PHYSICAL REVIEW B

VOLUME 44, NUMBER 24

15 DECEMBER 1991-1I

Ceo bonding and energy-level alignment on metal and semiconductor surfaces

T. R. Ohno, Y. Chen, S. E. Harvey, G. H. Kroll, and J. H. Weaver
Department of Materials Science and Chemical Engineering, University of Minnesota, Minneapolis, Minnesota 55404

R. E. Haufler and R. E. Smalley
Rice Quantum Institute and Departments of Chemistry and Physics, Rice University, Houston, Texas 77251
(Received 2 July 1991)

Electronic-structure studies of Cg, condensed on metal surfaces show that the energy levels derived
from the fullerene align with the substrate Fermi level, not the vacuum level. For thick layers grown on
metals at 300 K, the binding energy of the C 1s main line was 284.7 eV and the center of the band de-
rived from the highest occupied molecular orbital was 2.25 eV below the Fermi level. For monolayer
amounts of C¢y adsorbed on Au and Cr, however, the C 1s line was broadened asymmetrically and shift-
ed to lower binding energy, the shakeup features were less distinct, and a band derived from the lowest
unoccupied molecular orbital (LUMO) was shifted toward the Fermi level. These monolayer effects
demonstrate partial occupancy of a LUMO-derived state, dipole formation, and changes in screening
that are associated with LUMO occupancy. Results for C¢, monolayers on n-type GaAs(110) show
transfer of <0.02 electron per fullerene, as gauged by substrate band bending. For Cy, on p-type GaAs,
however, the bands remained flat because electron redistribution was not possible, and the Cgy-derived
energy levels were aligned to the substrate vacuum level.

INTRODUCTION

Several recent studies of solids derived from Cg, have
focused on crystal structures' 73 and electrical*® and elec-
tronic®~® properties. The energy separation between the
molecular highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) lev-
els”!% suggests that solid Cg, would behave like a semi-
conductor. For a van der Waals solid, such a small gap is
remarkable.!® Equally remarkable is the fact that solid
Cqo is stable at much higher temperatures than other ele-
mental van der Waals solids. Studies of the interaction of
Cg¢o molecules with Au(111) have revealed close-packed
structures derived from spherical objects separated by
~10 A."' In contrast, scanning tunneling microscopy
(STM) studies of C¢y grown on GaAs(110) have shown
distinct bonding sites.!?> Such studies raise questions as
to the nature of the surface bond and the possibility that
the molecules themselves could be altered by chemisorp-
tion processes.!® Issues related to bonding and energy-
level alignment are important in areas related to ca-
talysis, oxidation, or electrochemistry with fullerenes.

This paper focuses on the interaction of Cg, with metal
surfaces and with cleaved n- and p-type GaAs(110). Pho-
toemission was used to measure the positions and line
shapes of valence band and C 1s features; inverse photo-
emission was used to examine changes in the empty states
associated with bonding. The metal substrates were
chosen to provide a range of work functions and electron-
ic character, namely the noble metals Ag and Au, the
alkaline-earth metal Mg, the transition metal Cr, and the
semimetal Bi. The results show that the energy levels of
Cgo are aligned to the Fermi level for all of these metal
surfaces, despite a work-function variation of ~1.5 eV.
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The C 1s line shapes for first-layer Cgy molecules reflect
the extent of charge transfer and the character of surface
bonds, in particular the mixing of the LUMO level with
states of the metal substrate. Results for C¢, monolayers
on n- and p-type GaAs(110) show no apparent surface
chemistry but differences that were related to the position
of the Fermi level in the gap. For these systems, charge
transfer and substrate band bending was observed for n-
type GaAs but not for p-type GaAs.

EXPERIMENT

The x-ray-photoemission (XPS) measurements were
carried out in an ultrahigh-vacuum system with mono-
chromatized Al K« x rays focused to ~ 150-um-diameter
spots.'* A hemispherical analyzer with a resistive anode
was used to detect the emitted electrons. The instrumen-
tal broadening was 0.6 eV full width at half maximum
(FWHM) when the pass energy was 25 eV, as determined
from the Au 4f,,, emission. All core-level energies were
referenced to the Fermi level of the grounded substrate.
The synchrotron-radiation photoemission experiments
were done at Aladdin using a spectrometer optimized for
studies of overlayer growth in ultrahigh vacuum. Photo-
electrons were collected with an angle-integrated double-
pass cylindrical mirror analyzer. The overall instrumen-
tal resolution for the valence-band spectra was ~0.35 eV.
For the inverse-photoemission measurements, 5 a
monoenergetic electron beam was incident on the sample
and subsequent radiative transition from high-lying to
lower-energy states produced photons with energies equal
to the difference of the initial and final electronic states.
Those photons were dispersed with a grating monochro-
mator, and their energy distribution was measured in the
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photon energy range 10-44 eV. The operating pressure
was <4X107!! Torr during photoemission or inverse-
photoemission data acquisition and <2X1071° Torr dur-
ing Cg, or metal deposition for all three systems.

Clean metal layers that could be used as substrates
were grown by vapor condensation on cleaved GaAs(110)
or on cleaved highly oriented pyrolytic graphite (HOPG).
Mirrorlike GaAs(110) surfaces (n-type doped with Si at
2X10"® cm™3 and p-type doped with Zn at 2X10'8
cm~3) were prepared by cleaving 2X4X 10 mm?> posts.
STM studies of the growth and properties of Bi, Mg, and
Ag films on GaAs(110) have shown that these overlayers
form by the coalescence of metal clusters. '~ !® Studies of
Au and Cr overlayers on HOPG have also shown the
merging of clusters into a layer that covers the surface.

The fullerenes were formed by the contact-arc method,
with subsequent separation by solution with toluene.!®
Pure C4, was obtained by a liquid chromatography pro-
cess on alumina diluted with mixture of hexanes. The re-
sulting Cy, was then rinsed in methanol, dried, and
placed in Ta boats that were ~10 cm from the substrate
-onto which the molecules were to be deposited. Degass-
ing to ~475°C desorbed residual solvents and conden-
sates. Cqp was sublimed at ~550°C. The typical deposi-
tion rate of 0.5 A per minute was measured with a quartz
microbalance. We define one monolayer (ML) of Cg, to
be the equivalent of 1.15X 10 molecules/cm?. The
thlckness layer is 8 A based on the bulk density of 1.65
g/cm? and the layer spacing for a close-packed solid.
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FIG. 1. The upper panel shows the distribution of occupied

and empty electronic states for multilayer Cy, measured with
soft x-ray photoemission and inverse photoemission, respective-
ly. The spectra were normalized so that the total intensity of
the LUMO-derived peak was 60% of the HOMO-derived peak,
reflecting the fivefold and threefold degeneracy of those levels.
A quantitative correlation between the height of a given feature
and the density of states should not to be inferred (see Refs. 6
and 7). The HOMO-LUMO separation was 3.7 eV for the solid.
The lower panel shows the C 1s main line and 7-m* shakeup
peaks.
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RESULTS AND DISCUSSION
Electronic properties of Cg,

Figure 1 shows the distribution of occupied and empty
electronic states referenced to the Fermi level of the
grounded spectrometers. The 50-100-A-thick films
grown on GaAs(110) at 300 K gave results that were
representative of the bulk fullerite.” Scanning tunneling
microscopy studies have revealed the surface morphology
of such films.'> Photoemission produced spectra that
reflected the removal of an electron from the N-electron
molecular system, while in inverse-photoemission results
represented the addition of an electron. The valence-
band results (upper panel) show well-defined features de-
rived from the #,, o,, and o, levels. The leading
occupied-state features, labeled 1 and 2, are 7 states that
have radial charge densities characterized by a node in
the “spherical” shell formed by the atomic nuclei.®
These states form narrow bands in the small Brillouin
zone of solid C¢,. The deeper features have increasing o
and o, character and are more localized. The first two
empty-state features are again 7 derived, with greater
delocalization and more solid-state band character.

The lower panel of Fig. 1 shows the C 1s main line
emission at 285.0 eV relative to Ep with 7-7* shakeup
features that extend to at least 7 €V higher energy. Broad
plasmon loss structures associated with collective excita-
tions of the charge of individual molecules can also be
seen at ~ 18 and 28 eV.® Analysis of the C 1s main line
of Fig. 1 yields a Lorentzian of ~0.1 eV. The width of
the main line is then nearly instrument limited, and this
provides evidence that all of the carbon sites are spectros-
copically equivalent in the condensed fullerite. It is in-
teresting to note that the shakeup features of Fig. 1 are
analogous to those observed for aromatic compounds,
but equivalent structures are not present in spectra for di-
amond or graphite.® They can be described as excited
states of the molecule due to the change in the potential
with the creation of a 1s core hole. The energies of these
excited states of the N —1 electron system can be approx-
imated by ground-state energies with valence electron
promotion to an empty state. The shakeup feature at 1.9
eV corresponds to electron promotion from HOMO to
LUMO.®

Figure 2(a) depicts the energy levels for isolated and
solid Cy, the levels corresponding to the ionization po-
tential (IP) and the electron affinity (EA) are 7.6 and 2.7
eV below the vacuum level E,..° For the solid, the re-
moval or addition of an electron reveals the HOMO- and
LUMO-derived bands with a difference in energy of 3.7
eV, as measured in Fig. 1 and depicted in Fig. 2(a). This
is 1.2 eV less than the difference of IP and EA because of
solid-state screening of the system established by electron
removal or addition. For a van der Waals solid with no
free carriers, this screening is due to charge polarization
in the surrounding medium. For Cg,, the wave function
(charge distributions) describing the HOMO and LUMO
levels are of comparable spatial extent so that the screen-
ing response should be nearly the same for electron remo-
val or addition. The magnitude of the screening depicted
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in Fig. 2(a) is consistent with solid Cg4, having a static
dielectric behavior close to that of graphite. To a first ap-
proximation, then, the hole (electron) is localized on a
single molecule during the photoemission or inverse-
photoemission process. If this were not the case and
there were complete delocalization, the measured band
gap would be very close to the “one-electron” or
independent-particle HOMO-LUMO separation of ~ 1.6
eV, free of many-body final-state effects. The ground
state of the N-electron system depicted in Fig. 2 is con-
sistent with calculations for the isolated molecule that
predict rigid shifts of ~3 eV for the energy levels of Cg,*
and Cg, ™ relative to Cgy. 2°

Figure 2(a) gives plausible positions for the energy lev-
els of Cg, in the ground state and in the measured final
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FIG. 2. (a) Energy-level diagram referenced to the vacuum
level E,,, for isolated C¢, showing the ionization potential (IP)
and the electron affinity (EA) levels and for the solid showing
the LUMO- and HOMO-derived bands. The ground state of
Cgo With N electrons is depicted at the right. Energy shifts for
the solid and the molecule reflect the screening of the N+1 (in-
verse photoemission) and N —1 (photoemission) electron sys-
tems. We have assumed that the shifts are symmetric. (b)
Energy-level diagram for Cg, condensed on a metal with a work
function, ¢ of 4 eV, assuming vacuum level alignment. In this
case, the LUMO lies below E, suggesting charge mixing with
the metal. (c) Energy-level diagram for Cg¢ condensed on
GaAs(110) assuming vacuum level alignment. The proximity of
the LUMO and the CBM suggests coupling with substrate elec-
trons for n-type samples, as is shown to be the case.
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states. The ground-state energies are needed to explain
the trend in surface bonding and final-state screening on
various substrates. Figure 2(b) again shows the ground-
state energies for C4, and depicts their alignment with a
metal, assuming vacuum level alignment. For a metal
with a work function of 4 eV, the ground-state energy of
HOMO would then be ~1.9 eV below Ep and LUMO
would be near E. The relative energy positions of Ep
and LUMO would suggest charge transfer to LUMO
might be possible, depending on the work function. In a
simple quantum-mechanical perturbation treatment of
bond formation for adsorbates on metal substrates, mix-
ing could occur between states with similar energies and
would result in incremental charge transfer to LUMO.
Figure 2(c) reproduces the ground-state energies for
Cgo» this time in contact with GaAs where the electron
affinity is 4.1 eV and the energy gap is 1.4 eV. Vacuum
level alignment would place HOMO below the valence-
band maximum (VBM) and LUMO below the
conduction-band minimum (CBM) in the semiconductor
band gap. In this case, charge transfer to the adsorbed
molecules would involve conduction-band electrons and
would depend on whether the semiconductor is doped n-
type or p-type. For n-type substrates, one might expect
band-bending changes that would reflect such coupling.
Such possibilities are explored in detail in the following.

Energy-level alignment on metal surfaces

The above discussion explicitly assumed that the metal
work function ¢ was 4 eV and that the common energy
level was the vacuum level. Such an assumption of vacu-
um level alignment would be valid for large gap van der
Waals solids, where the empty states are far above Ep.
Indeed, photoemission from an adsorbed layer of Xe has
been used to determine local work functions of various
surfaces.?! For Cg, however, the LUMO is close to Ej
and LUMO mixing can occur. To investigate the details
of C¢, bonding, we undertook studies of monolayer and
multilayer growth on metals with a range of work func-
tions, namely Mg (¢=3.6 eV), Bi ($ =4.2 eV), Cr (¢=4.5
eV), Ag (¢=4.3 eV), and Au (¢=5.1eV).2

Figure 3 shows photoemission valence-band spectra for
Cgo condensed on a 120-A-thick Bi layer. The bottom en-
ergy distribution curve (EDC) shows Bi 6p emission
within ~5 eV of E; and broad Bi 6s emission centered at
~11 eV. The spectrum obtained after ~0.3-ML Cg,
deposition reveals emission from molecular-orbital-
derived features superimposed on attenuated emission
from Bi. The Cq, features then grew in relative intensity
but their energy positions remained unchanged. The
center of the feature derived from HOMO was 2.3 eV
below E for 2 ML.

The inset of Fig. 3 shows an EDC obtained after 2-ML
Cgo deposition onto 30 A Ag. Although the strong Ag
d-band emission precluded quantitative examination of
the C¢, monolayer features in the region 4-8 eV below
Ep, the HOMO-derived band for ~2 ML was clearly evi-
dent at 2.2 eV below Er. (The spectra for C4/Ag were
taken with Av=110 eV because the Cooper minimum in
the 4d cross section suppressed substrate emission.)
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FIG. 3. Valence-band spectra for Cqy condensed on Bi in the
amounts given. The spectra are referenced to Er, and they are
plotted in arbitrary units. The inset shows the equivalent spec-
trum for 2-ML Cg, condensed on Ag. For Ag and Bi, the
HOMO-derived bands are centered 2.2-2.3 eV from Ep.

Figure 4 shows EDC’s for C, condensed on a 300-A-
thick Mg film. The Fermi-level cutoff was clearly seen in
the Mg spectrum and the broad structure beneath the Mg
sp band was due to Auger LVV emission (hv =70 eV,
Mg 2p binding energy ~50 eV). As with Bi, all of the
molecular features are visible for 0.7-ML deposition. The
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FIG. 4. Valence-band spectra for C¢ condensed on Mg
showing the growth of the Cg, features with the HOMO 2.2 eV
below Ej.
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Cgo molecular features then grew relative to the weak Mg
emission and, again, the HOMO was 2.2 eV below Ej.
The deposition of 4 ML at 300 K produced valence-band
features that were identical to those of bulk Cg,.

Figure 5 shows the C ls emission as a function of Cg,
deposition on Au. The C 1s main line for 0.5 ML showed
a broadening by 0.25 eV relative to that for a thick layer
(Fig. 1), a line-shape asymmetry to higher binding energy,
and an 0.4-eV shift to 284.6 eV. The w-7* satellite
features were also broader, and the HOMO-LUMO satel-
lite at 1.9 eV was obscured by the main line. Increasing
the coverage to 1 ML resulted in a sharpening of the
main line, a shift to higher energy, and more distinct
shakeup features. STM investigations of the surface mor-
phology for ~1-ML Cg4, on Au show a first Cg, layer but
also second layers and open patches.'"!? Photoemission
line-shape analysis in terms of contributions from the first
layer (dashed line) and subsequent layers suggests that
~35% of the surface had single-layer coverage, while an
equal amount was at least two molecules thick for growth
at 300 K.

Figure 6 shows the C 1s emission for growth on Cr.
Analysis again reveals asymmetric line shapes for ful-
lerenes in contact with the metal. Significantly, the main
line appeared at 284.2 eV, well shifted relative to growth
on Au and the shakeup features were nearly
undifferentiated. The main line could be decomposed
into emission from the first layer (dashed line) and the
second layer, as shown. By ~2 ML, the shakeup peaks
were clearly visible, with the 1.9-eV feature well resolved
from the now-sharper main line. Multilayer zmission was
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FIG. 5. C 1s spectra for C4, condensed on Au showing main
line sharpening and satellite development for multilayers com-
pared to the first layer. Analysis indicates that second-layer is-
lands start to form by ~ 1-ML deposition and the C ls energy
position for molecules in second and subsequent layers differ
from those in the first layer (dashed line).
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FIG. 6. C 1s spectra for Cg, deposition on Cr, as in Fig. 5.

indistinguishable from that of bulk Cg, although the
main line appeared at 284.6%0.1 eV for growth on Cr and
284.8+0.1 eV for growth on Au.

The results of Figs. 3—6 demonstrate that the peak in
the HOMO-derived band is 2.2-2.3 eV below E and the
C 1s main line is at 284.6-284.8 eV for Cy, multilayers,
despite the ~1.5-eV variation in the metal work func-
tions. Hence, the energy levels of thick fullerene layers
align with the Fermi level of the substrate, not the vacu-
um level. This energy reference is established by a redis-
tribution of charge and the formation of an interface di-
pole. We estimate that the first-layer fullerenes have
0.1-0.5 additional electronic charge per molecule to
compensate for the metal work functions, based on a
model that assumes charged planes separated by 5 A, the
fullerene radius. As discussed below, analogous effects
are observed for CO adsorption on metal surfaces where
a broad 27-derived resonance appeared near Ep. 2372

Energy-level alignment on GaAs(110)

C¢o adsorption on GaAs(110) gives quite different re-
sults from those for metals because the bulk semiconduc-
tor Fermi level lies near the CBM or VBM, depending on
dopant type. As shown in Fig. 7 for 0.5- and 6-ML films
on GaAs(110), the C 1s core-level results were essentially
identical, in contrast to results for metallic surfaces. Ad-
sorption on n-type GaAs gave a C ls main line binding
energy of 285.0 eV and the HOMO was located 2.4+0.1
eV below E, both ~0.2 eV deeper than for thick layers
on metals. The shakeup features were clearly visible for
0.5 ML on GaAs, although they were distorted by over-
lap with As LMM Auger emission. Analysis of the sub-
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FIG. 7. Comparison of C 1s spectra for first-layer Cq, on Cr,
Au, and GaAs showing differences in energy and width for the
main line and differences in appearance for the satellite struc-
tures. The results for 6 ML on GaAs are representative of thick
films.

strate core-level features showed an adsorbate-induced
band bending of 0.3 eV for n-type GaAs(110). Analysis
also showed that there were no changes in surface relaxa-
tion and no new bonding configurations were formed at
the interface. The 0.3-eV band bending for GaAs doped
at 2X10'® cm™? required the formation of an interface
dipole and a depletion region ~150 A thick. A dipole
with charge transfer from the semiconductor implies that
the LUMO falls below the GaAs CBM. In turn, the 0.3-
eV shift implies charge transfer of only ~3X10'
electrons/cm?, or ~0.02 electron per first layer fullerene,
as weak mixing of the conduction band and the LUMO
level occurs. These changes are depicted in Fig. 8, where
the dashed lines denote the ground-state energies of the
LUMO and the HOMO and the solid lines represent ob-
served values, shifted because an electron was added or
removed. Also shown is the depletion region and the
0.3-eV surface barrier.

The lower portion of Fig. 8 shows the results for Cg,
adsorption onto p-type GaAs(110). In this case, there
was no measurable change in band bending. The HOMO
and the C 1s main line appeared at 1.6 and 284.3 eV,
shifted ~0.8 eV relative to n-type GaAs(110) with no
changes in line shape. The absence of adsorbate-induced
band bending or charge transfer shows that the C¢, ener-
gies were strictly vacuum referenced. Thus, the LUMO
is well above the surface Fermi level and the HOMO falls
in the GaAs valence band (Fig. 8). Since Cg, and
GaAs(110) are vacuum referenced, the ionization poten-
tial of solid C is 7.1 eV, as shown in Fig. 8. This agrees
well with values estimated above, where we assumed sym-
metric screening in the (N —1) and (N+1) systems of
Fig. 2(a).



13752

Ceo / GaAs(110)

CBM R
VBM PR B =
—-—‘L- HOMO
p-type

FIG. 8. Energy-level diagram for C¢, on n- and p-type GaAs.
Dashed lines represent ground-state energies and solid lines
denote the measured energies. Deposition on n-type GaAs(110)
produced a 0.3-eV Fermi-level shift from the CBM, indicating
net charge transfer from the semiconductor to the resonance
state derived from the LUMO. The HOMO was 2.4 eV below
E; and the C 1s main line appeared at 285.0 eV. Deposition on
p-type caused no band bending, the HOMO was 1.6 eV below
E., and the C 1s main line appeared at 284.3 eV. The
differences reflect the inability of carriers to couple to Cg, for p-
type GaAs and vacuum level referencing.

Cgo substrate bonding

Figure 7 shows the C 1s emission obtained after deposi-
tion of ~0.5-ML Cg, on Cr, Au, and n-type GaAs(110),
as well as for a 6-ML film on GaAs. The thickness-
dependent results for GaAs(110) reveal broadening by 0.1
eV of the C 1s main line for 0.5 ML. Again, these results
indicate that there was little modification of the C, layer
in contact with the semiconductor and that bonding was
dominated by van der Waals interactions. In contrast,
the submonolayer results of Fig. 7 for Au were character-
ized by a C 1s main line shifted by ~0.2 eV from the
peak for thick layers on metals, a broadening by 0.25 eV,
and an asymmetry to higher binding energy (asymmetry
parameter a=0.09). Although the shakeup features were
evident, they too were broadened and the background
was substantially higher than for multilayer films. The
1.9-eV 7r-7* feature could not be detected. For ~0.5 ML
of C¢, on Cr, the C 1s main line was shifted 0.4 eV rela-
tive to that for thick layers on Cr, the main line was
broadened and even more asymmetric (¢ =0.12), and the
shakeup features were replaced by a broad feature. These
results for adsorption on metal surfaces demonstrate that
bonding is not simply van der Waals.

Additional insight into surface bonding can be gained
from the inverse-photoemission results shown in Fig. 9
for low coverages of C¢, on Au. The peaks superimposed

T. R. OHNO et al.
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FIG. 9. Empty state spectra obtained with inverse photo-
emission for Cg, on Au showing a shift in energy for the mono-
layer results relative to those for thicker layers because of first-
layer mixing of LUMO with Au substrate levels.

on the Au conduction-band emission are analogous to
those of Fig. 1 but the submonolayer features were shift-
ed ~0.5 eV toward Ej. Since photoemission results
showed that the HOMO-derived band did not move, this
implies that the HOMO-LUMO separation was reduced
from 3.7 to 3.2 eV, an effect related to hybridization be-
tween the LUMO and the metal states (discussed below).

The results for C¢, adsorption on metals can be exam-
ined from the perspective of chemisorption literature,
particularly that related to CO adsorption on met-
als.?*~2° For nondissociative CO bonding to a metal sur-
face (with the C atom down), theoretical discussions have
focused on perturbative treatments of the molecular or-
bitals. CO hybridization with small metal clusters to
form bonding and antibonding levels has been con-
sidered, as has hybridization with a band of metal states
to form a broad resonance.?> % In the latter, the reso-
nance derived from empty 27 orbitals and the metal band
was centered above Ep but its tail extended below Ej.
The result was a small increase in charge density near the
CO molecule due to partial occupancy of the 27 orbitals
without substantial modification.?>~2° Analysis showed
that the 27 charge density was beyond the metal dipole
layer and that the next empty levels were sufficiently high
in energy that they could not mix.

The experimental result for Cg, adsorbed on metal sur-
faces indicates that the amount of charge transfer is
small, but not negligible, compared to the number of
valence electrons per molecule, and that the reduced
molecular symmetry associated with condensation did
not significantly change the distribution of occupied elec-
tronic states. Hence, a perturbation treatment is reason-
able. We propose, therefore, that mixing between the
LUMO and filled metal states produces a resonance that
is centered above Ep but has a tail that accommodates
sufficient charge to produce Fermi-level alignment. This
charge would reside in a state that looks very much like
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the LUMO. Polarization of charge on the molecule and
deviation from spherical character should be small.

Figure 10 shows the proposed energy-level diagram for
C¢o monolayers and multilayers adsorbed on a metal.
Measured LUMO- and HOMO-derived peak positions
are represented by broad solid lines. They are shifted
from the ground-state positions (indicated by dashed
lines) by final-state effects related to the addition or remo-
val of an electron. For a monolayer of Cg, the ground-
state LUMO-derived level is “pinned” nearer the Fermi
level than the LUMO for thicker layers, since it is par-
tially occupied. This shift toward E, is enhanced by
screening of the photohole by image charges and polar-
ization screening by adjacent fullerenes. In the ground
state the HOMO will follow the LUMO, since Cq, molec-
ular levels are not changed substantially by bonding with
the substrate. Thus, the ground state will shift for the
first monolayer, as depicted in Fig. 10. In contrast,
screening of the HOMO in the photoemission final state
caused by the substrate image charge will tend to shift
the observed position toward Eg. For the HOMO, these
two effects are largely offsetting and there is no significant
change in the measured HOMO position for growing
films.

For fullerenes in thick molecular layers, alignment of
their ground-state energies is determined by the interface
dipole, i.e., bond formation in the first layer, which as-
sured alignment to the substrate E,. Screening of the
N —1 and N+1 final states of photoemission and inverse
photoemission is only by polarization of the molecular
environment, and this is independent of the metal sub-
strate. Interactions between first layers and subsequent
layers are mostly van der Waals, since the first layer is

vac
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FIG. 10. Energy-band picture for first layer and multilayer
Cgo on a metal with work function ¢. Dashed lines represent
ground-state energies. The solid lines depict measured energies
for photoemission (N —1 system) and inverse photoemission
(N+1 system). The ground-state mixing of the LUMO with
metal levels produces a dipole that aligns the Fermi level. That
mixing shifts the ground-state LUMO level toward Er. The ap-
parent reduction in the HOMO-LUMO gap reflects final-state
screening of the hole or added electron.
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not modified much by substrate bonding. Therefore, the
observed energy positions for valence and core-level
features will be the same for C¢, multilayers on all metals,
and they will be aligned to the substrate Ef, as observed.

It is interesting to note that the C 1s—HOMO separa-
tion decreases by 0.2-0.4 eV for a Cy, monolayer relative
to a multilayer. For any adsorbed molecule, the creation
of a C 1s core hole causes all levels to shift to higher
binding energy as each level is more tightly bound by a
nucleus that is no longer screened by a filled 1s shell. The
removal of an electron from a valence state has a small
effect because of its much larger spatial extent. For a
molecule in contact with the metal surface, the creation
of the core hole pulls the LUMO-metal resonance toward
Ep and charge transfer from the substrate to LUMO-
derived states contributes additional screening for the C
1s hole. The magnitude of the shift due to charge-
transfer screening for first layer and multilayers is ap-
proximately the C 1s binding-energy difference for thick
and thin films, namely 0.2 eV for Au and 0.4 for Cr. The
larger shift for C¢, on Cr reflects stronger LUMO-metal
interaction in the ground state and hence larger charge-
transfer screening in the final state. We note that analo-
gous screening has been observed for CO and benzene on
transition metals, where the shift has been shown to vary
with substrate bonding strength. 2426

The observed changes in the width of the C ls main
line for monolayers and multilayers can again be under-
stood by analogy with adsorbed molecules, where the
response to the core hole reflects the ground-state hybrids
between metal states and the LUMO.242"28 In this case,
the C 1s linewidth is related to the increased width of the
LUMO-derived resonance (the greater the mixing, the
shorter the lifetime). Effects related to image charge
screening in the final state appear to play a minor role in
determining the line shape because they should be ob-
served for GaAs as well as metals, but they were not.
The suggestion that core holes created in carbon atoms
nearer the substrate would be screened more effectively
than those on the outer edge can be discarded, since this
would introduce an asymmetry to lower binding energy.
Indeed, we can assume that all C 1s core holes are
equivalent for screening by charge transfer from the sub-
strate because the LUMO level has the symmetry of the
molecule. Finally, the pronounced asymmetry of the C
1s main line is a result of low-energy losses for the pho-
toemitted electron®* and it reflects the density of the
LUMO-metal hybrids at E;. Such lifetime broadening
and asymmetries have been observed for CO and benzene
chemisorbed on transition metals. 2428

Differences in the shakeup structures for first-layer Cg
molecules also indicate LUMO mixing with Cr and Au.
Umbach? has shown that physisorbed molecules retain
the shakeup structures observed in the gas phase because
the final states involve only molecular orbitals with
broadening due to the substrate screening response. For
strongly chemisorbed molecules, the sharp molecular
features are replaced by structureless satellites because of
mixing of molecular and substrate levels in the initial and
final states.3® The results of Fig. 7 show a broad main
line and a satellite at ~6-eV higher binding energy for
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Cgo adsorbed on Cr, consistent with relatively strong in-
teraction. In contrast, those for C¢, adsorbed on Au
show more distinct satellites, and those for GaAs exhibit
essentially unchanged molecular final states.

SUMMARY

The spectral results described here for C¢, multilayers
can be understood in terms of localization of the pho-
tohole or added electron on a molecule in a dielectric
medium with shifts from the ground-state energies due to
polarization of the van der Waals solid. Adsorption of
C¢o monolayers on metals results in charge transfer and
LUMO-metal state mixing that assures Fermi-level align-
ment and accounts for additional bonding beyond van der
Waals bonding. For these monolayers, we observe
changes in the C 1s energy and line shape that reflect the
LUMO-metal hybrid states, since they are involved in the
many-body relaxation and decay of the core hole.®! For
C¢o adsorbed on GaAs, the energy-level alignment de-
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pends on the dopant type because the LUMO lies near
the CBM, and coupling with the LUMO requires elec-
trons in the conduction band. Only when mixing of
states of the substrate with LUMO is not possible are the
vacuum levels aligned, as is the case for larger gap van
der Waals solids. Such is the case for Cy on p-type
GaAs(110).
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