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Following Adatom Removal by Reaction with Cl
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In this scanning-tunneling-microscopy study we find that the reaction of Cl with Si(111)-7 X7 results
in extensive surface modification. On a Cl-saturated and annealed surface, most of the adatom layer is
stripped away, permitting the complete underlying Si-rest-atom layer to be imaged for the first
time. The structure of this layer is shown to correspond closely to that predicted by the dimer—
adatom-stacking-fault model. We directly observe the presence of the stacking fault, an electronic
effect associated with this fault, and different outward surface-normal relaxations in the faulted and un-

faulted regions of the cell.

PACS numbers: 61.16.Di, 68.35.Bs, 73.20.At, 82.65.My

The structure of the 7x7 reconstructed Si(111) sur-
face has been a long-standing problem in surface sci-
ence.! The presence of dangling bonds (DB’s) on the
surface represents a significant contribution to the total
surface energy and the reduction in the number of these
bonds is a major impetus for the reconstruction. The
dimer-adatom-stacking-fault (DAS) model of Takay-
anagi et al.” has gained widespread acceptance. Vander-
bilt® suggests that the choice of the 7x7 reconstruction
rather than 5% 5 or 9x9 is determined by a competition
in the rest-atom layer (the layer beneath the outermost
one). Energy is saved by the formation of dimer-row
domain walls and the concomitant reduction in the num-
ber of DB’s. However, corner holes where domain walls
cross are energetically costly, limiting the number of
such walls. In this scheme the outermost (adatom) lay-
er, which is responsible for the now famous scanning-
tunneling-microscopy (STM) images of this surface,
plays only an incidental role in determining the surface
periodicity. To date, the complete underlying rest-atom
layer which contains the dimer-row domain walls has
never been observed.

In this Letter we present an STM study of the reac-
tion of Cl with the Si(111)-7x7 surface. The reactivity
of Cl and its ability to tie up DB’s allows the surface to
adopt structures which would otherwise be energetically
unfavorable. On a Cl-saturated and annealed surface
most of the adatom layer is stripped away, permitting us
to image and study the complete underlying Si rest-atom
layer for the first time. There are 7%7 domains within
this layer which are adjacent to domains that have re-
verted to a 1 x 1 unreconstructed surface. The juxtaposi-
tion of these reconstructed and unreconstructed domains
allows us to directly confirm the presence of the stacking
fault on the 7x7 surface. We also observe electronic
and relaxation differences between faulted and unfaulted
parts of the rest-atom area. The geometry of the 7x7
domains in this layer corresponds closely to that predict-
ed by the DAS model.

This work was performed using an STM similar to
that described by Demuth et al.* which was mounted in
an ion-pumped UHV chamber with a base pressure of
~1x107'% Torr. The 7x7 surface was generated by
heating a phosphorous-doped (1 @ cm) Si(111) wafer to
1050°C for 30 s. The Cl source was a AgCl electro-
chemical cell.’

Data presented here are of three types; standard STM
topographs taken in the constant-current mode, current-
voltage characteristics (I-V’s) performed using the
sample-and-hole technique developed by Feenstra, Stros-
cio, and Fein,® and local barrier-height images obtained
by applying a 1-kHz 10-mV (~0.15 A) dither to the z
piezo (the z direction is perpendicular to the surface) in
order to measure dI/dz using a lock-in amplifier.
Atom-resolved local barrier-height images have been re-
ported for one other system.” We will use one such im-
age here (Fig. 3) because it has better lateral resolution
and lower noise than our topographs of that area. Biases
to which we will refer are voltages on the sample with
the tip at ground. Hence, at positive bias electrons tun-
nel from the tip into empty states of the sample. Images
displayed here are uncorrected for thermal drift.

Within the DAS model the 7% 7 surface consists of a
two-layer reconstruction in which the rest-atom double
layer (shown in Fig. 1) is capped by an adatom layer
(not shown). The rest-atom layer consists of triangular
subunits with a 1 %1 structure which are either faulted or
unfaulted with respect to the bulk layer beneath. These
subunits are bounded by dimer-row domain walls which
intersect to produce holes at the corners of the cell. The
adatom layer consists of six adatoms arranged locally in
a 2x2 structure above the shallow hollows within each
triangular subunit.

To characterize the Cl-Si interaction we first studied
the adsorption at coverages below saturation. I-V curves
recorded at unreacted surface sites show peaks arising
from the adatom-DB states characteristic of the clean
surface.®® Over reacted sites the corresponding peaks
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FIG. 1. Schematic of the DAS rest-atom double layer show-
ing deep (4) and shallow (B) threefold hollows. The large
filled and open circles represent, respectively, the upper and
lower atoms (vertical separation 0.8 A) in the double layer.
Dots represent the atoms visible in the layer beneath the dou-
ble layer. The adatom layer (not shown) consists of a 2x2
structure centered on the shallow hollows.

are almost entirely absent and the /-V’s are similar to
those observed by Wolkow and Avouris® for NH;-
reacted sites. The absence of the DB state is reflected in
topographs taken below 1.5-V sample bias. At these
biases reacted sites appear darker (the tip moves towards
the surface) than unreacted ones. In this low-coverage
regime, Cl atoms, having reacted via the adatom DB
states, occupy on-top sites. Therefore, STM images of
the reacted surface retain the 77 structure irrespective
of whether we image Si or Cl states over reacted sites.
In topographs taken above 2 V, reacted sites appear
brighter than unreacted ones. We believe that tunneling
at these biases is into the tail of the Cl-derived o* state
which disperses in a band which extends from about 2.4
to 6 eV above the Fermi level and may be further
broadened due to hybridization with bulk states. '°

The surface was saturated with Cl and annealed at
470°C for two minutes. After the anneal the only Cl
species on the surface is one in which a single Cl atom is
bonded in an on-top configuration to each surface Si
atom.!' Subsequent I-V curves showed no dangling-
bond states or other sharp features, indicating that the
surface remained saturated with Cl. Because of the ab-
sence of states at low energy, biases of 2 V or higher
were used to avoid contact of the tip with the surface.

The 3D rendered topograph shown in Fig. 2 is typical
of the surface after a saturation-exposure and anneal cy-
cle. While substantial restructuring has occurred, the
saturated surface is manifestly still of 7x7 periodicity.
The area of Fig. 2 consists of triangular units bounded
by the same crisscross pattern of dimer-row domain
walls and corner holes that are observed on the unreact-
ed surface. On that surface, however, the triangular re-
gions would contain six adatoms. A few white pro-
trusions near corner holes are visible in the figure and ex-
tend about 2 A above the surface. These are the remain-
ing corner adatoms. The rest of the corner adatoms and
all of the center adatoms (in this area— other areas re-

FIG. 2. A topograph of the surface taken after a
saturation-exposure and anneal cycle. The large protrusions
near the corner holes are the only remaining adatoms. The
88x96-A2 area was recorded at 3 V with 0.35-nA tunneling
current.

tain some center adatoms as well) have been removed by
the CL

The structure below the adatom layer in the triangular
subunits of Fig. 2 should correspond to the rest-atom
layer of the reconstructed surface. In Fig. 3, a barrier-
height image from an area adjoining a 7x 7 area like the
one in Fig. 2, the atoms within one of these triangular

11

FIG. 3. A local barrier-height (dI/dz) image taken after
saturation Cl exposure and annealing, showing the stacking
fault. The area is 9857 A? and was taken with tunneling sta-
bilized at 0.5 nA and 3 V. The arrows point to areas discussed
in the text.
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subunits are well resolved, facilitating comparison with
the DAS model of this layer’s structure. Region i of this
image consists of 21 atoms close packed in rows of 6,
then 5, then 4, etc., to form an equilateral triangle. The
atoms are 3.7 A apart, in good agreement with the near-
neighbor distance in (111) planes of bulk Si. This struc-
ture corresponds to the structure of the triangular sub-
units of the DAS rest-atom layer (Fig. 1). Clearly, re-
gion i is half of a 7x7 unit cell from which 5 of the 6
adatoms have been removed.

With the adatom layer removed it is now possible to
directly study the rest-atom layer. Region ii of Fig. 3,
like region i, is a close-packed layer. In the DAS model,
triangular halves of the 7% 7 unit cell are referred to as
either “unfaulted” or “faulted” depending upon whether
their registry with the layer beneath is bulklike or shifted
with respect to the bulk positions. Thus, we expect the
line separating region i from ii to separate faulted and
unfaulted regions, an expectation that is confirmed by
extending into region i the lines ruled along rows of
atoms in region ii. These are the lines shown in Fig. 3.
The rows of atoms in region i fall between, not along,
these lines.

Region ii extends for nearly 100 A (not all shown in
Fig. 3) above region i. The size of this domain leads us
to assign it as unfaulted, and region i as faulted. Region
ii is thus a large domain of bulk-terminated, unrecon-
structed Si(111). To date, 6 of the 42 rest atoms in each
unit cell could be imaged through the adatom layer,®°%'2
and the locations of the others were inferred from the po-
sitions of the adatoms. Figures 2 and 3 are the first im-
ages, however, to show so substantial a portion of the
rest-atom layer, and the first to shown an extended
bulk-terminated domain with which to observe the regis-
try of an adjacent 7x7 cell. As such, it is the most
direct confirmation of the stacking fault on this surface.

Note in Fig. 3 that the atoms in the faulted region i
are round and distinct, while the pattern in the unfaulted
domain has a waffle-iron appearance. This waffle-iron
structure was characteristic of unfaulted domains wher-
ever they occurred, whether in the form of unrecon-
structed 1x1 domains or the unfaulted subunits of 7x7
cells. A 3D rendering of this waffle-iron pattern is shown
in Fig. 4(a), where it is apparent that the structure in
this image results from the existence of two kinds of
threefold hollows. Half of the hollows in Fig. 3, region
ii, are dark, corresponding to the deep hollows of Fig.
4(a). The other half are nearly as bright as the maxima,
corresponding to the shallow hollows of Fig. 4(a). This
pattern matches the model of the Si(111) rest-atom dou-
ble layer (Fig. 1) in which there are maxima correspond-
ing to the outer atoms, shallow hollows where the lower
atoms reside, and deep hollows which penetrate to the
next double layer. Thus, in the unfaulted regions, all the
atoms of the rest-atom layer are imaged.

However, in the faulted regions only the top atoms in
the double layer are imaged. This can be seen in the 3D
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FIG. 4. A comparison of (a) unfaulted and (b) faulted re-
gions of the Cl-passivated rest-atom layer, showing both shal-
low and deep hollows in the unfaulted, but not in the faulted
region. The images are 3D renderings of topographs taken at
2-V sample bias. The subatomic ripples in (a) are noise.

rendering of Fig. 4(b) where the atoms appear round
and well separated because the threefold hollows are all
comparably deep. As Fig. 1 shows, inequivalent hollows
should also exist in faulted regions. Why the different
appearance with no significant difference in the geometry
of the outermost layer? The presence of Cl on the sur-
face does not cause this difference since both types of
domains are Cl terminated. The extra intensity in Fig.
4(a) is localized in the region where bonds connect Si
atoms in the upper and lower halves of the double layer.
We believe the extra intensity is due to an electronic
difference in these bonds, which in faulted domains
eclipse their counterparts in the double layer beneath
(unlike the unfaulted domains, where they are stag-
gered). A state has been observed, nominally at 1.3 eV
but with small energy differences between the the faulted
and unfaulted sides, in I-¥’s on clean Si.® Like the state
which produces the additional intensity in Fig. 4, this
state is above the Fermi level and produces more current
in the unfaulted domains than in the faulted ones. It is
localized in the hollows between the adatoms, where the
rest-atom layer is visible. We believe this state is associ-
ated with the Si—Si bonds in the rest layer and is, apart
from a perturbation due to replacing adatom termination
with Cl termination, the state responsible for the addi-
tional intensity we see in the shallow hollows in unfault-
ed regions.

There is yet another difference between the faulted
and unfaulted domains. In topographs of the two (see
Fig. 2), the fault domains are 0.2 A higher than the un-
faulted ones. Since the only electronic state to exhibit an
asymmetry at positive bias is the previously mentioned
state at 1.3 eV and since this asymmetry would produce
a height difference of the opposite sign, it is likely that
this difference is due to geometry, not to an electronic
effect. We believe the height difference reflects an
enhanced outward surface-normal relaxation in the
faulted domains due to the steric interaction between the
Si—Si bonds in the rest layer and the eclipsed bonds in
the layer beneath. The relaxation has the same sign, but
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greater magnitude, than that recently inferred from
dynamical LEED analysis of the unreacted surface'® and
is consistent with an observed base-height difference in
STM images of that surface.'*

In this Letter, we have presented an STM study of the
Si(111)-7x7 rest-atom layer, the formation of which is
the basis for the reconstruction. This was accomplished
by reacting the Si(111)-7x7 surface with Cl which
stripped off the outermost adatom layer permitting the
first images of the complete underlying rest-atom layer.
The structure of this layer was observed to correspond
closely to that predicted by the DAS model. Parts of
this layer, passivated by Cl, have reverted to unrecon-
structed domains permitting the direct observation of the
misalignment of faulted portions of the 7x7 cell. STM
images of the rest-atom layer show both electronic and
structural differences between the faulted and unfaulted
subunits of the cell.

The variety of phenomena occurring in the interaction
of Cl and Si, and presumably also with other halogens on
Si, promises to be a fruitful area for future investiga-
tions. The STM, with its ability to obtain electronic and
barrier-height information as well as atomic resolution
topography, should make important contributions to our
understanding of these systems.
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FIG. 2. A topograph of the surface taken after a
saturation-exposure and anneal cycle. The large protrusions
near the corner holes are the only remaining adatoms. The
88x96-A2 area was recorded at 3 V with 0.35-nA tunneling
current.
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FIG. 3. A local barrier-height (d//dz) image taken after
saturation Cl exposure and annealing, showing the stacking
fault. The area is 98x57 A? and was taken with tunneling sta-
bilized at 0.5 nA and 3 V. The arrows point to areas discussed
in the text.



FIG. 4. A comparison of (a) unfaulted and (b) faulted re-
gions of the Cl-passivated rest-atom layer, showing both shal-
low and deep hollows in the unfaulted, but not in the faulted
region. The images are 3D renderings of topographs taken at
2-V sample bias. The subatomic ripples in (a) are noise.



