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Scanning tunneling microscopy experiment and first-principles total energy calculation are combined to
determine STM images for Sis111d-737 to resolve the long-time discrepancy between theory and experiment.
Our experiment resolves clearly and simultaneously the rest and adatom spots, in good agreement with theory,
with the rest atom spots almost as bright as those of the central adatoms in the unfaulted-half of the unit cells.
Theoretical study suggests that a geometric hindrance effect due to finite tip size could be responsible for the
past experimental inability to observe the rest atoms.
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The invention of scanning tunneling microscopy(STM)1

and the determination of the Sis111d-737 atomic
reconstruction2 are two of the single most important events
in the history of surface science and technology. It is there-
fore not surprising that one of the first systems tested by the
STM is the reconstruction of the 737 surface,3 revealing
twelve bright spots corresponding to the adatoms. It is now
understood that the STM probes the real-space charge distri-
bution near the Fermi levelsEFd in a rather delicate way that
may or may not reveal theunperturbedreal-space charge
distribution of the surfaces.4 For example, for the Sis111d-
737 surface, state-of-the-art first-principles electronic struc-
ture calculations show a strong dependence of the charge
distribution (or the so-called theoretical STM image) on the
bias voltageVbias: twelve spots atVbias=−0.57 V for the
twelve adatoms[half of them are brighter than the other, see
Fig. 1(a)], whereas eighteen spots atVbias=−1.5 V for the
twelve adatoms plus six rest atoms[see Fig. 1(b)]. For over
20 years, despite countless studies of the Sis111d−737 sur-
face, however, no one has produced STM images to clearly
account for the calculated charge distributions.

Regardless, to a large extent, of the bias applied, the ex-
perimental STM images reveal only twelve adatom spots.5–10

The rest atom spots are seen, but only by special
techniques7,11 at a price of suppressing the adatom spots.
This inability has led to the perception that the measured
tunneling current for semiconductors consists mostly of
states near the Fermi level instead of the states further away,
due to the exponential dependence of the tunneling probabil-
ity on the energy level position.6 Since the adatom dangling
bond states are about 0.4 eV below theEF, whereas those of
the rest atoms are about 0.8 eV below,7 standard STM im-
ages are always “distorted” to reveal only the former but not
the latter.

In this paper, we show that the calculated voltage-
dependent charge distributions of the Sis111d-737 surface,
thus the “ultimate” STM images, can be reasonably well re-
produced by the STM experiments. This is significant be-
cause by bringing agreement between first-principles calcu-

lations and experiments after twenty years, aperceived
fundamental limitation blocking direct comparison between
theoretical and experimental STM images has been removed.
A careful preparation of the STM tips, reducing the radius of
the apex to near or less than 1 nm, may have been the key to
the success, as our first-principles calculations reveal a geo-
metric hindrance effect of the apex for such complex sur-
faces. More generally, it is known that the STM image for
complex molecules on a surface can be significantly different
from the known structures, e.g., the imaged lateral dimension
of a cylindrical carbon nanotube can be a few times larger
than its height.12 In an AFM experiment, due to the relatively
large tip-size, the lateral dimension of a spherical quantum
dot can also be order of magnitude larger than the height.13

Hence, the implication of the current study could go well
beyond just the Sis111d-737 reconstruction.

We carried out the calculation by using first-principles
density function theory,14 as implemented in theVASP

codes.15 The Vanderbilt ultrasoft pseudopotential16 was used
with a cutoff energy equal to 170 eV and 1 specialk-point in
the Brillouin zone sum. The surface unit cell contains a slab
of six Si layers(without counting the Si adatoms) and a
vacuum layer equivalent to six Si layers. The front surface
contains the 737 reconstruction in the Takayanagi model,2

whereas the back surface is hydrogen-passivated. Except for
the very bottom layer, all of the Si atoms were fully relaxed
to minimize the system total energy.

Figure 2 shows the calculated atomic structure of the
737 surface. The rhomboid unit cell has two halves, one of
which has a stacking fault in the second layer. Thus, they are
termed faulted and unfaulted halves. The topmost Si layer
has twelve adatoms per unit cell, evenly distributed between
the faulted and unfaulted halves. In the second Si layer, there
exist six Si rest atoms. These are surface atoms that have not
been covered by the Si adatoms. Counting also the Si atom
inside the corner hole, each 737 cell contains 12+6+1
=19 dangling bonds pointing to the vacuum. It is generally
accepted that the tunneling current in the standard STM mea-
surements originates from these dangling bonds.
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Experiments were performed using an ultrahigh-vacuum
STM system17,18 with a base pressure of,5310−11 mbar.
The sample was an antimony-dopedn-type Si(111) wafer
(resistancer<0.03V cm, thickness<0.5 mm). Before be-
ing introduced into the vacuum chamber, the sample was
cleaned by ethanol in an ultrasonic bath and rinsed thor-
oughly by de-ionized water. It was degassed in the ultrahigh
vacuum chamber for several hours at about 600 °C. Ap-
proximately 1 h before the measurements, the sample was
annealed by direct current heating while keeping the pressure
below 10−10 mbar. The annealing cycle consisted of flashing
the sample to 1200 °C for 20 s, rapidly lowering the tem-
perature to about 900 °C, and then slowly decreasing the
temperature at a pace of 1–2°C/s to room temperature. A
nearly perfect 737 reconstruction was obtained by this
method. Sharp STM tips made of polycrystalline tungsten
wire with 0.18 mm diameter were etched electrochemically
in 2M NaOH and subsequently cleaned in ethanol and dis-
tilled water. Out of the many tips which have been produced,
however, only two have been able to produce, and produce
repeatedly, the eighteen-spot STM images in Fig. 1(c) while
the others produce only the standard twelve-spot images.

Figure 1(c) shows the STM image of the Si(111) 737
surface at a sample biasVbias=−0.57 V. There appears to be
a significant contrast between the faulted and unfaulted
halves of the unit cell. With a negative sample bias this low,
the electronic states of the rest atoms are outside the range of
the bias. Thus, the STM topography here reveals only the
twelve topmost adatoms. The adatoms in the faulted half of
the unit cell appear noticeably brighter than those in the un-

faulted half. In each half, the adatoms at the corners appear
also slightly brighter than those near the center. These quali-
tative features are in good agreement with the calculated
real-space charge distribution at this particular bias, shown in
Fig. 1(a). The calculated atomic heights of the adatoms, with
respect to the adatoms near the center of the unfaulted half,
are 0.12(faulted; corner), 0.08(faulted; center), 0.01 Å (un-
faulted: corner), respectively. Thus, they might account for
the observed differences in the adatom appearances, although
the differences in the local electronic structures may also
play a role.

Figure 1(d) shows the STM image at a sample bias
=−1.5 V. Images of similar quality can be repeatedly repro-
duced over large areas, e.g., 30330 nm2 (not shown). We
see clearly in Fig. 1(d) both the adatoms and the rest atoms.
On the unfaulted half unit cell, the rest atoms appear to have
almost the same brightness as the central adatoms, whereas
on the faulted half unit cell, the rest atoms appear to have
considerably less brightness than the central adatoms. These
observations are again in good agreement with the calculated
real-space charge distribution at the experimental bias in Fig.
1(b). The calculated atomic height for the rest atoms, with
respect to the adatoms near the center of the unfaulted half, is
−0.73 Å and is the same for both the faulted and unfaulted
halves. The fact that the rest atoms in the unfaulted half have
a similar brightness to the adatoms, which are much closer to
the tip, suggests that the dangling bond states of the rest
atoms are more extended to the vacuum than the adatoms.
This is quite reasonable because, strictly speaking, an ada-
tom is fourfold- instead of threefold-coordinated with the
closest neighboring Si atom directly beneath it. This is an
example how even subtle differences between the adatoms
and the rest atoms in the calculations in Figs. 1(a) and 1(b)
can be very well reflected in the experiments in Figs. 1(c)
and 1(d).

FIG. 1. (Color online) (a), (b) Calculated STM images for
Sis111d-737 with bias voltage=−0.57 and −1.5 V, respectively.
The red peaks are about 2 Å above the dark blue borderlines. The
dark greys are areas without spatial resolution.(c), (d) The experi-
mental STM images with bias voltage=−0.57 and −1.5 V, and tun-
neling current=0.3 and 0.41 nA, respectively. The brighter triangles
are the faulted halves of the 737 unit cells.

FIG. 2. (Color online) The calculated atomic structures for the
Sis111d-s737d surface with the faulted half on the left:(a) top and
(b) side views. The(large, light) red balls are the Si adatoms
whereas the(small, dark) blue balls are the Si rest atoms.
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The experimental results presented here are in sharp con-
trast to previous STM studies, which in most cases showed
images similar to Fig. 1(c) for the Sis111d-737 surfaces,
irrespective of the bias voltages(somewhere between −2 and
2 V). A common explanation6 for the absence of the rest
atom spots in the images relies on the fact that the tunneling
probability depends both on the height and on the thickness
of the tunneling barrier. The thickness, in turn, depends ap-
proximately linearly on the energy of the tunneling state: the
lower the energy is, the thicker the barrier is. Because the
tunneling current is inversely proportional to the exponential
of the thickness, the lower the state lies in the valence band,
the smaller is the tunneling current. Thus, the rest atoms are
invisible but the adatoms are visible because the former have
significant lower energies than the latter. This argument,
however, contradicts our theoretical prediction that the dan-
gling bond states of the rest atoms should extend further into
the vacuum region than those of the adatoms. Also, because
the rest atoms are approximatelyÎ4.52+0.732=4.6 Å away
from the nearest adatoms, if one has an infinitely sharp tip
positioned right above the rest atom, there is no reason to
believe that the adatoms should have any measurable effect
on the rest-atom tunneling. If the tunneling current from the
rest atom were indeed weak, nothing more would be needed
in a constant current STM mode than to move the tip closer
to the surface. Hence, this explanation is probably question-
able.

Another possible explanation concerns tip contamination
by the surface: in other words, a few silicon atoms could be
accidentally picked up by the apex of the tungsten tip during
the operation, resulting in a semiconducting tip instead of a
metallic tip. Indeed, recently it has been shown that an InAs
semiconductor tip11 could be used to enhance rest-atom vis-
ibility by utilizing the second gap above the fundamental gap
(both lie in the Brillouin zone center) to suppress tunneling
current from the high-lying adatom states. However, this is
also unlikely in the present case unless the thickness of the
contaminant layer exceeds the effective screening length of
Si. A previous study19 showed that the local electronic struc-
ture of a typical metal/semiconductor interface remains me-
tallic until several monolayers into the semiconductor.

At this stage, it is impractical for us to determine experi-
mentally what might have happened to the few tips that
worked so remarkably well. Instead, here we search for a
plausible explanation using first-principles calculations. We
noticed that the adatom spots in the calculated STM images,
for example, in Fig. 1(a), are often smaller than those in the
experimental images. This could be easily explained if the tip
has a finite size that reduces spatial resolution. Given the
non-flat nature and complexity of the 737 reconstruction,
such a tip size effect should definitely be examined. Appar-
ently, the actual tip morphology is also complex, possibly
with additional atoms adsorbed at the end of the apex(as
shown in the inset in Fig. 3). Here, for simplicity, we con-
sider only two simple cases:(a) an apex without any adsor-
bates, in which we focus our attention on how a relatively
large-radius apex could interfere with the STM images, and
(b) a cluster of the adsorbates without the apex. Because for
either case, only the lower semispherical part of the tip could
be in close proximity with the surface, here we have replaced

the tip by a sphere of radiusr. A small radius of 2 to 3 Å
corresponds to case(b) whereas a larger radius corresponds
to case(a). To further simplify the calculations, we consider
in our simulation only line-scans along the diagonal of the
737 unit cell.

Figure 3(a) shows the calculated line-scan atVbias
=−1.5 V with an infinitely sharp tip, i.e.,r =0, as has been
done before in most STM image simulations.20 A sharp tip is
also assumed in calculating the images in Figs. 1(a) and 1(b).
Next, we trace thisr =0 curve with a disk of radiusr, which
is a two-dimensional representation of the three-dimensional
sphere, to explore geometric hindrance. It is assumed that at
each tip position, tunneling takes place at only one spot on
the disk. This is reasonable in most cases because tunneling
probability diminishes exponentially with distance. However,
there are a few exceptions where the disk is nearly equally
distanced from ther =0 curve, i.e., at or near the local sym-
metry points. For simplicity, however, such a tunneling-
current doubling effect is ignored in our simulation.

Our results show that for a small disk radius mimicking
adsorbed clusters, the line-scan is essentially the same as in
Fig. 3(a). Thus, only the larger apex may distort STM im-
ages. Figure 3(b) shows the simulated result forr =7 Å. At
this radius, while none of the main surface topological fea-
tures have been lost, the overall shape of the line-scan has
been significantly modified, noticeably the depth of the pro-
file, and the size of the atoms being noticeably larger than
those in Fig. 3(a). Figure 3(c) shows the simulated result for
r =24 Å. At this radius, the rest atom on the faulted half unit
cell has completely vanished. Even for the unfaulted half
unit cell, the contrast between the much-more visible rest
atom spots and the adatom spots has been greatly reduced. It
is thus clear that the attainable size of the tip apex is the
crucial factor in imaging the true charge distribution on the
737 surfaces. Figure 3(d) shows a corresponding line-scan
from our experiment. Despite the simplicity of this model,
the calculated result forr =7 Å in Fig. 3(b) is in quantitative
agreement with experiment. Some of the subtle differences

FIG. 3. Line-scans along the diagonal of the 737 unit cell for
bias voltage=−1.5 V:(a), (b) and(c) are the calculated height pro-
files with a tip apex radiusr =0.0, 7.0, and 24.0 Å, respectively,
whereas(d) is the experimental profile. Inset shows schematically
an STM tip with an adsorbed atomic cluster beneath the apex.
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between Figs. 3(b) and 3(d) could probably even be ac-
counted for by the tunneling-current doubling effect.

In summary, we show STM images which simultaneously
and clearly resolve the six rest atoms and twelve adatoms on
a Si(111) 737 unit cell. Contrary to the widely held belief
that rest atoms are invisible to standard STM, they should in
fact have almost the same brightness as those of the central
adatoms, at least in the unfaulted half unit cells. These results
are in agreement with those obtained by first-principles cal-
culations, revealing what should be the “ultimate” STM im-
ages for the Sis111d-737 surface. This also removes a long-
standing misperception that “static” STM calculations(i.e.,
without the tip-surface interaction and tunneling current ef-
fect) can never be quantitative enough to be directly com-
pared to the experimental STM images. The inability of past

experiments to observe the rest atoms is also reanalyzed. Our
results suggest that a geometric hindrance due to the finite
size of the tip apex could be the reason. This prediction
should invoke significant research interest in the design and
fabrication of the STM tips and their applications in explor-
ing, in general, more detailed physicochemical properties of
surface reconstructions and nanostructures.
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