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Arsenic interaction with the Ge(111) surface results in the replacement of the outer Ge layer
with an As layer. This system has a 1X1 symmetry and the calculated positions of the As atoms
are very close to the positions expected from bulk bond lengths Ge(111):As is thus a model ideal
surface and a comparison is made of an experimental and a theoretical determination of its fully oc-
cupied surface band.

PACS numbers: 73.20.Cw, 68.20. +t, 79.60.Eq

The nature of the driving forces which produce the
complicated reconstructions on the surfaces of the co-
valent semiconductors is a subject of long-standing in-
terest. It is generally believed that dangling-bond
reduction is the dominant mechanism which drives the
reconstruction for the (111) surfaces of Si and Ge. In
this Letter we present results for As-terminated
Ge(111), a system in which the dangling bonds have
been completely removed, leaving us with an ideal
surface. This was achieved by replacement of the Ge
atoms in the outer half of the topmost double layer by
As atoms which, in turn, replaces Ge dangling-bond
states with As lone-pair states. Although a great deal
of theoretical work has been carried out on unrecon-
structed Si(111) and Ge(111) (see Appelbaum and
Hamann, ' Pandey and Phillips, 2 and Chelikowsky, 3 for
example), this is the first time an "ideal" (111) sur-
face has been realized and should provide a great deal
of insight into the behavior of semiconductor surfaces.

On the Ge(111) surface, the ideal termination of the
bulk leaves the last layer of Ge atoms threefold coordi-
nated with a half-filled band of nonbonding surface
states. ' This situation is energetically unstable, and
the surface reconstructs to a lower symmetry: 2X 1

after cleavage and then c(2x 8) after annealing. By
replacing the outer layer of Ge atoms on the ideal
Ge(111) surface with As atoms, one obtains a system
in which every atom can achieve its optimal bonding
configuration. Every Ge atom is fourfold coordinated,
every As atom is threefold coordinated, as in bulk As,
and the lone-pair electrons on the As atoms form a
fully occupied band. This full coordination, and also
the similarity in size of As and Ge atoms, allows the
surface to form without any reconstruction and with all
atoms lying close to the positions for an exact termina-
tion of the bulk. It should be pointed out that because
the number of bonds between atomic layers alternates
between one and three per atom pair in the [lll]
direction, it is much less favorable energetically for the
As atoms to adsorb as adatoms onto the ideal Ge(111)
surface. Such an adatom system would require much
larger strains of the bonds and bond angles.

In the remainder of the Letter, we will present ex-
perimental and theoretical determinations of the

dispersion of the surface state of lx 1 Ge(111):As.
The experimental dispersion was obtained by the car-
rying out of an angle-resolved photoemission investi-
gation of both the clean and As-terminated surfaces.
Clean surfaces of Ge(ill) were formed by sputtering
and annealing and showed a sharp c (2 && 8) low-energy
electron-diffraction (LEED) pattern. Arsenic was
added in situ to the surface as As4 molecules, by use of
a molecular-beam-epitaxy effusion cell. To enable the
As to diffuse along the surface and to prevent the ad-
sorption of additional monolayers, the sample tem-
perature was held at 400'C in the As4 flux. After the
As exposure, a sharp 1 x 1 pattern was seen with
LEED. Annealing experiments were carried out in
50 'C steps and produced no change in the photoemis-
sion spectra until a temperature of 690'C was reached.
This is well above the temperature of 250'C we use
for evaporating bulk As in our effusion cell and pro-
vides solid evidence for the absence of any excess As
adlayer. The Ge(111) c(2X 8) LEED pattern and
photoemission spectra were fully developed after a 2-
min anneal at 740'C. The sharpness of the transition
shows that all As atoms were bonded in one site on the
surface. Evaporation of As from an analogous system,
GaAs(100), also occurs at lower temperatures. The
transition from an excess As surface to the GaAs(100)
c (4X 4) reconstruction occurs below 35Q'C and to the
GaAs(10Q) c(2X 8) surface with ~ 1.0 monolayer of
As occurs at 450'C, with the same calibration as in the
present work.

The angle-resolved photoemission spectra changed
dramatically after the addition of As to the Ge(111)
c(2X 8) surface. The surface states associated with
the clean surface disappeared and a new surface state
appeared in the region near the top of the bulk valence
band. An example of this change is shown in Fig. 1

for an electron emission angle corresponding approxi-
mately to the K point of the (I & 1) Brillouin zone.
For Ge(111) c(2X8), two relatively flat surface-state
bands, centered around 0.8 and 1.4 eV, have been
identified, 4 s The two states can be seen in the upper-
most curve of Fig. 1. The remaining features in that
spectrum are bulk related. After As adsorption, a very
strong peak is seen at 2.Q eV below the top of the
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FIG. 1. Angle-resolved photoemission spectra for
Ge(111) c (2& 8) (dashed curve) and Ge(111):As (solid
curves). The spectra were taken at an emission angle of 25,
which corresponds approximately to the E~„~point in the
surface Brillouin zone. The peaks within 2.5 eV of Ev~
represent surface states and 8I is the angle between the pho-
ton beam and the surface normal.

valence band, which we identify as the occupied lone-
pair band on the As atoms. The weak dependence of
the intensity of this peak on the z component of the in-
cident radiation suggests that the surface state does not
have purely p, character at K. All of the data present-
ed here utilized synchrotron radiation as the photon
source, with the polarization vector of the light being
kept in the same plane as the surface normal and the
electron emission direction. The spectra are plotted
relative to the top of the bulk-Ge valence band, Evq,
which was located by measurement of the binding en-
ergy of the Ge 3d core levels. Using the value of 29.57
eV determined for the bulk separation by Kraut
et al. ,

6 we obtained a value for Ge(111) c(2X8) of
0.1 + 0.1 eV for EF EvB, which is cons—istent with the
value of 0.17 eV given by Guichar, Garry, and Seb-
enne. ~ After As adsorption, E„shifted away from EvB
by a further 0.05 + 0.01 eV.

Spectra such as those shown in Fig. 1 were taken for
a variety of emission angles and photon energies in or-
der to map out the surface-state dispersion for
Ge(111):As. Positions of spectral features were locat-
ed in energy and k~~ (the wave-vector component in
the surface) and results for 25-eV photons are shown
in Fig. 2 for the direction I K M The surface
state is seen at low binding energies and shows a
downward dispersion of 1.7 eV. The features in the
spectra associated with the bulk are compared with
those for Ge(111) c(2&&8) and with the E(k~~ ) loca-
tions calculated for transitions from pure bulk initial

FIG. 2. Positions in energy and k II of bulk-related
features for Ge(111) c(2X 8) and Ge(111):As and of the
dangling-bond surface state for Ge(111):As. Surface states
for Ge(111) c(2X 8) were omitted for clarity. The data are
for a photon energy of 25 eV and positions expected for bulk
related features are shown by the curves.

states to a free-electron final state with its zero of en-
ergy 9.70 eV below Evq. Bulk initial states were calcu-
lated with an empirical local pseuodpotential method
and scaled to match the nonlocal pseudopotential
bands of Chelikowsky and Cohen. s Details of this
comparison for Ge(111) c(2&& 8) and Ge(111):As will
be presented elsewhere, but the data shown in Fig. 2
reveal that the lower band is very close to the bulk
dispersion for both surfaces. The uppermost "bulk"
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FIG. 3. Spectra taken at an emission angle of 27.5, corre-
sponding approximately to the two M points. The inset
shows a top view of a surface atom on the ideal (111) sur-
face and the directions of its three back bonds.
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feature appears to contain contributions from back-
bond states. This shows up near the K point as (i) a
deviation from the calculated dispersion, and (ii) a
difference between the clean and As-covered surface,
as can be seen clearly in the spectra in Fig. 1. In par-
ticular, the Ge(111):As dispersion moves towards a
gap centered around K in the projected bulk band
structure.

The intensity of the surface state exhibited a three-
fold symmetry as illustrated in Fig. 3 for the [112]and
[112] directions. These spectra correspond to the M
point in the surface Brillouin zone and the difference
between them shows that the surface state is not pure-
ly p, but has a significant component in the direction
towards the back bond.

One of the main results seen in Fig. 2 is that a clear
separation between the surface and bulk features is
possible. This becomes more obvious when other
photon energies are used. Data for the surface are col-
lected in the surface-band structure of Fig. 4 and com-
pared with a calculation of the Ge(111):As surface
band. The calculations were carried out for an
energy-minimized geometry with use of the first-
principles pseudopotential method and the local-
density approximation. The calculated band is closely
related to that for the ideal Ge(111) surface, which
also has a downward dispersion. Replacement of the
surface Ge atoms by As atoms introduces an extra pro-
ton, which lowers the energy of the surface band, and
an extra electron, which doubly occupies it. There is a
good qualitative agreement between the experiment
and the calculation. The band width and the binding
energy are underestimated in the calculation, the latter
appearing to be a systematic failing of the density-
functional approximation used in the calculation. An
underestimate of similar magnitude occurs for the
Ge(111)2 x 1 9 and C(111)2 x 1 ' surfaces.

Pseudopotential total-energy calculations" were car-
ried out to determine the positions of the As atoms.
The resulting minimum-energy geometry corresponds
to a Ge-As bond length of 2.52 A. This is close to
the "optimal" value, which is estimated by averaging
of the Ge-Ge and As-As bulk bond lengths of 2.45 and
2.51 A, respectively. The calculated value, which in-
corporates the geometrical constraint of a IX 1 sym-
metry, is only 0.04 A larger than the optimal value and
suggests that the 1 x 1 symmetry need not be broken to
achieve a stable reconstruction. In this regard, we re-
port that analagous calculations for Si(111):Pgive a
Si-P bond length of 2.38 A, whereas the optimal value
is 2.23 A. Thus, the 1&& 1 constraint is more severe for
Si(111):P and suggests a reason why a Ix 1 surface
does not appear to exist for that system. Evidently,
the 1& 1 symmetry must be broken to relieve surface
stress. '

In conclusion, our results indicate that Ge(111):As
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FIG. 4. A comparison between the calculated (solid and
dashed lines) and the experimentally determined surface-
state dispersion for Ge(111):As. The experimental data are
shown by the symbols inverted triangle, triangle, and square
for photon energies of 17.0, 21.2, and 25 eV, respectively.
The shaded regions show the edge of the projected bulk
band structure.

is an ideal-topology surface. The lone-pair orbitals on
the As atoms form a band of surface states with a
dispersion characteristic of dangling-bond states on an
ideal 1 & 1 surface. The structural simplicity and chem-
ical stability of the surface make it an optimal system
to study with a variety of surface-sensitive probes.
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