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Adsorption of C6o and Cs4 on the Si(100)2X 1 surface studied
by using the scanning tunneling microscope
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The adsorption of C60 and C84 on the Si(100)2X 1 surface is investigated by using the scanning tunnel-
ing microscope (STM) and the scanning tunneling spectroscope (STS). Both of the molecules occupy the
trough surrounded by four neighboring dimers. The results show that both C60 and C,4 form strong
bonds with the Si substrate. Multiple-layer adsorption of C60 and C,4 results in formation of ordered
crystalline islands with the fcc(111) configuration. The internal structures have also been observed for
the C60 and C,4 molecules of the first layer adsorbed on the Si(100) surface. In the case of the C,4 mole-
cules, those of the ordered multiple-layer surface also show similar internal structures. We take these
STM images as evidence that the rotation of the individual fullerenes is suppressed significantly on the Si
surface. Comparing with the theoretical results, these STM images are attributed to the reQection of the
partial charge density of the states of the molecule near the Fermi level. The electronic structures
characterized by STS are in good agreement with the recent theoretical calculation and show significant
charge transfer from the Si substrate to the adsorbates.

I. INTRODUCTION

The interest in C6o (Refs. 1 and 2) has been increasing
very rapidly in the last several years. Recently, the suc-
cessful isolation and extraction of larger fullerenes (C7o,
C76 Cs4 C9Q C96 etc. ) (Refs. 3 —6) has made it even possi-
ble to extend detailed study to these larger fullerenes. In
the last two years, C6o adsorbed on Au(111) (Ref. 7) and
(110), highly oriented pyrolytic graphite (0001), and
GaAs (Ref. 10) surfaces have been investigated by using
scanning tunneling microscopy (STM). While those sur-
faces are thought to be rather inert, it is well known that
there is a high density of dangling bonds on the
Si(111)7X7 (Ref. 11) and Si(100)2X1 (Ref. 12) surfaces.
Therefore, a considerable amount of charge transfer can
be expected in the case of fullerene adsorption on these Si
surfaces. Furthermore, Si is one of the most important
materials in the electronic device industry and semicon-
ductor physics, so that understanding the interaction of
C60 and other fullerenes with the Si surfaces is especially
important. In this paper, we present our recent study on
C6o and Cs4 adsorption on the Si(100)2X 1 surface using
the field ion —scanning tunneling microscope (FI—STM).

used. The main UHV chamber is pumped by a 1200 I/s
custom-design ion pump and the base pressure is below
3 X 10 "Torr. The pressure rise during the final anneal-
ing of the Si sample does not go beyond 1 X 10 ' Torr
with this well-designed, fast pumping system. The purity
of C60 and C84 samples is 99.5% and 98%, respectively.
The fullerene source is placed inside a small Ta-made
dispenser. After degassing the dispenser thoroughly in
the UHV chamber, it is brought near the clean
Si(100)2X1 surface and heated at proper temperatures,
i.e., approximately 330 C for C60 and 400 C for C84, to
evaporate C60 and C84 molecules. ' ' The clean
Si(100)2X 1 surface (Fig. 1) is obtained by repeatedly an-

II. EXPERIMENT

The experimental details of the C60 and C84 purifica-
tion, ' ' deposition, ' and STM instrumentation' have
been reported elsewhere and will not be described here in
detail. Briefly speaking, our FI—STM is a combination of
a high-performance scanning tunneling microscope
(STM) and a room-temperature field ion microscope
(FIM) which is used for the precise characterization of
the scanning tip and its atomic scale fabrication. To ob-
tain needed stability and excellent duty-cycle perfor-
mance, (111)-oriented single-crystal tungsten tips are

FIG. 1. STM image of the clean Si(100)2X 1 surface, showing
a very small defect density. (Sample bias V, = —1.6 V, tunnel-

0

ing current I, =20 pA, 92 X 92 A .)
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nealing the Si(100) wafer up to 1220'C. The defect densi-
ty is kept at less than 0.1% as shown in Fig. 1, in order to
ensure that the fullerene adsorption we have studied is
not inAuenced by the substrate defects.

III. RESULTS AND DISCUSSION

A. C6o adsorption on the Si(100)2X 1 surface

1. Initial stage

First, we present the initial stage of C6p adsorbing on
the Si(100)2X1 surface. Figure 2 shows C6o molecules
adsorbed on the Si(100)2X1 surface with 0.02 mono-
layers (ML's). C6o molecules are imaged as large bright
spherical protrusions. When we scan the surface at the
sample bias voltage smaller than 1.6 V, we occasionally
observed C6p molecules being dragged by the tip due to a
large band gap of C6p as indicated in the half-split images
of the molecules in Fig. 2. It can also be observed that
most of the C6p molecules are adsorbed in the trough
without any preference to the step edges or nucleation
into islands at defect sites. This adsorption behavior is
quite di6'erent from that on Au (Ref. 7) and Cu (Ref. 20)
surfaces where strong segregation is noted to the step
edge and shows that the C6p molecules strongly bond to
the Si substrate. The adsorption position is well defined
to be the center of four neighboring dimers (A in Fig. 4).
The nearest-neighbor distance (NND) of molecules under
this coverage is found to be 12 A, which is larger than
that (10.0 A) in the fcc bulk phase.

2. One monolayer

With a further increase in coverage to one monolayer,
the C6p overlayer shows local ordering, as shown in Fig.
3. The substrate Si dimer lines run in the diagonal direc-

FIG. 2. STM image of the Si(100)2X1 surface adsorbed
with approximately 0.02 ML of C«(V = 2.0 V I~ =20 pA,
270X270 A ).

50A

FIG. 3. STM image of the surface with the C«coverage of
approximately one monolayer. Square-type ordering with the
c(4X4) configuration can be observed in the upper part of the
image while the c(4X 3) quasihexagonal packing is in the lower
right of the image. The dark regions are the bare Si surface not
covered by C«( V, = —4.0 V, I, =20 pA).

tion in this image. The dark regions are bare patches of
the Si(100)2X1 surface. Two types of local orderings can
be observed in Fig. 3; one is the square type, which is
mainly located in the upper part of the image, and the
other is the hexagonal-like arrangement which is located
in the lower right of the image. Careful examination of
the STM images allows us to propose the following ad-
sorption model.

Figure 4 represents the adsorption position and the lo-
cal ordering based on the STM study. The hatched and
solid pairs of circles are the buckled Si dimers where the
hatched ones are lower Si atoms and the solid ones are
upper atoms. The large open circles are C6p molecules.
At first, C6p resides at position 3, which is the center of
four neighboring Si dimers, surrounded by eight Si
atoms. When the coverage slightly increases, the second
C6o may occupy position B [Fig. 4(a)] or B' [Fig. 4(b)].
The nearest-neighbor distance at submonolayer coverages
is determined to be 12 A by our STM images, slightly
larger than the spacing between 3 and B in the schematic
which is 10.9 A. The measured slightly larger NND sug-
gests the presence of the repulsive interaction between
neighboring C6p's, due likely to the result of charge
transfer from the Si substrate.

From the adsorption positions presented in Fig. 4, the
two types of local orderings observed by STM can be de-
rived naturally. The local ordering shown in Fig. 4(a)
represents the square-type arrangement: the c(4 X 4)
overlayer. The nearest-neighbor distance in this case is
10.9 A. The local arrangement shown in Fig. 4(b) forms
a quasihexagonal structure: the c(4X 3) structure. In this
geometry, the distance between A and A is 11.5 A and
the distance between 2 and B' is 9.6 A. The number
density of molecules is 1.13 X 10' /cm and
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(a) c(4x4)

(b) c(4x3)

~O OO OO OO OO OO
(c) side view

FIG. 4. Schematic of the adsorption position of the first layer
of C60 on the Si(100)2X1 surface: (a) represents the c(4X4)
configuration, (b) represents the c(4X 3) configuration, and (c) is
the side view of (a) and (b) at position A. Small open circles are
bulk Si atoms, hatched and solid circles are buckled Si surface
dimers with the solid circles representing the upper and the
hatched circles representing the lower Si atoms in the dimers.
The large open circles are C«molecules.

8.42X10' /cm for the c(4X3) and c(4X4) phases, re-
spectively. These values amount to 98% and 73% of that
of the fcc(111)surface of the C60 crystal(1. 15 X 10'"/cm ),
respectively. These strained structures of the first layer
on the Si(100) surface suggest that the bonding between
C6p and the Si substrate is much stronger than that
among C6p s.

3. Multiple layer

With a further increase of the coverage, C6p formed
multiple-layer islands after completing the first-layer
growth as shown in Fig. 5, which indicates that the
growth of C6O on the Si(100) surface at room temperature
is in the Stranski-Krastanov mode. The prominent or-
dered structure on these islands is the close-packed struc-
ture, which is the fcc(111)surface. The ordered structure
starts to form above the third layer under the present
conditions, as shown in Fig. 6(a), which shows a five-layer
island. The first layer and second layer in this image are
still somewhat disordered. But from the third layer up to
the fifth layer, the formation of the well-ordered hexago-
nal packing can be observed.

Figure 6(b) is its close-up view, showing the well-
ordered surface. We note that this surface exhibits uni-
form brightness for all molecules, implying a high degree
of order and symmetry. The nearest-neighbor distance is
measured to be 10.4 A in this case, which is still slightly

I I

200k.

FIG. 5. Large-scale STM image of the C60 multiple layers
grown on the Si(100)2X 1 surface (V, = —3.5 V, I, =20 pA).

larger than the reported value for the bulk (10.0 A), indi-
cating that the film is not completely relaxed yet. Besides
the (111) facet, the (100) facet is also occasionally ob-
served, showing that it is another energetically favorable
surface. Several kinds of defects, such as missing-
molecular defects and screw dislocations (Fig. 7), as well
as their mobile nature are occasionally observed, indicat-
ing that the C6p surface is quite mobile in the bulk.

4. Electronic structure

One of the most important observations we made is
that the internal structure can be observed in the first lay-
er of C6p. One can see in Fig. 8 that four lines are run-
ning parallel in each of the molecules. This kind of struc-
ture has never been reported so far by other groups. The
previously published results only claimed the observation

soA zoA

FIG. 6. (a) STM image of a five-layer C« island showing the
close-packed fcc(111) surface. (b) An enlarged STM image of
the top layer of the surface shown in (a), showing uniform
brightness of individual molecules ( V, = —3.5 V, I, =20 pA).
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of either hexagonal or pentagonal rings. ' ' However, a
recent theoretical calculation of the charge-density distri-
bution of Kawazoe's group supports our STM data.
Figure 9 shows the calculated distributions of the elec-
tronic density states of the C6O molecule on the
Si(100)2X1 surface with the c(4X3) configuration. It
can be clearly seen that the charge-density distributions
of the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) bands do ex-
hibit stripes similar to our STM images. Our STM image
is reflecting the local electronic density states near the
Fermi level, mainly, of the LUMO and HOMO states.

In order to further characterize the electronic struc-
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FIG. 7. STM images of several kinds of defects and facets.
(a) Four missing-molecule defects at the lower part of the image
( V, = —4.0 V, I, =20 pA) and (b) the same area as shown in (a)
imaged after 2 min (V, = —4.0 V, I, =20 pA), showing the
filling of the missing-molecule defects by other molecules. (c)
STM image of the fcc(100) facet at the right side of the (111)
facet, noting that the (100) facet is not parallel to the substrate
surface (V, = —3.5 V, I, =20 pA). (d) STM image showing a
screw dislocation ( V, = —3.0 V, I, =20 pA).
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FIG. 8. STM image of the first layer of the C«on the Si(100)
surface. The Si dimer rows of the substrate run in the diagonal
direction. The image shows some internal structures (mainly
four stripes running in parallel), rejecting the partial density of
states near the Fermi level.

FIG. 9. Calculated charge-density distribution of a C«mole-
cule in the t."(4X3) phase on the Si(100)2X1 surface (Ref. 22).
(a) Total charge density, (b) the 180th level charge density,
which is the HOMO band, (c) the 181st level charge density,
which is the LUMO band, (d) the 182nd level charge density, (e)
the 183rd level charge density, and (f) the 184th level charge
density.
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ture, scanning tunneling spectroscopy (STS) measure-
ments have been performed. Figure 10(a) shows the den-
sity of the electronic structure of the first layer of the un-
doped C6o on the Si(100)2X1 surface. The solid curve is
the experimental result and the dashed curve is the densi-
ty of states calculated by Kawazoe and Ohno, where
energy zero is taken at the Fermi level. Figure 10(a)
shows quite a good agreement between the experiment
and calculated results, even though considerable
differences are noted between our results and the elec-
tronic structures of the bulk C60 fcc crystal obtained by
photoemission spectroscopy, ' inverse photoemission
spectroscopy, and also by several other calcula-
tions. ' For example, the measured band gap in our
experimental results is approximately 0.9 eV. This is
quite smaller than that (1.6 eV) for the fcc crystal. The
differences in the electronic structures can be attributed
possibly to the difference between the lattice parameters
of C60 on the Si(100) surface and in the bulk fcc crystal,
instead of the charge transfer from the Si substrate. As
has been shown, the density of the C60 molecule on the
Si(100) surface is 8.42X10' /cm for the c(4X4) phase,
much smaller than that of the C60 bulk. So it can be con-
cluded that the strong bonding to the Si substrate which
produces the observed ordering of the C60 layer may
significantly inhuence the electronic structure.

Furthermore, our experimental results show that the
Fermi level is shifted towards the LUMO band due to the
charge transfer from the Si substrate, as shown in Fig.
10(a). This results in the metallic feature of the surface.
However, the charge transfer does not appear to cause
noticeable changes in the band structure itself. A similar
observation is made upon K doping [Fig. 10(b)]. Figure

10(b) is obtained after potassium doping of the C6o layer
with the ratio of K to C60 approximately to unity. It
shows that the Fermi level shifts higher by 0.5 eV due to
the electron donation from K. However, the band struc-
ture itself remains unchanged, consistent with the calcu-
lation. A detailed study of the electronic structure of
undoped and K-doped C6o layers on the Si(100) surface is
in progress and will be published elsewhere.

B. C84 adsorption on the Si(100)2X 1 surface

The C84 molecules are imaged significantly larger than
C60 in the STM image. Their diameter is approximately
10% larger than that of C6o. The C&4 molecules in the
first layer are strongly bonded to the Si(100)2X 1 surface,
mostly at the trough between dimer rows, and distribute
randomly on the surface without preference to the step
edge or nucleating into islands, similar to the case of C60.

0
The minimum separation is 14 A when the C84 number
density is small. However, the local ordering is less evi-
dent, as shown in Fig. 11, because of the larger misfit be-
tween the size of Cs4 and the Si(100)2X 1 unit size.

Furthermore, we have found that the ordered structure
cannot be observed for the multiple-layer adsorption of
Cg4 when the substrate is kept at room temperature dur-
ing C84 deposition. The C84 crystalline islands are suc-
cessfully formed, only when the substrate is heated at ap-
proximately 100—150 C during the deposition. Figure
12(a) shows a Cs4 crystalline island, which is about 3000
0
A in size. The close-up view of the ordered structure on
this island is shown in Fig. 12(b), detailing the hexagonal
lattice structure. To our knowledge, this is the first time
the crystal structure of C84 is observed by the STM. The
nearest-neighbor distance is determined to be 12. 1+0.2
A.

One important and interesting observation of the or-
dered structure is that the individual C84 molecules are
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FICr. 10. Scanning tunneling spectroscopy (solid curves) of
the (a) first layer of C«on the Si(100)2X1 surface, and (b) K-
doped C60 layer on the Si(100)2X 1 surface; the ratio of K to C60
is approximately one. The dashed curves are the calculated
density of states (Ref. 23). The energy is referred to the Fermi
level.

FIG. 11. The first layer of C84 on the Si(100)2X1 surface
( V, = —4.0 V, I, =50 pA).
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FIG. 12. {a) A large-scale STM image of a crystalline island
&2

( V, = —4.0 V, I, =50 pA, 3650X4000 A ). (b) A close-up view
of the ordered structure (V, = —4.0 V, I, =50 pA, 120X120
A ).

not imaged uniformly in image brightness, unlike the case
of the ordered C6O surface on the Si(100) surface (Fig. 6).
The height di(Ference between the highest and lowest im-
aged molecules is approximately 1.2 A. This observation
suggests that there are several types of stable C84 isomers
stably coexisting on the Si(100) surface, and they are not
completely spherical. In fact, direct computer searching
of structures by Manolopoulos and Fowler has derived
24 possible isomers of C84. NMR results have revealed
that the isolated C84 sample consists of two isomers. One
is the D2d structure, which is model no. 23 in Fig. 4 of
Ref. 29. Another one is one of the four isomers with Dz
symmetry presented in Ref. 29. However, since there are
four candidates for Dz, the determination of the existing
D2 isomer is still in controversy. The D2 (no. 5) model
proposed by Wakabayashi and Achiba ' according to
their ring stacking growth model, is supported by the cal-
culations of Saito and co-workers ' using the local-
density approximation, while the calculation by Wang
et al. " using the first-principles calculation and Ragha-
vachari using the modified neglect of differential over-
lap method supports the D2 (no. 22) structure which is
the lowest in energy. Saito et al. also calculated the
size of four C84 isomers with the D2 symmetry in three
twofold axes. The results show that the maximum and
minimum diameters for D2 (no. 5) are 9.38 and 6.53 A,

0
respectively, which is almost a 3-A difference, while the
D2 (no. 22) is rather spherical, the difFerence in the max-

0
imum and minimum diameters being only 0.7 A. Our
STM observation of the ordered C84 surface shows only

0
approximately 1.2 A in height difference. Our prelimi-
nary statistical analysis of the individual C84 molecules on
the Si(100)2X 1 surface shows less than a 10%%uo difFerence
between the maximum and minimum diameters and the

0
height is calibrated to be less than 8.6 A, assuring that
the height of C6o on the same surface is 7.1 A. ' We,
therefore, suggest that the no. 22 isomer proposed by
Ref. 34 is the most preferred C84 isomer with the D2 sym-
metry.

Figure 13 is the STM image of C84 showing the crystal-
line island with the hexagonal packing face (lower left) to-
gether with the square packing face (upper right). The
surface with the square structure is faceted by 25' with
respect to the hexagonal domain. This STM image clear-
ly shows, considering the relationship between these two

domains, that the C84 molecules form the fcc structure in
the solid phase, instead of the hcp structure.

In contrast to the case of C6O, the internal structures of
C84 are observed also at the surface of the crystalline is-
land, as shown in Fig. 14. We can see that stripes as well

. . ai

1

II&ii
'

I

mage of the ordered layer of C&4 revealing the
which indicates the C,4 molecules in

d without rotation ( V, = —2.5 V, I, =50 pA,

FIG. 14. STM i
internal structures
crystal remain fixe
120X 120 A ).

FIG. 13. (a) STM image showing an ordered crystalline is-
land with the hexagonal arrangement face together with the
square arrangement facet ( V, = —4.0 V, I, =50 pA) ~ (b) The

, schematic of the cross section of the two faces showing the an-
gle between these two facets to be 25'.
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ingly stable upon annealing until the temperature exceeds
1000 C. Above 1000'C, reactions with the Si substrate
occur, resulting in the formation of silicon carbide islands
on the surface (Fig. 15). A similar phenomenon was also
observed in the case of C60 adsorption on the Si(100) sur-
face. The detailed discussion on the silicide formation
will be reported later.

IV. CONCLUSIONS

FIG. 15. Large-scale STM image of SiC islands after anneal-

ing the C84 layer on the Si(100)2 X 1 surface at 1000 'C
( V, = —2. 5 V, I, =50 pA, 2000 X 2700 A ).

as several spots are imaged in individual molecules. Even
though the atomic arrangement of C84 cannot be derived
from this image, it implies that the C84 may remain fixed
in crystal without rotation. The orientation is somehow
disordered, indicating that the cohesive energy among
C84 molecules is diff''erent, depending on the molecular
orientation. Since the desorption temperature naturally
increases with increasing mass of fullerenes, ' internal
rotation of larger fullerenes may stop at room tempera-
ture.

A preliminary study is performed on the desorption of
C84 layers by heating the multiple-layer adsorbed C84 sur-
face successively up to 1300'C. The desorption of C84
multiple layers above the first layer occurs easily at ap-
proximately 400'C. However, the first layer is surpris-

Our STM results show the following.
1. Both C60 and C84 molecules bond strongly to the

Si(100) surface without any preference to the step edge or
nucleation at the defects in the first layer. The adsorp-
tion position has been determined to be the trough be-
tween dimer rows.

2. Multiple-layer islands are formed for both C6o and
C84 after completing the first layer. A well-ordered
fcc(111) phase structure could be observed on these is-
lands. The fcc(100) facet is also observed occasionally.

3. The electronic structures of the undoped and K-
doped C6O layers are measured using STS and compared
with theoretical calculations.

4. The internal structures of C6O and C84 in the first
layer are observed, reAecting the partial charge-density
distribution in the molecules. This is taken as evidence
that the rotation of the molecules stops on the
Si(100)2X1 surface. In contrast to the case of C60 in the
solid phase, the C84's in multiple-layer islands are not ro-
tating at room temperature.

5. The crystal structure of C84 is the fcc.
6. The no. 22 isomer of Ref. 29 is the most preferred

C84 isomer with the D2 symmetry among four possible
candidates.

7. The multiple layers of C6o and C84 can be desorbed
by heating the sample at modest temperatures. However,
the first layers of C6o and C84 can never be desorbed.
They appear to react with the Si surface at temperatures
above 1000'C, forming the SiC layer.
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Faculty of Engineering, Mie University, Tsu, Mie 514, Japan.
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