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We have studied the properties of (C¢Hs)sCgoH in thick film form and adsorbed at two surfaces at the
extremes of chemical reactivity—the highly reactive Si(111)-(7X7) and chemically passivated Ag:Si(111)
-(V3x\3)R30° surfaces—using photoemission spectroscopy (PES) and near-edge x-ray fine structure (NEX-
AFS) spectroscopy. Our results show that the phenyl groups produce dramatic changes in the electronic
structure of the fullerene system, including a lifting of the degeneracy of electronic states and a widening of the
highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) bandgap, resulting
in changes in the chemistry of the fullerene cage itself. The modification of the fullerene in this way also
enhances the polarisation screening effect observed in fullerene systems. Adsorption at the Si(111)-(7 X 7) and
Ag:Si(11 1)-(\f§>< \E)RB’O" surfaces is mediated by two different mechanisms, the former involving formation
of covalent bonds, and the latter largely van der Waals in character. Despite the lack of a strong chemical
interaction, however, a 0.9 ML coverage of (C¢Hs)sCeoH on Ag:Si(11 1)-(v3 X V3)R30° leads to a shift of the
Si 2p core-level spectrum by ~200 meV to higher binding energy, suggesting that a positive interface dipole
contributes to the adsorption energy of the fullerene at this surface.
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I. INTRODUCTION

The discovery of fullerenes' was greeted with much ex-
citement, generated by the belief that the new form of carbon
could be exploited in the development of novel materials and
electronic devices, drug delivery technology and nanoscale
structures. Although some of the initial impetus in the field
arguably faded somewhat, when very many practical or tech-
nological applications of Cg, (and its derivatives) did not
immediately appear, a resurgence of interest in fullerene sys-
tems has recently been prompted by the fascinating (and
highly cited) discovery of ferromagnetism in polymerized
Cq (Makarova et al?). Furthermore, the exploitation of
fullerenes as core elements of single molecule spectroscopy’
and manipulation*”” experiments continues apace. A highly
topical example is that of Yamachika et al.,® who have shown
that it is possible to controllably dope individual Cg, mol-
ecules placed, using an STM tip, above K atoms on a Ag
surface.

A particularly attractive feature of the fullerene family of
molecules is the ability to modify the molecular electronic
structure via the introduction of various species, either inside
the cage (yielding an endohedral-or incar fullerene),”!' as a
constituent of the cage (yielding a substitutionally doped
molecule such as CsoN),!? or attached to the cage (producing
a functionalized fullerene).'*> A wide variety of atoms (to
date, around a third of the periodic table) can be encapsu-
lated within a fullerene cage to yield endohedral fullerenes
(e.g., N@Cgj, La@Cyg,, Ce,@Cqg), in which the presence of
the endohedral atom(s) can yield changes in the properties of
the fullerene cage. Similarly, substitution of a different ele-
ment for one or more of the constituent atoms of a fullerene
cage can produce a system with an entirely different elec-
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tronic structure. The addition of functional groups (for ex-
ample, the phenyl groups discussed here) can introduce new
chemistry to the fullerene system. Such modifications not
only yield novel structural, electronic, and chemical behav-
ior, but through the careful choice of functional species, this
behavior is tunable, to some extent.

The addition of functional groups to the fullerene cage is
of particular interest. Through the variation of the number,
type and location of functional species, it is conceivable that
the ordering of fullerenes within the bulk material and at
surfaces may be tuned. The ability to vary the intermolecular
separation within the material is of particular importance, as
it facilitates the investigation of the interplay of conven-
tional, delocalized band formation and electron correlation in
fullerene systems. Controlled modification of the lattice con-
stant of a doped-fullerene based molecular system changes
the density of states at the Fermi level. This in turn has
important implications for the modification of the critical
temperature of superconducting fullerides,'*!> although,
once again, the importance of electron correlations should
not be overlooked—the on-site Coulomb interaction in
fullerene solids is much larger than the width of the conduc-
tion band. An important issue to address is whether cage
functionalisation is an effective route to lattice constant
variation. We must then ask not only how the presence of the
functional groups affects molecular packing,'® but how the
electronic structure of the fullerene molecule is modified.
Moreover, there are a variety of surface science issues to be
addressed: how do the phenyl groups affect adsorption, spe-
cifically molecular orientation, and is there any possibility of
surface functionalization using functionalized fullerenes?

The functionalized fullerene of interest in this study,
(C¢Hs)sCeoH (Avent et al.'®), is illustrated in Fig. 1. The five
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FIG. 1. The bonding sites of the phenyl groups and hydrogen in
(CgHs)5CgoH [after Avent et al. (Ref. 13)].

phenyl groups and single hydrogen cause rehybridization of
six of the carbon centers in the fullerene cage, from sp2 to
sp>. This rehybridization results in a change in the double-
single bond alternation pattern around the cage, affecting at
least 20 carbon centers.

There are a variety of techniques available with which to
probe the electronic structure of phenylated fullerene sys-
tems. Here we present the results of a study of (C¢Hs)sCeoH
employing core-level (CL) and valence band (VB) photo-
emission (PES), and near-edge x-ray fine structure (NEX-
AFS) spectroscopy. We also compare the VB-PES data to
results from density functional theory (DFT) calculations.

II. EXPERIMENTAL

The experimental work presented here was carried out at
beamline Sul (Roper et al.,'” Mythen et al.'®) of the Dares-
bury Laboratory Synchrotron Radiation Source. A 120 mm
hemispherical analyzer from PSP!® was used for PES mea-
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surements, and NEXAFS was carried out in total yield mode.
Valence band spectra were acquired at the lower photon en-
ergy limit of the beamline, 60 eV (with energy resolution,
AE, of ~140 meV, as measured from the Fermi edge broad-
ening of the sample holder), Si 2p core-level spectra at
140 eV (AE~160 meV), and C s core-level spectra at
350 eV (AE~250 meV).

All measurements were carried out under ultrahigh
vacuum (UHV) conditions, and the samples were prepared in
situ. Si(111) substrates were thoroughly degreased using
standard solvents and an ultrasonic bath before being loaded
into the UHV system. This was followed by a period of
degassing at 700 °C for a minimum of three hours.

The Si(111)-(7 X 7) reconstruction was obtained through
flash-annealing degassed Si(111) to 1200 °C, using direct
heating. Preparation of Ag:Si(111)-(y3 X 3)R30° was
achieved by deposition of Ag onto the clean Si(111)-(7
X 7) surface, held at 550 °C.

(C¢Hs)sCyoH was deposited from a K-cell at a tempera-
ture of ~350 °C. Multilayer coverages were obtained by
deposition of material until the Si 2p peak was not visible in
core-level measurements obtained at a photon energy of
140 eV. It has previously been shown, using STM, !¢ that
annealing a multilayer sample at a temperature of ~300 °C
produces a monolayer of (C¢Hs)sCqoH on the Si(111)-(7
X7) surface. Sub-monolayer coverages were estimated by
comparison of the Si 2p to C 1s total-area ratio to that ob-
served for the annealed monolayer.

III. RESULTS AND DISCUSSION
A. Bulk (C6H5)5C60H/(C6H5)5C60H thick films

The C Ls core-level spectrum of a thick (C4Hs)sCgoH film
is shown in Fig. 2, taken at both normal emission and 60° off
normal emission. The figure also shows multivariate curve
fits to the data, after the subtraction of a secondary electron
background. The subtraction of a Shirley type background
alone was not sufficient to eliminate all contributions due to
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FIG. 2. C 1s core-level of bulk (C4Hs)sCgoH taken at normal emission (a) and 60° off normal emission (b).

075426-2



(CgHs)sCeoH AT Si(111)-(7 X 7) AND Ag:Si(111)-(y3 X y3)R30° SURFACES

secondary electrons—a steadily increasing gradient re-
mained. For this reason, the backgrounds shown here were
obtained from the sum of a Shirley function and a polyno-
mial of order three, the parameters for which were chosen to
match the gradient of the raw data (rather than the raw in-
tensity) far from the core-level. We found that this (admit-
tedly somewhat involved) procedure produced a better fit
than the Tougaard background subtraction method. Residuals
associated with the core-level fitting process are shown be-
low each fit. The y axis of each residual spectrum represents
a range of =1 X 1073

A minimum of three Voigt components were required to
obtain a good fit to the C 1s spectra shown in Fig. 2. How-
ever, a physical justification of the characteristics of the com-
ponents resulting from a three component fit is difficult. We
expect discrete contributions to the C s core level from (at
least) carbons of type sp? in the phenyl groups (phenyl—
constituting 33% of all carbon in the molecule), sp* where
2<x<3 in the fullerene cage (fullerene—60%) and sp*
which take part in bonding from the fullerene cage to the
phenyl groups (bonding—7%). However, it is not likely that
the separate contributions from phenyl and fullerene carbons
may be resolved. We would, therefore, expect one compo-
nent encompassing both the phenyl and fullerene contribu-
tions (Ph+F), and one from the bonding carbons (B). The
latter would lie at around 0.8—1.2 eV higher binding energy,
due to the shift associated with sp? and sp® hybrids.?’ A
splitting of the order of 0.1 eV between the surface and bulk
related C 1s components has previously been observed’! for
C¢o films. This splitting arises from the differences in total
final-state energy (due to core hole induced molecular polari-
sation), for molecules at the surface and in the bulk of a
fullerene thin film.

Taking this difference in polarisation screening into con-
sideration, we would expect two pairs of Ph+F and B com-
ponents, with one pair shifted by at least 0.1 eV to higher
binding energy. Four Voigt components were therefore used
in a simultaneous fit to the normal and grazing emission
spectra. The Lorentzian width of each of these components
was set at 215 meV. This value is appreciably larger than the
Lorentzian linewidth for the C 1s spectrum of bulk Cyg, films,
implying a shorter core-hole lifetime for phenylated Cg.
However, recent work on carbon onions (Butenko et al.?°)
highlights that there may be other contributions to Lorentz-
ian linewidth broadening (namely, contributions of phonons
to the final state of the photoemission process, and effects
due to the presence of different states in the bulk and at the
surface of the material, which are not lifetime related).
Gaussian widths and intensities were allowed to vary within
physical limits. The initial positions of these components
were chosen to yield components representing the Ph+F and
B components in the bulk (») and at the surface (s). How-
ever, the separation between bulk and surface pairs is of the
order of the experimental resolution. To compensate for this,
the positions were constrained such that the separation be-
tween Ph+F and B components at the surface matched that
in the bulk, to within 10%. Otherwise, the positions were
allowed to vary freely. In order to obtain a good fit to both
spectra simultaneously, it was only necessary to allow the
intensities and Gaussian widths of the components to differ
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TABLE 1. Fitting parameters for the curve fits shown in Fig. 2.
The Lorentzian width (I';) was fixed at 215 meV.

Energy ' Total area/% Partial area/%

Component  /eV /eV NE +60° NE +60°

Ph+F, 28514 1.06 60 44 94 96
B, +1.01 088 4 2 6 4
Ph+F, +020 064 33 50 92 93
B, +121 061 3 4 8 7

between normal and grazing emission: all other parameters
were equivalent across both data sets. The parameters for the
resulting fits are given in Table I.

There is considerable evidence to support the validity of
this four-component fit. In moving from normal to grazing
emission, surface sensitivity is increased; the fits show more
surface character in the grazing emission spectrum. The rela-
tive intensities of the Ph+F and B components, both in the
bulk and at the surface, are in excellent agreement with those
expected (94% and 6%, respectively, compared to 93% and
7%). The Ph+F components are considerably broader then
their corresponding B components. This is as expected, as
the Ph+F component contains both sp? and sp* (2<x<3)
contributions, while the B component is due to sp* hybrids.
It is also worthy of note that the bulk and surface Ph+F to B
separations are identical, despite the 10% tolerance permitted
during the fit.

From these fits, it is possible to conclude that the rehy-
bridization of members of the fullerene cage in bonding to
the phenyl groups produces a C 1s core-level shift of 1.0 eV.
The local-field behavior due to polarization screening ob-
served in Cy, systems?! is preserved, and its effect enhanced
due to fullerene functionalization and the concomitant differ-
ences in molecular packing, in this case producing a shift of
0.2 eV between bulk and surface contributions. Furthermore,
the bulk and surface Ph+F to B area ratios are very similar,
and there is very little change in their values between the
normal and grazing emission spectra. The lack of any signifi-
cant change in the Ph+F:B surface ratio in particular indi-
cates that (C¢Hs)sCeoH does not occupy a preferred orienta-
tion at the surface of the multilayer. This is wholly consistent
with observations from probe microscopy.!®

The VB-PES and NEXAFS spectra of the thick
(CgHs)sCgoH film are presented in Fig. 3, along with those
from a similar thick film of C, and theoretical valence bands
for both molecules. The theoretical valence bands were pro-
duced by convolving orbital energies from B3LYP/6-31G"
electronic-structure calculations with a Gaussian of width
0.35 eV. There is good agreement between these results and
those obtained experimentally. The onset of the density of
occupied states (valence band) of both molecules is compa-
rable. The NEXAFS spectra show that the lowest unoccupied
states of the fullerene are broadened and shifted due to the
addition of the phenyl groups.

Although the onset of the valence band for both mol-
ecules is comparable, the NEXAFS measurements show that

075426-3



PHILLIPS et al.

PHYSICAL REVIEW B 72, 075426 (2005)

l]lll]lll]lllllllllIIIIII

LOLEN BLELELEN B!

Fullerene *
2850

S)SCG g ' H :

kY H
1 1
1
1

1
H '
H ]
H '

LUMO+1 |

RN BN A

IIIIIIIIIIIIIIIIIII‘G"IIIII

TT [T rr[1Trrrr1

FIG. 3. Valence band photo-
NEXAFS emission and NEXAFS spectra for
: thick films of Cg (filled circles)
and (C¢Hs)sCgoH (empty circles),
along with valence bands from
theory (dashed).
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the edge of the unoccupied-state density is shifted by
~0.75 eV to higher energy in (C¢Hs)sCeoH. As theoretical
calculations (see Fig. 4 and Ref. 13) indicate that both the
HOMO and LUMO are rather localised on the fullerene
cage, we identify the shoulder at approximately 285 eV in
the (C¢Hs)sCqoH NEXAFS data of Fig. 3 as arising from the
fullerene cage. Following previous work?”* the intense
peak at 285.2 eV is attributed to the phenyl 7"-resonance. A
second phenyl-derived resonance is located at 289.0 eV.?>2*
Other resonances are largely fullerene-derived (see assign-
ments in Fig. 4).

Taken together, the valence band, NEXAFS, and theoret-
ical data shown in Figs. 3 and 4 illustrate that the phenyl
groups make little direct contribution to the HOMO and
LUMO in (C¢Hs)sC4oH. The differences in the HOMO and

230 292 294 296

Photon Energy / eV

LUMO spatial distribution for (C¢Hs)sCeoH as compared to
the parent fullerene molecule are due to phenyl-induced
changes in the on-cage electronic structure. Furthermore—
and of particular importance for the adsorption studies de-
scribed below—one might imagine that bonding interactions
between (CgHs)sCqoH and a surface are most likely to be
driven by the cage-localized frontier orbitals rather than the
phenyl groups.

No variation in the intensity of NEXAFS components was
observed as a function of incidence angle. This gives little
information concerning orientation or ordering within the
multilayer—such a result could be expected in either an or-
dered or disordered case. A preferred orientation of the
fullerene cage may be undetectable using NEXAFS due to its
symmetry. If the (C4Hs)sCgoH film were ordered, the phenyl

HOMO

LUMO

FIG. 4. The HOMO and LUMO of (C6H5)5C60H.
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FIG. 5. Normal emission Si 2p core-levels of clean Si(111)-(7 X 7) (a) and 0.7 ML (C¢Hs)5CgoH/Si(111)-(7 X 7) (b), with curve fits. The

parameters for the curve fits are given in Table II.

groups could still occupy a number of different orientations,
by rotating to minimize both intermolecular and intramolecu-
lar phenyl-phenyl repulsions. All that can be concluded is
that no interaction exists between molecules in the multilayer
that causes alignment of the phenyl groups in a preferred
orientation. This is consistent with scanning tunnelling mi-
croscopy studies of (CgHs)sCgoH films.'6

B. (C¢Hs)sCgoH/Si(111)

Si 2p core-levels for the clean Si(111)-(7 X 7) surface and
0.7 ML of (C¢Hs)sCeH/Si(111) sample are shown in Fig. 5,
along with curve fits to the normal emission data. Normal
and grazing emission C s spectra for the 0.7 ML coverage,
both fitted, are presented in Fig. 6. Parameters for the Si 2p
and C s curve fits are given in Tables II and III.

Seven components are present in the fit to the Si 2p core
level for the clean surface—one bulk component, and six due

to surface core-level shifts (SCLS). The parameters for this
fit compare well to those observed elsewhere.>>?% The com-
ponents S; to S5 have been assigned to the following features
of the Si(111)-(7 X 7) surface reconstruction:?® pedestal at-
oms; rest atoms; adatoms; second-layer atoms; surface de-
fects.

After deposition of (C¢Hs)sCgoH, the rest-atom peak (S5)
is completely attenuated. All remaining surface components
are broadened. This is to be expected with a sub-monolayer
coverage of material, as an unsaturated monolayer results in
a variety of chemical environments at the surface. In addi-
tion, a small peak [labeled F, in Fig. 5(b)] appears at an RBE
of approximately 1.0 eV. A second very broad and weak
component is observed at a RBE of ~2 eV; this component
is labeled F; in Fig. 5(b). The 1.0 eV RBE peak, which is
seen in the raw data as a small shoulder on the high binding
energy side of the spectrum, arises from Si—C covalent
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FIG. 6. Normal (a) and grazing emission (b) C 1s core levels for 0.7 ML (C4Hs)sCgoH/Si(111), along with curve fits, the parameters for

which are given in Table III.
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TABLE II. Fitting parameters for Si 2p curve fits shown in Fig. 5.

Clean Si(111)=(7 X 7)

0.7 ML (C4Hs)sCeoH/Si(111)

Energy/eV r,/eV Area/% Energy/eV I,/eV Area/%
Bulk 99.22 0.26 41 99.33 0.29 40
Sy +0.25 0.32 31 +0.23 0.37 30
S, -0.71 0.38 5 — — —
S; +0.51 0.38 13 +0.43 0.40 11
S4 -0.19 0.32 8 -0.23 0.37 11
Ss +0.96 0.38 — — —
F, — — — +1.95 0.65 2
F, — — — +1.03 0.45 6

Common parameters: Lorentzian width (I';) 90 meV; Spin-orbit split 595 meV; Branching ratio 2.005.

bonds.?’?8 A surface core-level shifted component with a
RBE of ~+1 eV has also been observed for Si—C bond
formation following the adsorption of linear acenes on
Si(111)-(7 X 7).2 We note that one would not expect the
intensity of the Si—C component at 1.0 eV RBE for a 0.7
ML (C¢Hs)sCgoH coverage on Si(111)-(7 X 7) to match that
observed for the C—Si(111)-(7 X 7) system as the bonding
configurations, molecular orientation and packing density
each differ strongly in both cases.

Three components are required to fit the normal emission
C 1s spectrum. As before, we attribute the main peak to sp*
(2<x<3) carbons in the fullerene cage and sp? carbons in
the phenyl groups. The presence of two similar chemical
states account for its increased width, as compared to the
other components. The component at +0.93 eV is due to sp*
carbons involved in bonding between the fullerene cage and
the phenyl groups. The shift of the third component
(=0.75 eV) is comparable to that observed in the formation
of Si—C bonds,*® again suggesting a covalent interaction
between (CgHs)sCeoH and the substrate, and consistent with
the discussion of the Si 2p core-level spectrum above. We
note that while the component at —0.75 eV is extremely
weak, its inclusion in the fit produces a lower x? value and a
more acceptable residual spectrum than is possible simply by
using a two component fit and increasing the Gaussian (or
Lorentzian) linewidth. Further evidence to support this as-
signment is found in the fact that the —0.75 eV component
vanishes in the more surface sensitive grazing-emission
spectrum. There is no significant change in the ratio of the C;
to C, areas. This indicates that (CsHs)sCgoH does not adsorb
in such a way that all phenyl groups are directed either to-

TABLE III. Parameters for the C 1s curve fits shown in Fig. 6.
The Lorentzian width was fixed at 215 meV.

NE +60°
Energy r, Area r, Area
(o 284.67 0.72 89 0.88 91
C, +0.93 0.64 8 0.76 9
C; -0.75 0.64 3 — —

wards or away from the surface, again consistent with inves-
tigations employing probe microscopy.'®

C. (C¢Hs)sCqoH/Ag:Si(111)

Figure 7 shows the Si 2p core-level of the Ag:Si(111)
-(V3 X y3)R30° surface before and after deposition of ~0.9
ML of (C¢Hs)sCeoH. Considering the clean surface spectrum
first, we note that the line shape is in very good agreement
with previously published Si 2p core-level spectra of the
Ag:Si(111)-(y3 X y3)R30° reconstruction.3! However, as
compared to the clean (7 X7) surface, we observe a some-
what smaller binding energy shift (0.25 eV) of the entire
spectrum than reported in previous work. For example, Tong
et al.*> have observed a shift of the Si 2p _spectrum by ap-
proximately 0.5 eV for the Ag:Si(111)-(y3 X \3)R30° sur-
face as compared to the clean Si(111)-(7X7) surface. We
suggest that this discrepancy in absolute binding energy re-
lates to a small amount of excess Ag present on the surface
as a result of our preparation procedure.’* As shown by Tong
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FIG. 7. Si 2p core levels of the clean Ag:Si(111) surface and of
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et al.,* the presence of ~0.1 ML of additional Ag yields a
binding energy shift of approximately 0.3 eV—much closer
to the value we measure. It is worth noting that, following
Hecht,** for the doping density of our samples
(~10' cm™3) and the photon flux used in the experiments,
we can rule out surface photovoltaic effects as the origin of
the shift.

Following adsorption of 0.9 ML of (Cg¢Hs)sCgoH, al-
though there is no significant change in the Si 2p line shape
(as also previously observed for Cg, adsorption on
Ag:Si(111)-(v¥3 X y3)R30° (LeLay er al.*), the core level
undergoes a wholesale shift of 0.2 eV to higher binding en-
ergy. The lack of change in the Si 2p line shape strongly
suggests that the interaction of the (C4Hs)sCqH molecule
with the underlying Ag-terminated Si(111) surface is ex-
tremely weak and lacks the covalent character that is a fea-
ture of fullerene adsorption on clean Si(111)-(7X7) sur-
faces.

The shift of the Si 2p peak to higher binding energy is
intriguing. Hasegawa et al.*® have proposed that Cg acts as
an electron acceptor when adsorbed on the Ag: Si(111)- (\3
><\3)R30° reconstruction, compensating conduction elec-
trons in the S, surface-state band3>%’ of the substrate but,
significantly, not promoting additional band bending. This
scenario is consistent with the apparent lack of a Si 2p bind-
ing energy shift in the data published by LeLay et al.>> How-
ever, as LeLay ef al. do not explicitly comment on the bind-
ing energy of the Si 2p core-level, and in order to provide a
direct comparison to the Si 2p data recorded for ~1 ML
coverage of (CgHs)sCqoH on Ag:Si(111)- (3 X V3)R30°, we
have revisited the Cey on Ag:Si(111)- (V3 X \3)R30° system
and studied the shift of the Si 2p core-level due to adsorption
of the “parent” fullerene. We consistently find that, just as in
the (CgHs)sCqoH case, the Si 2p core-level shifts to
200 meV higher binding energy following the adsorption of
1 ML of Cg. In recent photoemlsswn studies of pentacene
adsorption at the Ag:Si(111)-(\3 X V3)R30° surface, a shift
of the Si 2p core-level peak by a few hundred meVs to
higher binding energy has similarly been reported.’

A shift of the Si 2p core-level to higher BE, in a simple
band bending picture, would be consistent with a charge
transfer from the adsorbed fullerenes to the underlying
substrate—a somewhat surprising result given the propensity
for charge transfer in the opposite direction for a very wide
range of fullerene-surface systems. As noted above, the elec-
trical transport data of Hasegawa et al’® have been inter-
preted in terms of charge transfer from the S; surface state
band—a charge transfer that was suggested not to promote
band bending. Importantly, however, in our recent experi-
ments to probe Si 2p core- level shifts for the 1 ML
Cog—Ag: Si(111)-(v3 X y3)R30° system,? the Ag:Si(111)

-(y3 X% \3)R30° surface was annealed prior to fullerene
deposition so as to remove all excess Ag. The lack of excess
Ag was verified via angle-resolved photoemission about the
I'-point of the second surface Brillouin zone. The §; surface
state band, in our experiments, was, therefore, empty. Nev-
ertheless, a Si 2p core-level shift of 200 meV to higher BE
was observed following the adsorption of 1 ML of Cg.

Gensterblum et al.*” carried out a careful and comprehen-
sive study of the Cq/GeS(001) interface and found that the

PHYSICAL REVIEW B 72, 075426 (2005)

substrate photoemission peaks shifted by 200 meV to higher
BE. This result was rationalized in terms of delocalization of
fractional fullerene charge over the substrate, giving rise to a
positive interface dipole. Given our observation of an
equivalent downward band-bending for both _Ce and
(C¢Hs)5sCeoH monolayers on Ag:Si(111)- (\3>< \3)R30° it
is clear that, while the fullerene-Ag:Si(111)- (\3 X \3)R30°
interaction is largely van der Waals in character, adsorption
is accompanied by a similar molecule-to-substrate charge
transfer or “delocalization” as observed for GeS(100) and
involving the formation of a positive surface dipole. A
change in work function for a semiconductor, as pointed out
by Gensterblum et al.,*0 arises from two effects: a band-
bending change and an interface dipole. Unfortunately, with-
out a measurement of the work function of the sample (not
carried out during this study), it is not possible to “disen-
tangle” the band-bending and interface-dipole contributions
and thus determine the magnitude of the dipole moment for
each fullerene system.

It is nevertheless important to note that the observation of
a positive binding energy shift for (C¢Hs)sCeH adsorption
on Ag:Si(11 l)—(\s’g X \@)R30° is consistent with the bonding
geometry proposed from STM measurements by Upward et
al.'® The STM measurements have shown that (C¢Hs)sCqoH
molecules adopt an orientation on the Ag:Si(lll)-(\e@
X V3)R30° surface where one phenyl group and a hexagonal
face of the cage are in contact with the substrate. That is, the
molecule effectively lies on its side rather than adopting a
geometry in which the phenyl groups are pointed away from
the surface or, conversely, where the unmodified part of the
cage is separated from the surface by the phenyl groups. It is
particularly interesting to realise that this “on-side” geometry
will maximize the contact area of the equatorial belt of the
molecule with the Ag-terminated Si(111) surface. As the mo-
lecular HOMO is localized around the equatorial belt, this
provides a natural mechanism to promote molecule-to-
substrate charge transfer (or delocalization of fullerene elec-
trons) on the Ag:Si(111)- (\3 X \3)R30O surface).

Coheur et al.*' have shown, using quantum chemical cal-
culations, that each phenyl group donates 0.03¢~+0.02¢~ to
the fullerene cage, with the H atom donating 0.22e¢. The
total excess charge on the unmodified (i.e., unfunctionalized)
part of the cage was determined to be 0.176¢~. The observa-
tion of identical 200 meV binding energy shifts for Cg4, and
(C¢Hs)sCgoH adsorption, despite the lower areal density of
(C¢Hs)sCeoH,'® suggests that the dipole per molecule is
greater for the phenylated fullerene monolayer, consistent
with the excess charge density calculated by Coheur et al.*!
We cannot, however, rule out the contribution of screening
due to electrons donated from a very small coverage of “ex-
traneous” Ag atoms to the §; band of the Ag:Si(111)- (3
X 3)R30° surface.

Finally, the C 1s core-level peak shifts from a binding
energy of 284.8 eV for a 0.5 ML (C4Hs)sCgH coverage to a
value of 285.0 eV for a 1 ML coverage (the C 1s core-level
binding energy for the bulk film is 285.1 eV). The similarity
of the core-level binding energies for the monolayer and bulk
films strongly suggests that image-charge screening due to
the substrate does not play a key role in the final state of the
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photoemission process. This observation indicates that while
an interface dipole is present, the overall electronic structure
of the (CgHs)sCqoH molecule is not strongly affected by ad-
sorption on Ag:Si(111)-(y3 X \E)R30°.

IV. CONCLUSION

The modification of Cg, through the addition of phenyl
groups causes major alterations to the electronic structure of
the fullerene, resulting in significant changes to the chemical
behaviour of the system. In the frontier region, the phenyl
groups make little direct contribution to the valence states—
rather, they induce a lifting of the degeneracy in the elec-
tronic structure of the fullerene cage. In order to obtain good
fits to the C 1s photoemission data acquired from thick films
of (CgHs)sCqoH, it is necessary to consider differences in
polarization screening for molecules in surface- and bulk-
like environments. There is considerable evidence to suggest
a covalent interaction between (C¢Hs)sCqoH and the
Si(111)-(7X7) surface, as for Cg. The interaction of
(CeHs)sCqoH with the Ag:Si(111)-(y3 X y3)R30° surface,
on the other hand, is much weaker, and largely van der Waals

PHYSICAL REVIEW B 72, 075426 (2005)

in character. A shift of the Si 2p core level peak to higher
binding energy, however, betrays the contribution of a small
amount of molecule-substrate charge transfer (or delocaliza-
tion of fullerene electrons across the substrate), as we havg
also observed for Cg, adsorbed on the Ag:Si(111)-(y3
X \6)R30° surface. Given the increasing use of the
Ag:Si(11 1)-(V’§>< V3)R30° surface as a low energy substrate
for the assembly of molecular monolayers and templates,*’
the presence of a positive interface dipole should be taken
into account in considering the overall interaction energy of
adsorbed molecules on Ag-passivated Si(111). Future work
will focus on determining the magnitude of this dipole.
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