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Angularly resolved photoemission measurements were performed on Ge(111)-c(2X8) surfaces
which were prepared by molecular-beam epitaxy. The spectra allow a detailed determination of the
dispersions of the four surface states which were found. This description differs in important
respects from previously published surface band dispersions. The results can partly be explained by
the presence of adatoms on the reconstructed surface.

I. INTRODUCTION

The study of the electronic band structure of semicon-
ductors is of continuing interest in order to provide links
between the atomic structure and the electronic proper-
ties of the surface. Such studies are even gaining in
significance since, due to the advent of the scanning tun-
neling microscope (STM), it is becoming possible to map
the electronic states onto the surface in real space.!

The annealed Ge(111) surface possesses a reconstruc-
tion described by a c(2 X 8) unit cell, which is too large to
lend itself to band-structure calculations. Earlier angu-
larly resolved photoemission studies reported the ex-
istence of at least two surface states at about 0.8 and 1.4
eV below the top of the valence band.>~* The energy
dispersions as a function of electron momentum parallel
to the surface k; do not, however, show the periodicity of
the large unit cell, but rather correspond to a (1 X 1) sur-
face cell,? or possibly a (2x2) surface cell.>* This may
not be considered surprising as photoemission is known
to be sensitive to the short-range order on the surface;
also, a recent STM study of the Ge(111)-c(2X 8) surface
revealed that the c(2X8) structure is built from (2Xx2)
and c(42) subunits which are also present as separate
entities.” Band-structure calculations for such units are
more feasible and have already been performed for simi-
lar possible subunits on the Si(111)-(7 X 7) surface.®

Apart from the fact that it therefore seems possible to
compare theory and experiment for the Ge(111) surface,
the experimental facts themselves are not entirely clear.
Nicholls et al., measuring with photon energies around
10 eV, found new surface states’ in addition to the two
states mentioned above. On the other hand Bringans
et al.,* measuring with photon energies around 20 eV,
were not able to confirm these findings. In this study we
present measurements at photon energies of 19, 23, and
36 eV on Ge(l11) surfaces which have been prepared
in situ by molecular-beam epitaxy (MBE). The results
from measurements at photon energies of 19 and 23 eV
show the presence of four different surface states. Three
of these can be identified around the I" point of the sur-
face Brillouin zone. This has not been reported before.
A detailed description of the dispersions of all four states
presents a rather different picture from previously pub-
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lished results and we shall discuss the possible origins for
the present findings. It will also be shown that the
preparation of the surface plays a crucial role in obtain-
ing spectra with features sharp enough to identify all the
surface states present.

II. EXPERIMENT

The experiments were carried out using a vacuum
chamber equipped with an electron-energy analyzer, a
Knudsen cell for MBE growth of Ge, and a facility for
surface characterization by reflection high-energy elec-
tron diffraction (RHEED). The base pressure of the
cryo- and ion-pumped system was about 2% 10~ torr.
This system was attached to the toroidal-grating mono-
chromator of the A61 beam line at the ACO storage ring
[Laboratoire pour [I'Utilisation du Rayonnement
Electromagnétique (LURE), Orsay, France].8 Measure-
ments were performed at photon energies of 19, 23 and
36 eV. Except when noted, the angle of incidence ; of
the incident radiation with respect to the surface plane
was 45°. The radiation is about 70% polarized and there-
fore the main component of the polarization vector
(which is normal to the propagation direction in the
plane containing the surface normal) also made an angle
of 45° with respect to the surface plane. Electron energies
were analyzed using a HAC-50 hemispherical analyzer
from Vacuum Science Workshop (Manchester, UK)
equipped with a four-element lens and at the exit plane a
position-sensitive detection system. This consists of two
channel plates for amplification and a resistive anode for
detection. The principle of this method, which employs
pulse-shape analysis, has been described by Wiza.® The
decoding of the positional information from the resistive
anode was performed by Canberra electronics in a
configuration as described in Ref. 10. The combined
resolution of monochromator and analyzer was about 150
meV at photon energies of 19 and 23 eV and about 250
meV at 36 eV. The detection angle 4, of the electron
emission could be varied by rotating the analyzer and is
measured with respect to the surface normal. The angu-
lar resolution proved to be better than 1°. In the rest of
the paper binding energies will be given relative to the
top of the bulk valence bands Eygy (VBM denotes
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valence-band maximum); this level was determined by
measuring the kinetic energy of electrons emitted from
the Ge 3ds,, core level with a photon energy of 40 eV
and using a value of 29.35 eV for the Ge 3d5,, binding
energy.'!

III. RESULTS
A. Surface preparation

Surface preparation was performed by growing a buffer
layer of Ge on a clean Ge(111) surface at a growth tem-
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perature of about 550°C. After cooling the substrate to
20°C a sharp RHEED pattern was always found, show-
ing the three domains of the c¢(2X8) structure and in-
cluding the l-order spots which are usually not seen in
low-energy electron diffraction (LEED) experiments.'?
An example of such a pattern, taken with the electron
beam along a (211) direction, is given in Fig. 1(a). It
may be compared to the calculated three-domain ¢(2X8)
pattern given in Fig. 1(b). To facilitate the comparison,
Fig. 1(c) shows the effect of the elongation of the relevant
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FIG. 1. (a) RHEED pattern of the three-domain c(2 X 8) reconstruction on a clean Ge(111) surface along a (211) azimuth. The
electron-beam energy is 12 keV and the angle of incidence with respect to the surface plane 2.5°. (b) Reciprocal mesh for the three
domains of the c¢(2 X 8) unit cell. (c) Elongation of the lower half of the pattern shown in (b) due to the RHEED geometry.



8192

part of the pattern due to the usual RHEED geometry.
It was found, however, that valence-band spectra taken
directly after growth were not yet of high quality: the
sharpness and intensity of the features could be increased
considerably by annealing the sample for several hours at
about 550°C. This is shown in Fig. 2, where spectra are
displayed which were measured with a photon energy of
23 eV and near-normal emission (emission angle —2°
along the (011) azimuth). Due to a small amount of
second-order radiation (hv=46 eV) a double-peaked
structure, the Ge 3d core level (with binding energy 29.5
eV), can be seen at an apparent binding energy of about
6.5 eV (the binding energy is taken to be the negative of
the initial energy). Since this structure should not be
directly affected by the condition of the surface, the spec-
tra in Fig. 2 are normalized to the right-hand peak of the
doublet. Comparing the spectra taken directly after
growth [Fig. 2(a)] and after annealing for about 20 min at
550°C [Fig. 2(b)], it can be seen that the emission intensi-
ty of the peaks at low binding energy (comprising both
bulk and surface features, as will be shown below) has in-
creased by almost a factor of 2. Annealing for about 2 h
at the same temperature [Fig. 2(c)] did not increase the
emission intensity, but the features still became sharper.
This can also be seen from the feature at a binding energy
of 3.4 eV which has now become clearly visible. At the
same time, visual inspection of the RHEED pattern did
not show much difference, although some intensity in-
crease of the diffraction spots may have been present.

We assume that the difference in appreciation of the
surface quality found with RHEED and with photoemis-
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FIG. 2. Photoemission spectra recorded at a photon energy
of 23 eV and an emission angle of —2° along the {(01T) az-
imuth. The core-level structure due to radiation of 46 eV has
been labeled “2nd order.” (a) Directly after growth at 550°C.
(b) Grown at 550°C and annealed at 550°C for 20 min. (¢)
Grown at 550°C and annealed at 550°C for 120 min.
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sion is due to the different sampling areas of both tech-
niques. The RHEED technique probes a coherent area
which is in our case (depending on electron-beam diver-
gence and angle of incidence) of the order of 100 A in a
direction perpendicular to the beam and a few thousand
A along the beam. The photoemission experiment probes
an area of the order of the width of the electron wave
functions, which is a few atomic distances. It appears,
therefore, that some order already exists on the surface
immediately after growth, but that it is not yet optimal;
this is then improved by annealing.

B. Measurements along a (011 ) azimuth

In Fig. 3 a series of spectra is shown, recorded at a
photon energy of 23 eV for different values of the emis-
sion angle 9, along a (011) azimuth. This is equivalent
to different values of k, directed along the (01T) az-
imuth. The geometry of the surface reciprocal lattice and
the (1 1) surface Brillouin zone is shown in Fig. 4. The
spectra are chosen so as to give a good representation of
the dispersions of bulk and surface states. They clearly

show many details and in most of them at least six
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FIG. 3. Photoemission spectra recorded at a photon energy
of 23 eV for various emission angles along a {01T) direction.
Dashed lines serve as a guide to the eye. The values for k are
calculated for a binding energy of 1 eV.
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FIG. 4. Surface reciprocal unit mesh (dotted lines) and
(1X 1) surface Brillouin zone for the Ge(111) surface. The main
symmetry points and directions are indicated.

features can be seen. Two of these, marked A and B, can
be assigned to bulk band transitions.'> They show strong
dispersion as a function of k‘;;,. For normal emission, the
binding energy of these transitions lies around 1-2 eV
and the assignment of surface states around these emis-
sion angles is obviously difficult. The feature marked C
shows no dispersion and lies at a binding energy of about
3.4eV.

Comparing our data with results published earlier, it
appears that the latter feature is at least related to the
surface structure: it has been seen repeatedly in measure-
ments performed on c(2Xx 8) surfaces,>'* while it is con-
spicuously absent in measurements performed on cleaved
surfaces. On c¢(2X8) surfaces it is present at the same
binding energy for photon energies ranging from 17 to 45
eV,'* =16 although between 19 and 22 eV the feature is
partly masked by a bulk band transition. In normal emis-
sion this transition is centered around a binding energy of
3 eV at a photon energy of 19 eV, and around 4 eV at 22
eV, in the normal-emission spectrum taken at 23 eV in
Fig. 3 it is the shoulder around 5 eV marked D. At the
photon energy of 21.2 eV, the bulk band transition and
feature C are just separable, and take the form of a split
peak (see the spectra in Ref. 3).

In the energy range between Eypgy and 2 eV, four
structures can be discerned which are marked §,-S,. In
Fig. 5 the energy dispersions of these states have been
plotted as a function of k, also using the data from mea-
surements at 19 and 36 eV. The two states S, and S;
with binding energies around 0.65 and 1.35 eV corre-
spond to the two states observed in earlier studies as men-
tioned in the Introduction. Both states show clear energy
dispersions; halfway in the Brillouin zone S, has
dispersed to 0.9 eV, while S; has increased to 1.2 eV and
is decreasing again.

In the spectra of Fig. 3 a clear shoulder is also present
around normal emission with a binding energy of about
0.15 eV. With increasing polar angle this state grows in
intensity and becomes a distinct peak around J,=8
(k,~0.30 A~Y). At this point in the Brillouin zone the
three features S;-S; can be clearly and separately dis-
cerned. While S, increases in intensity and shifts to a
binding energy of about 0.6 eV, S, decreases in intensity
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FIG. 5. Energy dispersions for the structures S, -S, of Fig. 2
recorded at 23 eV. Also given are results from measurements at
19 and 36 eV.

and can no longer be found beyond ¢,=14" (k; ~0.5
A7Y). In order to illustrate these changes a number of
spectra are shown in Fig. 6 in somewhat more detail. At
higher emission angles the state S| dwindles into a shoul-
der again but can be followed beyond the K, point.
Around 3, =16’ a difficulty arises in the assignments of
the peaks. This is most clearly visible in the spectra tak-
en at 23 eV shown in Fig. 7. The peak at highest binding
energy in the spectrum at 16° lies too low to be assigned
to S, and too high for S,. We believe this to be a
different feature, S,, which then disperses rapidly down

to 1.25 eV with increasing #,. Note that for negative k
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FIG. 6. Detailed evolution of the surface states S;, S,, and
S, for emission angles between 5° and 10° along a (011) az-
imuth. Dashed lines serve as a guide to the eye. Values of k
are calculated for a binding energy of 1 eV.
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FIG. 7. Detailed evolution of the surface states S,, S;, and
S, for emission angles between 14° and 22° along a (011) az-
imuth. Dashed lines serve as a guide to the eye. Values of k|
are calculated for a binding energy of 1 eV.

some points were found that may also belong to S, (con-
nected with a dashed line in Fig. 3) since they are found
in a position mirrored with respect to I'. Note also that
the spectra in Fig. 7 do not give reason to believe that
state S actually disappears beyond ¢, =18". Rather, it
appears that around the K, point the observed peak is
a superposition of states S; and S,. We shall come back
to this point in the Discussion.

Four different states can therefore be identified in the
emission spectra and it seems useful to compare these
findings with the literature. Figure 8 shows the disper-
sions found in this work as solid lines, together with data
from Nicholls et al. (Ref. 7) taken at 10.2 eV, from
Yokotsuka et al. (Ref. 3) taken at 21.2 eV, and from
Bringans et al. (Ref. 4) taken at 21.2 eV. In the compar-
ison of the data a difference of 0.15 eV was assumed be-
tween Eygy and the Fermi level E; the data of Bringans
et al. were shifted by 0.25 eV to obtain better overall
agreement. The diagram shows clearly that not only do
no large discrepancies exist between the different mea-
surements, but also why different dispersions were report-
ed. The data agree particularly well with those of Ni-
cholls et al.” Our measurements at 19 and 23 eV show
that the highest-lying state S, is not only found around
the K,,; point, but can be followed from K, to I.
The measurements also agree with the data of Yokotsuka
et al.,> who observed a structure with three separate
peaks for one emission angle. We find that the three
states S, —S; are separately observable in a small range
around k;,=0.3 A~". In view of Fig. 8 it is not surprising
that Bringans et al. decided on the presence of only two
surface states. Both a good angular resolution
(Ak,~0.04 A~") and good energy resolution (AE ~0.15

J. AARTS, A. J. HOEVEN, AND P. K. LARSEN 37

N i I ——"This work ' | T
Ori Ge (111) | ® O Nicholls et al.  :10.2 eV
i + - Yokotsuka et al.;21.2 eV
° ! ¢ © Bringans et al. ;21.2 eV
' ) | (0.25 eV)
@ ' _— i
> -05F s Q o 7
. P e
% ! PRI \\‘ .‘ + i
- | @ 5
2 -10f s S2 *~ o i
1 [ ] |
& P R Y
E| o b T e gt —
£ | : ot
=15 ! 1
1 1
Kix1 r Kixy
1 I
L R | . N .
-10 -05 0 0.5 1.0 15
k, (R — <017>

FIG. 8. Energy dispersions given in Fig. 5 (solid lines) com-
pared with data from Nicholls et al. (Ref. 5), Yokotsuka et al.
(Ref. 3), and Bringans et al. (Ref. 4).

eV) are needed to follow the evolution of the different
states. If this is not the case, the states S, and S; around
I' and the states S| and S, around K, , emerge as two
states. This is also the case for our own data measured at
a photon energy of 36 eV and shown in the energy disper-
sion plot in Fig. 5; due to the lower-energy resolution the
states S, —S; cannot be identified separately at that pho-
ton energy.

In order to examine the character of the surface states,
the angle of incidence J; of the photon beam was varied
from J;=15.5° (mainly s-polarized light) to J;=60°
(strongly enhanced p component) at the fixed emission
angle of 8.5°. For {#;=60" the emission angle was also
varied slightly, showing the same behavior as found for
#; =45° (see Fig. 6). All these results are shown in Fig. 9.
For S no intensity dependence on 1, is found, but the in-
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FIG. 9. Photoemission spectra recorded at a photon energy
of 23 eV for various angles of incidence (1;) and emission angles
(4,) as indicated.
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tensity of S, and S, clearly increases roughly equally
upon increasing ;. It appears then that the states S,
and S, have p, character and can be related to dangling
bonds, while the state S; has p, ,-like character. This is
in agreement with the results of Himpsel et al.,> who
found p,-like character for S, and p, ,-like character for
S3, both at the zone center.

C. Measurements along a ( 112) azimuth

Measurements were also performed along the (112)
azimuth with a photon energy of 23 eV. A series of
relevant spectra is shown in Fig. 10. Again, the two
features A and B can be assigned to bulk-band transi-
tions. The feature C, which we believe to be related to
the surface structure, is present at the binding energy of
3.4 eV and shows no dispersion. Three surface states, S,
.§'2, and S;, can be separately resolved around ku=0'3
A~'. The state S, can be followed from I" almost to the
surface Brillouin-zone boundary at M. but the intensi-
ty of this state is rather weak. This causes some uncer-
tainty in the designation of the peaks in the spectra taken
around M, . For instance, in the spectrum at 3,=26°
in Fig. 10, it is not clear whether the strong peak at 0.8
eV binding energy should be assigned to S, or may be
due to the reappearance of S,, especially since some hint
of a feature at lower binding energy can be seen. The re-
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FIG. 10. Photoemission spectra recorded at a photon energy
of 23 eV for various emission angles ajong a {112) direction.
Dashed lines serve as a guide to the eye. Values for k| are cal-
culated for a binding energy of 1 eV.
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FIG. 11. Energy dispersions for the structures S, -S; of Fig.
10.

sulting dispersions are collected in Fig. 11. No sign is
found of a strongly dispersing state S, such as witnessed
along the {(011) direction, although the intensity of S,
increases strongly near the M,,, point. The same
difference between both azimuths was found by Nicholls
et al. with photon energies around 10 eV.’

IV. DISCUSSION

For Ge(111)-c(2 X 8) the surface structure is not as well
known as for Si(111)-(7X7), but from STM measure-
ments’® it appears that a partial layer of adatoms is
present, as in the case of Si(111); this is in accordance
with the observation from Ge 3d core-level measurements
that a fraction [about } monolayer (ML)] of Ge atoms
show a large change in binding energy.!” Using this fact,
models for the surface structure have been proposed, of
which two are of current interest. One is an ordered ada-
tom structure, where the adatoms are in an arrangement
as suggested by Yang and Jona.'® The other is the dimer
chain model proposed by Takayanagi and Tanishiro.!”
No band-structure calculations have been reported for
these models, but the local bonding geometry of the ada-
toms is very similar in both, and also similar to the ada-
tom geometry in the commonly accepted dimer-ad-
atom-stacking-fault model of Takayanagi et al.?* for
Si(111)-(7x 7). In this geometry the adatom rests in the
threefold-symmetric site above the second full layer (T,
structure) or (inequivalently) above the fourth full layer
(H; structure). The adatom binds to three atoms in the
first layer, thereby satisfying their dangling bonds. The
nearest equivalent site for an adatom must then remain
empty, and this can lead to subunits of a (2X2) unit cell.
Such a subunit contains one atom of the first layer which
still has a dangling bond. This atom is called the rest
atom. For the electronic structure of the adatom
geometry (not including rest atoms) band-structure calcu-
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lations based on 2 X 2 entities were performed in the case
of Si by Northrup.® Also, when amounts of 1 ML of ele-
ments M such as Al, Ga, or In are deposited, the ensuing
Si(111)-V'3XV'3:M phase is attributed to the same
threefold-symmetric sites.?! Calculations were performed
for such cases®*??
ior.

We shall start the discussion of the results on Ge guid-
ed by these calculations, which find the presence of two
bands, one at about the Fermi energy and one around 2
eV binding energy. The clearest description of the behav-
ior of this latter band was given in Ref. 23, based on cal-
culation made for Si(111)-V'3X Vv 3:In. This behavior is
sketched in Fig. 12. For the (011) azimuth the most
outstanding features are that the band splits up, going
from I' to K, ;, with the largest splitting of about 0.5 eV
around 0.5 A~! and that the highest intensity in photo-
emission is expected for the branch with highest initial
energy between 'K, ; and K,,,, but for the lowest
branch beyond K, ;. The dispersion of the intense part
of the band is therefore about 0.5 eV. For the (112) az-
imuth the behavior is different. Going from I'" to M,
the bands show only a small splitting and cross at about
0.6I'M,, ;. The splitting then becomes larger and
reaches a maximum at M,,, of about 0.4 eV. The
dispersion of the intense part of the bands is only 0.2 eV.
Before comparing this behavior with the experiments, it
should be noted that it is not clear whether the adatom
structure on the Ge(111) surface is centered on the T, or
on H, sites. However, the difference in band structure
for the two geometries is smaller than can be resolved
with photoemission.?3 It should also be noted that the
lattice parameters, and therefore the Brillouin-zone
widths, of Si and Ge differ by no more than 4%.

The comparison makes it clear that the state S, found
for the (011) azimuth may well be derived from the ada-
tom geometry. It appears at about $I'K . |, disperses 0.5
eV downward to K, |, and then becomes flat. In the
same picture, the state S; centered around the I' point
can also be ascribed to the adatom geometry as a super-
position of the split bands. The calculations also show
that around the K, point the two states which we call
S, and S, are again superimposed. For the (112) az-
imuth the strongly dispersing state S, is not observed, in
accordance with the calculations, but the state called S,
may well be a superposition of the two upward-dispersing
weak states near I’ Near M., it is then the
downward-dispersing intense branch.

The first conclusion is, therefore, that the states S; and
S, appear to be due to adatom complexes. Less clear is
the situation in the case of S,; for this we have to turn to
the full unit cell. The calculations of Northrup for Si
show the presence of a partly filled band which deter-
mines the Fermi energy. The filling factor for this band
is determined by the relative amount of adatoms (twelve)
and rest atoms (six). Charge transfer fills the rest-atom
dangling-bond states so that the adatom dangling-bond
states are left partly filled. This leads to the metallic sur-
face state seen in the experiments.’* In the ordered ada-
tom model for Ge(111) there are four adatoms and four

and show essentially the same behav-
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rest atoms. Charge transfer then leads to empty adatom
states and the state S; would not be expected. In the di-
mer chain model there are no rest atoms so that the ada-
tom dangling bonds remain. Again this would not lead to
a filled state S,. It should be remembered, however, that
experiments are always performed on surfaces containing
three different ¢(2X8) domains and therefore also
domain walls, which may have different numbers of ada-
toms and rest atoms, leading to a different charge distri-
bution. Calculations based on a correct atomic structure
are needed to resolve this issue.

This leaves discussion of the state S,. This state is
found on both the Ge(111)-c(2 X 8) surface (binding ener-
gy around 0.8 eV) and on the Si(111)-(7 X 7) surface (bind-
ing energy around 1 eV) and is not due to the adatom
geometry. It has the character of a dangling-bond state
and STM measurements on Si (Ref. 1) showed that it
derives from the rest atoms. It seems probable that it
then also derives from the rest atoms in the case of Ge.
The ordered adatom structure contains rest atoms, but
the dimer chain model does not, so that the former model
appears to be more likely. Finally, we want to remark
that the dispersions of the states S| and S, found in our
experiments indicate the possibility of hybridization be-
tween these states. The similar character might lead to a
repulsion of energy bands which would have crossed
(around 0.3 A ~!) without the presence of hybridization.

V. SUMMARY

Summarizing our results, we have used angularly
resolved photoemission measurements and molecular-
beam epitaxy in order to study the c(2x8) reconstruc-
tion on the Ge(111) surface. On carefully prepared sur-
faces, four surface states can be found along the (011)
azimuth for a range of photon energies. Along the (112)
azimuth three different structures are found, which may
actually represent the same four states with different
dispersions and relative intensities. It is argued that two
of these states, S; and S,, are due to adatom structures
on the Ge(l11) surface, very similar to adatom
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geometries on the Si(111)-(7X7) surface. The state S,
cannot yet be fully explained by the existing structural
models. The state S, is possibly due to rest atom
dangling-bond states, so that the measurements show
some preference for the ordered adatom model over the
dimer chain model.
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FIG. 1. (a) RHEED pattern of the three-domain ¢(2x 8) reconstruction on a clean Ge(111) surface along a (211) azimuth. The
electron-beam energy is 12 keV and the angle of incidence with respect to the surface plane 2.5°. (b) Reciprocal mesh for the three
domains of the ¢(2 < 8) unit cell. (c) Elongation of the lower half of the pattern shown in (b) due to the RHEED geometry.



