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Tunneling Images of Atomic Steps on the Si(111)7 x 7 Surface

R. S. Becker, J. A. Golovchenko, E. G. McRae, and B. S. Swartzentruber
AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 11 July 1985)

Tunneling images of single atomic steps on Si(111) have been obtained with a tunneling micro-
scope. The 7% 7 reconstruction is observed to persist essentially undistorted right up to the steps.
The position of each step coincides with a 7 X 7 unit-mesh edge in both the upper and lower terraces
adjacent to it. Asymmetry within the 7X 7 unit mesh is observed and correlated with faulting of
terraces adjacent to the step. The results are described by an extension of the dimer adatom

stacking-fault model of Takayanagi et al.
PACS number: 68.20.+t

Atomic steps at crystal surfaces have an important
role in chemical reactions and in the growth of crystals
by molecular-beam epitaxy. Yet the microscopic struc-
ture of steps, which is basic to the understanding of
these processes, is not known and is not directly acces-
sible to any widely used surface-science technique. In
the case of the Si(111)7x 7 surface, for example, it is
not known whether the reconstruction observed by re-
flection electron microscopy! on flat terrace areas ex-
tends unmodified right up to step edges. There is in-
direct evidence that the step-edge structure is not well
described by simple models of unreconstructed ter-
races; in observations of the participation of steps in
molecular-beam epitaxial growth on Si(111)7x 7 sur-
faces, it was noted that steps on the growing surface
with outward normals along (112) directions were
straight, which is contrary to expectations based on
simple atomic models.? In the course of our studies of
Si(111) surfaces using a tunneling microscope of the
type recently described by Binnig et al.,> we have come
across regions containing several steps and have had
the opportunity to obtain high-quality tunneling im-
ages there for the first time. We show that the high-
resolution view of these steps sheds light on the nature
of steps as well as of the 7 X 7 reconstruction itself.

The sample was a boron-doped, 0.05-Q-cm Si(111)
wafer that was argon-ion sputtered and then annealed
at 900 °C in an ultrahigh-vacuum chamber. Very sharp
7x7 diffraction spots were observed by LEED after
the sample cooled. The sample was then placed in the
tunneling microscope where images were obtained
after approximately 5 h when thermal drifts in the in-
strument had decayed to acceptable levels.

Figure 1 shows a tunneling image as a profile plot
from the above sample. Two atomic steps are clearly
seen running parallel to one another across the figure.
The observed height of the steps from our indepen-
dently calibrated instrument is 3.1 A, in excellent
agreement with the expected step height of 3.13 A for
the Si(111) double-layer periodicity. The lateral dis-
tance scale is also indicated in the figure. By compar-
ing the tunneling image with a Laue x-ray-diffraction
picture, we found that for the steps in the figure the
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outward normal of the riser is a (112) direction. We
have also observed (112)-type steps, on which we
comment later.

In addition to the steps in Fig. 1 one can clearly see
atomic structure in the adjacent terrace regions, where
q}scillations in the observed height are of the order of 1
A. Since the geometric symmetry of these regions is
difficult to pick out in such a profile plot, we present
another picture of the region in a gray-scale format in
Fig. 2. On this plot, white areas are raised and dark
ones are depressed. Aside from a few defects, the im-
age of the terrace surface is in good agreement with
that first observed by Binnig er al? for Si(111)7x7
surfaces. There is, however, a significant difference
on which we shall comment later.

There are several new features in this picture that
are quite remarkable. First we see that the 7% 7 recon-
struction extends right up to the atomic steps. In fact,
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FIG. 1. A tunneling image of Si(111)7 x 7 surface recon-
struction on atomic steps displayed as a profile plot. The
tip-to-sample bias was —4 V. The outward normal direction
from the step riser is (112).
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FIG. 2. The data in Fig. 1 displayed as a gray-scale plot.
A unit mesh on the edge of the upper step is outlined. The
length of one side of the unit mesh is 26.9 A. The straight
line shows the tip trajectory mentioned in the text.

the top edge of the step is observed to have a
seventh-order periodicity synchronized with the recon-
struction of the upper terrace. The position of each
step coincides with the edge of the rhombohedral unit
mesh in both the upper and lower terraces adjacent to
it. The large holes associated with the corners of the
unit mesh are incorporated right into the topography
of the step, as can be seen in both Figs. 1 and 2. A
terrace between parallel steps of this structure must
have the width of an integer number of unit meshes,
i.e., two unit meshes in Figs. 1 and 2. There is a phase
slip in the direction of the step edge, amounting to
about % of the unit-mesh side.

In addition to the properties apparent in Figs. 1 and
2, we report a further observation related to the
asymmetrical nature of the 7 X7 unit mesh first noted
by Binnig ef al.> We have observed this asymmetry for
certain bias voltages. It is manifested as a raised base
height on one of the two triangular subunits of the
unit mesh [Fig. 3(a)]. In the image of the upper ter-
race of a (112) step, the side of the unit mesh with
the lower base height is adjacent to the step. We note
that this orientation is opposite to that reported by Bin-
nig et al.3 for an unstepped surface. Figure 3(b) shows

FIG. 3. (a) A tunneling image of the upper step, taken at
—3-V bias. The asymmetry between the two halves of the
unit mesh is clearly visible. (b) A plot of the data along the
trajectory which bisects the different halves of a unit mesh.
The arrow points to the unit-mesh corner hole.

an isolated tip-height plot across the step and along the
long diagonal of a unit mesh in the upper terrace. The
trajectory is shown in Figs. 2 and 3(a). Its direction is
perpendicular to the step, which is clearly seen as 3.1-
A drop. There is a 0.2-A base-height asymmetry with
respect to the corner hole indicated by the arrow in
Fig. 3(b). A similar plot on the lower terrace of the
step would show the side of the unit mesh with the
high base height to be adjacent to the step.

A further observation is of steps of the (112) type
for which we do not display data here. The position of
each step again coincides with the unit-mesh edges so
that the corner holes are again incorporated in the
step, but in this case the high base-height side of the
unit mesh is adjacent to the upper edge of the step.

Our observations permit two general conclusions in-
dependent of any structural model. First, the per-
sistence of the 7 X 7 reconstruction right up to the step
implies that the reconstruction itself depends on very-
short-range, local interactions. Indeed we, as well as
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Binnig and Rohrer,* have also observed isolated unit
meshes among highly disordered neighboring regions,
which also strongly supports this conclusion. The situ-
ation may be quite different from the Si(111)2x 1 sur-
face formed by cleaving, for which it is plausible that
the reconstruction does not go right up to the step.> ©
The second general conclusion is that the step is itself
uniquely reconstructed. This follows from the obser-
vation that the position of the step relative to the
reconstructed terraces is not arbitrary but always coin-
cides with a unit-mesh edge in both the upper and
lower terraces adjacent to it. For each type of step, the
structure of the riser is related in a definite way to the
7x7 reconstruction of the terraces. In particular, the
structure of the corner hole is also the structure of the
step.

A more detailed discussion can be given on the basis
of structural models of the 7x7 reconstruction on a
flat Si(111) surface in which the lateral atomic
arrangement (surface-projected structure) is in accord
with transmission-electron-diffraction intensity data.”?
In these models® !4 the outermost complete double
layer in the unit mesh consists of two triangular sub-
units that are respectively faulted and unfaulted with
respect to the substrate. The partial dislocations bor-
dering the triangular subunits are reconstructed to
form twelve-membered rings which are observed in
tunneling microscopy as corner holes, as well as alter-
nating dimers and eight-membered rings which are
also observed as depressions.’ The origin of the
tunneling-image height modulations within the tri-
angular subunits is not completely settled, but one
possibility is that they are due to adatoms.>!S This
suggestion has been incorporated in the dimer adatom
stacking-fault (DAS) model due to Takayanagi, Tan-
ishiro, Takahashi, and Takahashi.'?

Figure 4 shows part of the tunneling image from
Fig. 2 in comparison with a model of the same area in
which the terraces have the DAS structure. The
model explains the coincidence between the step edge
and the unit-mesh boundaries, since any other position
of the step would result in a larger number of dangling
bonds. The ‘‘ping-pong balls’’ represent the adatoms.
In the model, all but one of the adatoms are in the
sites prescribed by the DAS model, namely, directly
over the unique atom of a five-membered ring. Note
that this is a ‘‘closed’’ site, i.e., there is an atom of the
outermost complete double layer directly below the
adatom. The remaining adatom (bottom-right ball) is
on an interstitial closed site between two vacant ada-
tom sites.

There is a good correlation between the tunneling
image and the adatom positions in the model. There
are slight discrepancies for the adatoms on the lower
terrace adjacent to the step, but these may be an ex-
perimental artifact related to the abrupt variation of
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FIG. 4. A portion of data along the upper step edge (from
Fig. 2) shown with a model of the same area in which the
terraces have the DAS structure.

height near the step and the microscopic shape of the
tip.

The defects are displayed in the tunneling image in
Fig. 4: an apparent vacancy at the top right of the im-
age (represented in the model by a dark-colored ball)
and the apparent interstitial accompanied by two va-
cancies already referred to. The nature of these de-
fects as well as the observed persistence of reconstruc-
tion right up to the step appear to support the adatom
hypothesis.

In the model, Fig. 4, it is easy to pick out the faulted
and_unfaulted areas in the upper terrace near the
(112) step. The faulted area is adjacent to the step,
and so is identified with the triangular subunit with the
lower base height in images such as that shown in Fig.
3. In the corresponding model for the (112) step, the
unfaulted area of the upper terrace is adjacent to the
step. Therefore, the reconstruction of the riser is the
same for the two types of step.

In conclusion, tunneling images of single atomic
steps on Si(111) have been obtained by use of a tun-
neling microscope. The 7x7 reconstruction is ob-
served to persist essentially undistorted right up to the
steps. The position of each step coincides with a 7% 7
unit-mesh edge in both the upper and lower terraces
adjacent to it. Asymmetry within the 7X7 unit mesh
is observed and correlated with faulting of terraces ad-
jacent to the step. The results are described by an ex-
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tension of the DAS model of Takayanagi ez al.!3
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FIG. 2. The data in Fig. 1 displayed as a gray-scale plot.
A unit mesh on the edge of the upper step is° outlined. The
length of one side of the unit mesh is 26.9 A. The straight
line shows the tip trajectory mentioned in the text.
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FIG. 3. (a) A tunneling image of the upper step, taken at
—3-V bias. The asymmetry between the two halves of the
unit mesh is clearly visible. (b) A plot of the data along the
trajectory which bisects the different halves of a unit mesh.
The arrow points to the unit-mesh corner hole.



FIG. 4. A portion of data along the upper step edge (from
Fig. 2) shown with a model of the same area in which the
terraces have the DAS structure.



