and p =0'. (As will be indicated below,
the origin of azimuth is chosen such that the
plane cp =0' contains the [112j direction. ) The
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FIG. 1. Photoelectron energy spectra N(E), mea-
sured on clean and contaminated (ill) faces of Si:
(a) angle-resolved spectra taken at 0=25 and y=0',
(b) angle-averaged spectra using a 2x-sr collector.

full curve was obtained on a freshly cleaved sam-
ple, and the dashed curve was obtained 10 days
later on a contaminated surface. The dashed
curve has been shifted toward the Fermi energy
by +0.15 eV to correct for changes in band bend-
ing after contamination, thus bringing the bulk
direct-transition peaks at about —1.9 eV and
—3.2 eV into coincidence for the two spectra. An
intense surface-state peak is observed at —1.15
eV which is -0.3 eV lower than values previously
reported for lightly doped samples. ' For com-
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parison, we show in Fig. 1(b) angle-averaged
spectra taken on a separate cleaved surface by
using a 2m-sr collector with essentially the same
geometry as that used by Wagner and Spicer. '
Our angle-averaged results are very similar to
theirs for lightly doped samples in that the sur-
face-state structure is more of a broad Gaussian-
like shoulder centered at about —0.85 eV com-
pared to their value of —0.9 eV. These results
for the "clean" surface were obtained after a num-
ber of angular-resolved measurements; hence
the surface states are somewhat weaker than pre-
viously reported by other workers. ' ' A result
apparent in Fig. 1, and of importance to workers
interested in the use of photoemission spectro-
scopy in the study of surface rather than bulk
properties, is that the ratio of surface to bulk
features can be greatly enhanced by judicious
choice of the angle of collection. The optimum
angle, however, is not a simple extremum like
8 =0' or 90', but appears to be determined by the
specific material and electronic states under in-
vestigation.

A sequence of photoelectron energy spectra for
polar angles in the range 0=15' to 65' is shown
in Fig. 2; the azimuthal angle in these spectra
was kept constant at p =O'. We note that the in-
tensity of the surface-state peak varies dramati-
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FIG. 2. Angle-resolved photoelectron energy spec-
tra taken on a clean (ill) 2x 1 Si surface at a sequence
of polar angles. The azimuthal angle was kept con-
stant at @=0'.

cally with 8, reaching a maximum at about 8 =20-
25'. (Expressed as a fraction of the total emis-
sion, the maximum of the surface-state emission
occurs nearer 8=30'. ) The surface-state peak
also moves to lower energies as ~ is increased.
It has been shown by Smith, Traum, and Di Salvo'
that results like these can be used to plot two-
dimensional band structures, since, if E is the
measured kinetic energy of a photoelectron, the
quantity (2mE jh')"' sin8 is the component of its
wave vector parallel to the surface, kII. The re-
sults of Fig. 2 indicate a surface-state band in
which the energy decreases with increasing kII.
This sign of the dispersion is consistent with the
semiempirical band calculations of Pandey and
Phillips' which predict that the bands for both the

Sy and S, surf ace states have their maxima at
I'(k~~ =0) and fall smoothly on moving away from F.

A feature of the spectra not present in the cal-
culations' is the splitting of the surface-state
peak which takes place for 8 greater than about
35'. A shoulder emerges on the high-energy edge
of the main surface-state peak, and then moves
toward the Fermi energy as 0 is increased fur-
ther. The energy dispersion of this weaker fea-
ture with k~~ is therefore in the oPPosite sense to
that of the main peak. One possibility is that the
weak splitoff peak is a consequence of the 2~1
superlattice of the reconstructed surface of
cleaved Si.

A point of sA'ong disagreement with the semi-
empirical calculations concerns the energy loca-
tion of the surface state. The main surface-
state peak of Fig. 2 is found to fall almost exact-
ly halfway in energy between the S, and S, sur-
face-state bands in the Pandey and Phillips cal-
culation. ' We therefore advance the suggestion
that the observed peak is not a pure S, dangling-
bond-type state as previously assigned' ' but is
a hybrid of the S, and S, states, whose precise
proportions could vary with k II. The need to con-
sider both the S, and S, states might serve also
to explain the splitting at higher 8. Presumably
the other surface states' at lower energies (not
considered in this paper) are also hybrids of the
Pandey-Phillips solutions (S„S„S,).

The azimuthal dependence of the surface-state
emission intensity at 0 =30' is represented in Fig.
3(a) by the open circles connected by a dashed
line. This is a radial plot of the emission in the
initial energy range —1.7 eV to EF, a window
which spans the surface-state peak, taken prior
to contamination. The azimuthal dependence of
the emission from below —1.7 eV is also indicat-
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FIG. 3. (a) Radial plots of the azimuthal dependence
of the photoemission intensity at 0=30 . The surface-
state emission intensity (i.e., emission in the energy
window —1.7 eV to EF ) is represented by the open cir-
cles connected by a dashed line; the filled triangles
connected by a full line represent, on a 10 times re-
duced scale, the remainder of the photoemission in-
tensity from —5.4 eV to —1.7 eV; the shape and crys-
tal orientation of the sample are shown at the center of
the plot. (b) Orientation with respect to (a) of the out-
ermost or first-layer (large circles) and second-layer
(small circles) atoms of the unreconstructed (111) face
of Si. The z axis or [111]direction points out of the
figure.

ed in Fig. 3(a). It is seen that the surface-state
emission is quite anisotropic and displays three
sharp lobes centered about planes containing the
(f11) directions. The orientation of the photo-
emission lobes with respect to the crystal struc-
ture is illustrated further by comparing the data
of Fig. 3(a) with Fig. 3(b) which shows the dis-
position of the outermost or first layer (large
circles) and second layer (small circles) of atoms
in the absence of surface reconstruction.

Liebsch has recently shown that anisotropies
such as those observed can arise as a conse-
quence of low-energy-electron-diff raction-type

multiple-scattering effects in the final state of
the optical transition which gives rise to the pho-
toelectron. Gadzuk, ' on the other hand, has pro-
posed that the azimuthal dependence reflects the
angular dependence of the atomic orbitals which
comprise the initial states, the emission tending
to be more intense along the directions in which
the lobes of the orbitals point. In this picture,
photoemission from the S, states, or P,-like dan-
gling-bond orbitals, would have cylindrical sym-
metry about the surface normal. The S, state is
composed primarily of sP" orbitals (2&n&3) cen-
tered on the first-layer atoms and pointing into
the crystal along the back-bond directions, and
similar sP" orbitals centered on the second-layer
atoms pointing outward from the surface along
the back bonds. It is to be noted that the lobes of
these second-layer orbitals point in the same
azimuthal directions as the lobes in the observed
photoemission intensity. In principle, the first-
layer orbitals could also be included but they
point into the crystal and have a threefold azi-
muthal lobe symmetry which points opposite to
the observed directions. If the Gadzuk picture is
appropriate, therefore, the azimuthal results
tend to support the suggestion made above that
the observed surface state is not of pure S, char-
acter, but has an appreciable 8, content.

We have benefited from helpful discussions with
K. C. Pandey, J. C. Phillips, J. A. Appelbaum,
D. R. Hamann, and E. O. Kane.
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