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We have determined the atomic structure of the Si(111)-(+/7x+/7)Co surface using scanning tunnel-
ing microscopy and ion scattering. The unit cell contains one surface substitutional cobalt atom centered
under a 6 silicon adatom cluster. High-temperature annealing produces a low density lattice gas of these
ringlike clusters, giving rise to an “impurity stablized 1x 1" structure. They occur for several other tran-
sition metals, suggesting a stable, universal, silicide related structure.

PACS numbers: 68.35.Bs, 61.16.Di

The atomic geometry of transition-metal- (TM-) sil-
icon structures at surfaces and interfaces is an issue of
both practical and fundamental interest. On the practical
side, TM silicides offer high-temperature materials for
silicon metallization as well as rectifying junctions with a
variety of Schottky barrier heights [1,2]. On the funda-
mental side, TM silicides offer single-crystal epitaxial
overlayers, from which the ideal properties of metal-
silicon interfaces can be probed [3]. The presence of
unfilled d-electron shells in these materials presents a
particular theoretical challenge [4-6].

Several superlattice reconstructions have been observed
in TM-Si(111) systems [7-9], yet the atomic structure of
none of these is known. Most TMs display strongly
exothermic reactions with silicon, forming a variety of sil-
icides with a propensity for epitaxy [10]. These observa-
tions suggest that TM-silicon surface reconstructions may
involve radical rearrangements of atoms, as opposed to
simple decoration of the substrate.

In this work, we have determined the atomic geometry
of the Si(111)-(~7x+/7)Co and *(cobalt) impurity stabi-
lized 1x1” structures using the complementary strengths
of scanning tunneling microscopy (STM) and medium
energy ion scattering (MEIS). The structure involves
substitutional metal atoms and clusters of silicon adatoms
in bridge-bonded sites, with a low overall density of dan-
gling bonds. The same structure occurs for several
different TMs. As such, it provides fundamental insight
into TM-silicon bonding in an environment of reduced
coordination.

The Si(111)-(v7x~/7)Co surface was prepared by de-
positing ~0.1 ML Co (1 ML=7.83x10'* atoms/cm?)
onto a clean Si(111)-(7x7) surface and annealing to
670°C. This produces a (~7x+/7)R19.1° structure (re-
ferred to below as +/7) coexisting with patches of the
clean (7x7) surface [11]. The low-energy electron dif-
fraction (LEED) pattern shows broad /7 spots, corre-
sponding to small ordered domains (~50 A), in agree-
ment with the STM images. In Fig. 1(a) we show an
empty states STM image of the /7 surface. The surface
unit cell is outlined, and contains one trigonal structure
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with maxima directed along the (110) azimuths. In the
matching unit cell of the filled states image [Fig. 1(b)], a
single maximum is observed, centered between the lobes
of the empty states. The V7 unit cell can occur with two
distinguishable orientations, rotated 19.1° relative to the
substrate. Whereas each unit cell displays three distinct
maxima at positive bias in the interior of a V7 domain,
this threefold symmetry is less pronounced at domain
boundaries and edges. Isolated unit cell clusters have a
ringlike appearance, similar to a tiny, well-formed bagel.
Figure 1(c) shows an empty states image obtained on a
V7 sample subjected to annealing at 1250°C. The
LEED pattern from this structure is (1x1), correspond-
ing to the so-called “impurity stabilized X1 surface

FIG. I. STM images of Co adsorbed on Si(111). (a) Empty
states image (+2.0 V) of the /7 surface with a single unit cell
outlined. Trimer lobes point in (110) azimuths. (b) Matching
filled states image (—1.8 V). (c) Empty states image (+2.2
V) of the (cobalt) “impurity stabilized 1 x 1> surface. It is a
lattice gas of the clusters coexisting with silicon adatoms. (d)
Like (c), at higher magnification. The (1x1) overlay shows the
registry of the clusters relative to the underlying substrate.
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[12]. The STM image reveals this to be a low-density
lattice gas of the cluster structures, with small domains of
the +/7 structure as well as isolated clusters.

Figure 1(d) is similar to Fig. 1(c), at higher mag-
nification. A (1x1) atomic overlay is shown to deter-
mine the registry of the cluster structures relative to the
underlying substrate. The Si adatoms, with local (2x2)
or c(2x4) symmetry, are aligned with T sites on the
overlay (the [112] direction was determined from a filled
state (7x7) STM image on the same sample). All clus-
ter structures center on a substitutional surface atom site,
both in the case of isolated structures and for the little V7
domain outlined in the lower right. A similar analysis for
isolated clusters adsorbed within (7x7) unit cells (not
shown here) reaches the same conclusion: The clusters
center on substitutional surface atom sites, suggesting a
substitutional site for the metal atom at the center of the
cluster.

To determine the structure in more detail we have per-
formed MEIS studies, using shadowing and blocking.
MEIS data were collected for 200 keV He™ using beam
doses of less than 10! ions/cm?. An ion scattered from
Co on the surface can exit in any direction. However, if
the Co is below the surface, the outgoing ion may be
blocked by Si atoms. Thus, from the occurrence and
directions of surface blocking minima the local bonding
geometry can be determined with high accuracy [13].
Similarly, a subsurface Co atom may be shadowed from
the incoming ion beam if the beam direction coincides
with a Si-Co internuclear direction. In this paper we re-
port the first observation of a metal blocking dip for a
metal-semiconductor surface structure, from which the
atomic structure is deduced. The absence of blocking
dips in MEIS work on other systems allowed one to elimi-
nate but not to deduce structural models [14,15].

In Fig. 2 we show the Co scattered intensity from the
V7 structure in two different geometries. With the ion
beam and detector rotated 6° out of the (112) scattering
plane, no blocking minimum is observed (squares). Cir-
cles were measured in the (112) scattering plane, with
the ion beam aligned with the [311] channeling direction
and the detector with the [131] direction. Now, a clear
blocking minimum is observed at 31.5° from the surface.
This minimum immediately signifies blocking of Co by Si
atoms, placing the Co-Si internuclear axis at an angle of
31.5° from the surface in each of the (110) azimuths,
coincident with the orientation of the lobes in the STM
empty states images. The width of the blocking mini-
mum depends on the interatomic spacing. For larger
Co-Si distance, the blocking dip is narrower. The width
observed in Fig. 2 corresponds to a Co-Si spacing of
about 2.3 A. In addition, the scattered intensity outside
the blocking minimum is reduced relative to the out-of-
plane geometry, indicating shadowing along the incoming
ion beam direction.

Based on the above observations we arrive at two possi-
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FIG. 2. Ion blocking profiles for Co atoms in the /7 surface
show a blocking dip in the [131] direction at 31.5° from the
surface, with significant lowering at the shoulders due to sha-
dowing (circles). By rotating the sample azimuth, an isotropic
yield is observed (squares), free of shadowing and blocking.
Calculated yields are shown for two candidate structures based
on 3-adatom clusters (dashed line) and 6-adatom clusters (solid
line).

ble unit cell structures, which we further reduce to one as
described below. From the Co coverage required to satu-
rate the surface with the +/7 structure (0.12-0.14 ML),
we know that there is one Co atom per unit cell. We also
know that this Co atom is surrounded by at least three Si
adatoms, one along each (110) azimuth at 31.5° above
the cobalt. The STM images suggest that the Co atom
occupies a substitutional site in the Si(111) surface. A
schematic picture of a /7 arrangement of such 3-adatom
structures is shown in Fig. 3(a). Assuming two orienta-
tional domains of 3-adatom clusters differing by 180° az-
imuthal angle, one type of domain would give rise to
blocking without shadowing, the other type would give
rise to shadowing without blocking. Alternatively, the
structure may contain three additional Si atoms, as de-
picted in Fig. 3(b): Each Co atom is surrounded by six
Si adatoms. In the 3-adatom structure, the Si adatoms
are bridge bonded with two dangling bonds each. The
addition of three more Si adatoms removes these dan-
gling bonds, as well as three additional dangling bonds
from the substrate, reducing the number of dangling
bonds per unit cell from nine to three. Both shadowing
and blocking now occur in each unit cell. Since the
scattering from the two types of domains in structure
3(a) is independent, the absolute yield reduction due to
shadowing is equal to the absolute yield reduction due to
blocking (due to time-reversal symmetry of the ion tra-
jectories). In structure 3(b), on the other hand, Co
atoms that are already shadowed from the incoming
beam are furthermore blocked on the outgoing path.
Thus, the relative yield reduction due to shadowing
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FIG. 3. Models for the 7 surface based on (a) 3-adatom
clusters and (b) 6-adatom clusters. lon scattering results sup-
port only the model with 6-adatom clusters.

should equal the relative yield reduction due to blocking.
Inspection of the data reveals that the relative and not the
absolute yield reductions are equal. To demonstrate this
quantitatively, ion scattering simulations were performed
for both structures. By varying the relative Si-Co vibra-
tional amplitude the degree of shadowing (yield reduction
outside the blocking dip) can be fitted for each model.
The depth of the blocking minimum is then automatically
determined and is not a free variable. We find that the
6-adatom model (solid line) is in excellent agreement
with the data, while the 3-adatom model (dashed line)
grossly overestimates the depth of the blocking minimum.
We conclude that only the 6-adatom structure is con-
sistent with the data.

We find an analogous blocking dip for the cobalt stabi-
lized (1x1) surface with a cobalt coverage of 0.04 ML,
showing that the local bonding configuration in the disor-
dered structure is identical to that of the +/7 structure.
The latter is a crystallized version of the low-density
(1x1) structure.

Intriguing features of the STM images may now be un-
derstood. The 6-adatom structure is threefold symmetric,
with three fully coordinated “‘bridge adatoms” and three
undercoordinated ‘“‘cap adatoms,” This symmetry is ap-
parent in Fig. 1(a), where the three lobes in each unit cell
derive from empty states on the cap adatoms. The single
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lobes in the filled states image [Fig. 1(b)] appear to
derive mainly from filled states on the Co atom. Recent
calculations showing Co-derived filled surface states on
the CoSi,(111) surface support this interpretation [16].

We note that the substrate allows two equivalent rota-
tional orientations of the cluster. For clusters that are
close packed in the V7 structure, a single orientation pre-
vails, and the threefold symmetry is observed. On the
other hand, clusters on the edge of a +/7 domain, or en-
tirely isolated, take on a ringlike appearance, with a weak
sixfold symmetry. This may reflect a switching between
the two orientations that is rapid on the time scale of the
STM imaging process. This switch may be accomplished
with only a small change of nuclear positions. Indeed,
the MEIS data are best fitted by a superposition of two
blocking dips 1.5° apart, one for each orientation of the
6-adatom cluster. This switching back and forth between
two equivalent structures is similar to what is observed on
the Si(001)-(2x1) surface [16]. It is also possible that
the isolated 6-adatom cluster is actually sixfold sym-
metric, with a strong rn-bonding component. In this
description, the observed threefold symmetry of the
close-packed clusters may result entirely from interac-
tions between clusters.

The atomic arrangement determined for Co appears to
be quite general for TM-silicon surfaces. Ringlike struc-
tures very similar to those in Fig. 1(c) have been observed
on Si(111) with Ni in the (~19%+/19) structure [8], and
for very low Pd coverages [17]. Such structures are often
inadvertantly produced through trace metal contamina-
tion [18]. The image of the (1x 1) structure presented in
Fig. 1(c) shows both the severe disorder and the atomic
origins of impurity stabilized Si(111)-“(1x1)" surfaces.
It is seen that transition-metal adsorbates can inhibit
long-range ordering of surface structures at a coverage
below the detection threshold for many techniques.

We note that the local environment of cobalt in the
Si(111)-(+/7x~+/7)Co structure is similar to that in bulk
and interface silicide structures [19-211. The six silicon
neighbors to cobalt in the /7 structure comprise a Si-M-
Si triple layer with 2.3 A bond length, similar to bulk
CoSi,. In the /7 structure the coordination of the metal
atom is only 6 (instead of 8 in CoSi,), however, this may
be compensated by back-bonding charge from the three
capping adatoms in the cluster, since they carry dangling
bonds. In this sense, the /7 structure may be viewed as
an intermediate structure between the clean surface and
the fully developed Si(111)/CoSi; interface, and already
exhibits many features of the latter.
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FIG. 1. STM images of Co adsorbed on Si(111). (a) Empty
states image (+2.0 V) of the V7 surface with a single unit cell
outlined. Trimer lobes point in {110} azimuths. (b) Matching
filled states image (—1.8 V). (c) Empty states image (+2.2
V) of the (cobalt) “impurity stabilized 1x1" surface. It is a
lattice gas of the clusters coexisting with silicon adatoms. (d)
Like (c), at higher magnification. The (1% 1) overlay shows the
registry of the clusters relative to the underlying substrate.



