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Abstract

Intramolecular features (IMF) of a variety of individual Cg, molecules adsorbed on an Si(100)-(2 x 1) surface have been imaged
by scanning tunneling microscopy under ultrahigh vacuum conditions. Features of individual Cg, molecules clearly show the local
density of states superimposed on their cage structure. Both physisorbed (pre-annealed) and chemisorbed (post-annealed) species
have been imaged on the same surface, exhibiting characteristics that depend on their bonding nature. Intramolecular features of a
physisorbed Cgo molecule and of two chemisorbed molecules are presented.
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1. Introduction

C¢o molecules represent a third form of carbon,
in addition to the well-known planar graphite and
tetrahedral diamond. These molecules are unique
in that they consist of a spherical closed shell of
distorted sp? orbitals arranged in a soccer-ball like
carbon cage structure [1,2]. The bonds of the
carbon atoms belonging to a C4y molecule form
12 pentagons and 20 hexagons, resulting in a cage
structure having a diameter of 7.3 A and a van der
Waals diameter of roughly 10 A. Tt is of interest to
probe the local density of states (LDOS) across an
individual Cg, molecule and correlate it with the
type of bonding and site of adsorption on the
silicon surface. The experimental results, together
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with existing theoretical models, can then be used
to gain a better understanding of the silicon—Cgq
system. Scanning tunneling microscopy (STM) is
ideally suited to obtaining the LDOS across an
individual Cg4o molecule, as it can probe real-space
surface structure and electronic properties on an
atomic scale. The STM has been successfully used
to image Cg, molecules as well as higher-order
fullerenes, with special attention given to their
intramolecular features. Among the systems
studied are Cq4, monolayers grown on Au(111) and
Au(110) [3-9], Cu(lll) [10], Si(100) [117,
GaAs(110) [127, and Ag(111) [8]. None of the
published images, however, had a resolution high
enough to resolve clearly the local density of states
superimposed on the hexagonal and pentagonal
ring structures belonging to an individual Cg,
molecule.

In this Letter we present occupied state STM
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images of individual Cg molecules adsorbed on
an Si(100)-(2 x 1) surface, in which both adsorbate
and substrate features can be resolved. Images of
both physisorbed (pre-annealed) and chemisorbed
(post-annealed) Cg, molecules obtained on the
same surface reveal the local density of states of
individual adsorbates superimposed on their cage
structure. Our results, which are consistent with
recent scanning tunneling spectroscopy (STS)
measurements [ 13], show: (i) for a physisorbed
(type A) molecule, the observed intramolecular
features are very similar to the LDOS of the
highest occupied molecular orbital (HOMO) of a
free Cgg. (ii) For a molecule which is chemisorbed
on top of a single dimer (type B), its internal
structures still reflect the symmetry of a free Cg
HOMO, but its LDOS is reduced. (iii) For a
molecule which is chemisorbed at the missing-
dimer defect (type C), the intramolecular features
show that the electronic structure of the adsorbate
has been totally changed because of a very strong
adsorbate—substrate interaction.

2. Experiment

The experiments were conducted in an ultra-
high vacuum chamber with a base pressure of
8.0 x 107! Torr. n-type Si(100) wafers were used
as sample subsirates and were cleaned as pre-
viously described [ 14]. After cleaning, a submono-
layer of Cgy molecules was deposited on the sample
surface via sublimation at 280°C, The deposition
was performed in two steps. First, 0.02 monolayers
(ML) of C4 molecules were deposited on the
silicon surface at room temperature, after which
the sample was annealed to 600°C for several
seconds. After the sample cooled back to room
temperature, a second deposition of a 0.01 ML of
Ceo was made. This procedure provided both phy-
sisorbed (pre-annealed) and chemisorbed (post-
annealed) Cgy molecules on the same Si(100) sur-
face [14,15]. STM measurements were performed
in situ using a modified McAllister STM, equipped
with control electronics by Digital Instruments
(Nanoscope III). All images presented in this paper
were taken in the constant-current mode using
tunneling current of 1.0 nA and a sample bias of

—1.9V. The non-linear false color scale contrast
enhancement and low-pass filtering were used on
all images presented below in order to make the
surface atomic structure of the substrate and
the intramolecular features of Cg, visible
simultaneously.

3. Results and discussion

Fig. 1 shows a typical area of the Si(100)-(2x 1)
surface imaged after the two-step Cg, deposition.
One observes the Si(100) surface reconstruction,
characterized by a pairing of top-layer atoms to
form dimer rows on the surface. The “zigzag”
buckled dimers occur only in the vicinity of defects
[16] or adsorbates [14]. Each C,, molecule
appears as a bright, round shape against the (2x 1)
background. In agreement with our previous
studies [14,15], the physisorbed molecules
(labelled “A”) are found at the four-dimer sites
between the dimer rows, while the chemisorbed
molecules {labelled “B” and “C”) are bonded either
to one-dimer sites on the top of the dimer rows or
to missing-dimer sites, respectively. Note that the
size of the molecules is larger than their van der
Waals diameter due to tip—sample convolution.

Fig. 1. 30 nm x 30 nm STM image of an Si(100)-(2 x 1) surface
revealing both physisorbed (labelled “A”) and chemisorbed
(labelled “B” and “C”) Cg, molecules, obtained at a sample
bias {¥;) of —1.9 V and tunneling current (I,) of 1.0 nA.
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The contrast variations on top of each Cgy mole-
cule, however, are clearly resolved, as evidenced
by the images shown in the following figures. One
can rule out the possibility of tip artifacts in these
Images since every observed pattern of intramolec-
ular features is reproducible and has its own orien-
tation relative to the Si(100)-(2 x 1) surface. It is
important to point out that the same intramolecu-
lar features can be observed without contrast
enhancement and filtering.

Type A Cgq molecules display distinct intramo-
lecular features, including both striped and Cg
cage-like features with different orientations rela-
tive to the Si substrate. Since the type A molecules
are randomly distributed on the Si(100) surface,
some molecules are located at surface defects, such
as missing-dimer defects and C-shaped defects.
Previous STS study [17] shows that the electronic
structure of the missing-dimer defect is similar to
the ideal reconstruction, while the C-shaped defect
has a large density of electronic states at the Fermi
level. Therefore, it is possible that there is a charge
transfer from the C-shaped defect to the molecule
adsorbed on it, giving rise to the striped internal
structure [ 187]. This is reasonable because we find
only about 10% of the type A molecules show the
striped structures, while the Si(100) surface defect
density is about 15%. Given the random distribu-
tion of type A molecules, one can speculate that
most of the molecules are adsorbed on the defect-
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free surface. As shown in Fig. 4a, those with a
cage-like structure exhibit more detailed features
and are more common than the striped ones,
though the striped features appeared to predomi-
nate in previous studies of Cg, on Si surfaces
[19,20]. We believe they represent the type A
molecules adsorbed on the defect-free Si(100)-
(2 x 1) surface, where the Cz,—Si(100) interaction
is characterized by a dipole-induced dipole inter-
action [14,15]. Fig. 2a shows an image of such a
molecule located at a four-dimer site in between
two dimer rows. The internal structure of the
molecule is characterized by a central darker region
representing a hexagon which is surrounded by six
other dark regions comprising a sequence of
alternate hexagonal-pentagonal pattern rings.
Fig. 2b is a model of Fig. 2a showing the orienta-
tion of the C4 molecule relative to the substrate.
The pattern surrounding these rings, however, is
smeared out due to tip convolution effects as the
tip skims the cage structure along its side.

To understand the observed cage-like intramo-
lecular features, one should consider the bonding
strength of the adsorbate to the surface as well as
the Cg, molecule’s local density of states. For a
type A C4o molecule, the adsorbate—substrate inter-
action is rather weak, and has been explained in
terms of a dipole-induced dipole interaction.
Because of this weak interaction, the Cq, adsor-
bates are nearly free molecules. Indeed, the

Fig. 2. (a) 6 nmx6nm STM image showing a type A adsorbate, taken under the same conditions as in Fig. 1, with (b) a
corresponding model. The red lines on the model represent the bright areas on the STM image superimposed on the Cq, cage
structure. The red atom pairs represent the dimers on the Si(100)-(2 x 1) surface, while the blue atoms are the second-layer atoms.
Buckling of the Si dimers and surface defects seen in the STM image are not represented in the model. The artificial black dot near
the center of the molecule in the STM image corresponds to the center of the middle hexagon in the model.
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observed intramolecular features agree remarkably
well with the calculated LDOS of free Cqo HOMO
[21-23].

The intramolecular features are very stable over
the course of minutes in our experiments, indicat-
ing that the physisorbed Cg, molecules may not
rotate on the Si(100)-(2x 1) surface. This is a
surperising observation because it is known that
Ceso molecules rotate even in the bulk crystal at
room temperature. At present, the reason why the
physisorbed C4, do not rotate on Si{100)-(2 x 1)
is unknown. A detailed study is in progress.

In contrast to type A molecules, type B and C
molecules are covalently bonded to the substrate.
However, as shown in Fig. 3, the internal features
of type B molecules still reflect the symmetry of a
free Cqo HOMO, but the molecule’s apparent
height is smaller than those of type A molecules
and the features are more sharply defined. This
indicates that the LDOS of the HOMO is reduced
on a type B molecule. Each type B molecule is
bonded on the top of a single dimer, which suggests
that the = bond of the silicon dimer and one of
the Cg4, bonds have been broken to form Si—Cg,
covalent bonds [24]. As a result, the LDOS of the
HOMO is reduced, which causes the overall size
of the type B molecule to appear smaller. However,
the breaking of one of the 90 C-C bonds of a Cg,
molecule is just a perturbation of its electronic
structure. Accordingly, the intramolecular features
show that the spatial distribution of the HOMO
on the type B Cg, cage has the same general shape
as that of a free molecule.

Fig. 3. 6 nmx 6 nm STM image showing a type B adsorbate,
taken under the same conditions as in Fig. 1.

X. Yao et al. | Surface Science 367 { 1996) L85-L90

Fig. 4a shows three adjacent type C molecules
having two different intramolecular features
labelled “C,” and “C,”, which unambiguously elim-
inates the possibility that the observed intramolec-
ular features are derived from tip effects. Although
the intermolecular distance in Fig. 4a is less than
the van der Waals diameter, we do not think the
three molecules have polymerized because their
intramolecular features are identical to those
observed on isolated type C molecules (Figs. dc
and 4b), indicating the intermolecular interaction
is relatively weak. In addition, no time-dependent
features were observed while imaging these mole-
cules. Fig. 4b reveals a bright double “S” feature
on a C; molecule. However, this feature is replaced
by a bright single “S” and two stripes on the C,
molecule shown in Fig. 4c. Both C; and C, type
moiecules also show a dark “Y” feature. The
observed differences between C, and C, type mole-
cules are attributed to the different orientations of
the molecules relative to the substrate. It is interes-
ting to note that a local atomic rearrangement of
the Si(100) surface, which includes a missing-dimer
defect accompanied by two C-shape defects in the
neighboring dimer rows, can be found in the
vicinity of every type C molecule [14,157. This
indicates that type C molecules form covalent
bonds not only with the second-layer Si atoms,
but also with the surrounding Si atoms in the first
layer. For example, a type C molecule may form
covalent bonds with the Si atoms at the end of a
dimer row, as well as the nearest Si atoms in its
neighboring dimer rows, causing a local recon-
struction of the Si surface.

As discussed above, the covalent bonds between
a type B molecule and the substrate can be treated
as a perturbation to the HOMO of a physisorbed
Cso- In contrast, type C molecules form covalent
bonds with both the first- and second-layer Si
atoms. Consequently, there are more covalent
bonds between the silicon substrate and a type C
molecule than for a type B molecule. For type C
molecules, more C-C bonds are broken to form
those covalent bonds, giving rise to a very strong
adsorbate—substrate interaction. The observed
intramolecular features demonstrate that the
adsorbate-substrate interaction plays a major role
in the electronic structure of type C molecules.
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Fig. 4. 10nmx 10 nm STM image showing three type C
adsorbates adjacent to each other, taken under the same
conditions as in Fig. 1. Note that the intramolecular features
on the C, molecules differ from those of the C, molecule,
eliminating the possibility that the observed intramolecular
features are derived from tip effects. (b) 6.2 nm x 6.2 nm STM
image showing a C, adsorbate, taken under the same conditions
as in Fig. 1. (¢) 59nmx59nm STM image showing a C,
adsorbate, taken under the same conditions as in Fig. 1.

4. Conclusion

High-resolution intramolecular features of Cgq
molecules physisorbed as well as chemisorbed on
a Si(100)-(2 x 1) surface have been presented. The
features represent the LDOS of the HOMO super-
imposed on the carbon-atom cage of the Cgq
molecules. It is found that the increasing adsor-
bate-substrate interaction causes changes in the
electronic structure of the Cgy. The high-resolution
images of the adsorbate on the background of the
substrate will make it possible to improve the
theoretical modelling of individual Cg, molecules
adsorbed on Si(100)-(2 x 1) surfaces. Such models
will pave the way for a better understanding of the
bonding nature between molecules and semicon-
ductor surfaces.
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