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Experimental dangling-bond band on the Ge(111)-(2 x 1) surface
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The electronic structure of the cleaved Ge(111)-(2 x 1) surface has been studied with angle-
resolved photoemission, with the use of photons in the energy range 7.4—11.6 eV. Similar to
the Si(111)-(2 x 1) surface, the dominating structure in the emission corresponds to a highly
dispersive dangling-bond surface state. The initial-state energy, as a function of momentum

parallel to the surface E;(k) for this surface state, is presented along the T-J-K- T lines in the

(2 x 1) surface Brillouin zone.

Several studies of the electronic structure of the
cleaved Ge(111) surface have been published,' ™ but
so far no angle-resolved photoemission results have
been presented. In this paper we report on new
angle-resolved photoemission measurements of ger-
manium cleaved at room temperature. Similar to sil-
icon, this surface has a (2 X 1) reconstruction. In the
previous angle-integrated measurements on the
Ge(111)-(2 x1) surface, a broad dangling-bond sur-
face state structure at approximately 0.7 eV below the
Fermi level has been observed.

The corresponding dangling-bond surface state on
silicon has recently been subject to a number of stud-
ies where angle-resolved photoemission spectroscopy
has been used.*”” The dispersion of this dangling-
bond surface state is now known in some detail. In
analogy with the results on Si,%7 a highly dispersive
dangling-bond band on the Ge(111)-(2 x1) surface
is found in the present study.

The angle-resolved spectra have been recorded
along the different symmetry lines of the surface
Brillouin zone (SBZ). Initial-state energy dispersions
for the dangling-bond band along these lines are
presented.

The cleave samples were made from a Ge(111)
single-crystal rod of n type, p ~60 (2 cm, cut into
bars with a square cross section of 5 X5 mm?2 On
each bar three different cleavages could be made.
During the cleavage procedure and while recording
the spectra the pressure in the UHV chamber was
below 7 x 107! Torr. The photoelectrons were excit-
ed by monochromatized radiation from a hydrogen
discharge lamp. Photons in the energy range 7.4—
11.6 eV were used. The emitted electrons were ener-
gy analyzed by a 180° spherical deflection analyzer,
rotatable in the plane of the light incidence. The slit
widths and the radius of the analyzer were such that
a resolution (AE/E) of 1.5% was obtained. Mono-
chromator slits and analyzer voltages were set to ob-
tain a combined resolution of =<0.2 eV in the record-
ed spectra. The sample holder could be rotated az-
imuthally 200° around the normal of the sample,

which allowed all nonequivalent directions of the
(2 x1) SBZ to be probed from the same cleave.

Angle-resolved spectra were recorded from single
domain areas of the cleaved surfaces that were suffi-
ciently larger than the lightspot to certify emission
from one domain only. In most cases multidomain
diffraction spots were observed in low-energy elec-
tron diffraction (LEED) near the edges of the crystal.
The crystals were cleaved either towards the [211] or
the [211] direction. The best cleaves were obtained
when cleaving towards the [211] direction, which in
most cases produced cleaves with one domain cover-
ing the entire surface. The reproducibility in photoe-
mission spectra between different cleavages was very
high. To avoid contamination and other disturbances
of the freshly cleaved surfaces, due to the LEED
electron gun, photoemission was used to determine
the distribution of domains. At the time that the
photoemission measurements were completed, the
surface was checked with LEED.

The Fermi level was determined with photoemis-
sion from the sample holder to an accuracy of +0.05
eV. No significant shift of the Fermi level relative to
the valence band was observed for different cleav-
ages. The valence-band position has been deter-
mined in other studies to be at the Fermi level.?

In Fig. 1 spectra are shown that were recorded for
various angles of emission along the T'-Jline in the
(2 x1) SBZ, with a photon energy of 10.2 eV. The
geometry of the (2 x1) SBZ is indicated in Fig. 2.
The dominating structure (4) in the photoemission
spectra corresponds to the dangling-bond band. At
high angles of emission, the dangling bond exhibits a
sharp peak in the emission. At the angle 6, =42°
corresponding to a k) value slightly smaller than the
value at the J point, the dangling-bond emission has
a pronounced maximum in the intensity. At this
point in the (2 X 1) SBZ there is also a minimum in
the value of the full width at half maximum
(FWHM) of 0.25 eV for the dangling-bond peak.
For decreasing angles of emission, the peak position
of the dangling bond is lowered in energy until it
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FIG. 2. Initial-state energy dispersions for the dangling-
bond band along the I'-J line in the (2 x1) SBZ. The
. geometry of the (2 x1) SBZ is also indicated in the figure.
* is seen to have the symrhetry of the (2 x 1) SBZ, as
. b5 the dispersion is symmetric around the J point. With
P '..l a minimum in initial energy (E;=-1.2 eV) at about
— - o half the distance I'-J and a maximum (E;=-0.4 eV)
1 1 1 1 1 1 at the J point, the dangling-bond band has a total
-5 -4 -3 -2 1 .0 bandwidth of 0.8 eV. The dangling-bond dispersion
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FIG. 1. Angle-resolved photoemission spectra for various
angles of emission (6,) along the T-Jline in the (2 x 1)
SBZ. Peak A corresponds to the dangling-bond surface
state, and the peak marked B to a bulk-derived structure.
All spectra are shown with correct relative intensities.

goes through a minimum. Close to normal emission
(6, =<10°) it is difficult to determine the position of
the dangling-bond structure. For these angles of
emission the dangling-bond band is a surface reso-
nance within the projected bulk band structure. The
intensity of the emission is also reduced near the
normal direction.

In Fig. 2 the initial energy for the dangling-bond
band is plotted versus the momentum vector parallel
to the surface (k) along the I'-J direction. Photoe-
mission spectra were recorded for three different
photon energies. There is good agreement between
the initial-state energy dispersions for the different
photon energies, which is a necessary criterion for a
true surface state. In Fig. 2 the dangling-bond band

of the Ge(111)-(2 x 1) surface is very similar to the
dangling-bond dispersion on the Si(111)-(2 x 1) sur-
face,” though the minimum is somewhat more pro-
nounced on Ge.

Close to I' the dispersion is uncertain (hatched
line, Fig. 2) as there are several other structures at
about the same initial energy as that of the dangling
bond. To determine the value of the initial-state en-
ergy of the dangling bond at I', spectra were recorded
at normal emission for several photon energies, both
for a clean as well as a contaminated surface. Furth-
ermore, the T'-J' directions of the SBZ were probed.
In these directions it was possible to reach the T'
point in the neighboring SBZ, where the dangling-
bond band is situated in the band gap of the project-
ed bulk bands. The energy position for the
dangling-bond state found at I'" in the second SBZ is
approximately —0.75 eV.

The dangling-bond surface state was checked for
sensitivity to contamination (see Fig. 3, spectrum b).
The surface was exposed to 8000 L of hydrogen (1
L=107% Torrsec) in the presence of a hot filament.
Spectra shown were recorded along the T'-J line,
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FIG. 3. Photoemission spectra for §, =40° along T-J, for
three different conditions. Spectrum a corresponds to a
clean sample, in b the surface was exposed to 8000 L of hy-
drogen in the presence of a hot filament, and in ¢ the in-
cidence of the light was perpendicular to the surface for a
clean sample.

0. =40°. The dangling-bond state is seen to be very
sensitive to contamination and it is considerably re-
duced in intensity while, e.g., the bulk-derived struc-
ture marked B is not affected at all. Due to the p,
character of the dangling bond, the component of the
electric field vector normal to the surface is the most
efficient to excite the electrons to be emitted. In Fig.
3, spectrum ¢, where the incidence of the light was
perpendicular to the surface, the emission is seen to
be very much reduced compared to spectrum a.

Along the line J-K in the SBZ, the dangling-bond
band exhibits a sharp peak with a high intensity of
the emission. In Fig. 4 the dangling-bond dispersion
along the T'-J7-K T lines is plotted. From Jto K the
dangling bond of the Ge(111)-(2 x 1) surface has a
negative dispersion (0.15 eV), whereas for the
Si(111)-(2 x 1) surface the dispersion is positive (0.1
eV). Consequently, the maximum in initial energy
of the occupied dangling-bond band occurs at the J
point for Ge while it is at the K point for Si.7

The dispersion along the l:-lf line is similar in
shape to the dispersion along T'-J. There is a rapid
dispersion through a sharp minimum (E;=-1.2 eV)
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FIG. 4. Initial-state_eger_gy_ dispersion for the dangling-
bond band along the T-J-K-T lines in the (2 x1) SBZ, ob-

tained with 10.2-eV photon energy.

at about one third of the distance to the K point.
The I'-K line in the (2 x 1) SBZ can be probed along
two nonequivalent directions in the bulk, e.g., [211]
and [211]. The intensity of the emission is then
markedly different for both the dangling-bond and
the bulk-derived features in these two cases. In the
[211] direction, the dangling bond is the dominating
structure (especially for low angles of emission),
whereas in the [211] direction the dangling-bond
emission is smaller and the bulk-derived structures
are more pronounced.

In Fig. 1 a minor structure is apparent at E;=—1.3
eV, marked C (6,=47°). A corresponding structure
is likewise observed for Si.>7 Several explanations
have been proposed for the origin of this structure on
the Si(111)-(2 x 1) surface. It has been suggested
that this structure is due to multidomain effects.”
For the Ge(111)-(2 x1) surface this is-not a possible
interpretation, since the energy position of the dan-
gling bond on domains rotated by +120° from the
main domain is 0.3 eV higher than the structure C.
The question then remains, whether this structure
corresponds to a second surface state band or to
some other surface effect.

Recently, a new model for the (2 X 1) reconstruc-
tion on Si has been proposed, the w-bonded chain
model.’ A calculation for the energy minimized
geometry of this m-bonded chain model'? generates a
dangling-bond band in very good agreement with the
dominating surface state contribution in a previous
photoemission study on Si.” The (2 x 1) reconstruc-
tions on the cleaved surfaces of Si and Ge are be-
lieved to be similar, and the experimental data are
also very similar. Consequently, there is good reason
to believe that the w-bonded chain model would ap-
ply to the Ge(111)-(2 x 1) surface as well. However,
no theoretical results have yet been published on the
m-bonded chain model that explains the extra struc-
ture (C in Fig. 1) that appears near the J point for
the (2 x 1) reconstructed surfaces of both Si and Ge.
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