
PHYSICAL REUIE%' B VOLUME 49, NUMBER 11 15 MARCH 1994-I

Temperature effects of adsorption of Ceo molecules on Si{111)-(7X 7) surfaces
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The adsorption of submonolayer Cso molecules on Si(111)-(7x 7) surfaces, deposited at room
temperature and then annealed to various elevated temperatures, is studied using scanning tunneling
microscopy. For room temperature adsorption, the C60 molecules were observed to favor bonding
to adatom bridge sites within a triangular half cell. After annealing to 600'C, however, they were
found to bond dominantly to adatom or restatom sites. The adsorbate-substrate interaction at
room temperature is characterized by charge transfer from the substrate to the molecules. After the
annealing process, however, the adsorbates bond covalently to the substrate. It is found that the
desorption of the submonolayer adsorbates due to the annealing process is minimal. The surface
diffusion of the adsorbates begins when annealing the sample to 700'C, at which point the initial
clustering of the adsorbates takes place. When annealing the sample to 850'C, the C60 molecules
decomposed on the sample surface and reacted with the Si atoms to form SiC islands.

I. INTRODUCTION

Fullerene-substrate interactions have attracted much
attention in recent years since the discovery of a method
for synthesizing mass quantities of Cso (Ref. 1) and the
development of other related fullerene materials. Scan-
ning tunneling microscopy (STM), with its ability to
probe surface structural and electronic properties on an
atomic scale, has been used to study the adsorption of
fullerene molecules, and the growth of fullerene Alms, on
a variety of solid surfaces including metal and semi-
conductor substrates. Silicon surfaces, due to their
inherent scientific interest and technical importance, have
been popular substrates for studying the interaction of
ful]erenes wjth semiconductor surfaces io 14

Two recent STM studies of the adsorption of
Cso molecules on Si(111)-(7 x 7) surfaces at room
temperature ' showed the relatively strong interac-
tion between these molecules and the surface, where the
C6p molecule appeared to be immobilized. In particular,
Wang et OL showed that among several available ad-
sorption sites on the (7 x 7) unit cell, the Ceo molecules
adhere most often to the center site of each triangular
subunit cell, which is surrounded by three Si adatoms
and does not have a Si restatom at its center. In an-

other study, Xu, Chen, and Creager studied the growth
of crystalline Cso islands on Si(111)-(7x 7) substrates.
They observed that the C6p islands were oriented pri-

marily in two distinct directions. Based on their results,
they proposed a model of interface disorder-order transi-
tion associated with the pinning of C6p molecules at the
surface (7x 7) corner holes and bonding to adatom bridge
sites. These studies provided important information re-

garding Ceo adsorption properties on Si(ill)-(7 x 7) sur-

faces at room temperature. However, details of bonding
properties, as well as the nature and strength of the in-

teraction between the Cso and Si(111)-(7x 7) surfaces,
left some questions unresolved. In particular, little work

was conducted on the adsorption of C6p molecules on

Si(111)-(7x 7) surfaces at elevated temperatures.
In this paper, we present a study of the adsorption

of submonolayer Css molecules on Si(111)-(7x 7) sur-
faces at room temperature and subsequent annealing
to various elevated temperatures. The results show
that the adsorbate-substrate interaction before and af-
ter the annealing processes is quite different. For room
temperature adsorption, the interaction is characterized
by charge transfer &om the occupied surface dangling
bond states to the lowest unoccupied molecular orbital
(LUMO) of Csp molecules. Also, the adsorbates are pref-
erentially adsorbed on the adatom bridge sites within a
half cell. After annealing the sample to 600'C the C6p
molecules bond to the middle adatoms and restatoms,
forming Si-C covalent bonds. Further annealing the sam-

ple to 700'C causes breaking of Si-Si bonds on the sub-
strate surface. At this temperature, the C6p molecules
with Si atoms bonded to them start to disuse, and form
clusters across the surface. Finally, when annealing the
sample to 850'C, the number of Si atoms bonding to the
Cop molecules is large enough that the molecules decom-

pose on the surface, and react with the Si atoms to form
SiC islands that are mostly located at step edges.

II. EXPERIMENT

The experiments were conducted in an ultrahigh vac-
uum (UHV) chamber with a base pressure of 5.0 x 10
Torr. Commercial n-type Si(111) wafers (phosphorus
doped, 0.005 0-cm) were used as sample substrates.
The clean Si(111)-(?x 7) surface was prepared by heat-
ing the sample to 1200 C with electron beam bombard-
ment on the back of the sample, rapid cooling to 900 C,
and slow cooling to room temperature. Pure ()99.8%)
C6p powder was deposited with a Knudsen cell equipped
with a BN crucible that was mounted 5 cm away &om
the sample, and outgased at 300 C for more than 24 h.
Submonolayer C6p molecules were then deposited on the
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sample surface via sublimation, typically at 280'C for
several minutes. The C6p coverage was measured directly
from STM images, assuming that one monolayer corre-
sponds to a fuH layer of Cep molecules on the surface, each
occupying one square nanometer area. An optical pyrom-
eter was employed to monitor the sample temperatures
during the annealing process while the chamber pressure
was maintained below 5.0 x 10 Torr. Annealing times
were typically 30 s. All STM measurements were per-
formed in situ at room temperature using a McAllister
STM (Ref. 15) equipped with electronics and software
from Digital Instruments.

III. RESULTS AND DISCUSSION

A. Adsorption at room temperature

Displayed in Figs. 1(a) and 1(b) are two STM to-
pographic images obtained sequentially from a Si(ill)-
(7 x 7) surface, following a deposition of approximately
a 0.05 monolayer of Csp molecules at room tempera-
ture. Figure 1(a) was acquired with a positive sam-
ple bias (+2.0 V, 100 pA), corresponding to tunneling
from the tip into the unoccupied states of the sample.
Figure 1(b) was acquired with a negative sample bias

(—2.0 V, 100 pA) where tunneling occurred &om occu-
pied states of the sample into the tip. In addition to
the well-resolved (7 x 7) symmetry on the Si(111) re-
constructed surface, the images also show the adsorbed
C6p molecules, which appear as protrusions on top of the
surface in either sample bias. Note that the apparent
discontinuities around the adsorbates are caused by the
image processing method used to enhance the contrast
of the images. This method allows for the observation of
the top of the adsorbates while retaining a large contrast
of the background surface. The C6p adsorbates appear to
be randomly distributed across the surface, and mostly
isolated. This indicates a relatively strong adsorbate-
surface interaction, which can be contrasted to the case of
GaAs(110) surfaces where the Csp molecules form mono-
layer islands. Only a few percent of the C6p molecules
are observed to adsorb on the (7 x 7) corner hole sites,

consistent with the observation of Wang et aLii Because
of the large apparent size of the adsorbates, it is not im-
mediately obvious where their bonding sites are unless
they bond to the highly symmetric locations such as the
corner hole sites.

Figure 2 shows a schematic of a unit cell of the dimer-
adatom-stacking fault (DAS) model of the Si(111)-(7x 7)
surface, consisting of 12 adatoms within a unit cell.
The six adatoms around the corner holes are the cor-
ner adatoms and the other six are the middle adatoms.
Each of these adatoms is bonded to three atoms in the
surface double layer. There is a partial stacking fault
in the double layer that generates the faulted and un-
faulted sides of the unit cell. The Si atoms in the top
of the double layer are the restatoms. There are 19 dan-
gling bonds in one unit cell, 12 from the adatoms, six
from the restatoms, and one deep inside the corner hole.
Also shown in this 6gure are some dimensional details of
the (7 x 7) unit cell and several available bonding sites for
Csp molecules. These sites are adatom sites (A), adatom
bridge sites (B),corner hole sites (C), restatom sites (R),
and the center sites of triangular half cells (M). It has
been shown in previous studies, ' and observed in our
images, that the C6p molecules have similar sticking prob-
abilities on either the faulted or unfaulted halves of the
unit cell. Therefore, the correspondent sites of faulted
and unfaulted half cells for C6p molecules could be con-
sidered to be equal.

The well-resolved substrate (7 x 7) symmetry in the
STM images can be used as a scale reference which al-
lows one to determine the bonding positions of the C6p
adsorbates on the surface. This is demonstrated in Fig.
3 which shows an image of individual C6p molecules ad-
sorbed on the Si(ill)-(7 x 7) surface. Figure 3(b) is a
cross section profile along the line I lof the ima-ge shown
in Fig. 3(a). The distance from the center of the corner
hole A to the center of the corner hole B is 46.56 A, while
that &om the center of the corner hole D to the position
of the Csp molecule C is 35.49 A, indicating that this
molecule is bonded to the position corresponding to a
restatom site R (see Fig. 2). Several individually ad-
sorbed C6p molecules located at difIerent bonding sites
are shown in Fig. 1(a), where the white triangles and

FIG. 1. STM images of a Si(ill)-(? x?)
surface with 0.05 ML C60 molecules deposited
on it at room temperature. (a) was acquired
with a sample bias of —2.0 V and a tunneling
current of 100 pA. (b) was acquired with a
sample bias of +2.0 V and a tunneling current
of 100 pA.

(b)
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FIG. 2. A schematic of a unit cell of the Si(11.1)-(7 x 7)
DAS model. Some dimensions of the unit cell and several
possible C60 adsorption sites are also shown.
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FIG. 3. (a) A STM image of a Si(111)-(7x 7) surface with
isolated Cqo molecules adsorbed on it. (b) A cross section pro-
file of the line L Lshown in (a). The k-nown distance between
A and B is used as a reference to measure the distance be-
tween C and D, which determines the adsorption position of
the C6o molecules in the unit cell.

lines help to determine the symmetries of these bond-
ing sites. Using the method illustrated in Fig. 3, we
find from Fig. 1(a) that the Cso molecule labeled A is
bonded on top of one middle adatom, the one labeled B
is bonded to the bridge site of two middle adatoms, and
the one labeled M is located at the center of the trian-
gular half cell. The molecule labeled C is clearly bonded
at a corner hole site.

Although some Cep molecules are found to bond to var-
ious bonding sites on the surface when deposited at room
temperature, most are found to bond to the asymmetric
positions which are not on any of the diagonals of (7 x 7)
unit cells. One of these adsorbates is labeled I in Fig.
l(a). Careful inspection of the STM images shows that
these Cep molecules are bonded to the positions corre-
sponding to the bridge sites between one corner adatom
and one middle adatom. This result indicates that when
the Cso molecules adsorb on Si(ill)-(7 x 7) surfaces at
room temperature, the favored bonding sites are those
of adatom bridge sites within a triangular half cell. In
fact, very few Cep molecules adsorbed on the center of
the half cell (site M) at room temperature have been
observed in our experiments. Also, almost no Cep ad-
sorbates are found at the positions on the short diagonal
of the (7 x 7) unit cell. The observations in our experi-
ments suggest that the Cso-Si(111)-(7 x 7) interaction is
somehow related to the dangling bond surface states, and
is not van der Waals in character. Had the latter been
the case, the adsorbates would have favored those surface
sites that have a large coordination factor such as C or
M sites. The bonding probabilities of Cep molecules on
a variety of surface sites, therefore, seems to be propor-
tional to the density of dangling bonds on the surface.

A photoemission and inverse-photoemission study of
Cep deposited on different metals by Ohno et al. re-
vealed that the energy levels derived &om the Cep are
aligned with the substrate Fermi level (Ef) The cente. r
of the band derived from the highest occupied molecular
orbital (HOMO) of deposited Cso was about 2.25 eV be-
low Ef. Therefore, for an approximate 1.6 eV energy gap
between the HOMO and the LUMO of Cep, the LUMO
aligns close to and below Ef, resulting in charge transfer
from the substrate into the LUMO of the adsorbed Cep.
For the Si(111)-(7x 7) surface, the high local density of
states throughout the gap, which strongly pins the Fermi
level near the midgap, makes the surface metalliclike. Lo-
cal tunneling spectroscopy measurements show that the
adatoms of the (7 x 7) unit cell give rise to substantial
tunneling currents even at a very low bias, indicating
that they have a high density of states near Ef and are
the origin of the surface metallic property. In analogy to
the adsorption of Cep on metal surfaces, we believe thai
the Cso-Si(111)-(7 x 7) interaction at room temperature
is similar to that of Cep-metal interaction, which is char-
acterized by a charge transfer accompanied by a mixing
of the LUMO level with the local surface states associ-
ated with the dangling bonds on the surface. As shown
in Fig. 1, each triangular half cell can be occupied by
only one Cep molecule, although the six adatoms in a
half cell provide, at most, three X sites which may ac-
commodate three adsorbates. This result implies the ex-
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istence of repulsive forces between the adsorbates, which
may originate &om the charge transfer &om the surface
states of the Si(ill)-(7 x 7) substrate into the LUMO
of adsorbates. An occupation of two adsorbates in one
half cell is quite rare in this coverage, and only one has
been observed in the room temperature deposition case
[indicated by an arrow at the bottom of Fig. 1(a)).

A study of Ceo adsorption on Si(100)-(2x 1) surfaces~4
revealed that for a deposition at room temperature,
the adsorbates exhibited certain surface diffusion (on a
nanometer scale) and preferred to adsorb at step edges
or defects, or even cluster at low coverages. In the case of
Csp adsorption on Si(ill)-(7 x 7) the Cso-surface inter-
action appears to be stronger, as can be seen in Fig. 1,
where most of the adsorbates are individually adsorbed
and randomly distributed on the surface. The fact that
there is no enhanced sticking of Cso at step edges is also
observed in these images. Figure 4 shows schematically
the energy level diagram of a Cso molecule on the Si(ill)-
(7x 7) surface, as well as on the Si(100)-(2x 1) surface. As
mentioned earlier, on the Si(111)-(7x 7) surface, the high
state density near Ef is contributed by the adatom dan-
gling bond state that has its highest state density about
0.15 eV below Ef. Therefore, when the LUMO of C6p
molecules aligns below the substrate Ey, charge transfer
&om these adatom dangling bond states to the LUMO
of the Cso could occur. In the case of the Si(100)-(2 x 1)
surface, however, the electronic structure is described by
an occupied m state below Ef and an unoccupied x* state
above Ef, and there is a surface-state band gap between
them. Here, Ef is pinned locally by surface defects. ~@

When C6p molecules adsorb on a defect-&ee region of a
Si(100)-(2x 1) surface, charge transfer from the substrate
is clearly less likely than for the Si(111)-(7x 7) surface,
because of the existence of the surface-state band gap
(see Fig. 4). In fact, it has been observed that the Cso-
Csp repulsive interaction on a Si(100)-(2 x 1) surface is
minimal. . The surface states near Ef derive &om sur-
face defects, and the charge transfer from these defect
states to the adsorbates may occur when they bond to
these defect sites. This explains why on a Si(100)-(2 x 1)
surface the C6p molecules prefer to stick to surface defects
or step edges.

It is of interest to compare the interaction strength of
Csp on different semiconductor surfaces. For GaAs(110)
surfaces, for example, there are no surface states within
the bulk band gap, the C6p-surface interaction is weak

and is van der Waals in nature, and the molecules
form ordered two-dimensional close-packed islands. For
a Si(100)-(2 x 1) surface, 1 ~ which has a small surface-
state band gap within the bulk band gap, the strength of
the C6p-surface interaction is increased, as evidenced by
the small surface mobility of the adsorbates and the local
ordering of adsorbates commensurate with the substrate
structure that can be observed in high coverages. For a
Si(ill)-(7 x 7) surface, however, there is a high density of
surface states distributed across the bulk band gap, and
the C6p-surface interaction is even stronger, so that lit-
tle surface mobility is observed. Here, the interaction is
characterized by charge transfer from the dangling bond
surface states into the LUMO of the Cep molecules.

h
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FIG. 4. A schematic shows the energy level diagram of a
Ceo molecule on a Si(111)-(7x 7) surface (left-hand side) and
on a Si(100)-(2 x 1) surface (right-hand side).

FIG. 5. A STM image measured on the sample surface
shown in Fig. 1 following an annealing to 600'C.
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B. Annealing te 600'C and 700 C

The relatively weak C6o-surface interaction on
GaAs(110) surfaces allows the adsorbates to form mono-

layer islands on the surface even at room temperature.
It was expected, therefore, that annealing our samples
to higher temperatures would cause the adsorbates to
diffuse on the surface and to form C6O islands, or to ther-
mally desorb &om the substrate. Figure 5 is an STM im-

age acquired on the same sample surface shown in Fig. 1,
following an annealing to 600'C and subsequent cooling
to room temperature. Surprisingly, the image presents no
island formation, as the C60 molecules remain separately
adsorbed on the surface. The C6o coverage is measured
as 0.05 monolayers (ML), which is the same as before the
annealing, implying that the desorption of the Ceo from
the surface at this temperature is minimal. After the
annealing, however, some aspects of the adsorption are
found to differ from those observed before the annealing.

Figure 6 is a high resolution STM image measured on
the same sample surface of Fig. 5, where individually
adsorbed C60 molecules are shown. After the annealing,
these adsorbates are found to bond to positions on the
long diagonal of the 7x7 unit cell. A careful measure-
ment of the adsorption locations of some of these C6o
molecules reveals that they are located on the middle
adatom sites (labeled A) and restatom sites (labeled R).
Again, the white triangles and lines in the figure show

the symmetries of the adsorbates on the (7 x 7) unit cell.
Actually, the adsorbates labeled A are not exactly lo-

cated above the middle adatoms but rather shift about 1

A. toward the center of the triangular half cell. It is also
noted that few of the adsorbates are found to bond to
the corner adatoms at this coverage, indicating that the

C60 molecules preferably react with the middle adatoms.
Indeed, it was found in the study of the chemical reac-
tivity of Si(ill)-(7 x 7) surfaces that adatoms around
the corner hole are the least reactive among a variety of
chemically inequivalent surface sites on the surface.

Figure 7(a) is a STM image acquired with a sam-

ple bias of +0.5 V. As shown in the image, the sur-

face defect density appears higher in comparison with
the unannealed case (see Fig. 1). These defects appear
mostly in the vicinity of the Cso adsorbates (indicated
by dark arrows), indicating that the annealing process
promotes further interaction between the adsorbates and

the substrate, giving rise to these defects. Also, two Ceo
molecules bonded within one triangular half cell are of-
ten observed on the surface after the anneahng process.
These C60 dimers are aligned along the long diagonal of
the (7 x 7) unit cell [see Dl and D2 in Fig. 7(a)j. Figure
7(b) is a surface height profile along the line L Ls-bown
in Fig. 7(a), which allows us to determine the bonding
sites of the molecules in the C60 dimer. It is found that
one adsorbate (C) bonds to a position 28.3 A. away from
the corner hole B and the other one (D) bonds to a site
that is 37.0 A. away from the corner hole B. A mapping
of these locations to the substrate (7 x 7) unit cell shows
that the C and D molecules of the Dl are located above
a middle adatom and a restatom, respectively, but both
shift about 1.5 A along the long diagonal of the unit cell
toward the closer corner hole. The same measurements
from two Dl C6p dimers in the image give the same re-
sults, indicating that the shift is not due to experimental
artifacts. If that were the case, the two D1 dimers would
shift in the same direction, yet the observation is that
one shifts downward and the other shifts to the left. The
intramolecular distance between the two C60 molecules of
Dl is 8.7 A. , which is even smaller than that of the Cso fcc
close-packed distance. Note that defects are usually cre-
ated around the D1 dimers and the isolated adsorbates.
From these results, obtained after the annealing process,
we deduce that the annealing process involves the for-
mation of covalent bonds between the surface Si atoms
and the adsorbates. In the C6o dimer labeled D2, one
of the molecules that appears larger is located at a posi-
tion corresponding to the top of the corner adatom. The
different apparent sizes of the adsorbates on the surface
may indicate a difference in the number of Si-C bonds
formed on these adsorbates.

Another fact worth noting is that after the annealing
process there are no C6o molecules adsorbed at corner-
hole sites, in contrast to the unannealed case where the
adsorption at these sites does occur. This result implies
that at room temperature, the C6o molecules that ad-
sorbed at these sites interact weakly with the substrate.
The measurements of C60 coverages on the surface shows
that there are no noticeable differences before and after
the annealing process, indicating that the C60 molecules
that adsorbed at these sites diffused to other low energy
bonding sites during the annealing process, instead of
desorbing from the surface.

~ K

FIG. 6. Two STM images of individually
adsorbed Cso xnolecules on a Si(111)-(7x 7)
surface of the same sample surface shown in

Fig. 5.

(a) (b)



TEMPERATURE EFFECTS OF ADSORPTION OF C60. . .

46.66k 67.0A

islands are located mostly at the step edges, have roughly
a triangular shape [see Fig. 9(b)], and are oriented with
their edges parallel to the substrate [112]directions. An-
other feature noted in the image is that the monatomic
steps on the substrate, compared to the room tempera-
ture and to the lower annealing temperature cases, are
converted to groups of steps consisting of two or more
monatomic steps, indicating the disappearance of layers
of surface silicon atoms. It is possible, therefore, that
these islands are SiC clusters on the substrate, formed
from the decomposition of Cso molecules and the released
carbon atoms reacting with the Si substrate. The pres-
ence of the SiC clusters at the substrate step edges is
probably due to the clusters pinning the steps, as is com-
monly observed on imperfectly cleaned Si surfaces.

Figure 10 is a contrast enhanced STM image of the
surface where the total gray scale range has been divided
into three ranges which, from low to high, are labeled 1,
2, and 3. In this image, the substrate (7 x 7) symmetry
is resolvable and a (7 x 7) unit cell is shown. Besides

L

FIG. 7. (a) An image taken from the same sample surface
of Fig. 5 showing the C60 dimers on the surface and the
surface defects created around the adsorbates. (b) A cross
section profile of the line I Lin (a). -

Displayed in Fig. 8 are two STM images obtained Rom
a sample surface which is prepared under the same condi-
tions as the sample surface shown in Fig. 1, except being
annealed to 700'C. Even at this temperature, no C60
decomposition has been observed, and these molecules
remain intact and 6rmly anchored to the surface. While
the adsorption features of the C6O molecules on the sur-
face are very similar to those after annealing to 600'C, a
higher density of C60 dimers and larger molecular clusters
are observed on the surface. The clustering of the adsor-
bates indicates that the annealing process causes some
surface diffusion of these adsorbates. Also, more defects
appeared across the substrate surface, implying that the
difFusion is probably due to the breaking of surface Si-Si
bonds other than the C-Si bonds between the C6o and the
surface. The missing surface Si atoms may have attached
to the C60 molecules, forming a Si-C6o compound.

C. Annealing to 850 C

Figure 9 shows two images taken on the same surface of
the sample shown in Figs. 1 and 5, following an anneal-
ing to 850 C for 20 s. The images show that islands are
formed on the surface after the annealing process. The

FIG. 8. Two images measured from a Si(111)-(7x 7) sur-
face with submonolayer C60 molecules deposited on it at room
temperature and subsequently annealed to 700 'C.
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(a)
FIG. 9. Two images taken from the same sample surface

of Fig. 5 after annealing the sample to 850 'C.

the SiC islands formed on the surface, some islands con-
taining ball-like features are also presented (indicated by
arrows). These ball-like features are believed to be the
intact C6p molecules. The intermolecular distances of
the several undecomposed Cse molecules (indicated by a
dark arrow) measure about 17 A. , implying that Si atoms
may bond between them. One can envision that dur-
ing the annealing process, the C6p molecules act as a ball
rolling on the Si surface. Because a Si-C bond is stronger
than a Si-Si bond, at this elevated temperature, the Si-Si
bonds of the surface Si atoms will break and the released
Si atoms will bond to the C6p. When the number of Si
atoms attached to a C6p molecule is small, they will form
islands of a Si-Cse compound. However, when the num-
ber of Si atoms sticking to a C6p molecule is large, the
stress on the molecule would be high enough to open the
C6p cage, and the molecule will decompose, forming SiC
islands on the surface.

IV. CONCLUSION

In this work, we studied the adsorption of C6p
molecules on Si(111)-(7x7) surfaces at room temperature
with subsequent annealing to elevated temperatures. For
room temperature adsorption, the C6p molecules prefer-
entially adsorb on the bridge sites of the adatoms within
a triangular half cell. Compared to Si(100)-(2 x 1) and
GaAs(110) surfaces, the Si(111)-(7x 7) surface has a
stronger interaction with the C6p molecules. After an-
nealing the samples to 600 C, the adsorbates are domi-
nantly bonded to the middle adatoms or restatoms. It is
found that the annealing promotes the adsorbate-surface

FIG. 19. An image measured from the same sample sur-

face of Fig. 9.

interaction, and is accompanied by the generation of sur-
face defects in the vicinity of the adsorbates. When an-
nealing the samples to 700'C, the adsorbates start to
diffuse across the surface with Si atoms being attached
to them, and an initial clustering of the adsorbates starts
to take place. Annealing the sample to 850'C causes the
C6p molecules to decompose and form SiC islands on the
substrate. This study may open a potential new method
for growing SiC Alms using fullerene materials.

ACKNOWLEDGMENTS

We would like to acknowledge the assistance of Jian
Chen and Rick Workman in the construction and techni-
cal support of the system hardware and software, and D.
R. Huffman and L. D. Lamb for providing the C6p sam-
ples. This research is supported by the Ballistic Missile
Defense Initiative, the National Science Foundation, and
the Air Force OfBce of Scientific Research.

W. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R.
Hulfman, Nature $47, 354 (1990).
R. S. Becker, J. A. Golovchenko, D. R. Hamann, and B. S.
Swartzentruber, Phys. Rev. Lett. 55, 2032 (1985).
R. J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Rev.
Lett. 5B, 1972 (1986).
R. M. Feenstra and J. A. Stroscio, J. Vac. Sci. Technol. 8
5, 923 (1987).
T. Chen, S. Howells, M. Gallagher, L. Yi, D. Sarid, D. I .

Lichtenberger, K. W. Nebesny, and C. D. Ray, J. Vac. Sci.
Technol. B 10, 170 (1992).
Eric I. Altman and Richard J. Colton, Surf. Sci. 2'FQ, 49
(1992).
Young Kuk, D. K. Kim, Y. D. Suh, K. H. Park, H. P. Noh,
S. J. Oh, and S. K. Kim, Phys. Rev. Lett. 70, 1948 (1993).
Y. Z. Li, J. C. Patrin, M. Chander, J. H. Weaver, L. P. F.
Chibante, and R. E. Smalley, Science 252, 547 (1991).
Y. Z. Li, M. Chander, J. C. Partrin, J. H. Weaver, L. P. F.



49 TEMPERATURE El SECTS OF ADSORPTION OF C6O. . . 7619

Chibante, and R. E. Smalley, Science 253, 42& (1991).
Y. Z. Li, M. Chander, J. C. Patria, J. H. Weaver, L. P.
F. Chibante, and R. E. Smalley, Phys. Rev. B 45, 13837
(1992).
Xiao-Dong Wang, Tomihiro Hashizume, Hisanori Shino-
hara, Yahachi Saito, Yuichiro Nishina, and Toshio Sakurai,
Jpn. J. Appl. Phys. 31, L983 (1992).
Tomihiro Hashizume, Xiang-Dong Wang, Yuichiro Nishina,
Hisanori Shinohara, Yahachi Saito, Young Kuk, and Toshio
Sakurai, Jpn. J. Appl. Phys. 31, L880 (1992).
Hang Xu, D. M. Chen, and W. N. Creager, Phys. Rev. Lett.
70, 1850 (1993).
Dong Chen and Dror Sarid (unpublished).

McAllister Technical Services, West 280 Prairie Avenue,
Coeur d'Alene, Idaho 83814.
Digital Instruments, Inc. , 520 E. Montecito Street, Santa
Barbara, California 93103.
K. Takayanagi, Y. Tanishiro, M. Takahashi, and S. Taka-
hashi, J. Vac. Sci. Technol. A 3, 1502 (1985).
T. R. Ohno, Y. Chen, S. E. Harvey, G. H. Kroll, and J. H.
Weaver, Phys. Rev. 8 44, 13747 (1991).
R. J. Hamers and U. K. Kohler, J. Vac. Sci. Technol. A 7,
2854 (1989).
R. A. Wolkom and Ph. Avouris, Phys. Rev. Lett. 60, 1049
(1988).




















