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The heteroepitaxial growth of C60 on GeS(001) has been studied using low-energy electron diffraction,

selected-area electron diffraction, high-resolution electron microscopy, x-ray diffraction, and x-ray and

ultraviolet-photoelectron spectroscopy (UPS). The simultaneous observation of diffraction spots charac-

teristic of the substrate and the C60(111)overlayer allows us to specify the geometry of the epitaxy. The

shape of the intensity curves of the C 1s and Ge 3d photoemission lines strongly suggests a layer-by-

layer-type growth, confirmed by the observation in the synchrotron x-ray diffraction spectrum of finite-

size oscillations on the (111)Bragg reflection peak of a thin C60(111)film. From a theoretical simulation

of the C ls and Ge 3d line-intensity curves, the mean free path of a C 1s and Ge 3d photoelectron in

solid C60 is estimated to about 15.4 and 17 A., respectively. The plot of the film thickness versus deposi-

tion time shows evidence for a small difference in sticking coefBcient between the first monolayer and the

upper ones. A detailed analysis of the C 1s line shapes for normal and grazing emission suggests the ex-

istence of inequivalent carbon sites at the interface. The first valence-band feature of the substrate

presents a downward band bending of about 200 meV with increasing C60 coverage. From the shift of
the cutoff in the UPS spectra we deduce a work function increase of about 100 meV upon monolayer ad-

sorption. The characteristic spectral features of C60 observed in the UPS spectra for bulk fullerite are

slightly broadened and shifted to lower binding energies at submonolayer coverages and show no direct
evidence for significant hybridization, indicating that the C60-substrate interaction is mainly dominated

by van der Waals bonding. All these observations can be explained by a positive effective dipole of about
8 X 10 ' C m induced on the C60 molecule upon adsorption onto the GeS substrate.

I. INTRODUCTION

Over the last few years, the structural, vibrational, and
electronic properties of C60 fullerene and fullerite have
been studied extensively by various techniques. The
availability of single-crystalline 61ms is important for in-
vestigating in detail the solid-state properties of ful-
lerenes. The growth of well-ordered epitaxial C60 thin
films on semiconductors and metals under the well-
defined conditions of molecular beam deposition has
therefore attracted much interest. Good single-domain
epitaxy of C6o has been reported on Cu(111),' Au(110),
and Ni(110). Double- or even multi-domain growth has

been reported on several other metal substrates, in partic-
ular, Au(111), Ag(111), Cu(100), ' and Cu(110).' How-
ever, the lattice mismatch between the substrate and the
C60 lattice leads to strained or slightly deformed hexago-
nal monolayers, ' the magnitude of the deformation de-
pending on the strength of the C60-substrate interaction.
In some cases, this interaction leads to the lifting of the
reconstruction of the substrate surface or to the forma-
tion of new interface reconstructions. Furthermore, the
domain size of these C60 overlayers is limited by the rela-
tively high step density on metal surfaces. For instance,
the domain size is about 100 A for C+/Cu(111), ' and 500
A for C@jAg(111).
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Classical semiconductors like Si and GaAs have a
lower step density, but on these substrates C6Q forms ei-
ther multidomain islands' ' or small-grained crystalline
islands of random orientation with respect to the sub-
strate lattice. ' ' This is a general consequence of the
lattice mismatch and, in the case of Si, of the strong
adsorbate-substrate bonding, which limits the surface
mobility of the C6Q molecules. Therefore well-ordered
films are in general obtained only at high tempera-
tures. ' ' ' Room-temperature deposition leads to irreg-
ular thin-film growth with substantial imperfections. For
instance, C6o growth on GaAs(110) leads at room temper-
ature to the formation of commensurate first-layer islands
that show distorted close-packed structures with two dis-
tinct adsorption sites. ' Multilayer growth on this
strained and lattice-mismatched first monolayer produces
tilted close-packed structures with small grains, defects,
dislocations, stacking faults, and faceting. ' On the other
hand, C6Q growth at higher substrate temperatures results
in the formation of a nearly perfect close-packed double-
domain film extending over thousands of
angstroms. ' ' ' Single-domain films could be grown on
a GaAs(110) surface with a high step density in the [112]
direction, but the grain size was then again limited by the
small size of the substrate terraces. '

C6Q growth on Si has been revealed to be even more
complex than on GaAs due to the stronger molecule-
substrate interaction. ' ' While multilayer C6Q desorbs
at 500 K, Hamza and Balooch' sho~ed that first-layer
C60 adsorbed on Si(100)-2X 1 decomposes at 900 K into a
graphite layer before desorbing at 1150 K. Wang et al. '

observed two types of local ordering configurations for
the first monolayer: a c(4X4) square-type arrangement
with a nearest-neighbor distance (NND) of 10.9 A and a
c (4 X 3) quasihexagonal structure with a compressed and
relaxed NND of, respectively, 9.6 and 11.5 A. A transi-
tion to ordered, close-packed, but not completely relaxed
(NND of 10.4 A) islands is observed for multilayer depo-
sition. The islands present multiple layers, indicating a
Stranski-Krastanov growth, and several defects as well as
(100) facets. C&0 deposition on Si(111)-1X 1 (Ref. 19) and
Si(111)-7X7 (Refs. 11,16,17,20) has also been studied.
An x-ray di6'raction study by Tong et a/. ' revealed a
(3&3X 3&3 )R 30' reconstruction with close-packed C6O

molecules stacked parallel to the Si(111)-1X 1 surface but
with a correlation length smaller than 200 A. Weaver
and co-workers' ' could image repeatedly isolated C6Q

molecules on the Si(111)-7X7 surface (indicating strong
bonding) and observed no preferential bonding at step
edges. Xu, Chen, and Creager" observed no long-range
order for monolayer coverages on Si(111)-7X 7, but rath-
er a disorder-to-order transition with two preferential is-
land orientations for multilayers as a result of a delicate
balance between the intermolecular and the molecule-
substrate interactions.

As a consequence of the strong bonding on the
Si(100)-2X 1 surface the free rotation of the molecule is
significantly impeded and scanning tunneling microscopy
(STM) images reveal internal molecular structures for the
first C6Q monolayer. ' These internal structures reflect
the partial charge density of the molecular states near the

Fermi level. Their twofold symmetry indicates adsorp-
tion with a single or double carbon bond facing the sub-
strate. On the contrary, the threefold symmetry observed
in the intramolecular structure of C6Q molecules adsorbed
on Cu(111) (Refs. 2,3) allows one to conclude that a hex-
agonal ring faces the substrate. Internal molecular con-
trast has been reported on some other substrates. ' '

Several recent studies' ' ' ' ' ' have addressed the
character of the overlayer-substrate interaction, which is
an important issue in thin-film growth. It has been
shown that on metals' ' ' the first monolayer is
chemisorbed due to the hybridization between C6Q p and
metal d states, with the possibility of charge transfer.
The electronic structure of the first monolayer is there-
fore altered with respect to the second one, which itself is
essentially similar to the bulk of the film. ' Perturba-
tion of the vibrational structure of first-monolayer C6Q on
metals has also been reported. Surface-enhanced Raman
spectroscopy of Cso on Au (Ref. 30) and Ag,

' and high-
resolution electron-energy-loss spectroscopy (HREELS)
of C6o on Rh(111), show a vibrational spectra richer
than for thick films. The observation of additional vibra-
tion modes is attributed to a lowering of the C6Q symme-

try as a result of the overlayer-substrate interaction.
The problems encountered in growing high-quality epi-

taxial C6Q films on metals and semiconductors can be
overcome by using layered materials as substrates. ' The
low surface energy of these materials and the absence of
unsaturated chemical bonds at the surface relaxes the
stringent lattice-matching conditions required in most
cases for epitaxial growth and favors surface diffusion.
Indeed, successful single-domain epitaxy has already been
reported on the layered substrates MoS2, ' GaSe, " '
GeS, ' ' and mica. Furthermore, the cleaved sur-
face of a layered semiconductor presents a very slow step
density with flat substrate terraces, several micrometers
in size, which allow the growth of very large C6Q islands.
Island diameters of up to 1 pm have been reported for

C60/MoS2.
In this paper, we report on a detailed study of the for-

mation of the epitaxial C60(111)/GeS(001) interface by
several microscopic and spectroscopic techniques. The
geometry of the epitaxy has been determined from low-

energy electron diffraction (LEED) and selected-area
electron diffraction (SAED). High-resolution electron
microscopy reveals close-packed C60(111) islands extend-

ing over several micrometers with a low density of defects
and a domain diameter limited by the size of the sub-

strate terraces. The evolution of the x-ray photoelectron
spectroscopy (XPS) core-level intensities and the observa-
tion of finite-size oscillations on the (111) C6O Bragg
reflection in the synchrotron x-ray diffraction spectrum
demonstrate that the film grows layer by layer. The elec-
tronic structure of the interface has been investigated by
ultraviolet-photoelectron spectroscopy (UPS) and XPS.
A detailed XPS core-level line-shape analysis together
with an increase of the work function and a downward
band bending observed in the substrate valence band indi-

cate the formation of a small surface dipole. This inter-
face dipole results from two contributions: an image-
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charge-induced dipole and an additional small charge
delocalization of the C60 electrons over the substrate due
to the ionic character of the latter.

II. EXPERIMENT

The XPS and UPS experiments have been performed
with an ESCA-300 spectrometer (Scienta) equipped with
an additional uv source (Leybold-Heraeus UVS 10/35).
By selecting pass energies from 20 up to 1000 eV and en-
trance slit widths from 0.1 up to 4.0 mm the instrumental
resolution can be varied from 0.27 to 5 eV. The typical
energy resolution in our XPS experiments is 0.29+0.01
eV. In the UPS mode we use a pass energy of 10 eV and
an entrance slit width of 0.2 mm, yielding a typical in-
strumental resolution of about 150 meV, measured on the
sharp Fermi edge of a clean tantalum foil.

The preparation chamber of the Scienta 300 is
equipped with a rear-view LEED diff'ractometer (Specta-
LEED from Omicron) using an axial electron gun with
an LaB6 filament. The base pressures in the preparation
and analysis chambers were 1X10 and 2X10 ' mbar,
respectively. For our experiments we used chromato-
graphically purified C60 {purity & 99.9%) provided by G.
Sawatzky or purchased from Stephan Kaesdorf Gerate
fiir Forschung und Industrie (Germany). The powder
was loaded into the graphite crucible of a Knudsen cell
{WA technology, UK) and carefully outgassed for 12 h at
a temperature of 380'C and for 1 h at 420'C. It was then
sublimed at a temperature of 420'C at constant pressures
below 2X 10 mbar on a freshly in situ cleaved undoped
GeS(001) substrate (7 X7 mm ) held at about 180'C. The
outstanding crystallographic quality of the clean sub-
strate and of the thin C60(111) film was checked by
LEED. The thickness of the film was either monitored
by a quartz oscillator or evaluated from the intensity ra-
tio of Ge 3d and C 1s core-level lines. The evaporation
rate was about 0.5 A/min.

Samples for transmission electron microscopy (TEM)
examinations from plane-view directions were prepared
by cleaving a GeS(001) substrate covered with a 200-A-
thick C60 film with a razor blade along a plane parallel to
the substrate/film interface plane. The thickness of the
film plus substrate after ex situ cleavage was of the order
of a few tens of micrometers. The sample was then
mounted on a copper ring and ion milled in a liquid-
nitrogen cooling stage. The sample was thinned only
from the substrate side. A 4 kV voltage and a 12 angle
of incidence with respect to the sample surface were
adopted until an electron perforation was obtained in the
central region of the sample.

Selected-area electron diffraction was performed in a
Philips CM20 transmission electron microscope operat-
ing at 200 kV and allowing a +45 tilting angle of the
specimen. High-resolution electron microscopy (HREM)
was carried out in a Jeol 4000 EX transmission electron
microscope operating at 400 kV incident beam energy.
Care was taken to work at low beam intensity in order to
avoid irradiation damage as much as possible.

The synchrotron x-ray diffraction measurements were
performed at the Hamburg Synchrotron Radiation Labo-

ratory (HASYLAB) on the vertical diff'ractometer at the
wiggler beamline BW2 which is specially designed for
surface x-ray diffraction studies. The instrumental reso-
lution was 0.06' full width at half maximum (FWHM),
corresponding to a reciprocal space resolution of
hq =0.005 A ' for A, =1.5216 A. The thin C60 films on
GeS(001) were prepared on the Seya-Namioka beamline
as described above and were then transferred in air to the
B%2 station.

III. GEOMETRY OF THE EPITAXY

A. LEED

Figure 1 shows LEED patterns obtained with a pri-
mary energy of 35.6 eV before and after 6, 12, and 18 min
of sublimation at T„&,=420'C with the substrate held at
around 180'C. As we will explain in the next section,
from the analysis of the XPS intensities it comes out that
Figs. 1(b), 1(c), and 1(d) correspond to coverages of —,', —'„
and 1 ML, respectively. The LEED patterns revealing

FIG. 1. LEED patterns recorded with E =35 eV of (a) a
cleaved GeS(001) substrate; (b) 0.33 ML and (c) 0.66 ML of C6p
on GeS; both C6p and substrate spots are visible and they are
identified by open and filled circles respectively in (e); (d) 1 ML
of C6p on GeS; only spots of the fcc C6p(111) plane are visible; (f)
orientations of the first surface Brillouin zone of C6p(111) and
the GeS(001) substrate: the I -EC (I -M) direction of the C6p
SBZ is parallel to the I -D-S (I -6-U) direction of the substrate
SBZ.
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the C6o hexagonal arrangement corresponding to the
(111)plane of the room-temperature fcc phase are of very
good quality, with sharp spots devoid of fine structure
and a rather low background. For coverages lower than
1 ML, spots characteristic of both C6O(111) and GeS(001)
are visible, the larger rectangular mesh [identified by dots
in Fig. 1(e)] originating from the substrate. A weak but
very sharp diffraction pattern characteristic of the (111)
plane of C6O is already observed after an evaporation time
of 45 s, e.g., at the very low coverage of 0.04 ML. This
together with the continuous decrease in intensity of the
substrate spots with increasing coverage and the com-
plete disappearance for coverages higher than 1 ML
might suggest a layer-by-layer growth mode.

The simultaneous observation at low coverages of the
substrate and adsorbate spots allows one to specify the
geometry of the epitaxy. Indeed, from inspection of Figs.
1(b} and l(c) it is evident that in the reciprocal space the
I' E(l -M-) direction of the first C6O(111) surface Bril-
louin zone (SBZ) is aligned with the I -D S(I'-6-U) -direc-
tion of the GeS(001}SBZ as sketched in Fig. 1(f). In the
direct space this means that the C60(111) hexagonal layer
is aligned with the substrate so that the C60[101] direc-
tion is parallel to the GeS b axis and the C60 [121]direc-
tion is parallel to the GeS a axis (Fig. 2).

B. TEM

The interface geometry deduced from the LEED analy-
ses is confirmed by SAED of a 200-A-thick C60 film on
GeS(001). Figure 3(a) shows the diffraction pattern ob-
tained along the plane-view direction, i.e., along the sub-
strate normal. Since the electrons enter the substrate
first, each electron beam diffracted by the GeS(001) lat-
tice acts as an incoming electron beam for the C6O(111)
lattice. The quite complicated diffraction pattern of Fig.
3(a) can therefore be reconstructed by superposing on
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FIG. 2. Top view of the model structure of a C60(111) layer
grown on a GeS(001) substrate. Small grey (white) spheres
represent the surface germanium (sulfur) atoms of GeS(001).
The C6O[101] ([121])direction is parallel to the GeS b axis (a
axis) so that the C60(111)plane is parallel to the surface.
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FIG. 3. (a) Selected-area difraction pattern of a 200-A-thick

C« film on GeS(001) along the [001] zone of the substrate. The
reciprocal base vectors of the substrate are indicated; due to sys-
tematic extinctions the IOO and OIO (I odd) refiections are not
visible. A schematic explanation of the complete di6'raction
pattern is given in Fig. 4. (b) High-resolution image of a C«&

film on GeS(001) viewed along the [111]zone. Note the perfect
structure of the film continuing over large areas.

each spot of the [001]"diffraction pattern of GeS [Fig.
4(a)] a complete C60 [111]"diffraction pattern [Fig. 4(b)].
Assuming that the C6O [121] direction is parallel to the
GeS[100] direction as shown in Fig. 4(b) yields then the
complete diffraction pattern shown in Fig. 4(c). The cal-
culated diffraction pattern of Fig. 4(c) reproduces exactly
the most intense diffraction structures of Fig. 3(a). Addi-
tiona1 weaker rejections in the diffraction pattern of Fig.
3(a) are due to higher-order reflections or double
diffraction. The perfect agreement between the
diffraction pattern of Fig. 3(a) and the calculated one of
Fig. 4(c) allows one to deduce the following orientational
relation between the film and the substrate (see Fig. 4):

C60 [111]is parallel to GeS [100],

C6O [101] is parallel to GeS [010],

C~o [121] is parallel to GeS [100],

in agreement with the LEED analyses. Note that a slight
misalignment between these directions of even less than
1' would be immediately apparent as a distortion of the
diffraction structures, e.g., the one outlined in Fig. 4(c).
This is the case, for example, for the growth of C7+GeS
where a misalignment of approximately 2' between the
[101] direction and the substrate b axis is observed. '

The high symmetry of this diffraction structure in the
case of C6o tells us that the alignment is perfect.

The sequence of the layers parallel to the substrate can-
not be revealed directly, but the diffraction patterns can
give strong indications. All reflections visible on the
[111] diffraction pattern of C6c have indices which are
all odd or all even, characteristic for a fcc structure and
an . . abcabe - - - stacking. This fcc structure was also
confirmed by diffraction patterns along other zones. In
most cases no extra rejections are observed indicating
that the . . . abe . - . stacking parallel to the substrate
surface is close to perfect, i.e., very few stacking faults
parallel to the substrate surface are present. Only in
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some few regions are weak extra spots observed, pointing
towards the occasional presence of stacking faults.

Figure 3(b} shows a high-resolution image of the Cso
film on top of the GeS surface imaged along the [111]
direction. The imaging conditions are such that only the
structure of the film is visible. Channels in the C60 crys-
tal structure correspond to the bright dots. The hexago-
nal arrangement of the molecules is clearly shown and
grains without any visible defect were found to extend
over areas beyond 1 X 1 pm, indicating a very high crys-
tallinity of the film and the absence of structural defects.

C. Model structure of the interface

The fact that the GeS substrate acts as such a perfect
template for the growth of crystalline fullerite films stems
from the close match (see Fig. 2) between twice the lattice
parameter of GeS along its a axis (2X4.30 A=8.6 A}
and the separation between rows of C60 clusters along
[121] or equivalent directions (8.68 A). Furthermore,
the GeS(001) surface exhibits a peculiar corrugation in its
basal plane, which contributes to induce the epitaxy.

200

This is sketched in Fig. 5, which presents a side view of
the model structure. As a matter of fact, in a single layer
of the orthorhombic structure of the monochalcogenide,
each atom is covalently bonded to three nearest neigh-
bors, forming zigzag chains along the b axis with alter-
nating positions perpendicular to the basal plane. Conse-
quently, the cleaved surface presents the aspect of a cor-
rugated roof due to the alignment of well-separated Ge-S
zigzag chains at the selvedge, which provide a preferen-
tial adsorption direction in the interchain grooves along
the b axis. These one-dimensional corrugations with a
periodicity of 4.3 A allow the easy alignment of Cso [101]
rows along the substrate b axis. The completion of the
first monolayer is accomplished, at the expenses of a very
small lattice distortion, if the Cso rows skip one inter-
chain groove systematically, thereby allowing near-
perfect arrangement at the interface. Notice that perfect
registry of the first layer must be restricted to the a direc-
tion, since the corrugation along the b axis is much
smoother, and there is no commensurability in this direc-
tion.

IV. GROWTH-MODE STUDY

A. Analysis of the XPS intensities
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In order to characterize the growth mechanism and
determine the surface coverage of vapor-deposited C60 on
GeS(001) we have monitored the XPS emission from core
levels of the substrate (Ge 3d) and the adsorbate (C ls) as
a function of C60 deposition time. Using the intensity ra-
tio of the C ls (I, ) and Ge 3d (I, ) lines one can calculate
the thickness d of the Cso film using the relation
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where I, is the Ge 3d peak intensity of the bare substrate,
I," is the C 1s peak intensity of a thick C60 film for which
the substrate emission features are completely attenuated,
and A, is the electron mean free path in C60. Independent-
ly of the value of A, , the plot of the thickness versus the
deposition time presents a "break" at 18 min, which indi-
cates a change in sticking coeScient between the first
monolayer and the following ones. Based on a lattice pa-
rameter of 14.17 A for fcc fullerite, the spacing between
the (111) planes is 8.18 A. Assuming that one has
reached a coverage of 1 ML, i.e., a thickness of 8.18 A

L

i 1 '. .~ ~ . '.

jI

FIG. 4. Schematic diffraction patterns of (a) GeS(001) and (b)
C60(111). (c) Diffraction pattern of a thin C60(111) film on
GeS(001) obtained by superposing on each GeS diffraction spot
a complete C60 [11 1] diffraction pattern. The different C60
[111] diffraction patterns associated with each CxeS spot are
represented by different symbols. The size of the symbols de-
creases with increasing diffraction order so as to reproduce
more or less the experimental intensities of the diffraction spots
of Fig. 3(a).

KjgW
FIG. 5. Side view of the model structure of a C60(111)mono-

layer on a GeS(001) substrate showing the peculiar corrugation
in the a direction of the basal plane and the systematic skipping
of one interchain groove by the big C6O molecule.
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after 18 min (t& ) of evaporation yields an electron mean
0

free path of A, =17 A. Under these assumptions one ob-
tains the plot of the thickness versus deposition time
represented in Fig. 6. The error bars have been calculat-
ed assuming an uncertainty of 5% on the intensities and
of 2.3% on the mean free path A, , which is equivalent to a
precision of 0.2 A on the measurement of the monolayer
thickness. The solid line is the result of a weighted least
squares fit. According to this fit, a coverage of 2 ML, i.e.,
a thickness of 16.4 A, is reached after 43 min, yielding a
time of 25 min (t2) for the completion of the second
monolayer. Assuming that the C6o flux was constant over
the entire duration of the experiment, the ratio of t2 and
t, gives then a ratio of the sticking coefficients of the first
to the second monolayer (s, /si) of 1.4. Consequently,
the adsorption energy of a C6o cluster on GeS(001) seems
to be slightly higher than on fullerite.

Applying Eq. (1) for calculating the film thickness we
assumed implicitly a layer-by-layer or so-called
Franck —Van der Merwe (FM} growth mode. We have
therefore to check whether the evolution of the substrate
and adsorbate core-level line intensities with coverage is
consistent with this assumption. If both curves can be
fitted with the same parameters (within some experimen-
tal error bar} as the one obtained from the thickness plot
in Fig. 6 the procedure can be judged to be self-consistent
and we can decide on a layer-by-layer growth mecha-
nism.

Figure 7 shows the intensity plot of the Ge 3d core-
level peak versus the coverage and deposition time. The
coverage scale is not linear due to the difference in stick-
ing coefficient between the first and the following mono-
1ayers. The shape of the curve seems to be consistent
with a FM growth mode. Indeed, the experimental inten-
sities (normalized to the one of the bare substrate) can be
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FIG. 7. Ge 3d core-level line intensity versus deposition time
and coverage. The solid line is a least-squares fit assuming a
layer-by-layer growth mode. The values of the fitting parame-
ters are listed in the inset.

very well fitted to a succession of linear segments given
by the equation

g)e
—nd/l+( g n )e

—(n + 1)d/A. (2)

where 0 is the coverage, n is the number of already comp-
leted monolayers, i.e., n =int(8}, and 1 is the thickness of
1 ML (8.18 A). As parameters for the fit we used the
electron mean free path (A, }and the time (t2 } to grow one

C60 monolayer on fullerite. The time to complete the first
monolayer (t, ) was kept constant and equal to the value
obtained from Fig. 6 (18 min). The results of the fit are
X=17 A and t2=22. 7 min, in good agreement with the
values obtained from the fit of the thickness plot in Fig.
6.

The C 1s core-level intensity as a function of the cover-
age is shown in Fig. 8. The evolution of the adsorbate in-
tensity I, (normalized to the one of bulk C6O) in the case

50—

40—

I
& 3O-
U
~ 20-
I- . 16.4 A

I I i I i I i I I I i I i I i II

0 20 40 60 80 100 120 140 160 180

Deposition time {min}

0 1
I I

1.0—

~~ 0.8—
I~
tA
C

0.6—I
~~
U
Q 0.4—

~~
tg
E~ 0.2—0

2 3 4 5 6 7 8

FIG. 6. Thickness of the vapor-deposited C« layer versus
deposition time calculated using the intensity ratio of the C 1s
and Ge 3d core-level lines. The change in slope at 18 min corre-
sponds to the completion of the first monolayer and indicates a
di6'erence in sticking coefficient between the first (si) and the
subsequent monolayers (s& ). t, and t2 correspond, respectively,
to the time necessary to complete the first and the second mono-

0
layer. The mean free path A. has to be taken equal to 17 A in or-
der to yield a thickness of 8.2 A (1 ML) after 18 min.
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FIG. 8. C 1s core-level line intensity versus deposition time
and coverage. The solid line is a least-squares fit assuming a
layer-by-layer growth mode. The values of the fitting parame-
ters are listed in the inset.
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of a FM growth mode follows the equation

where I, is given by (2). Again, with optimized parame-
0

ter values of A, =15.4 A and t2 =24.5 min the experimen-
tal curve is nearly perfectly fitted. The mean free path of
the C 1s photoelectron is found to be slightly smaller
than for the Ge 3d photoelectron. This is consistent with
the "universal curve" as the kinetic energy of the Ge 31
photoelectron is -250 eV higher than that of the C 1s
one ( —1200 eV).

In conclusion, the analysis of the behavior of the core-
level intensities of the substrate and the adsorbate proves
that C60 grows in a layer-by-layer mode on the lamellar
substrate GeS(001). It gives the following estimates for
the mean free path A, and the sticking coeScient ratio
s, /s2 of the first and second monolayers:

15.4&A, &17.0 A,
S)

1.26& (1.4 .
Sp

The small difference in adsorption energy between the
first and second monolayers raises questions about the
first-layer bonding which will be addressed later on.

B. Re8ection x-ra3 scattering

The layer-by-layer growth is further confirmed by syn-
chrotron reflection x-ray scattering (RXS) measurements.
The preparation of the sample used for this experiment
differs slightly from the one described above because the
experimental setup of the Seya-Namioka beamline did
not allow heating of the substrate during the evaporation.
The films were therefore grown in several steps. We sub-
limed about 1 ML of C60 and annealed the sample at
about 180'C in order to obtain an epitaxial monolayer as
evidenced by the sharp hexagonal LEED pattern. The
evaporation and annealing cycle was then repeated
several times for longer evaporation periods (each eva-
poration corresponding to about 4 ML) until the desired
film thickness was obtained. After each cycle the quality
of the film was checked by LEED. Judging from the
sharpness of the LEED spots the quality of the films
grown in this way is comparable to that obtained by the
conventional method described above. Films which were
not annealed after evaporation also exhibit LEED pat-
terns but the sharpness of the difFraction spots is greatly
improved by annealing the sample.

0-20 "Bragg" scans were recorded in the RXS
geometry, i.e., along the specular direction of the
GeS(001) substrate, which allows one to probe diffraction
planes parallel to the substrate. Figure 9 shows a part of
a RXS Bragg scan from a 150-A-thick film on GeS(001).
Q is the scattering vector component normal to the sam-
ple surface. Only the [OOL I family of the GeS peaks and
IHHHI family of C6e peaks are seen in such a scan,
confirming once more that the C60I 111I planes are paral-
lel to the substrate. The sharp peak at 0.603 A ' corre-
sponds to the (001) reflection of the substrate. This yields

C6o (111)
O~ ~'

O

o
0.5 0.6 0.7 0.8. a~A")

10 .— GeS (001)

0.9 1.0-

tO

a 104.—

0
U

@O

0 o+
o oo

103 O 0o
0

C6O(111)1GeS(001}

X = 1.52'16 A

0.5 0.6 0.7 0.8 0.9 1.0

FIG. 9. 8-28 Bragg scan recorded in the reflection geometry
of the (001) GeS peak and the (111) C60 peak. The abscissa is
the amplitude of the scattering vector Q=4n sin8/A, . Finite-
size oscillations are observed in the (111)Bragg reflection indi-

cating layer-by-layer growth. The inset shows the calculated
structure factor S for 18 C60 layers with an interlayer distance
of 8.15 A.

0

a lattice parameter of c =10.42+0.02 A ' in good agree-
ment with the value reported by Grandke and Ley (10.44
A).4 A clear peak corresponding to the (111)C60 Bragg
reflection is observed at 0.771 A together with finite-
size oscillations, which arise from the interference of the
beams diffracted by the limited number of (111}planes.
Indeed, the structure factor S of a film made up of N lay-
ers with interlayer distance d is given by the well-known
equation

&z sin (Egd/2)
sin (Qd/2)

(4)

which is plotted in the inset of Fig. 9. The nice
correspondence between the maxima in the structure fac-
tor and the finite-size oscillations observed in the experi-
mental spectra is obvious. The observation of such clear
and well-defined finite-size oscillations requires nearly
perfectly flat surfaces with a large domain size, as they
are obtained only in the case of a layer-by-layer growth
mode. If one is in the presence of a three-dimensional is-
land growth mechanism the difFuse scattering induced by
the surface roughness wipes out the weak finite-size oscil-
lations, resulting simply in the observation of a
broadened diffraction peak. The observation of finite-size
oscillations on the (111}Bragg reflection confirms there-
fore the layer-by-layer growth and points to the high
crystalline quality of the sample. The peak position of
0.771 A of the (111) reflection gives an interlayer dis-
tance of d =8.15+0.02 A, close to the value for bulk C6p
(8.18 A), showing that the distortion induced by the
substrate strain is small within the experimental pre-
cision. From the width of the C60(111) Bragg peak, the
number of layers can be estimated to be
N q~»&~/hq =18, where q&», ~

=0.771 A ' and
Aq =0.043 A ' is the distance between the peak max-
imum (q~» i ~

) and the first minimum.
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V. ELECTRONIC STRUCTURE OF THE INTERFACE

A. Core levels and shake-up

288 287 286 285 284
I I

I
I I I I

(a) ~ graphite

C6o

283

(b) ~ 1ML C6o
~ 8MI C6

I I
I

In the gas and solid phases, all carbon atom sites of a
C6o molecule are equivalent. Indeed, a comparison be-
tween the XPS C 1s line of a thick C60 film and that of
highly oriented pyrolytic graphite (HOPG) graphite (for
which all the carbon sites are also equivalent) shows that
they have nearly the same line shape on the low-binding-
energy side [Fig. 10(a)]. The line shapes on the high-
binding-energy side are different because they are deter-
mined by the electron-hole, phonon, and plasmon excita-
tions, which are of course different for C6O and graphite.

Upon adsorption on a solid surface the different carbon
sites on a C60 molecule will become inequivalent due to
the interaction with the substrate. In the case of chem-
isorption new bonding configurations will be formed,
which will affect differently the carbon atoms on the in-
terface side and the ones on the opposite pole of the mol-
ecule. If the C6e-substrate interaction is of the van der
Waals type (physisorption) the interaction of the fiuctuat-
ing dipoles with their image charges, as the molecule ap-
proaches the surface, will induce a net positive dipole
across the molecule and give rise to slight inequivalencies
of the carbon sites on the molecule. While for chem-

isorption the C 1s peak should show a large shift and
broadening (or even splitting up into several com-
ponents), ' ' as well as a strong dependence on the cov-
erage, physisorption should result only in a weak depen-
dence of the C 1s line position and line shape on the cov-
erage.

In Fig. 10(b) we compare the C is signal of a 1 ML film
on GeS to the 8 ML film one, which is taken as a refer-
ence for bulk C60. While the 1 ML sample C 1s peak does
not shift in energy with respect to the thick-film one, in-
dicating that the interaction is mainly of the van der
Waals type, one observes a small but significant difference
in the spectra line shapes: the 1 ML one has a larger tail
on the low-binding-energy side. If one normalizes the
two spectra to the same intensity and calculates the
difference, one obtains the curve plotted in Fig. 10(c),
which shows a clear peak at 284.5 eV. We suggest that
this peak is the contribution from the carbon atoms lo-
cated at the GeS interface which, due their different
chemical environment, have a slightly different binding
from that of the carbon atoms on the top of the molecule.
This peak area represents 8 —9% of the total 1 ML C ls
signal, which corresponds to five or six carbon atoms.
This might indicate that beyond the van der Waals in-

teraction there could be an additional interaction mediat-
ed by a five- or six-membered ring of the molecule, such

as, for example, a small charge delocalization.
To ascertain that the contribution at 284.5 eV is due to

carbon atoms in direct "contact" with the GeS substrate,
w'e have followed the C 1s line-shape evolution for higher
coverages. We found that with increasing coverage the
shape of the difference spectrum remains unchanged but
its intensity decreases for coverages higher than 1 ML.
The area of the 284.5 eV peak as a function of the cover-

age follows the curve shown in Fig. 11. One observes a
constant intensity up to 1 ML followed by an exponential
decrease for higher coverages. This behavior definitely

demonstrates that only interface carbon atoms contribute

288

(c) diff

I I I i I

28? 286 285 284

Binding energy (eV)

283

1.0 ~

0.8—

I
06

QI
N

0.4—
tg

xO 02
FICx. 10. (a) Comparison between the XPS C 1s line of graph-

ite (~ ) and an 8 ML C60 film (0). The graphite spectrum has
been shifted down by 0.6 eV to higher binding energies. The
shapes of the low-binding-energy sides of both peaks are nearly
identical, indicating that in a C60 molecule all the carbon atoms
are equivalent, as in graphite. (b) The XPS C 1s line at 285.0 eV
of an 8 ML (~) and a 1 ML (0) C60 film shows a pronounced
line-shape change on the low-binding-energy side compared to
the one of an 8 ML C60 film. (c) The difference spectrum (A ) of
the two C ls lines shows a peak at about 284.5 eV which indi-
cates charge transfer to the carbon atoms at the interface.

0.0
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2 3 4
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FIG. 11. Plot of the intensity of the low-binding-energy peak
at 284.5 eV in the difference spectrum (shown in the inset)

versus C6o coverage. The intensity is constant up to 1 ML and

decreases then exponentially with increasing coverage, proving

that the peak in the difference spectrum has to be attributed ex-

clusively to the contribution of the interface carbon atoms.
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to the peak at 284.5 eV in the difference spectrum.
Indeed, for coverages lower than 1 ML and for normal
emission, the C 1s signal from the interface carbon atoms
is only attenuated by the molecule itself and thus in-
dependent of the coverage, while for higher coverages the
signal is attenuated by the uppermost C60 layers and
therefore decreases exponentially with increasing cover-
age.

At first sight, the shift to lower binding energies for the
interface carbon atoms might indicate a small charge
transfer from the substrate to the C60 molecules, similar
to the one observed for C60 on metal substrates. ' ' '

However, as we will see in the next section, this interpre-
tation is in contradiction with the observed downward
bending of the substrate bands observed in the UPS mea-
surements. We propose, therefore, that the observed
shift to lower binding energies for the interface carbon
atoms results from the more efficient screening, in partic-
ular image-charge screening, of the carbon atoms closest
to the surface. In fact, due to the large size of the C60
molecule, the image potential decreases drastically over
the diameter of a molecule.

A further argument for the inequivalence between the
interface carbon atoms and the other atoms of the mole-
cule is obtained by comparing the C 1s core-level lines for
normal emission and grazing emission (5'), as shown in
Fig. 12. In the grazing-emission geometry, electrons
originating from the interface have to travel a distance
d=7. 1/sin5'=80 A (remembering that the diameter of
the molecule is 7.1 A) before escaping from the film.
With a mean free path of about 17 A it is then clear that
only electrons ejected from the topmost carbon atoms
will reach the analyzer. In contrast, in the normal emis-
sion spectrum, all the carbon atoms of the molecule will

~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~ ) i ~ ~ ~ ~

I ~

contribute to the C 1s signal. The comparison of the two
spectra (Fig. 12) shows a 0.14 eV broadening and a 0.07
eV shift to lower binding energy for the normal emission
spectrum. If the angular-dependent experiment is repeat-
ed on a thick film, two identical line shapes and widths
are observed but shifted by about 0.07 eV, the same
amount as for the monolayer film. The higher binding

energy of the topmost carbon atoms might be interpreted
as a less efficient screening by the surrounding atoms (or
molecules} of the photohole created in the topmost car-
bon atoms, as a result of the lower coordination at the
surface.

In Fig. 13 we have reported the evolution of the C 1s
line position from submonolayer coverages up to 2 ML.
The solid line in Fig. 13 should only be used as a guide
for the eye and is not based on a physical model. Al-

though the overall energy shift between the very low cov-
erage and the bulk spectrum is small (0.1 eV}, though
well within the experimental accuracy, one can clearly
recognize that, starting from a very low coverage of 0.02
ML the C 1s line position shifts very rapidly to higher en-

ergies with increasing coverage and reaches a value very
close to the bulk value (284.98 eV) before the completion
of the first monolayer. The steep slope at low coverage
might indicate that C60 adsorbs first near to defects or
steps. Indeed, at a step the substrate-induced screening
(image-charge screening and possibly charge-transfer
screening) is more eflicient than on a flat terrace, ' so
that the binding energy is lowered. Adsorption at steps
and defects in the initial stages of the C60 growth on
GeS(001) has been confirmed by recent atomic-force mi-

croscopy (AFM) measurements and has been observed
for C60 deposition on many other substrates. ' ' ' ' The
fact that the C ls line position does not shift significantly
for coverages higher than 0.5 ML indicates that the sub-
strate image-charge screening is small compared to the
polarization screening by the neighboring molecules.

Although the carbon sites on the C60 molecule become
inequivalent upon adsorption, the overall electronic
structure is not severely disturbed. This can be seen from
Fig. 14, where we compare the C 1s shake-up spectra
recorded for 1 ML and a thick film. Both spectra have

285.00-

~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~

286 285 284
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FIG. 12. C 1s line shape for normal emission (8=90 ) and
for grazing incidence (8=S ). The grazing-emission spectrum is
shifted to higher binding energies and has a smaller full width at
half maximum {0.62 eV instead of 0.76 eV).
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FIG. 13. Plot of the C 1s line position versus coverage.
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I I
I I I I

~ 1 ML

~ 8ML

fingerprint of a thick film recorded with a primary energy
of 1200 eV, an energy close to the kinetic energy of a C
1s photoelectron. This definitely proves that the shake-
up intensity difference (Fig. 14) is mainly due to the con-
tribution of inelastic scattering and not to hybridization.

B. Valence-band spectrum and substrate band bending

12 8 4

Energy {eV)

FIG. 14. Comparison between the C 1s shake-up satellites of
a monolayer and a thick C6o film. The energy is referenced with
respect to the C 1s main line. Each of the six well-defined satel-
lites in the thick-film spectrum has a corresponding feature in
the monolayer spectrum, but with lower intensity in the 4—12
eV range.

been normalized to the same C 1s main line intensity.
The six distinct shake-up structures observed in the
thick-film sample are clearly recognized in the 1 ML one,
although slightly shifted and with lower intensity in the
shake-up energy region of 4-12 eV. The sharpness of the
shake-up features in the monolayer spectrum shows that
the electronic structure of C60 is not perturbed by the
GeS substrate: the hybridization between C60 p states and
substrate s and p states is negligible. The higher intensity
of the shake-up features for the thick-film sample can be
explained by the contribution of the inelastic scattering,
which should be strongly reduced in the case of a Cgp
monolayer. Indeed, if we subtract the C 1s shake-up
spectrum of the monolayer from the thick-film one, we
obtain the spectrum plotted in Fig. 15. This difference
spectrum closely resembles the electron-energy-loss

I [ I I I [ I i ~ ( & I I [ I I 1 [ & ~ ~
~

l ~

UPS HeI

+9
2 ~9(ML)

Jp„:;
ll

: I
'V 'g '~ 8.1

More insight into the C60-substrate interaction, espe-
cially a possible small charge delocalization beyond the
van der %'aals interaction and the interface dipole, can be
gained by following with UPS the evolution of the
valence-band spectrum with increasing C60 coverage.
Figure 16 shows a complete set of 14 valence-band spec-
tra recorded for increasing C60 coverages ranging from 0
up to 8.1 ML.

According to pseudopotential energy-band calcula-
tions the valence bands of the GeS substrate can be di-
vided into three regions. ' The first region extending
from 0 to 7 eV binding energy, corresponding to features
a to f in the 0 ML spectrum of Fig. 16, is predominantly
due to the bonding combination of the cation (Ge 4s 4p )

and the anion (S 3s 3p ) p electrons. Two other regions
of bands at 7 —10 eV (features g and h) and 12—14 eV
binding energies (not shown) are due to cation and anion
s electrons (s bands), respectively.

The 8.1 ML spectrum, taken as a reference for the bulk

C60 valence band, shows well-defined features derived
from the m, o. , and o., levels. The leading occupied-
state features, labeled 1 and 2, have vr„and m character
with fivefold and ninefold degeneracy, respectively.
Their radial charge densities are characterized by a node
on the "spherical" shell formed by the atomic nuclei.
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FIG. 15. Spectrum obtained by subtracting the C 1s shake-up
spectrum of a monolayer sample from the thick-film one and
comparison with the inelastic losses su8'ered by electrons of
kinetic energy close to that of a C 1s photoelectron ( —1200 eV).
The EELS spectrum was taken from Ref. 49.

FIG. 16. Set of 14 UPS spectra excited by He I radiation

(h v=21.21 eV) for increasing C6O coverages. The GeS substrate
features are labeled from a to h, and the typical bulk C6O

features are numbered from 1 to 9. The binding energies are
referenced with respect to the Fermi level.
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States 5—10 eV below EF are of mixed m. and o character,
and those more than —10 eV below EF are cr derived.

The evolution of the valence-band spectrum with in-
creasing coverage clearly shows that the molecular na-
ture of the C60 molecule is preserved upon adsorption and
that its electronic structure is only slightly perturbed.
Indeed, most of the characteristic Cso features (labeled
from 1 to 9) are discernible at the submonolayer cover-
ages although slightly shifted and broadened with respect
to the bulk reference spectrum (8.1 ML). The sharpening
of the molecular features with increasing coverage can be
very nicely followed on feature 3: it is seen as a shoulder
on peak 4 for submonolayer coverages and is clearly
resolved for coverages higher than 2 ML. In the same
manner, two contributions (Sa and 5b) are resolved in
feature 5 for the bulk spectrum which are not discernible
in the submonolayer spectra. The broadening of the
molecular energy levels at low coverage is probably due
to the symmetry reduction upon adsorption, which lifts
the degeneracy of the levels and splits them up into
several sublevels.

The weak features observed within about 1 eV around
the Fermi level are due to the He I satellite at 23.087 eV
and account for about 2% of the signal. A detailed
analysis shows that these features can by no means be at-
tributed to the formation of a new band resulting from a
charge transfer from the substrate into a C60 band de-
rived from the lowest unoccupied molecular orbital
(LUMO). s s It appears then that there is no apprecia-
ble charge transfer from the substrate to the C60 mole-
cule.

Because of the layer-by-layer growth and of the higher
photoemission yield of C60 compared to GeS, the intensi-
ty of the substrate peaks is strongly attenuated by the ad-
sorbed molecules, and the photoemission features of C60
quickly dominate the valence-band spectrum as the cov-
erage increases. At 0.38 ML, all the C60 features are
clearly developed and the only detectable substrate
feature is peak a, which is located within the fundamental
C60 gap. Not being masked by the condensed C60 for cov-
erages lower than -0.6 ML, it can be used as a monitor
of the substrate condition. Figure 17 shows the valence
band for coverages from 0 up to 0.75 ML expanded in the
region of the substrate peak a. One observes that the
substrate peak shifts by an amount of about 0.2 eV to
higher binding energies with increasing coverage, indicat-
ing a downward substrate band bending or the formation
of an electron accumulation layer at the interface. This
observation rules out the charge delocalization of sub-
strate electrons over the C6O molecule which has been re-
ported for many C~metal interfaces, ' ' ' because
this would imply an upward band bending. We are there-
fore forced to conclude that, on the contrary, electrons
(or fractions of electrons) of the Cso molecule are delocal-
ized over the substrate. This is plausible, because (1) as
already mentioned, the van der Waals interaction of the
C60 molecule with the substrate induces a positive dipole
at the interface, i.e., a higher electron density at the in-
terface; (2) GeS is slightly ionic, and the Ge cations are
sticking out of the surface with respect to the S anions, so
that electrons on the C60 molecule may feel an additional
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attraction towards the substrate.
In order to compare in more detail the C60 valence

band for low coverages (Fig. 16) to the bulk one we have
subtracted the emission due to the GeS substrate. For
each spectrum the GeS valence band was normalized to
the residual intensity of peak a and shifted in order to
align the substrate features in both spectra before sub-
tracting it from the corresponding spectrum of the C60-
covered surface. The result is shown in Fig. 18 for two
coverages: (a) 0.02 ML (not shown in Fig. 16) and (b) 0.28
ML. The broadening and the shift of all the molecular
levels towards the Fermi level relative to the thick-film

Energy (eV)
10 8 6 4 2

Energy (eV)
0 10 8 6 4 2

10 8 6 4 2

Energy (eV)
0 10 8 6 4 2

Energy (eV)

FIG. 18. Calculation of the difference spectrum (shown in
the lower panels) of the UPS spectrum of the C6O-covered sur-
face and the shifted clean GeS spectrum (both shown in the
upper panels) for two different coverages: (a) 0.02 ML and (b)
0.28 ML. In the lower panel, the difference spectra are com-
pared to the spectrum of bulk C60.

4 3 2 1 0=EF

Energy (eV)

FIG. 17. UPS spectra of Fig. 16 expanded in the energy re-
gion 0-4 eV and for coverages of 0 up to 0.75 ML. One can
clearly follow the shift of the first GeS valence-band feature a to
higher binding energies with increasing C60 coverage.
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spectrum is clearly visible, especially for the very low
coverage spectrum. The shift is not exactly the same for
all the molecular bands and decreases very rapidly with
increasing coverage. This can be seen from Fig. 19,
where we have plotted for each molecular feature and for
the first substrate valence-band feature its binding energy
versus coverage. The shift at low coverage is about 0.3
eV for the highest occupied molecular orbital (HOMO)
(peak 1) and 0.2 eV for the HOMO —1. The stabilization
of the shift long before the completion of the first mono-
layer confirms the adsorption near defects and terraces in
the initial stage of the growth, already suggested by the
XPS analyses.

A complete picture of the distribution of the occupied
and unoccupied electronic states at the interface can be
obtained by combining these direct photoemission spec-
tra with inverse photoemission (IPES) results. Themlin
et al. have indeed measured the conduction-band
dispersion of a 1 ML C6o film on GeS(001). Comparing
the intensity of the substrate difFraction spots in their
published LEED picture to our results, we estimate that
their actual C60 coverage was about 0.6 ML rather than 1

ML. The evolution of the distribution of the occupied
and unoccupied electronic states is shown in Fig. 20, for
the clean substrate, a 0.6 ML C60 film, and a thick film.
It is immediately apparent that the unoccupied states are
more perturbed by the GeS substrate than the occupied
ones. The features in the 0.6 ML IPES spectra are much
less resolved and show a larger shift towards the Fermi
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FIG. 20. Distribution of the occupied and unoccupied elec-
tronic states as probed by direct and inverse photoemission for
(a) clean GeS, (b) -0.6 ML C60, and (c) bulk C60.

2.3

2.2-

5 2.1
'-I

~ 2.0'-
Ul

o 1.9-.

~ 1.8 -- peak 1

0.0 0.2 0.4 0.6 0.8 1.0

Coverage 0 (ML)

5 9 i ' '
I

' ' ' I ' ' ' I ' ' ' I ' I

5.8-
T

TJ.

) 8.3-I
~ 8.2-
CA

o 8.1-
~ 80-. peak 6

7 9
' i. . . I. . . I. . . i. . . I. . . I

0.0 0.2 0.4 0.6 0.8 1.0

Coverage 0 (ML)

) 57-

~ 5.6.-
p
O 5.5;-

LLI 54 peak 4
i

0.0 0.2 0.4 0.6 0.8 1.0

Coverage 0 (INL)

8.5

8.4 '-

3.7

3.6-

) 3.5.-I
~ 3.4-
0)I 33-'
C~ 3.2.- peak 2

0.0 0.2 0.4 0.6 0.8 1.0

Coverage 0 (INL)

0.0 0.2 0.4 0.6 0.8 I .0

coverage 8 (ML)

3 ' i ' ' ' I ' ' ' I ' ' '
1

' ' ' I

7.2 '-

7.1-I 1

~ 70-
1CD: -!

o 6.9 .
-

UJ 68 peak 5

67'
0.0 0.2 0.4 0.6 0.8 1.0

Coverage 0 (ML)

1.6

1.5 '-

1.4-I
1.3

U)
o 1.2-
C

level than the corresponding features in the UPS spectra.
The shift depends on the molecular orbital under con-
sideration: it is about 150 meV for the LUMO- AND
(LUMO+1)-derived features, and reaches 500 meV for
the (LUMO+2)-derived feature. The larger perturbation
of the higher-lying final states might re6ect the larger
spatial extension of the latter, which favors hybridization
with the substrate, leading to the formation of a distribu-
tion of hybrid states.

The total efFect of the shifts in the occupied and unoc-
cupied features is a reduction of the measured HOMO-
LUMO separation from 3.8 to 3.55 eV when going from
the submonolayer regime to the solid. The observed gap
reduction of 0.25 eV is considerably smaller than that for

C6o adsorption on metals [a value of 0.5 eV has been re-

ported for C6ojAu (Ref. 29)]. This reflects the small in-

teraction between the unoccupied C60 and GeS substrate
levels compared to the stronger hybridization observed
between the LUMO and the filled metal d states.

C. Work function measurements

Adsorption of molecules on a solid surface in general
modifies the sample work function. For a semiconductor
a change in work function results from two contribu-
tions: (1) an adsorbate-induced band bending change
ehV„and (2) an interface dipole layer. The total work
function change eh, P is therefore given by

ebP=ebPd; +eh, V, .

FIG. 19. Binding energy of the most intense C6O features and
of the first GeS valence-band peak versus coverage.

The dipole contribution to the change in work function
eb,Pd;„ is related to the dipole moment p of the
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adsorbate/substrate complex, the density of adsorbed
molecules or dipoles nd;~, and the polarizability a of the
adsorbate/substrate complex by the equation

eh, P~;~
= — —pnd; 1+ n d;

e 9a
E'p 4'

where ep is the vacuum permittivity. The second term of
the sum between parentheses, called the depolarization
factor fd, , is a correction to the work function change
due to the interaction between the difFerent dipoles which
reduces the effective electric field at the site of a particu-
lar dipole. In the case of C6p, due to the large size of the
molecule the density of dipoles is quite small so that, in a
first approximation, the interaction between the dipoles
can be neglected in a wide range of values for the polar-
izability a of the dipole. Indeed, with a surface density of
ne; =1.15X10' C60/cm [calculated assuming a fcc
(111)structure with a lattice constant of 14.17 A for the
first monolayer] and a polarizability a=65 X 10 cm
(Ref. 57} for an isolated C60 molecule, obtained from an
ab initio calculation, a value as small as 0.06 is obtained
for the depolarization factor. Although the polarizability
of the adsorbed C60/substrate complex is not well known
but probably larger than the gas-phase value, fd,~

&&1
should be a good approximation. The dipole contribu-
tion to the work function change upon C6p adsorption
can thus be written as

eb, Pe;
-=— pne, —

6'p
(7)

A value for the size of the efFective dipole p can therefore
be obtained from (5) and (7) if the total change in work
function eb,P and the band-bending change ehV, are
known. We have already measured that the adsorbate-
induced band bending is about 0.2 eV.

In order to determine the work function change eb, P
upon C6p adsorption, we have recorded UPS spectra for
increasing coverages. From the position E, of the cutofF
on the high-binding-energy side (corresponding to the
low-kinetic-energy side) the work function eP can be cal-
culated using

eP=hv E, , —

where hv is the photon excitation energy. Figure 21(a}
shows the high-binding-energy side of the He
( h v =21.21 eV} excited photoemission spectrum for the
GeS(001) substrate, 1 ML C6o adsorbed on GeS(001) and
for a thick film representative of bulk fullerite. The posi-
tion of the cuto6' is determined as the zero of the second
derivative. By coincidence, bulk fullerite and GeS(001}
share the same work function value of 4.7 eV. A small
but clear work function change of about 0.1 eV is ob-
served after adsorption of 1 ML of C6p. The complete
evolution of the work function with increasing coverage
is shown in Fig. 21(b). One observes a small increase in
the work function with a maximum at around 1 ML fol-
lowed by a decrease and a saturation at the bulk value for
C6p at around 2 or 3 ML. The position of the cuto8'can
be determined only within about 100 meV because the

~~

L
lO

4kg
~. ~~: ~

~ '. ~

r: ~:

GeS
1ML C6o

~ 8 ML Ceo

17.0 16.5 16.0 15.5

Energy (eV}

15.0

5.0

( )

4.9-
C II

~
0
Vc

o 47

4.8- -', i,

4.6

Coverage 8 (ML}

shape of the low-kinetic-energy side of the photoelectron
spectra changes with coverage. This accounts for the
large error bars in Fig. 21(b). Nevertheless, the experi-
mental data points show a clear deviation to higher
values at low coverages. The measured work function
change eh/ of about 0.1 eV determined from a least-
squares Gaussian fit [shown as the solid line in Fig. 21(b)]
is therefore acceptable although this value is of the same
order of magnitude as the error bar.

According to Eq. (5) a work function increase of 0.1 eV
together with a downward band bending of 0.2 eV give a
dipole contribution of —0. 1 eV. Equation (6}yields then
a value of p =—8X10 ' Cm for the positive surface di-
pole. This value has to be compared to the estimated di-
pole moment of 6X10 ' Cm induced upon adsorption
onto a metal due to the attractive image charge. This
number is obtained as follows. Considering each carbon
atom of the C6p molecule as an independently polarizable
one-electron entity of static polarizability a, its ground-
state energy in the presence of the substrate is written as

W(5) = (e,(z +5)~H, + V~%,(z+5) &,

where

V(z}= ey 3z
4Zp 4 Zp

(9)

(10}

FIG. 21. (a) High-binding-energy side of the He r excited
photoelectron spectra for GeS(001) (A), 1 ML C6o (~), and 8

ML C6o (~ ). The energies are referenced to the Fermi level of
the sample. The work function increases from 4.7 to about 4.8
eV upon adsorption of 1 ML of C6o. (b) Plot of the sample work
function versus C6o coverage. The solid line is the result of a
least-squares Gaussian fit.
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is the dipolar interaction potential of the effective elec-
tron of coordinate z normal to the surface with its self-
image in the substrate. y=(e —1)/(@+1) is the screen-
ing factor with e the static dielectric function of the sub-
strate; zo is the adsorption distance. In (9), Ho is the
free-atom Hamiltonian and ~%o(z+5) ) is taken to be its
free ground state rigidly deplaced by an amount 5 to-
wards the surface. Taking Ho and ~+o) from a simple
harmonic-oscillator model (the result obtained is not very
sensitive to the one-effective-electron model) and minim-
izing W(5) with respect to 5, one finds the induced dipole
moment per carbon atom

9 n ey
p, =e6=

32 zo Pzo

where P ' is a measure of the carbon atomic radius [the
Gaussian width of the ground-state wave function
-exp( —P z /2) j. The total dipole moment induced on
the Cso molecule is obtained by summiny (11) over the

C6o carbon atoms. With a-1 A, P- I A ', and y —1

one obtains the value of 6X 10 ' C m mentioned above.
For a semiconductor this induced dipole moment has to
be reduced by the screening factor y —(e —1)/(a+1),
which for GeS amounts to y-0. 86 (e-13). The
difference between the calculated and measured surface
dipole might be attributed to an additional polarization
induced by the electric field of the ionic substrate. Calcu-
lations are in progress in order to evaluate the magni-
tude of this contribution.

VI. CONCLUSION

In this paper we have studied the formation of the
C60/GeS(001) interface. We have presented evidence that
the epitaxial C60 grows in a layer-by-layer mode. High-
resolution TEM images have revealed a very low density
of defects as well as a grain size larger than l pm.
GeS(001) can therefore be considered as one of the best
substrates for growing single-crystal C6O films; this is
confirmed by recent angle-resolved photoemission mea-
surements performed on these films. The investigation
of the electronic structure of the interface by XPS and
UPS has revealed that the overlayer-substrate interaction
is mainly dominated by van der Waals forces. The for-
mation of a weak but measurable interface dipole has
been observed. This interface dipole has been interpreted
in terms of an image-charge-induced polarization and re-
ceives an additional contribution from the static electric
field generates by the cations and anions of the substrate.
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