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Transition of an adsorption state of C60 on a Si„111…737 surface revealed by high-resolution
electron-energy-loss spectroscopy
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~Received 20 March 1997!

The interaction between C60 molecules and a Si~111!737 surface has been investigated for various stages of
C60 coverage by using high-resolution electron-energy-loss spectroscopy~HREELS!. In the case of 0.2- and
0.6-ML films, their HREELS spectra indicate the formation of chemical bonds between C60 molecules and Si
dangling bonds. After the completion of monolayer C60 coverage, anR-19° double-domain structure is formed
and its HREELS spectrum is quite similar to that of a monolayer C60 film grown on a MoS2 surface. This
suggests that bond breaking between C60 and Si triggers the transition of adsorption state from a low-coverage
disordered structure to theR-19° ordered structure.@S0163-1829~97!02040-7#
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Since the discovery of a method to synthesize la
amounts of fullerenes,1 many physical and chemical prope
ties have been studied extensively. In addition, epita
growth of fullerene films on various types of substrates
been attempted. Those works were motivated by technol
cal application of fullerene films to electronic devices and
basic research interest for crystal-growth mechanis
molecule-surface interactions, and so on. Among the var
substrates, a clean Si surface is interesting because it
vides an ordered dangling-bond structure. Investigation
the adsorption state of the C60 molecule on Si and an unde
standing of the C60-Si interaction are thought to be useful fo
the control of C60 growth on the technologically importan
material Si.

Recently Xu, Chen, and Creager observed anR-19°
double-domain structure in a C60/Si~111!737 system by
scanning tunneling microscopy~STM!.2 In addition, Sato,
Sueyoshi, and Iwatsuki have revealed that the C60 film forms
the R-19° structure at the coverage of 1 molecular lay
~ML !, while C60 molecules are adsorbed on other sites
lower coverage.3 This mans that the adsorption state chan
with the coverage in the submonolayer region. Therefore
interesting to clarify the adsorption state of C60 on a Si sur-
face at the coverage lower than 1 ML and the mechanism
structural transition in adsorption state.

In this paper, we have investigated the initial stage
epitaxial growth of C60 film on a Si~111!737 surface
by high-resolution electron-energy-loss spectrosco
~HREELS! and reflection high-energy electron diffractio
~RHEED!. HREELS is one of the powerful methods used
investigate the adsorption state of molecules and has b
applied to the study on C60 films by several groups.4–12How-
ever, HREELS measurement on a double-domain struc
of the C60/Si~111!737 system has not been reported. Fro
the results on RHEED and HREELS we will discuss t
interaction between C60 molecules and a Si surface and t
structural transition of the adsorption state of C60.

The epitaxial growth and HREELS measurements w
performed in ultrahigh-vacuum chambers with base pr
sures of 331028 Pa and 131028 Pa, respectively. C60 pow-
der ~99.8% pure! was charged to a Knudsen cell and w
560163-1829/97/56~19!/12124~3!/$10.00
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preheated at 600 K for half a day under vacuum in orde
remove the impurities. A Si wafer was boiled in HC
H2O2:H2O51:1:4 solution for 10 min. A Si~111!737 sur-
face was obtained by annealing the substrate at 1200 K
vacuum. After the substrate was cooled to 350 K, growth
C60 was carried out. The film thickness was estimated b
quartz oscillator thickness monitor placed close to
sample holder. The typical growth rate was set at 0.1 M
min for all films. The surface structure of the substrates a
grown films was monitored by RHEED with an incide
electron energy of 20 keV. HREELS system~Eiko Engineer-
ing EES-10! was composed of two sets of double 127° c
lindrical deflectors. The energy resolution was set at ab
10 meV. HREELS measurements were performed with
incident electron energy (Ep) of 5.8 eV. The emission angle
was fixed at 54° and the incident angle was set at 54° or
for specular or off-specular reflection condition, respective

RHEED observation was performed during epitax
growth. Diffraction patterns coming from a C60 film were not
observed until the completion of 1 ML C60 coverage. After
the 1 ML C60 coverage, a new RHEED pattern appear
which indicates formation of an ordered structure. Figu
1~a! and 1~b! show RHEED patterns of 1.2-ML C60 film
grown on a Si~111!737 surface. The azimuthal angles o
incident beam measured from the@1̄10# axis of a Si substrate
are 19° in Fig. 1~a! and 11° in Fig. 1~b!, respectively. The
lattice constant of the C60 film determined from streak inter
vals is 1.00 nm, which agrees well with that of bulk C60
crystals. These RHEED patterns correspond to anR-19°
double-domain structure@Fig. 1~c!#, which was first reported
by Xu, Chen, and Creager.2 The present RHEED observa
tions indicate that long-range periodicity does not exist
low the 1-ML coverage, while the transition to the we
ordered structure occurs after the 1-ML coverage.

Figure 2 shows the HREEL spectra~specular reflection
condition! of C60 films that have disordered structure~0.2
and 0.6 ML! and theR-19° double-domain structure~1 ML!.
In the spectrum of a 0.2 ML film, a major peak at 143 me
is observed, whereas peaks for other C60 IR active modes~65
and 176 meV! are suppressed. The intensity of IR-acti
modes changes drastically when C60 molecules interact
strongly with the substrate. The considerable change in r
tive IR modes has been also reported in the case of C60 film
12 124 © 1997 The American Physical Society



e

-

sts

the

pical
e-

ad-
h

of
s
des
of
L,

As a

ion
ly
in
ec-

ces-

ddi-
ery

lso

ruc-
er

by

56 12 125BRIEF REPORTS
FIG. 1. ~a!,~b! RHEED images of C60 film ~1.2 ML thick! on a
Si~111!737 surface. The direction of incident beam was~a! 19° off
the @1̄10# axis of a Si substrate and~b! 11° off the @1̄10# axis. ~c!
The structure of a C60 film on a Si~111!737 surface~Ref. 2!.

FIG. 2. HREELS spectra of C60 films with 0.2, 0.6, and 1 ML
coverage on a Si~111!737 surface in comparison with those of C60

films with 1 ML coverage on a MoS2 cleaved surface~Ref. 12! and
a Si~100!231 surface~Ref. 13!. These spectra were taken und
specular reflection condition.
on K/Au~110! c232 by Modesti, Cerasari, and Rudolf. Th
0.2 ML spectrum in Fig. 2 resembles that of a C60 film grown
on a Si~100!231 surface,13 in which a prominent peak ap
pears only at 147 meV. Thus the chemical state of C60 mol-
ecules at low coverage on a Si~111!737 surface is thought to
be similar to that of C60 molecules on a Si~100!231 surface,
where C60 molecules are locked by the dangling bonds.14

Decreasing in the intensity of IR-active modes sugge
that C60 molecules on a Si~111!737 surface are locked by
the Si dangling bonds for coverage as low as 0.2 ML. In
Si~111!737 surface, a corner hole site@site (a) in Fig. 3# and
a site at the center of three adatoms are considered as ty
adsorption sites.2 However, Sato, Sueyoshi, and Iwatsuki r
ported that C60 molecules are adsorbed on sites (a) and sites
between center adatoms and rest atoms@sites (b) in Fig. 3#
for the submonolayer coverage on a Si~111!737 surface.3

Thus the HREEL spectrum seems to correspond to the
sorption state in which C60 molecules are located on bot
sites (a) and (b).

In the spectrum of a 0.6-ML film, the 143-meV peak
the 0.2 ML film shifts to 146 meV and IR-active mode
appear apparently at 65 and 176 meV. The vibrational mo
of C60 molecules come close to intrinsic vibrational modes
the C60 molecule. As the coverage becomes close to 1 M
C60 molecules adsorbed on adjacent (b) sites are likely to
cause steric hindrance to each other as shown in Fig. 3.
result, some displacement from the regular (b) site to the (c)
site might occur, which results in a decrease in interact
between C60 molecules and Si dangling bonds. It is like
that the bonds between C60 molecules and a Si surface beg
to weaken at 0.6 ML coverage. This might cause the sp
trum of the 0.6-ML film to be similar to that of bulk C60
molecules. This intermediate adsorption state seems ne
sary for the structural transition in the following 1-ML C60
film.

In the spectrum of 1-ML film with an orderedR-19°
structure, IR-active modes at 66, 147, and 178 and an a
tional peak at 157 meV are observed. This spectrum is v
close to the spectrum of a 1-ML C60 film grown on a cleaved
MoS2 surface, in which the peak around 158 meV has a
been observed~see Ref. 12!. The interaction between C60
molecules and MoS2 is weak because a cleaved MoS2 sur-
face has no dangling bonds due to its layered crystal st

FIG. 3. (a),(b) Preferred adsorption sites of C60 molecules on a
Si~111!737 surface at low coverage which have been observed
Sato, Sueyoshi, and Iwatsuki with STM~Ref. 3!. (c) A new site
displaced from the site (b) due to steric hindrance.
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ture. Thus the bonds between C60 molecules and a Si surfac
are supposed to be almost broken after the transition
R-19° structure. In this state, most C60 molecules are though
to be adsorbed on a bridge site between corner and ce
adatoms as shown in Fig. 1~c!. The spectral resemblanc
between the C60 films on Si~111!737 and MoS2 suggests
that the reactivity of the bridge sites in the Si~111!737 struc-
ture with C60 molecules is weaker than that of sites (a) and
(b) in Fig. 3. The transition from the strongly adsorbed sta
on site (a) to the weakly adsorbed state on the bridge s
seems to be triggered by the intermediate adsorption stat
site (c) in Fig. 3, which is displaced from site (b).

Figure 4 shows a comparison of HREEL spectra of 1-M
C60 films on a Si~111!737 surface and on a MoS2 surface
under off-specular reflection condition. In the case of C60,
the intensity of loss peaks at off-specular condition is clo
to vibrational density-of-states~VDOS! because the angle
dependence of impact scattering cross section is not la
due to its isotropic symmetry. The energy of peak obser
at 64 meV in the spectrum of C60 film on the Si~111! surface
is lower than that on the MoS2 surface.12 This indicates that
some interaction still remains at 1 ML coverage, althou
the bonds between C60 and Si surface are weakened after t
transition. The comparison of VDOS between graphite a
C60 indicates that the peak at about 65 meV in VDOS of C60
corresponds to transverse vibrational modes in which mo
of C atoms is normal to the carbon network plane. T
spring constants of these transverse vibrational modes
associated with the strength ofp bonds. Therefore, the red
shift of the peak observed at 64 meV in Fig. 4 indicates t
the p bonds of C60 are weakened. Since the filled surfa
state on Si~111!737 surface is higher than the lowest uno
cupied molecular orbital of C60 molecules,15 the weakening
of the p bonds of C60 could be explained in terms of th
small amount of charge transfer from Si dangling bonds
C60 molecules at the interface.

In summary, we have measured HREEL spectra of60
films grown on Si~111!737 substrate at various stages
coverage and the interaction between fullerenes an
Si~111!737 surface has been discussed. The spectra of fi
-
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with coverage below 1 ML, which have disordered structu
indicate existence of chemical bonds at the interface betw
C60 molecules and Si dangling bonds. With increasing c
erage, these chemical bonds are weakened, which resu
formation ofR-19° double-domain structure. HREEL spe
trum of 1 ML coverage film under off-specular reflectio
condition suggests that the small amount of charge tran
from Si dangling bonds to C60 molecules still remains for the
1-ML film.
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FIG. 4. A HREELS spectrum under off-specular reflection co
dition of a C60 film of 1 ML coverage on a Si~111!737 surface in
comparison with that of a C60 film of 1 ML coverage on a MoS2
cleaved surface.
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