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Dimer —adatom —stacking-fault (DAS) and non-DAS (111)semiconductor surfaces:
A comparison of Ge(111)-c(2X8)to Si(111)-(2X2),-(5X5), -(7X7), and -(9X9)

with scanning tunneling microscopy
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We have examined the Ge(111)-c(2X 8) and related surfaces in detail with the scanning tunneling
microscope. A comparison of tunneling images in both filled and empty states for the Ge(111) sur-
face with similar images for Si(111)-(5X 5), -(7 X 7), and -(9 X 9) surfaces shows the surface structure
to be inconsistent with recent models, such as the dimer chain proposed by Takayanagi and colla-
borators. Comparison with filled- or empty-state images for the laser-stabilized Si(111) surface
shows that both this surface and the Ge(111)-c(2X 8) are most consistent with a simple model of al-
ternating rows of 2 X 2 and c (4X 2) adatoms on T4 sites on a 1 X 1 substrate. We find no evidence in
the tunneling images of Ge(111)-c(2X 8) to support the existence of a subsurface stacking fault.
Electronic and geometric sources for the contrast in the tunneling images are considered and it is
concluded that electronic structure forms the basis for the images of adatom-reconstructed semicon-
ductor surfaces.

For the past 30 years the Si(111)surface's native recon-
struction, the 7 X 7, has been the object of intense study
by a full array of surface-physics techniques. Within the
last few years consensus has been reached, based in part
on new information gathered by both the scanning-
tunneling-microscope (STM) and transmission-electron-
diffraction studies, that a model proposed by Takayanagi
and co-workers consisting of dimers, adatoms, and a par-
tial subsurface stacking fault (the DAS model) best de-
scribes the equilibrium surface. ' Inspection of this model
shows that it can be trivially extended to any
(2n+1)X(2n+1) size. Subsequent to the proposal of
this model by Takayanagi, a smaller example of this
structure, the 5 X 5, was discovered on the (111) surface
of an alloy of germanium and silicon, and verified with
the tunneling microscope. Further, photoemission and
core-level spectroscopy carried out on another alloy,
SnGe(111), where -0.25 monolayer of Sn is deposited on
Ge(111), indicate that the 7 X 7 reconstruction exhibited
by that surface is very similar to that displayed by
Si(111). Indeed, tunneling images of this surface appear
to be nearly identical with those for Si(111).

Despite the success enjoyed in determining the nature
of the Si(111) surface, the equilibrium room-temperature
phase displayed by Ge(1 11), the c(2X8), has remained
somewhat mysterious. Early investigators determined
from an analysis of the missing" beams in low-energy
electron diffraction (LEED) studies on sputtered and an-
nealed Ge(111) that the unit mesh was not threefold sym-
metric, but that the apparent threefold symmetry of the
diA'raction pattern was due to the presence of multiple
twinned 2X8 domains on the surface, rather than an
8X8 structure. Later, it was pointed out that the LEED
patterns are better explained by twinned domains of
c(2X8) symmetry. However, studies of the surface-
electronic structure using angle-resolved ultraviolet pho-

toemission spectroscopy (ARUPS) have shown the
Ge(111) and Si(111) surface bands to be similar, both in-
dicating elements of structures with a two periodici-
ty. ' ' More recently, tunneling-microscope observa-
tions of the Ge(111) surface have shown a multiplicity of
protrusion-based structures, ' similar in short-range or-
der to the protrusions on each half of the Si(111)-(7X7)
mesh noted in STM studies on that system. '

Domains of 2X2 and c(4X2) were observed, and the
c (2 X 8) unit mesh was demonstrated to consist of a
coherent stacking of the 2 X 2 and c (4 X 2) subunits, al-
ternating row by row. The tunneling images in that work
were unable to discern the nature of the protrusions, their
positions with respect to the underlying lattice, or the na-
ture of the underlying structure.

In this work we present a comprehensive study with
the STM of the nature of the Ge(111)-c(2X8) recon-
struction. To accomplish this, detailed dual polarity im-
ages of this surface, acquired tunneling at bias voltages
that access empty states above the Fermi energy EI;, and
filled states located just below EF are compared with
similar images for three members of the
dimer —adatom —stacking-fault (DAS) family, Si(111)-
(5X5), (7X7), and (9X9). Further comparisons are
made with dual polarity tunneling images acquired on the
laser-stabilized Si(111)-(2X 2) surface, whose reconstruc-
tion is demonstrated to be very similar to the Ge(111)
surface. The tunneling images for the Ge(111) and laser-
stabilized Si(111) surfaces are shown to be most can-
sistent with a simple model consisting of adatoms loosely
populating a 1X1 substrate. We interpret the tunneling
images for these adatom reconstructed surfaces principal-
ly in terms of imaging occupied and unoccupied dangling
bonds, and demonstrate that the apparent heights in the
data are completely dominated by electronic rather than
geometric sources of contrast. Tunnel-junction I-V
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characteristics for all of the surface reconstructions are
presented and shown to be generally similar, but possess-
ing significant difFerences which are related to the sub-
strate reconstruction in the DAS structures.

EXPERIMENT

The tunneling images and junction I-V characteristics
reported in this work were acquired with two room-
temperature ultrahigh-vacuum (UHV) tunneling micro-
scopes. Details of one of them, a three-axis piezoelectric
stick design, have been reported elsewhere. ' The other
microscope consists of a cylindrical piezoelectric trans-
ducer divided into four equal sectors. ' The sectors are
driven differentially to provide motion in x and y (parallel
to the sample surface), and driven synchronously to pro-
vide motion in z (perpendicular to the sample surface).

Application of high voltage (
—150 to + 150 V) gives a la-

teral range of 2 pm with a vertical range of 6000 A.
Measured stability, obtained from the noise characteris-
tics of the high-voltage drivers and determined from tun-
neling images of Si(111), is 0.2 A laterally and 0.01—0.05
A vertically. Both microscopes are housed in UHV
chambers (base pressure 5X10 " Torr) equipped with
facilities for ion sputtering (Ar+ or Ne+), thermal an-
nealing, laser annealing, and a combined LEED-Auger
apparatus for sample surface-order and cleanliness char-
acterization. The tunneling tips are made from polycrys-
talline tungsten wire, 0.020 in. in diameter, electrochemi-
cally hydroxide etched to a macroscopic radius of curva-
ture of —1000 A, and cleaned in situ by field emission at
several pA.

The samples were cut from 0.020-in. -thick Syton pol-
ished wafers of Si and Ge. The Si wafers were n-type (As
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FIG. 1. Tunneling image of the Ge(111) surface. The grey scale rendering is keyed on curvature, reflecting local height, with a dy-
0

namic range of —1 A. The principal crystallographic directions are indicated, as are local regions of 2X2, c(4X2), and c(2X8)
0

symmetry. Two atomic steps are seen running across the image, which is approximately 260 by 300 A. This image was acquired tun-

neling into empty sample states at a bias voltage of 1.0 V at a tunneling current of 40 pA.
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and Sb doped, 0.01—0.002 0 cm), while the Ge samples
were both n- and p-type (Sb doped, 0.1 fI cm; Ga doped,
0.002 0 cm). The sample surfaces were prepared using a
variety of techniques. The Si samples were generally
chemically etched using the Shiraki method, ' with the
protective oxide removed in UHV by annealing at
900—950 C for 5—10 min, followed by cooling at rates
ranging from 1 C/s to quenching at —100'C/s. These
procedures result in large terraces of 7 X7 reconstruction,
500—2000 A in extent, with many antiphase boundaries
detected on the rapidly quenched samples. Examples of
5X5 and 9X9 reconstructions were created by either
sputtering with 1.0-kV Ar+ or Ne+ ions, or laser anneal-
ing the Shiraki etched surface, then reannealing at 550 C
for 10-14 h. Si surfaces prepared by these latter pro-
cedures consist of approximately 20% 5X5 and 80%
7X7. Careful surveying with the STM revealed small
areas, no larger than two unit meshes, of 9X9 symmetry.
The Ge(111) surfaces were prepared by sputtering
(Ar+, Ne+ at 1.0 kV) followed by thermal annealing.
Several annealing-procedures were used during the coarse
of the work on the Ge(111) surfaces. Annealing at
800—850'C for 5 —10 min followed by cooling at 1 C/s
until the sample reached 500'C, then quenching resulted
in domains of c(2 X 8), 2X2, and c(4X2) with typical
terrace sizes of 500—1000 A in extent. Ge surfaces
prepared in this manner tended to display "mounds" of
unidentified debris covering —10% of the sample surface.
Alternatively, the Ge(111) samples were annealed at sam-
ple temperatures of 550 and 640 C for 10—12 h. This
procedure yielded stepped terraces 100—300 A in extent
(due to the slightly offcut nature of the wafer) with re-
gions of c(2X8) intermixed with regions of 2X2 and
c(4 X2). In contrast to the high-temperature —short-time
anneals, the long-period anneal showed no debris
mounds. Figure 1 shows a tunneling image of a typical
Ge(Ill)-c(2X8) surface prepared by these techniques.
In the figure, regions of local 2X2, c(4X2), and c(2X8)
symmetry are seen along with two double-layer single
atomic steps. The thin black lines depict 2X2, c (4X2),
and c (2 X 8) unit meshes, while the heavy black lines del-
ineate three twinned domains of c(4X2). This picture is
similar to, but of greater extent than, that reported in an
earlier STM study on the Ge(111)-c(2 X 8) surface. '

This image was acquired tunneling from the tip into emp-
ty sample states at a bias of 1.0 V and a current of 40 pA.
We call attention to the fact that the surface is covered
by protrusions with an apparent height of —1.0 A, re-
markably similar in appearance to the protrusions report-
ed on the Si(111)-(7X7) surfaces imaged with the
STM. ' ' In contrast to the tunneling images of the
Si(111)-(7X7) surface which show remarkable order over
distance scales as large as 1000 A, the Ge(111) surface
usually displays small c (2 X 8) domains only 200 A in ex-
tent, with many regions of 2X2 and c(4X2) symmetry
interspersed with the c (2X 8). This fundamental
difference between the Si(111) and Ge(111) surfaces, so
obviously evident in the tunneling images, is undoubtedly
dictated by a profound difference in subsurface atomic ar-
rangement. This subsurface reconstruction of Ge(111) is
the principal focus of the remainder of this work. How-

ever, in order to understand the details of the Ge(111)
tunneling images, a review of the principles of STM im-
age formation, the details of Si(111) tunneling images for
DAS and non-DAS Si surfaces, and their relationship to
the DAS model for the Si(111)-([2n + 1]X [2n + 1])

reconstruction is required.

DATA AND METHODS

The analysis of surface geometry with tunneling images
naturally brings into question the interpretation of the
source of the symmetry and apparent heights displayed in
the images. When the microscope operates in the con-
stant current mode (as it is in all images shown in this
work), the feedback electronics servos the scanning tip in
and out in order to maintain a preset, fixed tunneling
current. These changes in the z position of the tip (feed-
back error) are interpreted as heights and form the basis
for the tunneling images. The origin of the changes in
tunneling probability which cause the tip to be servoed
arise from at least two sources: a change in the physical
height of the surface atoms (such as a step), or a change
in either the occupied or unoccupied electron state densi-
ty of the sample at or below the tunneling bias voltage
(such as a dangling bond). In the case of a metal, where a
partially filled band exists at the Fermi level and the tun-
neling bias voltage is much less than the tunneling barrier
height, the elegant theory of Tersoff and Hamann pre-
dicts the contours of constant tunneling probability to
closely refIect the contours of constant charge density at
the Fermi level. ' Since metallic bonding is not strongly
directional, these contours are simply interpreted as the
geometric positions of the surface atoms. I-V charac-
teristics of the tunnel junction acquired on clean metal
surfaces typically display no strong spatially varying
features, indicating the lack of spatial variation in elec-
tronic characteristics. The situation for tunneling im-
ages taken of semiconductor surfaces is considerably
more complex, due to both the presence of a bulk and/or
surface band gap requiring larger ( —1.0 V) junction bias
voltages, and to the close coupling between spatial varia-
tions in geometric and electronic structure. Early work
on/i(111)-(7 X 7) and Si(001)-(2X 1) (Refs. 16, 23, and 24)
utilizing the method of tunnel current imagEng indicated
that the spatial distribution of surface electronic states
may be determined with the STM. However, later work
by Feenstra and co-workers showed that the spatial
variations in tunnel current images at a given bias condi-
tion can be dominated by the changes in the tunneling
barrier due to the local sample geometry, and could lead
to erroneous conclusions. Further work by this group on
Si(111)-(2X1) (Ref. 26) and GaAs(110) (Ref. 27) demon-
strated that it is possible to glean information relating to
the separation of geometric and electronic characteristics
through a detailed comparison of tunneling images (feed-
back error) simultaneously acquired tunneling into empty
sample states and out of filled sample states near the
edges of the surface energy gap. These image pairs may
be acquired simultaneously by gating the feedback loop
and junction bias polarity, taking one image scanning
"forward" (from left to right) and the other while scan-
ning "back" (from right to left). Hysterisis correction (if
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needed) arising from the scanning element may be mea-
sured with a control set of images taken at identical bias
and polarity conditions in both directions.

Figures 2(a) —. 2(c) are such a.set of dual polarity tunnel-
ing images of a Si(111)-(7X7)surface. In the figure, blue
represents an image acquired tunneling from the tip into
empty sample states at a bias of +1.0 V, while orange
represents the image acquired when tunneling out of
filled sample states into empty tip states at a bias voltage
of —1.0 V. Both images were taken at a demanded tun-
neling current of 1.0 nA. In Fig. 2(b) the images in Fig.
2(a) and 2(c) are overlaid to illustrate the superposition of
occupied and unoccupied state signals. The color satura-
tion in these images is keyed on apparent height, with a
range of 1.5 A used in Fig. 2. The crystallographic orien-
tation is as indicated, as are the faulted and unfaulted
halves of the unit mesh. Several features characteristic of
7X7 tunneling images are immediately seen. First, the
faulted half of the unit mesh's six protrusions appears to
be higher than the corresponding protrusions in the un-
faulted half- of the mesh in the filled-state image, an effect
reported previously in Refs. 14 and 16. Second, the en-
tire unfaulted side of the mesh appears -0. 1 A higher in
the corresponding empty-state image, as reported in Ref.
15. Third, significant signal is detected at intermediate
positions (X) in the filled-state image between cor'ner pro-
trusions ( C) and middle protrusions (M) on both sides of
the unit mesh. Fourth, the protrusions at the corners of
both halves of the unit mesh appear higher than the mid-
dle protrusions. When the occupied-(orange) and
unoccupied- (blue) state images are combined in Fig. 2(b),
we see that the protrusions in both filled- and empty-state
images coincide with the faulted mesh side appearing
significantly whiter than the unfaulted mesh side. We see
no superposition of apparent height signal in the inter-
mediate positions between corner and middle pro-
trusions. In neither image is there any signal in the gaps
between protrusions on the boundary between mesh
halves.

We have found, by carefully studying the tunneling im-

ages acquired on Si(111)-(7X7) surfaces, that the above
features are common to image pairs displaying good
threefold symmetry regardless of the detailed state of the
tunneling tip. The effects of the geometric and electronic
structure of the tip on tunneling images has been ad-
dressed elsewhere, ' ' ' while an exhaustive examination
of the effects of the stabilization bias voltage on the mea-
sured I- V characteristics and current-difference images is
contained in Ref. 17. In the latter work, it is concluded
that the stabilization voltage set point has profound
effects on both the magnitude and apparent spatial con-
formation of current images, while having a much smaller
effect on the feedback stabilization tunneling images. In
general, the electronic structure of the unoccupied states
on both sides of the junction can significantly affect mea-
sured I-V characteristics, but has less effect on the
features of tunneling images taken of unoccupied states
just above the surface energy gap, and filled states just
below the gap. This is due to the fact that when tunnel-

ing from the tip to the empty sample states, the tunneling
barrier weights against tip states that are very far from

the Fermi energy EF, confining 90%%uo of the tunnel
current to within 0.5 —1.0 eV of EF of the tip, and the im-
age rejects, for the most part, the spatial configuration of
the unoccupied sample states. Conversely, when tunnel-
ing from the sample back to the tip, the tunneling barrier
now weights against sample states that are very far from
the sample EF. In this case, changing the junction bias
voltage Vb over a limited range ( —1.5 V) only weakly
effects the apparent spatial conformation of the sample
states, and primarily acts to reduce the height contrast by
increasing the vacuum gap. Since tunneling images
(feedback error) are formed by integrating all the tunnel
current from the source Fermi level down to the drain
Fermi level, they are less susceptible to variations in tip
electronic or geometric structure than the analogous
current difference images, which derive their contrast
from a small portion of the tunnel current.

One can understand the images in Fig. 2 by compar-
ison to the generally accepted Takayanagi-Tanishino-
Takahashi- Takahashi DAS model for the 7 X 7 recon-
struction. ' A ball-and-stick model of t'he DAS-(7X7) is
shown in plan view in Fig. 3. Here, for comparison with
the data in Fig. 2, the various atoms are colored to match
the tunneling images, with adatoms in white, rest atoms
with unsatisfied dangling bonds in red, faulted-half sub-
strate backbond atoms in orange, unfaulted-half substrate
backbond atoms in blue, and dimerized substrate atoms
along wall boundaries in magenta. We see that the 12
protrusions in the unit mesh seen in both the occupied-
and unoccupied-state images correspond to the adatoms
in the DAS model. The excess of signal between the
corner and middle adatom positions in the occupied-state
image corresponds to the dangling bond on the rest atom
located at this position in the mesh. Since no similar
rest-atom dangling bonds are found on the dimer walls
joining mesh halves, no signal is seen here. This interpre-
tation of the tunneling images is similar to that given by
Hamers et al. in their earlier work on the Si(111)-(7X7)
surface. ' ' Indeed, the authors of that work report that
occasionally signal can be detected from the bottom of
the corner holes in the unit mesh. They attribute this to
the presence of a dangling bond similar to that for the
rest atoms in the bottom of the corner depression, as re-
quired by the DAS model. We note that this interpreta-
tion is essentially a dangling-bond interpretation of the
tunneling images, i.e. , the STM images on semiconduc-
tors are composed almost entirely from the locations of
filled and empty dangling bonds. Strong evidence for this
comes from work by Feenstra et al. on GaAs(110),
where superposition of tunneling images acquired from
occupied and unoccupied states showed the unoccupied
states to correspond to the Ga surface atoms and the oc-
cupied states to the more electronegative As surface
atoms. These investigators have extended this technique
of dangling-bond imaging to an analysis of reconstructed
steps on the cleaved Si(111)surface where the reconstruc-
tion is similar to the 2X 1 ~-bonded chain. Here, they
are able to clearly distinguish between competing models
for the reconstruction of the step riser through a one-to-
one mapping of unterminated dangling bonds to pro-
trusions in the filled-state tunneling images. This
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dangling-bond analysis has also recently been applied by
Wierenga et al. to a study of biatomic steps on vicinal
Si(001), ' where a rebonded geometry consisting of partial
asymmetric dimers was shown to best describe the tun-
neling images instead of a ~-bonded chain reconstruction
of the biatomic step riser.

We have taken data on two related DAS structures, the
5 X 5 and 9 X 9 reconstructions occasionally found on the
Si(111) surface. Comparison of these with the 7X7 im-
ages provides a good test of this simple dangling-bond in-
terpretation as the size of the unit cell is shrunk down or
enlarged. Figures 4(a) and 4(b) show such a comparison
of the tunneling images for the Si(111)-(5X 5) and -(9X9)
superstructures, with the principal crystallographic direc-
tions indicated. In Fig. 4(a), a superposition of empty-
(blue) and filled-(orange) state images for the 5 X 5 is
displayed. Again, we have several features which repro-
duce independent of the tip structure. Due to the down
scaling of the mesh size, there are six protrusions per
5 X 5 mesh as opposed to twelve in the 7 X 7 reconstruc-
tion. The three protrusions on the faulted half of the unit
mesh appear higher than the corresponding protrusions
on the unfaulted half in the filled-state images. In the
filled-state image, signal is detected at the position be-
tween the protrusions in the center of both halves of the
unit mesh, while it is not detected in the empty-state im-
age. The tunneling images for the Si(111)-(9X9)in Fig.
4(b) show 20 protrusions per unit mesh. The common
features of the 9 X 9 images are the same as those for the
7X7 with one addition: the center protrusion in both
halves of the unit mesh is a small amount loner in the
empty-state image, and essentially vanishes in the corre-
sponding filled-state image. This is evident in the super-
position image of Fig. 4(b) where the center protrusions
are seen to be strongly blue in comparison with the
whiter color of surrounding protrusions.

Extending the interpretation of the 7 X 7 tunneling im-
age to those of the 5X5 and 9X9, it is seen that the
Takayanagi- Tanishiro- Takahashi- Takahashi DAS model
can be scaled down to the 5 X 5 and up to the 9 X 9, ac-
counting for the protrusions as adatoms on T4 (closed)
sites on the mesh halves, and the excess of filled-state sig-
nal between corner and middle protrusions as rest-atom
dangling bonds. The absence of any such excess signal in
the boundary regions adjoining mesh halves is simply ex-
plained by the dimerization into five- and eight-member
rings eliminating dangling bonds. The difference in ap-
parent height between the unit mesh halves for the DAS
structures, most easily seen in both occupied- and
unoccupied-state tunneling images for the 7 X 7 case
where the faulted side is higher in filled-state images
while the unfaulted side is higher in empty-state images,
is due to the partial stacking fault which slightly alters
the density and/or energy position of backbond states be-
tween the mesh halves. Since the adatom dangling bonds
superimpose in both filled- and empty-state images, it is
apparent that they occupy a partially filled surface band
straddling EF. This supports ultraviolet photoemission
spectroscopy (UPS) work on Si(111) and SnGe(111) 7X7
(Refs. 4 and 33) reporting surface features with p, charac-
teristics that were attributed to dangling bonds at or close

to EF
To understand the electronic structure which leads to

this superposition of filled- and empty-state images, we
consider a recent first-principles pseudopotential calcula-
tion by Northruy of the valence-band states present on a
Si(111)-(&3X v'3)-Si adatom geometry. Northrup in-
terprets the electronic structure of the Si(111)-(7X 7) sur-
face in terms of T4 site adatom-induced states and rest-
atom dangling-bond states. For the case of the &3 X&3
geometry, where there are no rest-atom dangling bonds,
he finds a partially filled surface band lying at, and pin-
ning, the Fermi level, and a deeper band at 1.5 —2.0 eV
below EF corresponding to substrate dangling bonds cou-
pling to p and p adatom orbitals. He concludes that
the observed S2 surface state at —0.8 V is due to a com-
pletely filled band arising from the rest-atom dangling
bonds in the 2X2 adatom geometry found on the 7X7
mesh halves. Northrup further argues that the dangling-
bond electrons found on the DAS surfaces can be taken
as a group, first filling the lower-lying rest-atom band,
then putting the remaining electrons into the surface
band comprising the photoemission S& peak associated
with the adatom dangling bonds. For the 5 X 5, 7 X 7, and
9X9 DAS geometries this results in a completely filled
rest-atom band, and adatom bands that are 0.33, 0.25,
and 0.20 occupied. This electron counting neglects the
dangling bond in the deep corner hole, which can be in-
cluded as a rest-atom dangling bond without significantly
altering the S, band filling. This predicts that the ada-
toms should be imaged in the same positions both. tunnel-
ing into empty sample states at the surface conduction
band edge, and tunneling out of filled sample states at the
surface valence-band edge, precisely as is shown in Figs. 2
and 4 for the Si(111)DAS structures.

Several additional details in the tunneling images for
the Si(111) DAS surfaces merit comment. The data in
Figs. 2 and 4 show a smooth progression from the 5 X 5
with one species of adatom [corner (C)], through the
7X7 with two species [corner (C) and middle (M)], to
the 9X9 where there exist three adatom types: corner
(C), middle (M), and interior (I). For the tunneling im-
ages acquired from filled sample states near EF, the pro-
gression in decreasing apparent height is C, M, I. There
is more filled-state density in the dangling-bond bands on
the C adatoms, somewhat less (0.2 A in height) on the M
adatoms, and very little on the I adatom of the 9 X 9
which lies an additional 0.3 A below the M adatoms in
apparent height. This change in apparent height of 0.5 A
going from the C to the I adatom represents a change in
tunneling probability of approximately a factor of 3. The
interior (I) adatom on the 9 X 9 is on a T~ site bounded
by three rest-atom dangling bonds, the M adatoms are
adjacent to two rest-atom dangling bonds, while the C
adatoms are adjacent to one rest-atom dangling bond.
Thus, there is a small amount of charge transfer from the
C adatoms to the filled rest-atom band, somewhat more
from the M adatoms to the rest atoms, and an almost
complete transfer from the I adatom to the rest-atom
band, accounting for the contrast seen in the images.

Additional information on the source of the contrast in
the tunneling images can be obtained from high-
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FIG. 2. Tunneling images of Si(111)-(7X7). (a) Unoccupied-state image (blue) taken at +1.0 V. (c) Occupied-state image (orange)
taken at —1.0 V. (b) Superposition of the images shown in (a) and (c). The principal crystallographic directions are indicated, along
with the image scale. I' and U denote the faulted and unfaulted mesh halves, respectively. C, M, and X denote the positions of corner

0

adatom, middle adatom, and rest-atom dangling bonds, respectively. The color saturation is keyed on height, with a range of 1.0 A in
0

(a) and 1.2 A in (c). The demanded tunneling current was 1 nA for both images.

FIG. 3. Model of the dimer-adatom-stacking fault Si(111)-(7X7)surface. The colors for the rest atoms and substrate atoms for
the faulted and unfaulted mesh halves are keyed to agree with the tunneling images in Fig. 2. Adatoms are in white, rest-atom dan-

gling bonds in red, unfaulted backbond atoms in blue, faulted backbond atoms in orange, and dimerized domain wall atoms in

magenta.
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FIG. 4. Dual-polarity tunneling images for (a) Si(111)-(5X S) and (b) Si(111)-(9X9).The blue pictures represent unoccupied-state
images while the orange images represent occupied-state images, with their superposition in the center as in Fig. 2. A unit mesh is
outlined for the 5 X 5 and 9X9 with the principal crystallographic directions indicated. The F and U denote the faulted and unfault-
ed halves of the unit mesh. In the occupied-state (orange) images, the C, M, I, and x denote corner adatom, middle adatom, interior
adatom, and rest-atom dangling bonds, respectively. The unoccupied-state image for the 5XS w'as acquired at +1.5 V, the
occupied-state image at —1.S V. The 9 X9 unoccupied-state image was acquired at +1.5 V and the occupied-state image at —1.7 V.
All images were acquired at a demanded tunneling current of 1 nA. The color saturation is keyed on apparent height, with a dynam-

0

ic range of —1 A.

L

II

FIG. 5. Dual-polarity tunneling images for laser-stabilized Si(111). (a) Unoccupied-state image acquired at + 1.0 V. (c)
Occupied-state image acquired at —1.0 V bias. (b) Superposition of (a) and (c). The crystallographic directions and image scale are
indicated. The arrow and dashed lines denote small regions of e(4X2) and &3 symmetry. The color saturation is keyed on height,

0
~

0
with a range of 1.2 A in (a) and 0.7 A in (c). Both images were acquired at a tunneling current of 1 nA.



1640 BECKER, SWARTZENTRUBER, VICKERS, AND KLITSNER 39

resolution images of the laser-stabilized Si(111) surface.
The laser-stabilized Si(111)surface exhibits a 1 X 1 LEED
pattern with a high background intensity. Detailed stud-
ies of this surface with LEED, photoemission, and in-
frared absorption spectroscopy failed to agree on the na-
ture of the 1 X 1 LEED pattern with models ranging from
the graphitelike 1 X 1 Si structure to a somewhat disor-
dered 7X7 structure. Initial work with the tunneling
microscope revealed the nature of the surface: small re-
gions of 2X2 and c(4X2) reconstructions, never more
than a few unit meshes in size, distributed over the vari-
ous twin configurations consistent with the threefold
symmetry of the underlying lattice. The small size of
these structures prevented their identification by
diffraction techniques, while the fact that structures with
2X2 and c(4X2) symmetry are incorporated into the
5X5, 7X7, and 9X9 unit meshes rendered the laser-
stabilized and 7X7 surfaces nearly indistinguishable by
photoemission or absorption spectroscopy. Further ex-
perimentation on this surface showed that a thermal an-
neal at 600'C for a short period of time ( —1 min) pro-
duces regions displaying the 5 X 5, 7 X 7, and 9 X 9 recon-
structions interspersed with regions of 2X2 and c(4X2)
symmetry. For this reason, it was concluded that the
high-symmetry structures representing the laser-
stabilized surface consisted of the adatoms of the
Takayanagi- Tanishiro- Takahashi- Takahashi DAS model
arranged on loosely packed T4 sites, since the superposi-
tion of a 1 X 1 lattice on the tunneling images showed all
the protrusions in the area to occupy the same category
of site.

Figures 5(a) —5(c) show dual-polarity tunneling images
obtained over the laser-stabilized Si(111) surface, with
blue representing an image taken tunneling from the tip
into empty sample states, while orange represents an im-
age taken simultaneously tunneling from filled sample
states to empty tip states. The arrows denote regions of
local c(4X2) and +3X+3 symmetry. In Fig. 5(b), we
show the superposition of the filled- and empty-state im-
ages. Two features are immediately noticed: the filled-
state image shows a relatively small amount of contrast
(-0.4 A) compared to the empty-state image, and the
positions of the protrusions do not superimpose, in marked
contrast to the tunneling images shown for the three
DAS structures. It is interesting, at this point, to com-
pare I-V characteristics of the tunnel junction for the
Si(111)-(7X7)and the laser-stabilized Si(111)-(2X2) sur-
face. These data, displayed as the ratio of the differential
conductivity (dI/dV) divided by the total conductivity
(I/V), are plotted in Fig. 6(a), along with similar data ob-
tained on the Cre(111)-c(2X8) surface. This method of
display has been demonstrated to give a qualitative repre-
sentation of the surface density of states, but suffers
from the disadvantage of diverging at a band edge since
the total conductivity can be quite small while the
differential conductivity is large. Further, to lowest or-
der, the quantity (dI/dV)/(I/V) is proportional to
p/ jp, where p is the local density of occupied or unoc-
cupied states. Alternatively, the quantity log(dI/d V) can
be plotted as in Fig. 6(b). This enables display of the
junction characteristic to lower values of the bias voltage
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FIG. 6. (a) Di8'erential over total conductivity for the tunnel
junction I- V characteristics over Si(111)-(7X 7), laser-stabilized
Si(111), and Ge(111)-c(2XS). (b) log, p(dI/dV) for the same
data sets as shown in (a).
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Vb, giving a more accurate picture of any surface energy
gap, while strong features (peaks) in (dI/dV)/(I/V) now
manifest themselves as shoulders. A more involved dis-
cussion of the correspondence of the features in tunnel
junction I-V characteristics and the local density of states
has been presented by Lang. In both Figs. 6(a) and 6(b),
positive values of the bias voltage correspond to tunnel-
ing from the tip into empty sample states while negative
values correspond to tunneling from filled sample states
into empty tip states. The similarity of the data for the
two Si surfaces is striking and merits comment at this
point, while the data for the Ge(111) surface will be dis-
cussed later. For unoccupied sample states, both the
7X7 and the disordered (2X2) Si(111) surfaces show a
peak at +0.4 V identified from inverse photoemission
and earlier STM work' as a dangling-bond state. The
unoccupied state at —+ 1.5 V is a feature related to the
partial stacking fault on the 7X7, identified in early
differential conductivity work performed with the STM
on the 7 X 7 superstructure. It is noted that this feature
is nearly nonexistent for the laser-stabilized 2 X 2 surface.
The occupied sample-state side of the normalized
differential conductivity can be more difficult to interpret
since features here may be convolved with empty tip
states. ' The features discussed here are generally
present in I-V characteristics acquired with a relatively
low contrast tip, and are strong enough to dominate tip
states. The peak at —0.8 V for both the Si-(7X7) and
-(2X2) data is tentatively identified as a dangling-bond
state, the S2 state seen in detailed photoemission studies
of the 7X7. The feature at —1.5 to —1.6 V, in similar
fashion, corresponds to the photoemission S3 state. The
S& state, lying at -0.2 V, is not unambiguously seen in
either Si(111)data set, but the logarithmic display of the
differential conductivity in Fig. 6(b) shows no clear ener-

gy gap down to 10 ' A/V, indicating filled states just
below EF may be present. The detection of state density
near EI; is difficult to determine unambiguously with the
STM since the tunnel current I vanishes as Vb ap-
proaches zero. We see that the overall features are simi-
lar, indicating that the 2 X 2 geometry present on both
the Si(111) laser-stabilized and the 7X7 structures dom-
inates the measured electronic structure. This is in good
agreement with UPS studies ' ' that show the two sur-
faces to be electronically similar.

Since the junction I Vcharacteristic-s for the Si(1 1 1)-
(7X7) and the disordered 2X2 structures are very simi-
lar, it is natural to extend the calculations and arguments
of Northrup to the high-symmetry 2X2 and c(4X2)
structures on the laser-stabilized surface. For the 2X2
unit mesh, described as adatoms loosely populating a
1 X 1 substrate, there are two dangling bonds: one rest
atom and one adatom. This yields a completely filled
rest-atom band and an empty adatom band. Similarly,
for the c (4X2), we have four dangling bonds distributed
over two rest atoms and two adatoms, again resulting in a
filled rest-atom band and an empty adatom band. From
this argument, the dual-polarity tunneling images of the
laser-stabilized Si(111) surface should fail to show super-
imposed protrusions if the surface structure is described
by adatoms on T4 sites arrayed on 2 X 2 boundaries on a

1 X 1 substrate. This is clearly consistent with the tunnel-
ing images in Fig. 5. Further, on the partially reannealed
surface, the presence of surface reconstructions incor-
porating the DAS geometry is immediately discernible in
an examination of superimposed dual-polarity tunneling
images. This effect is illustrated in Figs. 7(a) and 7(b),
showing regions of the laser-stabilized Si(111) surface
that have local symmetries of 5 X 5 and 7X7 DAS inter-
mixed with adjacent regions of 2 X 2 and c (4 X 2) symme-
try. In these images, superposition of protrusions is
clearly seen when the DAS geometry is taken up, with no
superposition detected in the 2 X 2 and c (4X2) regions.
This set of tunneling images clearly illustrates the STM's
sensitivity to changes in electronic structure on the scale
of a few tens of atoms.

Having demonstrated the detailed dependence of the
contrast in the tunneling image, especially when tunnel-
ing from filled sample states just below EF into empty tip
states, to the symmetry displayed by the protrusions on
the (111) silicon surfaces, we are now ready to consider
our images of the Ge(111) surface. The tunneling image
shown in Fig. 1 acquired tunneling into empty sample
states clearly displays local symmetry consistent with
that shown in analogous images acquired on laser-
stabilized Si(111), but with a somewhat longer range in
the ordering. Figure 8(a) shows a dual-polarity tunneling
image of Ge(111)-c(2 X 8) surface, while Fig. 8(b) shows a
similar, higher sampling density image of a mixed 2 X 2
and c (4 X 2) region. It is immediately seen that we have
a complete separation of the empty-state (blue) and
filled-state (orange) images, precisely as shown for the
laser-stabilized Si(111) surface in the regions of recon-
structed 2 X 2 and c (4X2) structures. Further examina-
tion of the images in Fig. 8 shows the presence of pro-
trusions in the occupied-state images (orange) in between
the protrusions in the unoccupied-state images (blue) in
the regions of c (4 X 2) symmetry, in direct contrast to the
superposition seen in the seemingly c(4X2) dimer
domain boundaries in the DAS structures. Moreover,
the orientation of the substrate, determined by Laue x-
ray measurements, shows the relative positions of pro-
trusions in both the empty- and filled-state images to be
consistent with adatoms occupying T4 sites on a 1X 1

substrate. In this configuration the adatoms are associat-
ed with the unoccupied dangling-bond states while the
occupied dangling-bond state is associated with the rest
atoms. This is illustrated in Fig. 9 where ball-and-stick
models for the Ge(111) c (2 + 8) surface are shown at the
same orientation for (a) T4 site adatoms on a 1 X 1 sub-
strate, and (b) the Takayanagi-Tanishiro dimer-chain
model for the c (2 X 8) reconstruction. Here, adatoms
are shown in blue and rest-atom dangling bonds are
displayed in red, to be consistent with the data in Fig. 8.

DISCUSSION

Ge(111)surface reconstruction

The principal discrepancy between the dimer-chain
(DC) model for the c (2 X 8) structure and the tunneling
images shown in Fig. 8 is that it fails to account for the
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FIG. 7. Superimposed dual-polarity tunneling images for laser-stabilized and partially reannealed Si(111). Blue represents the
unoccupied-state image, orange represents the filled-'state image, while white indicates both. The solid and dashed lines in (a) denote
regions of 5X5 and 7X7 symmetry reconstructed in the DAS fashion. The solid lines in (b) enclose a region of c(4X2) syrnrnetry
while the dashed lines denote a DAS 5 X 5 mesh. The principal crystallographic directions are indicated. These images were ac-
quired at 1.5 V bias and 1.0 nA tunneling current in both polarities.

FIG. 8. Superimposed dual-polarity tunneling images for (a) the Ge(111)-c(2X8) surface, and (b) 2X2, c(4X2), and &3X&3
domains. Blue represents, the unoccupied-state image, orange the occupied-state image, and white both. The principal crystallo-
graphic directions are indicated. The solid lines enclose a c(2X 8) unit mesh in (a). The arrows denote a local region of &3 syrnme-

try in (b) large enough to show unoccupied-occupied state. superposition. Local regions of 2X2 and c(4X2) symmetry are indicated.
The unoccupied-state image was acquired at +2.0 V and the occupied-state image at —2.0 V 1.0 nA demanded tunneling current.

0
~

0
The color saturation is keyed on height, with a range of 0.8 A for the unoccupied-state image and a range of 0.5 A for the occupied-
state image.
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FIG. 9. Ball-and-stick models for the Ge(111)-c(2X8) surface. (a) Simple adatom phase. (b) Takayanagi dimer-chain adatom
phase. Blue denotes adatom and orange denotes rest-atom dangling bonds. The heavy black lines and the R in (b) denote an eight-
member ring similar to those in the dimer walls in the DAS reconstructions.

spatial shift between the empty- and filled-state images.
Since the DC model essentially consists of alternating
strips of faulted and unfaulted substrates which are more
narrow than two lattice spacings when the transition di-
mer regions are included, there are no rest-atom dangling
bonds on the substrate (all substrate Ge atoms are either
dimerized or bonded to an adatom). In this geometry,
the only dangling bonds are on the adatoms, implying a
half-filled dangling-bond band. As in the DAS struc-
tures, superposition between the empty- and filled-state
tunneling images would then be expected, but is not ob-
served. Further, a partially filled dangling-bond surface
band is in contradiction to photoemission measurements
for this surface"' ' which show it to be semiconducting.
In contrast, a simple model of adatoms on T4 sites loose-
ly arranged in 2 X 2 and c (4 X 2) configurations is entirely
consistent with the tunneling images and photoemission
experiments. In fact, this local 2X2 geometry is also
realized by the interior (I) adatoms in the 9 X 9 cell. This
adatom is surrounded by three rest atoms and essentially
vanishes in the filled-state image [Fig. 4(b)], just as the
adatoms on Ge(111)-(2X8). Also consistent with this
model is the small region of +3 X &3 symmetry indicated
by arrows in Fig. 8(b). This region images with superim-
posed filled and empty states on the adatom positions,
which is exactly as expected for a purely &3X&3 ar-
rangement of adatoms on a 1 X 1 substrate. The existence

of disordered step risers also supports a simple adatom
picture. Referring to Fig. 1, which shows an empty-state
tunneling image of Ge(111)-c(2X 8), we note that the two
double-layer steps are neither reconstructed as previously
reported for Si(111)-(7X7)(Ref. 15) and -(2X 1) (Ref. 30)
steps, nor do they lie on principal crystallographic direc-
tions. Rather, the Ge(111) surface incorporates the su-
belements of the c (2 X 8), 2 X 2, and c (4 X 2) surfaces, as
needed at the step riser as does the laser-stabilized Si(111)
surface. This example of step structure, consistent with
a simple 1X 1 substrate, is more difficult to reconcile with
any surface configuration involving considerable sub-
strate reconstruction. The absence of long-range order
on the Ge(111)-c(2X8) surface, in contrast to the
Si(111)-(7X7)surface, indicates there are only small en-
ergy difI'erences between the various configurations seen
in the tunneling images, while the failure to reconstruct
atomic steps, resulting in large numbers of dangling
bonds, may account for some of the greater reactivity of
the equilibrium Ge(111) surface. Additional evidence
against the DC model comes from recent calculations
where both tight-binding energy minimization and a
new dimer-wall-formation energy-minimization model
proposed by Vanderbilt indicate that the DC model for
the c (2 X 8 ) has far too high a formation energy. Vander-
bilt further argues that since a dense pattern of parallel
rows of dimer walls is topologically impossible, the zig-
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zag arrangement of dimers in the DC model is demanded,
generating double the number of dimers per unit length
and resulting in too high a strain energy. This is a direct
result of the fact that the underlying lattice is threefold
symmetric, not sixfold symmetric.

The only evidence against a simple adatom phase con-
sists of Rutherford backscattering (RBS) experiments
performed on Ge(111)-c(2X8)surfaces. The RBS mea-
surements registered large blocking peaks at off-normal
incidence which have been interpreted as arising from the
presence of at least a partial stacking fault as in the case
of Si(111)-(7X 7). However, this analysis was based on
the assumption of adatoms occupying H3 (open) 'sites, not
T4 (closed) sites, and does not include scattering power
arising from such factors as mixed surface phases, de-
fects, and steps. Impact collision ion scattering spectra of
the Ge(111)-c(2 X 8) surface are significantly different
from similar spectra on the Si(111)-(7X 7) surface and do
not show 'strong surface focusing peaks. Further, the
presence of a stacking fault over the entire Ge(111) sur-
face is inconsistent with the presence of single double-
layer steps, since an energy cost would have to be paid for
the destruction of the fault at the lower edge of each step
riser. We note that the equilbrium 7 X 7 surface,
prepared by annealing at temperatures of over 900'C,
tends to display multiple double-layer steps consisting of
six to ten double layers with small terraces of 10—15 A
width between step risers, while we have only detected
single double-layer steps on similar Ge(111)-c(2 X 8) and
laser-stabilized Si(111) surfaces. These small terraces on
the equilibrium Si(111)surface are narrow enough for the
DAS reconstruction to be discarded in favor of a simple
adatom phase similar to Ge(111), while the destruction
energy for the partial stacking fault at the 7 X 7 surface
has to be paid only once for the step array. Further,
comparison of the I- V characteristics shown in Fig. 6 for
the three ( 111) surfaces shows that the prominent unoc-
cupied state at + 1.5 V associated with the stacking fault
in the Si(111)-(7X7)surface is absent in the I Vdata for-
the laser-stabilized Si(111) and the Ge(111)-c(2X8) sur-
faces. Finally, we note that in images of the laser-
stabilized and partially reannealed Si(111) surface, DAS
and non-DAS structures exist simultaneously and con-
tiguously. Extension of a 1X1 lattice over the images
shows all adatoms occupy the same category of site, T4.
For these reasons, we cannot support a model consisting
of H3 adatoms on a 1 X 1 faulted substrate.

Geometric contribution to contrast

Up to this point we have only considered electronic
contributions to the contrast in the tunneling images. An
additional source of contrast could arise from the
geometric height of the various atomic features upon
which the empty and filled states are localized. When
first analyzing the data, we thought that this effect might
be contributing to the tunneling images of the laser-
stabilized Si(111) and the Ge(111)-c(2X8) surfaces. For
these surfaces we find that the contrast in the images de-
rived from unoccupied states (0.6 A on average) is similar
to that measured in unoccupied-state images for Si(111)-

(7X7) (0.5 —1.0 A), while the contrast in the analogous
filled-state images is typically much less (0.25 A on aver-
age). We point out that measured values for the contrast
at a given bias condition for these semiconductors can
vary by a factor of 2, depending on the tunneling tip.
The values reported here are representative of many im-
ages acquired on these surfaces. However, the following
exercise demonstrates that any contrast on periodic and
atomically Oat semiconductor surfaces that is greater
than a few 0.01 A must be due to electronic contributi. ons
and not to the physical height of the surface atoms. This,
of course, does not apply at step edges or at many-atom-
high protrusions.

For a simple 2 X 2 adatom configuration on a 1 X 1 sub-
strate, the unoccupied dangling-bond states are localized
on the geometrically higher adatoms, while the filled
dangling-bond states are associated with the rest atoms in
between. If we assume that the density of states for the
unoccupied and occupied dangling-bond bands are simi-
lar, the difference in corrugation would be due to the
effective height of the adatoms at the position of the tip,
which is approximately 8 —10 A above the surface at a
tunneling impedance of 1 GA. In this approximation,
the effective height of the adatoms is roughly half of the
difference in corrugation amplitude, as the local surface
curvature increases the corrugation for states associated
with adatoms, while decreasing the corrugation for states
located at the rest-atom positions between the adatoms.

0

This gives a value of -0.2 A for the geometric contribu-
tion to the adatom corrugation at the height of the tun-
neling tip. For comparison, early STM work on Au(110)
reported a corrugation amplitude of 0.45 A for the 2X1
missing-row structure which possesses a comparable la-
teral distance scale of 8 A. The results of that work were
well explained by the theory of Tersoff and Hamann, who
derived an effective tip radius of 9 A with a gap of 6 A at
a tunneling impedance of 10 MA. ' While that treatment
is not strictly applicable in the present case (since the bias
voltage Vb is not much less than the work function P), it
is nonetheless instructive to attempt to explain the excess
contrast of 0.2 A as a geometric feature. Tersoff and
Hamann demonstrated that the measured corrugation for
periodic structures decreases approximately exponential-

0

ly with vacuum gap. Since the vacuum gap is -2 A
greater for the bias conditions in this work, we calculate

0

a geometric corrugation of 0.01—0.02 A for the 2X2
adatom geometry, an order of magnitude lower than the
residual 0.2 A in this rough analysis. Therefore, our as-
sumption that the densities of state are similar for the
unoccupied and occupied dangling-bond bands cannot be
valid, i.e., even the residual 0.2 A is related to differences
in state density and/or electronic structure. We conclude
that the measured corrugations in tunneling images of
periodic semiconductors is derived almost entirely from
electronic state density, r'endering tunneling image simu-
lation by atomic charge superposition unphysical for
semiconductors.

Surface-electronic characteristics

The I Vcharacteristics dis-played in Figs. 6(a) and 6(b)
for the Si(111)-(7X7),the disordered Si(111)-(2X2), and
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the Ge(111)-c(2X8) surface phases are generally similar,
but have detailed differences relating to their respective
subsurface structure. In contrast to the laser-stabilized
Si(111) characteristic, which in peak positions is quite
similar to the 7X7 characteristic, the Ge(111)-c(2X8)
surface shows a single unoccupied state at +0.6 V, simi-
lar to the peaks at +0.4 V on the two Si(111) surfaces,
which we attribute to an adatom dangling-bond band. A
feature at —0.7 V and another at —1.2 V are seen, close
to the prominent surface bands at —0.85 and —1.4 V

4 9—12that have been reported in several UPS studies. '

Following the labeling for the qualitatively similar Si(111)
features, these are attributed to rest-atom dangling bonds
and adatom backbonds, respectively, keeping in mind the
previous caveat concerning occupied sample states' I-V
characteristics. No evidence was detected for features

near EF as shown in Fig. 6(b), indicating the surface is
semiconducting. Indeed, the plot of log, o(dI /d V)
presented in Fig. 6(b) for the Ge(111)-e(2X8) surface
shows a clear energy gap. In the simple adatom phase
model, there exist three distinct environments for ada-
toms and rest-atom dangling bonds: purely 2 X 2
domains, purely c(4X2) domains, and c(2X8) domains
where both rest atoms and adatoms are always bounding
both 2X2 and c(4X2) domains (mixed symmetry). This
may be responsible for the "triplet" feature reported at
certain takeoff' angles in ARUPS experiments by Yokot-
suka et al.

We note in passing that in studies on laser-stabilized
Si(111) surfaces we have seen a number of small areas of
&3 X &3 symmetry which are imaged in the same
manner as that displayed in the tunneling image in Fig.

FIG. 10. Tunneling images and their autocorrelations for laser-stabilized i{i e Si(111) [(al) and (a2)], and Ge(111) [(bl) and (b2)]. The
crystallographic directions are indicated along with the scale for both images. The X denotes a large region of &3 symmetry.
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8(b). These small regions of &3X&3 symmetry may be
responsible for the small contributions to the tunneling
current seen in the I-V data set in Fig. 6 for the laser-
stabilized Si(111) surface, which has been integrated over
a number of regions. We note that this is in contrast to
reported UPS studies of the laser-stabilized Si(111)-(1X 1)
and Si(111)-(1X 1)H surfaces, '"' where no state close to
EF was detected on the laser-stabilized surface, while the
Sz and S3 surface states of the Si(111)-(7X7) surface
were seen. The UPS results are consistent with a disor-
dered 2X2 adatom array with no significant regions of
+3 X &3 symmetry. Close examination of the I Vdat-a
in Fig. 6 for the laser-stabilized Si(111) surface shows no
clearly discernible feature in close proximity to EF as has
been reported in several STM studies on Si(111)-(7X7),
and in fact can be seen to some extent in the Si(111)-
(7 X 7) I Vdata -shown in Fig. 6. The relative amount of
order on laser-stabilized Si(111) and equilibrium Ge(111)
surfaces is illustrated in Fig. 10. Figures 10(al) and
10(a2) show a typical 70 A region of the laser-stabilized
Si(111) surface and its autocorrelation, respectively. The
autocorrelation shows there to be some ordering, indicat-
ed by a bright ring surrounding the central maxima.
Upon closer examination, this ring is found to have some
intensity located at a &3XV 3 spacing along [112]from
the central maxima, indicating a small amount of
nearest-neighbor adatom spacing at this distance. Addi-
tional maxima are located at two lattice spacings along
the [110]directions denoting ordering of 2 X 2 symmetry.
Inspection of the tunneling image in Fig. 10(al) shows
significant groupings of &3 X &3 symmetry, with a small
contiguous region indicated at X. In contrast, in Fig.
10(bl) we show a typical Ge(111) surface, with the corre-
sponding autocorrelation in Fig. 10(b2). Here, it is obvi-
ous that the principal ordering is along (110) directions
with a spacing of two lattice vectors. Indeed, it can be
seen that good order is maintained out to approximately
the fourth-nearest-neighbor distance. It is clear from the
autocorrelations in Fig. 10 that the laser-stabilized
Si(111) surface is more disordered than a typical Ge(111)
surface. We have never seen a complete sixfold ring of
&3 X&3 symmetry, indicating that the lattice strain is

too great to support such a structure with Si and Ge ada-
toms, in contrast to the &3X&3 symmetry displayed by
numerous metal overlayers. It is possible that the alter-
nation of 2X2 and c(4X2) strips in the c(2X8) struc-
ture is the result of a strain-relieving mechanism in the
adatom-substrate atom bonds, perhaps related to that
proposed by McRae for Si(111)-(7X 7).

CONCLUSION

In summary, we have examined in detail the closely re-
lated surface reconstructions of Si(111)-(5 X 5 ), -( 7 X 7 ),
-(9 X 9), laser-stabilized disordered Si(111)-(2X 2), and
Ge(ill)-c(2X8). We find the tunneling images for the
5 X 5, 7 X 7, and 9 X9 structures to be well described by
the Takayanagi- Tanishiro- Takahashi- Takahashi DAS
model, while the laser-stabilized Si(111)and the Ge(111)-
e(2X8) surfaces are consistent with adatoms occupying
T4 sites in a loosely packed 2X2 array on a 1X1 sub-
strate. The 5X5 structure is shown to be nearly "pure"
DAS-like with one species of adatom, while the 9X9
structure has three adatom species and exhibits some of
the characteristics of the laser-stabilized Si(111) and the
Ge(111)-c(2X8) surfaces. We have found no evidence
supporting the presence of a full or partial stacking fault
on the Ge(111) equilibrium surface. A comparison of the
filled- and empty-state tunneling images and junction I-V
characteristics with recent pseudopotential calculations
by Northrup gives good agreement, with the images in-
terpreted essentially as the spatial position of filled and
empty surface dangling bonds. Finally, we find that the
apparent heights of the adatoms in the tunneling images
of these adatom reconstructions are derived almost en-
tirely from the electronic as opposed to the geometric
structure of the surface.
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