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The adsorption of Cgg and its “siblings” - including the higher fullerenes, endofullerenes, substitutionally
doped species, and functionalised derivatives - on semiconductor surfaces has been studied for almost
two decades. A broad range of techniques, spanning scanning probe microscopy (and the associated
single molecule characterisation tools) to synchrotron-based methods such as photoemission and X-
ray absorption spectroscopy, has been used to elucidate very many aspects of the chemical behaviour,
electronic properties, and self-assembly of fullerenes on elemental and compound semiconductor
surfaces. The fullerene-on-silicon system has also played a pivotal role in the development of room
temperature molecular manipulation protocols. Here we review key advances (both experimental and
theoretical) in our understanding of the fullerene-semiconductor interface over the last eighteen years.
While the interaction of fullerene molecules with clean and adsorbate-covered silicon surfaces forms a key
focus of the review, adsorption on germanium, I[I-V (GaAs, InP), and IV-VI (GeS) surfaces is also covered.
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1. Introduction and scope of the review

In addition to its remarkable propensity for self-assembly,
the fullerene family of molecules is associated with a rich and
complex set of physicochemical properties. The discovery of the
parent fullerene, Cgg, in [1] prompted a flurry of research activity
motivated by a drive to understand the structural, chemical, and
electronic properties of both the isolated molecule and the bulk
fullerite solid. In parallel with much of this work, many researchers
focussed on the interaction of fullerene molecules with solid
surfaces. From the seminal paper of Li et al. in [2] (see Section 6.1
below) onwards, the study of fullerene-surface interactions has
proven to be a fascinating area of research.

The fullerene adsorption problem has thus far stimulated and
underpinned advances in a variety of sub-fields of condensed
matter physics and surface science including, but certainly not
limited to, organic-inorganic heterointerfaces; self-assembly and
self-organisation; single molecule spectroscopy and molecular
orbital imaging; the manipulation and controlled positioning of
individual molecules using scanning probes; and the physics of
correlated electrons in molecular assemblies. This paper reviews
work spanning these areas but with an exclusive focus on
fullerene adsorption on semiconductor surfaces. (Although limiting
the discussion to semiconductor substrates necessarily omits a
substantial body of literature related to fullerene adsorption on
metal surfaces, it yields a rather more coherent review.)

It is of course important to acknowledge at the outset earlier
important reviews of fullerene adsorption on solid surfaces. Clos-
est in spirit to the present review is the 1996 work of Sakurai
et al. [3] which covered the interaction of a variety of fullerenes
with a range of substrates (from an ultrahigh vacuum (UHV) scan-
ning tunnelling microscopy (STM) perspective). A second impor-
tant review article is that of Rafii-Tabar and Ghafoori-Tabrizi [4]
which focussed on computational studies of Cgo adsorption. Crit-
ical reviews of (supramolecular) fullerene surface chemistry and
the ordering of fullerenes on solid (largely metal) surfaces have
also recently been published by Bonifazi et al. [5] and Sdnchez et al.
[6]. Throughout the following, my aim is to of course complement

(rather than repeat) the information in these earlier papers. In par-
ticular, it is now over ten years since the publication of the Sakurai
etal. review and our understanding of the fullerene-semiconductor
surface interaction - including, in particular, the Cgp:Si(111) and
Cs0:Si(100) systems — has progressed substantially since then. In
addition, the technique base used to study fullerene adsorption on
semiconductors has broadened substantially over the past decade.
As compared to Bonifazi et al.’s critical review, the work discussed
in the following sections is predominantly UHV-based surface sci-
ence (although Section 7 covers developments in wet chemistry
and Langmuir-Blodgett methods for the preparation of fullerene
monolayer/thin films on semiconductors).

When writing this review my intention was not only to pro-
vide an overview of experimental and theoretical advances in
elucidating the physical and chemical properties of the fullerene-
semiconductor interface but to highlight open questions and, in
particular, to place the work in the broader context of develop-
ments in nanoscience. As the reader shall see, fullerene surface
science has produced a variety of fascinating (and at times contro-
versial) results and the field remains a cornerstone of nanometre
scale physics and chemistry.

2. Adsorption of Cg on clean elemental semiconductors

2.1. Buckminsterfullerene on silicon: Physisorption or chemisorption,
ionic or covalent bonding?

A perusal of published work on the interactions of Cgy with
clean, low index silicon surfaces indicates not only that our
understanding of what might be considered the “archetypal”
fullerene-semiconductor system has evolved significantly over the
years but that, somewhat remarkably, complete consensus as to
the nature of the adsorption state had not yet been reached at the
time of writing (June 2009). The situation is further complicated
by the presence of apparently conflicting measurements and
their associated interpretations in the literature. In the following
we review experimental and theoretical work related to Cgp
adsorption on the three low index silicon surfaces: Si(111), Si(100)
and Si(110).
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2.2. Cgo on Si(111): Bonding sites and interactions

The first investigations of the interaction of Cgg with the
Si(111)-(7 x 7) surface were carried out by Wang et al. [7]
and Li et al. [8] using STM. (The structure of the complex (7 x
7) surface will not be discussed in detail here — the reader is
referred to a number of helpful review articles and texts [9-11] for
comprehensive explanations of not only the (7 x 7) structure but
the fascinating variety of reconstructions observed for both clean
and adsorbate-covered silicon surfaces.) As shown in Fig. 1, isolated
fullerene molecules “scattered” across the surface are observed
in STM images [7,8] — there is no tendency for the molecules to
migrate to step edges nor to form close packed islands on atomic
terraces. This behaviour, quite unlike that observed for fullerene
adsorption on the vast majority of metal surfaces, provided Wang
etal.[7] and Li et al. [8] with the first indications of the presence of
a relatively strong fullerene-silicon surface interaction. Later non-
contact AFM work by Kobayashi et al. [ 12] produced similar images
of the distribution of submonolayer coverages of Csg molecules on
the Si(111)-(7 x 7) reconstruction (see Fig. 1).

A statistical analysis of their STM data led Wang et al. [7] to
propose that the preferred bonding site for Cgg on the Si(111)-(7 x
7) surface (at, importantly, submonolayer coverages) is at the
centre of each triangular sub-unit of the (7 x 7) cell (site ‘M’
in Fig. 2). This site is surrounded by three Si adatoms but does
not have a rest atom at its centre. Wang et al. found a strong
(80%) preference for this site over the other close-to-equivalent
bonding positions (e.g. site “R” in Fig. 2) which have the same local
arrangement of adatoms but with a rest atom at the centre. They
also proposed that Cgy molecules preferred the faulted half of the
(7 x 7) unit cell.

Chen et al. [13] subsequently argued, from a similar statistical
analysis of STM data, that the preferred site changed from mid-
adatom positions (close to site “M” in Fig. 2) to adatom bridge
sites as the Cgo coverage increased towards 1 ML. These bonding
positions were somewhat similar to site “B” in Fig. 2 but involved
a Cgp molecule bridging a corner and a centre adatom (rather
than a bridge between two centre adatoms as shown in Fig. 2).
It is, however, worth noting at this point that in an earlier paper
[14], the preferential bonding site even at low coverages (0.05
ML) was identified as the adatom bridge site. This discrepancy
may highlight the difficulties that are inherent in the precise
determination of the bonding sites of large adsorbates using STM
and/or the sensitivity of the fullerene adsorption site to the details
of the sample preparation. Moreover, in a more recent paper
(2008), Huang et al. [15] have claimed that Cgo molecules adsorb
preferentially in the faulted, rather than unfaulted, half of the
(7 x 7) unit cell. They also claim that, even at room temperature,
Ceo is “embedded” in the Si(111)-(7 x 7) surface. Although
Huang et al. [15] put forward the “embedding” suggestion on the
basis of a rather unconventional interpretation of STM data, it is
nonetheless worth pointing out at this point that in the molecular
dynamics simulations of Katircioglu and Erkog [16], and at room
temperature, Cgg “sinks” to some extent into the Si(111)-(7 x 7)
surface.

The key conclusion of Chen et al. paper [13] was that a
locally ordered Cgg phase could appear at monolayer coverage
due to, they argued, (i) a shift in the balance of the adsorbate-
adsorbate vs adsorbate-interactions, and (ii) pinning of molecules
at corner holes of the (7 x 7) reconstruction. This proposal differed
considerably from that put forward a year earlier by Xu et al. [17]
who argued that the Cg:Si(111) system undergoes a disorder-
to-order transition largely driven by interlayer interactions in
multilayer films. Xu et al.’s model rested on the existence of
rather weak (van der Waals-like) fullerene-silicon bonds which, as
shall be discussed below, was not supported on the basis of later

Fig. 1. (a) A mosaic of STM images of a submonolayer coverage of Cgo on the
Si(111)-(7 x 7) surface (after Li et al. [8]). (b) A non-contact AFM image of a
somewhat higher coverage of Cgp on the Si(111)-(7 x 7) surface (10 nm peak-
to-peak cantilever amplitude; Af = 10 Hz). After Kobayashi et al. [12]. Note
that in each case the molecules are isolated and randomly distributed; there is no
preference for adsorption at step edges or for the formation of close-packed islands.
© 1992, American Physical Society

scanning probe and spectroscopic information. Nevertheless, the
arrangement of molecules put forward by Chen et al. [13] for the
ordered monolayer phase was identical to that for the interfacial
structure previously proposed by Xu et al. [17] and comprised,
as shown in Fig. 3, Cgo molecules adsorbed on just two sites:
the centre adatom-to-corner adatom bridge and the corner hole
position. As also shown in Fig. 3, this bonding geometry generates
two equivalent domains with an angular offset of ~22°. More
accurately, the domains are offset by +10.89° from the Si[211]
direction (i.e. the long diagonal of the (7 x 7) unit cell).! Noting
that the [211] direction is offset by 30° from the bulk-terminated

1 Intriguingly, a +10.89° double domain structure also forms for Cgo adsorp-
tion on the Ag:Si(lll)—(\/? X «/§)R30° surface — a substrate with a very dif-
ferent geometric and electronic structure. We return to a discussion of the
CGU/Ag:Si(lll)-ﬁ X ﬁsystem in Section 4.1 below.
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Fig. 2. A schematic of the Si(111)-(7 x 7) unit cell with the various types of atom
illustrated by differently sized (and shaded) circles. A number of possible adsorption
sites for the Cgo molecule is labelled as follows: A (adatom site), M (middle of the
unit cell), B (bridge site between centre adatoms), R (directly above a rest atom), C
(corner-hole). After Chen and Sarid [14].
© 1994, American Physical Society
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Fig. 3. Schematic illustrations of the double domain structure formed by a mono-
layer of Cgo molecules on a Si(111)-(7 x 7) surface. The molecules are adsorbed at
corner holes and at adatom bridge sites in each case. After Hang et al. [17].

© 1993, American Physical Society

Si(111) surface basis vectors, the conventional Wood’s notation
description of the superlattice [18] is +/7 x +/7R19.1°.

The strong Cgp-Si(111) interaction evident from the STM
studies of individual molecules, submonolayers, and monolayer
coverages discussed thus far was originally postulated to arise
from a charge transfer mechanism driven by the donation of
electrons from the partially filled adatom surface states into the
lowest unoccupied molecular orbital (LUMO) of the adsorbed
Cgo molecules [7].2 The proposal that the Cg:Si(111)-(7 x 7)
interaction was dominated by a surface-molecule charge transfer
analogous to that observed for very many fullerene-on-metal
systems - i.e. a transfer of charge from silicon dangling bonds
to a “state that looks very much like the LUMO” [20] - was to
gain particular currency in the mid-1990s. In the charge transfer
model (for metal-fullerene systems) discussed by Ohno et al. [20]
amongst others, there is little or no polarisation of charge. Before
discussing whether this assumption is valid for fullerene-on-
silicon systems, we shall review the experimental and theoretical

2 At this point it is worth noting that the Si(111)-(7 x 7) surface is (weakly)
metallic because the adatom surface state band crosses the Fermi level. (See
Hasegawa and Grey [19] for a review of the electrical transport properties of various
silicon surfaces.)

Fig.4. Occupied state STM image (sample bias voltage = —2 V) of Cgo adsorbed on
Si(111)-(7 x 7). Note the clear reduction in density of states associated both with a
number of centre adatoms (marked with arrows) and with the adatoms surrounding
the molecule labelled C which is adsorbed at a corner hole. After Chen et al. [13].
© 1994, American Physical Society

evidence for charge transfer at the Cg:Si(111)-(7 x 7) interface.
As the reader shall see, there has been a considerable level of
controversy regarding both the nature and the level of charge
transferred to the molecule.

In some of the earliest published STM images of Cg on
Si(111)-(7 x 7), Wang et al. [7] first observed experimental
evidence for fullerene-mediated charge transfer. For Cqo molecules
adsorbed at corner holes of the (7 x 7) reconstruction, the
neighbouring adatoms appeared distinctly darker than their
counterparts in fullerene-free regions of the surface. This adatom
“darkening” effect arises due to the reduction in the density of
filled electronic states for those adatoms surrounding the adsorbed
molecule. Fig. 4, taken from the work of Chen et al. [13], shows a
reduction in adatom brightness (similar to that observed by Wang
et al. [7]) both for the adatoms surrounding the molecule labelled
C (adsorbed at a corner hole) and for a number of centre adatoms
(highlighted by arrows). Chen et al. [13] interpreted the reduction
of image intensity at the sites labelled with arrows in Fig. 4 as
arising from charge transfer from the centre adatoms into the
LUMO of the Cgp molecules. (We return to a discussion of Fig. 4).

One could argue that the experimental evidence provided for
Si(111):(7 x 7)-to-Cgo charge transfer in the STM studies noted
above is, at best, indirect. Apparently direct spectroscopic evidence
of charge transfer was provided in a series of papers by Suto
et al. (see, for example, [21-23]) which dealt with the results
of high resolution electron energy loss spectroscopy (HREELS)
measurements of Cgo on Si(111). Borrowing on ideas originally
put forward in relation to alkali metal doped fullerene crystals,
fullerides, and fullerene monolayers on metal surfaces [24-27],
shifts in the energies of certain dipole active Ty, vibrational modes
for Cgp adsorbed on Si(111)-(7 x 7) as compared to those for bulk,
undoped fullerite films were used to determine the amount of
charge transfer. Specifically, Suto et al. [21-23] interpreted their
results in terms of the theory put forward by Rice and Choi [25] for
alkali metal-doped Cgp films who calculated a linear relationship
between the drop in energy (softening) of the highest and lowest
energy dipole active Ty, vibrational modes as a function of the
number of the electrons transferred to the cage. Using this model,
Suto et al. [21] estimated that 1 &= 1 electrons were transferred to
each fullerene cage in an adsorbed monolayer on Si(111)-(7 x 7).

Although the initial HREELS experiments by Suto et al. [21]
estimated the amount of charge transfer as 1 + 1 electrons per
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Fig. 5. Electron energy loss spectra of (a) the Si(111)-(7 x 7) surface, (b) 0.25 ML
of Cgp on Si(111)-(7 x 7), and (c) a 5 ML thick, bulk-like Cg film. The peaks at 66,
147, and 179 meV arise from dipole active t;, modes while those at 95, 193, and 199
meV have been assigned to Raman-active hy modes. In the thick film spectrum (c),
the modes at 95 and 193 meV have been highlighted (by the author of this review
paper). The shifts in these modes for the submonolayer coverage spectrum were
used to extract the amount of charge transfer to the fullerene molecules on the basis
of previous Raman scattering measurements carried out by Eklund et al. [28]. The
work of Eklund et al. showed that shifts of —0.25 and —1.85 meV/electron were
associated with the highlighted modes shown in (c) for, importantly, alkali metal-
doped fullerite crystals. Suto et al. [23] used the shift-per-electron values calculated
by Eklund et al. [28] to estimate that somewhere between 2 and 4 electrons were
transferred per molecule for a 0.25 ML coverage of Cgg on Si(111)-(7 x 7). After Suto
etal. [23].

© 1998, Elsevier

molecule for a monolayer coverage, later electron energy loss spec-
troscopy data by the same group were interpreted as providing
evidence for 3 &+ 1 electrons for submonolayer (~0.25 ML) cover-
ages [22,23] (see Fig. 5). This latter value of charge transfer is both
comparable to that observed for K5Cg (from some perspectives, a
remarkable result) and agrees with the amount of charge transfer
calculated by Yamaguchi and Miyoshi [29] (see Section 2.4 for a re-
view of theoretical work on the Cgy-Si(111) adsorption problem).
Suto et al. [22] used a model of charge transfer to the Cgop LUMO
from (adatom) surface states near the Fermi level on Si(111)-(7 x
7) to explain their results: a picture of charge transfer that was
identical to that described by Ohno et al. [20] for charge transfer
on metal surfaces and, depending on the position of the Fermi level
within the band gap, on some semiconductor surfaces (see Sec-
tion 6). As discussed in the following section, however, the value of
3+ 1 electrons has been subsequently revised by Suto et al. to, first,
0[30], and then ~0.2 electrons per molecule [31] (for a monolayer
annealed at 670 K) on the basis of photoemission measurements.

2.2.1. Covalent vs ionic bonding

A transfer of 3 £ 1 electrons into the Cgo LUMO should lead to
a substantial density of states at the Fermi level. The most direct
probe of this electronic state density is photoelectron spectroscopy
but it was not until 1998 that the first valence band photoemission
study of the 1 ML Cg:Si(111)-(7 x 7) system was published
[32]. (Other photoemission studies of Cgp:Si(111) by Wu et al.
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Fig. 6. Valence band photoelectron spectra for (a) a bulk-like Cgq film on Si(111),
(b) a Cgp monolayer (ML) on Si(111) (the dashed line represents the Fermi level
position), and (c) (from bottom to top) a clean Si(111)-(7 x 7) surface (AD: adatom
feature at the Fermi level, RA: rest atom feature), a 0.1 ML coverage of Cgy on
Si(111)-(7 x 7), and a 0.3 ML Cg coverage. A photon energy of 120 eV was used
in each case. After Moriarty et al. [32].

© 1998, American Physical Society

[33], also published in 1998, were carried out on a Cgg film of
~3 nm thickness and gave little information on the fullerene-
silicon interaction). Significantly, no density of states at the Fermi
level was observed for a 1 monolayer (ML) coverage of Cg on either
the Si(111)-(7 x 7) (see Fig. 6) or the Si(100)-(2 x 1) surface,
indicating that if charge transfer into the Cgg LUMO played any role
in the adsorption process, certainly significantly less than three
electrons per molecule were involved. Indeed, we noted in [32]
that the amount of charge donation into the LUMO was likely to
be ‘negligible’. Although the photon energy used to acquire the
spectra shown in Fig. 6 (120 eV) was not optimum in terms of
maximising the photoabsorption cross-section of the C 2s and 2p
states which contribute to the fullerene frontier orbitals, the 1 ML
Ce0:Si(111)-(7 x 7) valence band spectrum should be compared
to that of K3Cgg taken with photons of 110 eV energy [34] where a
sharp Fermi edge is visible.

Also shown in Fig. 6 are changes in the adatom and rest atom
surface state features as a function of very low coverages of Cgo. We
interpreted these changes as arising from a charge redistribution
within the (7 x 7) unit cell due to fullerene adsorption, similar
to the effect observed for ammonia and potassium adsorption
on Si(111)-(7 x 7). It is interesting to reconsider these data in
the context of Fig. 4 — and, indeed, in the context of our current
understanding of the Cgo:Si(111) interaction discussed later -
which illustrates that there is significant “non-local” interaction of
the Cgo molecule with the surrounding (7 x 7) surface. We should
note that the effect we observed in [32] has not subsequently been
observed in other studies of the Cgy:Si(111)-(7 x 7) surface but, as
pointed out by Cepek et al. [35], it is possible that this arises due to
the very much higher photon energy used in [32].

Si 2p core-level photoemission spectra for the Cgo:Si(111)-(7 x
7) system were also reported in [32]. A distinct Cgo-related
component with a relative binding energy of +1.0 eV was
observed.> We rather precipitously suggested that, although

3 It should be pointed out that the Cgo-derived components in the Si 2p core-
level spectra shown in Ref. [32] are much more intense than those observed in later
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the molecules were chemisorbed, covalent bond formation was
unlikely* on the basis of the magnitude of the core-level shift
which was seemingly somewhat larger than that observed for
other organic-silicon interfaces [37,38]. Soon after the publication
of [32], Sakamoto et al. [30] pointed out that the absolute binding
energy of the Si 2p core-level component associated with Cgo
molecules bound to the Si(111) (or, indeed, Si(100)) surface was
almost identical to that observed for bulk SiC (see Fig. 10). While
one might not immediately expect precisely the same core-level
Si 2p binding energy for Cgp:Si(111) as compared to bulk SiC
(not only could the screening of the core hole be different for
the two systems but the exact hybridisation character of those
C atoms of the fullerene cage which are involved in bonding to
the Si surface is not as yet known), a feature in the valence band
attributed to Si-C covalent bond formation was also identified (see
Fig. 7). Furthermore, in agreement with the photoemission work
described in the preceding paragraph [32], Sakamoto et al. [30]
did not observe any density of states at the Fermi level despite
having a much higher sensitivity — due to the use of a lower photon
energy (21.2 eV) and concomitant increase in the C 2s and 2p
photoabsorption cross sections - to LUMO charge density.

The lack of charge transfer in the Cgp:Si(111)-(7 x 7) system,
as evidenced by valence band photoemission, to a large extent
invalidated the interpretation of HREELS data described above [21-
23]. This discrepancy has been discussed in depth by Sakamoto
etal.in a number of closely-related publications [30,31,39-41] and,
as pointed out by Cepek et al. [35], attributed to the substantial
distortion of the fullerene cage that occurs due to covalent bonding.
Cage distortions different to those in alkali metal-doped Cg
will mean that a direct correlation with the shifts-per-electron
determined for K-intercalated fullerite is problematic at best.
Electron energy loss spectroscopy (EELS) measurements focussing
on much higher energy losses (volts rather than millivolts,) have
also been published [42,18]. Although a comparison between the
EEL spectra of K3Cgo and that of 1 ML Cgo:Si(111) was initially
used [42] to propose a transfer of three electrons to the fullerene
cage (mirroring the arguments used above for HREELS data), this
proposal was later revised [18] and a covalent interaction put
forward. We revisit the question of ionic Cgo—Si(111) interactions
in the section on theoretical studies of Cgo adsorption below.

2.3. Mixed physisorption and chemisorption?

Sakamoto et al.’s model of Cgq adsorption on silicon is markedly
more complicated than the discussion above might at first suggest.
Having revised their previous charge transfer interpretation of
the Cgp—Si(111) system [21-23] (prompted by the lack of near-
Fermi level density of states in photoemission spectra [32,30,
35]), they argued that although Cgq is initially adsorbed on the
Si(111)-(7 x 7) surface through the formation of covalent bonds,
only a small fraction (~25%) of the molecules in an adsorbed
fullerene monolayer is chemisorbed [31,43]. The remainder of the
molecules were proposed to be physisorbed. The experimental
evidence for this suggestion largely arose from line-shape changes
in valence band and Si 2p core-level spectra as a function of
coverage.

studies by, for example, Sakamoto et al.[31] and, in our own group, O'Shea et al. [36].
We ascribe the higher intensity of the Cgo-derived core level shifts in Ref. [32] to a
relatively high level of defects for the Si(111)-(7 x 7) and Si(100)-(2 x 1) surfaces.
For Ref. [32] the surfaces were prepared by e-beam heating on the synchrotron end
station. All subsequent synchrotron-based studies by our group used direct current
heating to flash anneal silicon samples.

4 hindsight, it would have very much aided the accuracy and clarity of the
discussion in [32] if we had stated that pure covalent bond formation (rather than
just “covalent bond formation”) was unlikely!

To the best of our knowledge, no detailed discussion of the
fundamental physics and chemistry underlying the suggestion of
mixed adsorption states has yet been presented. The proposal that
only 25% of a Cgo monolayer forms covalent bonds with the (7 x 7)
surface is rather intriguing. From the Xu et al. model [17] of the
1 ML Cgp:Si(111)-(+/7 x +/7)R19.1° surface structure discussed
above (see Fig. 3), this corresponds to, on average, somewhat less
than two molecules per (7 x 7) unit cell. Just why only somewhere
between one and two molecules per unit cell might seemingly
form covalent bonds with the underlying Si atoms is an as-yet
unaddressed question. Indeed, as we will now discuss, a number of
perplexing questions arises when we compare the results of other
studies of the Cgp:Si(111)-(7 x 7) interaction with those which
have been interpreted in terms of mixed adsorption states.

A few months following the publication of Sakamoto et al.’s
paper [30], Cepek et al. [35] detailed the results of an independent
series of experiments that, although largely concerned with the
temperature dependence of the adsorption of Cgg on Si(111)-(7 x
7), also provided very important data on the character of the
interaction at room temperature. Significantly, rather than using
a quartz crystal microbalance to determine the fullerene coverage
as was the case for the studies of Sakamoto et al. [30,31,40],
Cepek et al. employed core-level intensity ratios to calibrate their
evaporation source. This well-established calibration procedure
involves first forming a single monolayer by depositing a thick
bulk-like fullerene film and annealing at ~300 °C to remove all
molecules above the first monolayer. The ratio of the intensities of
the Si and C core-level peaks (or, as discussed by Janzen and Monch
[44] amongst others, the Si and C Auger peaks) is then calculated.
Sub-monolayer coverages are determined by comparing the core-
level ratio associated with the sub-ML deposition with that for the
1 ML film (A somewhat similar procedure was adopted in [32]).

For this procedure to work it is obviously important that: (i)
the molecules do not form 3D islands before completion of the
first monolayer, and (ii) first layer molecules do not desorb dur-
ing the anneal. The lack of islanding before completion of the first
monolayer has been verified in a large number of STM studies (see,
for example, Refs. [2,3,7]). However, it has been suggested that
annealing the 1 ML Cgo:Si(111) system at 670 K promotes the
desorption of those molecules bonded at corner holes [45]. This
assertion was apparently put forward on the basis of a misinterpre-
tation of Chen and Sarid’s [ 14] earlier STM data, where a diffusion of
molecules away from corner hole sites was observed following an-
nealing at 600 °C. Indeed, Chen and Sarid quite specifically stated
that molecules bonded at corner-hole sites at room temperature
“diffused to other low energy sites during the annealing process, in-
stead of desorbing from the surface”. Furthermore, in asubstantial
number of STM experiments, the Nottingham group has not ob-
served preferential desorption of corner-hole bonded molecules
from a Cgg monolayer on Si(111)-(7 x 7). Coverage calibration via
core-level or Auger peak ratios therefore represents a robust and
straightforward method of accurately determining the amount of
adsorbed Cg.

Fig. 7 shows valence band spectra for various coverages of Cg
on the Si(111)-(7 x 7) surface. Two sets of spectra are included
(Fig. 7(a) from [30] and Fig. 7(b) from [35]) to highlight that there
are subtle, and not-so-subtle, differences between photoemission
spectra of the Cgp:Si(111)-(7 x 7) system published by a variety of
groups (including that of the author). Also included for comparison
in Fig. 7 are valence band spectra of a thick fullerite film (i.e. five
or more layers of Cgg), again measured using 21.2 eV photons.
We shall first consider the similarities between the two sets of
spectra shown in Fig. 7. For submonolayer coverages (e.g. 0.25 ML
in Fig. 7(a) and 0.6 ML in Fig. 7(b)) there is a clear broadening
of the Cgop HOMO feature as compared to that measured for the
bulk fullerite film. This broadening was interpreted by Sakamoto
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Fig. 7. Valence band spectra, taken with 21.2 eV photons, of various coverages of Cgo on the Si(111) surface. In each case the coverage (in ML) is given on the right-hand
side of the corresponding spectrum. As discussed in the text, the spectra for 1.0 ML in each panel should be compared. (a) After Sakamoto et al. [31]. All spectra other than
that at the top of the panel were taken using synchrotron radiation. The uppermost spectrum was acquired using He I light. (b) After Cepek et al. [35].

et al. [30] as arising from the formation of a covalent bonding state
between the Cgp molecule and the Si surface. Cepek et al. [35] fitted
their valence band spectra and similarly found that they could
account for this additional broadening by the inclusion of a spectral
component, “split off” from the HOMO, derived from the formation
of Si-C bonds.

Remarkably, a very simple model of the Cgq:Si interaction is
sufficient to reproduce the Si-C bonding component observed
experimentally in density functional theory (DFT) calculations.
Fig. 8 [46] shows measured and simulated valence band spectra
for Cgp as compared to: (i) an experimental spectrum for a Cg
monolayer on Si(111)-(7 x 7), and, (ii) a calculated spectrum for a
Cso(SiH3), cluster where we model the Cgg-silicon interaction by
attaching two SiH3 clusters to the fullerene cage (by breaking a
double bond). The agreement between experiment and the DFT-
simulated spectra is very good. (Use of a photon energy of 60 eV
for the photoemission experiments has also resulted in a close,
but entirely fortuitous, match of the intensities of the valence
band features). In particular, the broadening of the HOMO due to
the contribution of the Si-C bonding state matches that observed
experimentally for a covalently bound Cgy monolayer on Si(111)
extremely well.

There are, however, important differences in the sets of spectra
shown in Fig. 7 and between Fig. 7(a) and the spectra shown in
Fig. 9. In particular, the valence band spectrum of the nominal 1 ML
Ceo coverage shown in Fig. 7(a) [30] is much closer in appearance
to that of bulk fullerite. In particular, the “valley” between the
highest occupied molecular orbital (HOMO) and HOMO-1 peaks
is substantially deeper than for the spectra acquired by the other
groups (c.f. Fig. 7(b)).

The significant discrepancies between the sets of spectra shown
in Fig. 7(a) and (b), are on first consideration best explained
simply by differences in coverage calibration, as suggested by
Pesci et al. [47] and as shall be discussed in some detail below.
However, it should be noted that Sakamoto et al. have stated that
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Fig. 8. Measured (closed filled circles) and simulated (solid line) valence band
spectra for (lower spectra) a bulk Cgy film and an isolated Cgy molecule and
(upper spectra) a 1 ML Cg:Si(111) sample and a simple cluster model of the
Ceo:Si interaction (see inset). The simulated spectra were calculated using density
functional theory (B3LYP functional with a 6-31G* basis set) where the energy
eigenvalue spectrum generated by the DFT software was broadened via convolution
with a Gaussian of width 0.4 eV. After Gangopadhyay et al. [46].
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the quartz crystal microbalance used to calibrate the evaporation
source used in their work on Cgg:Si(111)-(7 x 7) was ‘cross-
checked’ with STM measurements [21]. Therefore, an alternative
explanation might initially appear to be required to account for
the discrepancies highlighted by Fig. 7. One possibility might be
related to minor differences in surface temperature. Annealing at
temperatures in excess of 300 °C - as discussed in detail below
- produces a large increase in the number of Si-C bonds formed
by fullerene molecules adsorbed on either the Si(111) or Si(100)
surface. Smaller, though still observable, changes are observed for
annealing at temperatures below 300 °C.
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Fig. 9. Core-level (left hand panel) and valence band spectra (right hand panel),
taken with photon energies of 140 eV and 21.2 eV respectively, for Cgo films on
Si(111)-(7 x 7) prepared by different methods. (a) a 5 ML thick Cgo film. Note the
deep minimum between the leading (lowest binding energy) peaks in the valence
band spectrum. These peaks arise from photoelectron emission from the highest
occupied molecular orbital (HOMO) and the next highest occupied molecular orbital
of the fullerene. (b) A fullerene monolayer prepared by e-beam heating a thick
Cgo film on Si(111)-(7 x 7) at 300 °C. (c) A 1 ML Cgp:Si(111) sample heated by
passing direct current through the silicon. The direct heating process in this case
was associated with a transient “overshoot” in sample temperature. This generates
a higher number of Si-C bonds and, thus, the leading feature in the valence band
spectrum (which includes a peak due to Si-C bonding “split off” from the HOMO
[30,35]. See also Fig. 8) becomes more intense. (d) Cgo submonolayers and a 1.2 ML
coverage formed by successive depositions onto a Si(111)-(7 x 7) surface (at room
temperature). A comparison of the HOMO feature in the valence band spectrum
(~2 eV binding energy) to that shown in (b) and (c) indicates the temperature at
which a multilayer coverage is annealed to produce a monolayer, i.e. ~300 °C, is
sufficient to generate a significant number of additional Si-C bonds not observed
for deposition at room temperature.

As discussed in a paper describing fast XPS C 1s measurements
taken during heating of a Cgo/Si(111) sample [48], the kinetics
of the annealing process are quite complex. The maximum
temperature, duration of heating and mechanism of heating
are all important factors determining the number of covalent
bonds formed by the adsorbed molecules. We have found that
e-beam heating and direct current heating at nominally equivalent
temperatures produce subtle differences in the valence band
spectrum of a Cgg monolayer on Si(111) (see Fig. 9). However, it is
important to note that — despite waiting for times in excess of two
hours following flash annealing of the Si sample before depositing
Ceo in order for the surface to cool to room temperature - we find
in our experiments that valence band spectra of Cgg monolayers
deposited onto a room temperature Si(111) surface are always in
much better agreement with Fig. 7(b) than Fig. 7(a). At this point
it should also be stressed that recent theoretical calculations by
Sanchez-Portal et al. [49] (which are discussed in detail in the
following section) have not found any evidence for a physisorbed
precursor state in the Cgg:Si(111) system.

Might other spectroscopies provide additional information in
order to resolve the issues regarding coverage calibration and/or
substrate temperature discussed above? We first consider Si 2p
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Fig. 10. Si 2p core-level photoemission spectra (hv = 120 ev) for the clean

Si(111)-(7 x7) surface and a 1 ML Cgo coverage on Si(111)-(7 x 7). Note the very low
intensities of the Cgo-related components in the upper spectrum. After Sakamoto
etal. [30].
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core-level data. Fig. 10 is taken from Ref. [30] and shows a
decomposition - carried out through non-linear least squares
fitting - of the Si 2p spectrum from a 1 ML Cg:Si(111) sample.
There are a number of differences between the clean Si(111)-(7 x
7) core-level spectrum (also shown in Fig. 10) and that for the
Ceo-terminated surface. First, the presence of a core-level shifted
component at +1 eV relative binding energy (RBE) arises from
Si-C covalent bonds. Second, the shoulder at —0.7 eV RBE in the
clean (7 x 7) spectrum arising from photoemission from the rest
atoms of the (7 x 7) reconstruction is apparently ‘quenched’ for
the Cgo-terminated surface, although Sakamoto et al. [30] argue
that a rest-atom derived peak also contributes to the Cgp:Si(111)
Si 2p spectrum. Finally, there are changes in the intensity of the
adatom-related component when the 1 ML Cg:Si(111) spectrum
is compared to that of the clean surface. It is worth noting here
that the energy resolution of the core-level measurements in
Fig. 10 was ~200 meV. With this resolution it is not possible to
successfully decompose core-level spectra from the Si(111)-(7 x
7) reconstruction into the 7 components described in the high
resolution work of LeLay et al. [50]. Higher resolution Si 2p spectra
for the 1 ML Cgp:Si(111) system have been published by Pesci
et al. [47].

The ratios of the intensities of the various components com-
prising the 1 ML Cg:Si(111) core-level spectrum shown in Fig. 10
were used to estimate the number of chemisorbed, i.e. covalently
bound, Cg, molecules in the molecular monolayer [30]. Sakamoto
et al. [30] determined that a total of four surface silicon atoms ap-
parently contributed to the Cg bonds, which they argued was in
line with their assertion that only ~30% of the fullerene molecules
comprising the monolayer on the Si(111)-(7 x 7) surface were
covalently bound. It is worth highlighting at this point, however,
that their analysis not only involved extremely small surface core
level-shifted component intensities (again, see Fig. 10) but that the
core level data were measured for the room temperature system at
only one value of photon energy. The possible influence of photo-
electron diffraction and extended X-ray absorption fine structure
(EXAFS)-related effects on the core-level component intensities is
therefore unknown.

In order to address the vexed question of physisorption
vs chemisorption of Cg on Si(111)-(7 x 7), the Nottingham
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Fig. 11. UPS spectra and corresponding STM images for (a) 0; (b) 0.08 ML; (c) 0.14 ML; (d) 0.25 ML; (e) 0.90 ML; and (f) 3.0 ML coverage of Cgg on Si(111)-(7 x 7). The UPS

and STM data are taken from the same sample in each case.
Source: Figure and caption from Gangopadhyay et al. [46].
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Nanoscience group (of which the author is a member) very recently
carried out acombined STM and ultraviolet photoemission study of
submonolayer-to-monolayer coverages [46]. In this study, the STM
and the UPS system were integrated on a single UHV system. This
enabled inaccuracies in coverage estimation to be minimised (as to
determine the coverage of Cgo we simply counted up the number of
Cso molecules in the STM images). The key result is shown in Fig. 11
where it is clear that the UPS spectrum for a 0.9 ML coverage is
strikingly similar to that shown in Fig. 7(b) but differs dramatically
from the data of Fig. 7(a). This conclusively rules out models of Cg
adsorption on Si(111)-(7 x 7) which involve mixed physisorption
and chemisorption states and highlights the difficulties inherent
both in accurately estimating Cgo coverages on the basis of crystal
microbalance measurements and in interpreting weak core-level
shifted components in photoemission data.

A natural extension of C 1s photoemission, C K-edge near edge
X-ray absorption fine structure spectroscopy (NEXAFS) provides
detailed information on the empty state density and is thus an
important complement to valence band photoemission. Carbon
K edge NEXAFS studies have shown that for Cgg molecules
covalently bonded to the Si(111)-(7 x 7) surface, a 0.1 eV shift
of the LUMO-derived NEXAFS peak towards higher energy is
observed. A shift towards lower energy would be expected if
partial occupation of the LUMO was occurring due to charge
transfer from the surface, so the NEXAFS results support the
lack of ionic bonding strongly suggested by the photoemission
data described in previous sections. (Similar NEXAFS observations
were made for CsoN adsorbed on Si(111) [51], as discussed in
Section 5.2). However, just as for the model of adsorption proposed
by Sakamoto et al. [30] on the basis of photoemission data, changes
in NEXAFS spectra as a function of coverage were interpreted in
terms of mixed adsorption states [39]. In particular, a 1 ML Cgp
coverage on Si(111)-(7 x 7) (and Si(100)-(2 x 1)) was found by
Sakamoto et al. [39] to give rise to a NEXAFS spectrum remarkably
similar to that of a bulk fullerite film. Note that precise details
of coverage calibration were not specified in Ref. [39]. Hence, the
misgivings related to Cgg coverage measurement presented above
also likely apply to the NEXAFS data presented in [39].

Although inaccuracies in coverage calibration provide a means
both to reconcile photoemission measurements of nominally 1

ML Cgo coverages on Si(111)-(7 x 7) by different groups and to
explain the apparent observation of mixed adsorption states on
Si(111)-(7 x 7), it would be remiss of me not to highlight at
this juncture that HREELS measurements by Fujikawa et al. [52]
were also interpreted as providing evidence for relatively weak
Cgo-Si bonds in a Cgp monolayer on Si(111)-(7 x 7). Fujikawa
et al.[52] compared their HREELS spectrum for a C¢o monolayer on
Si(111)-(7 x 7) with that of a 1 ML coverage of Cgo on MoS, (see
Fig. 12). They argued that there is a transition in the adsorption
state of Cgp as the coverage is increased from a submonolayer to
1 ML. While there are certainly key differences in the preferred
bonding sites as a function of coverage - as pointed out by Chen
etal.[13] amongst others (see discussion in Section 2.2) - Fujikawa
went further and argued that these changes in bonding site were
accompanied by a significant weakening of fullerene-silicon bonds.
Fujikawa et al.’s proposal pre-dates that of Sakamoto et al. [30,31]
related to mixed physisorption-chemisorption for a 1 ML coverage
of Cgo on Si(111)-(7 x 7).

2.4. Theoretical studies of Cgo:Si(111) — Adsorption, orbital imaging,
and molecular conduction

In contrast to the experimental work discussed thus far, there
have been a rather small number of theoretical studies of the
Ceo:Si(111)-(7 x 7) system. (For very good reason — this is
an exceptionally challenging system to tackle theoretically due
to the large size of both the adsorbate and the substrate unit
cell). The initial acceptance of the charge transfer mechanism
discussed in the previous section was not unrelated to the support
leant to the idea by the results of a number of early theoretical
studies of the Cgp:Si(111) system. For example, a DV-X-LCAO
calculation by Yamaguchi and Miyoshi [29] predicted a charge
transfer of 3.35 electrons from the Si(111)-(7 x 7) to the adsorbed
fullerene molecules. This was an exciting prediction, giving rise
to expectations that heavily doped fullerene monolayers could be
produced with very little effort on silicon surfaces.

In an important first principles study of Cgo adsorption
on Si(111), Sanchez-Portal et al. [49] used the local density
approximation (LDA) and a minimal sp> basis set within the SIESTA
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Fig. 12. Comparison of HREELS spectra for a 1 ML coverage of Cgp on Si(111)-(7 x7)
and on MoS,. After Fujikawa et al. [52].
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framework [49] to calculate the preferred adsorption geometries
for the fullerene molecule. The Si(111)-(7 x 7) terraces were
approximated with a model comprising slabs of two double layers
covered by a (2 x 2) adatom reconstruction. (The local order
within a triangular subunit of the (7 x 7) unit cell is (2 x 2)). A
number of stable structures was found and are shown in Fig. 13.
These, labelled S3, DB, and L in Fig. 13 involve the Cgg molecule
bound with a hexagon directly above a rest atom, a double bond
directly above a rest atom, and a hexagon above an adatom bridge
position respectively. Significantly, structure ‘L’ has a significantly
larger binding energy than either structure S3 or DB due to the
formation of two additional Si-C bonds. These additional bonds
to the fullerene cage are possible through a breakage of adatom-
pedestal atom bonds.

Sanchez-Portal et al. [49] argue that their theoretical calcula-
tions explain why two primary types of adsorbed molecule (‘large’
and ‘small’) have been observed in STM images of Cg on the
Si(111)-(7 x7) surface [53]. Fig. 14(a) shows an image from Pascual
etal.’s paper [53] where the ‘large’ and ‘small’ molecules are clearly
observed. Images of this type have been interpreted as arising from
a combination of molecules of S3/ DB (‘large’) and L (‘small’) type.
In analogy with STM imaging of Cgo molecules on Si(100) where
‘large’ adsorbates converted to ‘small’ adsorbates following an an-
neal at 870 K, Sanchez-Portal et al. [49] argued that the kinetic
barrier related to the conversion of the adsorbed molecules to the
‘small’ type derived from the activation energy required to break
silicon adatom bonds with the substrate. These additional free
bonds are then used to form Si-C bonds leading to a substantial
increase in the binding energy of the adsorbed Cgo molecule.

An important conclusion of Sanchez-Portal et al.’s paper is
that the S3 and DB adsorption states (and a related bonding
configuration - labelled SB - which involves a single bond
pointing towards a rest atom) can each be accessed directly
without the need to surmount an activation barrier. Specifically,
they find no evidence for a physisorbed precursor state. Given
the lengthy discussion above regarding mixed physisorbed and
chemisorbed molecules, this is a significant finding. Furthermore,
given Sanchez-Portal et al.’s results, it is very likely that the “light”
and “dark” Cgo molecules observed in STM images by Suto et al.
[21] and other groups (including that of the author — see Fig. 14)
arise not from mixed physisorbed and chemisorbed molecules but
from Cgo bonding configurations involving different numbers of

Fig. 13. Stable bonding geometries for Cgo on a Si(111)-(2 x 2) surface as
predicted by density functional theory. (a) Configuration where the adsorbed Cgq
molecule preserves the threefold symmetry of the substrate, forming bonds to
three Si adatoms. Although the carbon cage remains relatively undistorted in this
bonding geometry, there are substantial displacements of the silicon atoms, with
a substantial relaxation energy contributing to a total molecular binding energy of
almost 4 eV. (b) In the DB configuration the Cgy molecule bonds to two adatoms
and rest atoms. The displacement of the silicon atoms is somewhat smaller for this
configuration, with an adsorption energy of ~6 eV. (c) The most stable configuration
found in the calculations. The bonding geometry for this “L” configuration involves
substantial rearrangement of silicon bonds where two adatoms have broken their
bonds with underlying pedestal atoms to form two extra bonds with the Cgo
molecule. The binding energy in this case is 6.36 eV. After Sanchez-Portal et al. [49].
© 2001, Elsevier

Si-C covalent bonds. (We note that the Si(111)-(7 x 7) defect
density will also strongly affect the ratio of ‘large’(or ‘light’) and
‘small’ (or ‘dark’) molecules observed following Cgy deposition.)
This interpretation is also consistent with the observation that
the intermolecular contrast variations persist following annealing
(when, it is universally agreed, all Cgg molecules are covalently
bound to the surface).

Sanchez-Portal et al. [49] have also addressed the issue of
substrate-molecule charge transfer in their theoretical study.
They find that the total amount of charge transfer is of order 1
electron for each of the bonding configurations discussed above
(including the ‘L’ bonding state). However - and significantly -
they propose that the charge is not distributed uniformly across
the molecule but is instead associated with those cage atoms in
closest proximity to the Si(111) surface. We quote directly a key
conclusion of their work: “the charging of the molecule does not
come through the occupation of the initially unoccupied states of
the fullerene, but through the hybridization with the surface states”.
This represents the proposal of a very different charge transfer
interaction compared to the LUMO filling suggested in much of the
early work on Cgo:Si(111)-(7 x 7) [3,7,13,14]. A somewhat similar
conclusion was reached by Wang et al. [55] in order to reconcile
their scanning tunnelling spectroscopy data and local density
approximation (LDA) calculations with the covalent Cgo-Si(111)
interaction suggested by photoemission measurements [30,35].

The type of charge transfer mechanism proposed by Sanchez-
Portal et al. and Wang et al. [55] goes a considerable way towards
explaining the apparent height reductions observed in STM images
of Si atoms next to adsorbed Cgg molecules, as exemplified by Fig. 4.
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Fig. 14. (a) STM image of a submonolayer coverage of Cgy on the Si(111)-(7 x 7)
surface. Note the presence of two types of Cso adsorbate, those that appear large,
and those that appear small (e.g. the two molecules in the top right corner of
the images). After Pascual et al. [53]. (b) An STM image of a monolayer of Cgp on
Si(111)-(7 x 7) following a 250 °C anneal. After Woolley [54].
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In Fig. 4, the adatoms surrounding the Cgp molecule adsorbed at
the corner hole are clearly ‘darker’ than the surrounding atoms.
While Chen, Chen, and Sarid explained this variation in contrast as
arising from a transfer of electrons to the Cgg LUMO, the localised
and ‘hybridisation-driven’ charge transfer put forward in Ref. [49]
represents an alternative explanation that is more consistent with
the valence band photoemission data described above.

In addition to observing what might best be termed intermolec-
ular contrast in STM images (i.e. ‘large’ vs ‘small’ molecules), a
number of groups have succeeded in obtaining intramolecular con-
trast in images of adsorbed Cgo molecules on silicon surfaces. It was
not, however, until the work of Hou et al. [56] and Pascual et al.
[53] that a comprehensive experimental study of Cgo molecular or-
bital imaging was coupled with a detailed theoretical interpreta-
tion. In both cases, the fullerene molecules were adsorbed on the
Si(111)-(7 x 7) surface. Fig. 15, taken from Hou et al.’s work [56], is
a collection of high resolution STM images (acquired at a tempera-
ture of 78 K and with a variety of bias voltages) of a Cgo molecule ad-
sorbed on an ‘A’ site of the (7 x 7) unit cell (see Fig. 2). Hou et al. [56]
compared their experimental STM images with a theoretical calcu-
lation which combined an LDA-based simulation of the electronic
structure of a Cgp:Si(111)-(7 x 7) cluster with a Tersoff~-Hamann
approach [57] to the determination of the tunnelling current. They
found that their positive bias STM images depended strongly on
the orientation of the Cgp molecule and were rather insensitive to

the bonding site within the (7 x 7) unit cell (see Fig. 15). It is also
worth pointing out that Hou et al.’s calculation also showed that
Cep is bound to the Si(111)-(7 x 7) surface by covalent bonds with
“a small amount of ionic bonds mixed in” [56]. (The precise amount
of ionic character is not specified in Hou et al.’s paper). Further-
more, they found that while the positive bias images resulted al-
most solely from Cgp contributions to the tunnel current, images
taken with a negative bias contained contributions from the Cg
double bonds and the Si-C bonds.

Just as for the experimental work described in previous sec-
tions, theoretical studies of the Cgo:Si(111)-(7 x 7) system have not
been without some degree of controversy. Following the publica-
tion of Hou et al.’s paper [56], Pascual et al. [58] pointed out that in
similar STM studies involving imaging of Cgo molecular orbitals on
Si(111)-(7 x 7), they did not observe the strong bias dependence
described by Hou et al. and suggested that this may be due to short-
comings in the Tersoff-Hamann approach to calculating the tun-
nel current. Hou et al. strongly refuted this assertion [59], pointing
out that simulated local density of states images of the Cgg low-
est unoccupied molecular orbital (LUMO) were in as good, if not
better, agreement with Pascual et al.’s images than calculated im-
ages of the HOMO. They thus concluded that Tersoff~-Hamann the-
ory is adequate to identify the orientations of Cgg molecules on the
Si(111)-(7 x 7) surface.

Lee and Kang [60] have focussed on the geometric and
electronic structure of Cgy adsorbed on the M-site (i.e. the site at
the middle of one half of the (7 x 7) unit cell) shown in Fig. 2.
Using DFT in the local density approximation (LDA)® they assessed
the relative stability of a variety of Cgo bonding configurations at
the M-site (see Fig. 16) finding that an adsorption geometry where
a C-C bond shared by a pentagon and hexagon (a “PH” bond in Lee
and Kang’s nomenclature) faces down towards the surface is most
stable. The adsorption energy of the PH2 structure shown in Fig. 16,
2.61 eV, is ever so slightly greater than that of the PH1 structure,
and involves the formation of four C-Si bonds with a Si adatom, a Si
rest atom, and two first layer silicon atoms, respectively. However,
on the basis of a comparison of their simulated STM images and
Hou et al.’s STM results [56], it was proposed that the PH1 structure
accounts best for the experimental data. As initially suggested
by Sakamoto et al. [30], the formation of strong C-Si o bonds
was found to produce strong splitting of the HOMO level of the
molecule.

In early 2010, Rurali et al. [61] published an important and com-
prehensive combined DFT and tight binding molecular dynamics
study of Cgp adsorption on the Si(111)-(7 x 7) surface which built
on, and substantially extended, previous theoretical work on this
system. They found that the corner-hole is the most stable adsorp-
tion site for Cgp with the sites directly above a rest atom in the
unfaulted side of the unit cell being the next most stable. Echoing
the results of Sanchez-Portal [49] described above, Rurali and co-
workers found that there are a range of different bonding configu-
rations spanning strongly covalent bonding to a more ionic inter-
action. A fascinating result of their work was the observation, from
molecular dynamics simulations, that the Si(111)-(7 x 7) surface is
“soft” enough such that the thermal motion of the dangling bonds
is sufficient to select the most appropriate bonding configuration
for the Cgg molecule. Another notable aspect of Rurali, Cuadrado,
and Cerda’s work was the use of a realistic WSi tip for STM/STS
simulations. Fig. 17 shows a set of simulated STM images (specifi-
cally, z—|—% maps) for Cgg molecules adsorbed at various sites on the
Si(111)-(7 x 7) surface, showing the broad range of intramolecular
structures which are observed for a WSi tip.

5 See Section 2.5.1 for a discussion of the potential pitfalls associated with the
calculation of adsorption energies using the LDA.
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Fig. 15. A variety of high resolution STM images of a single Cgp molecule adsorbed on the Si(111)-(7 x 7) surface. The images were recorded with different sample bias
voltages for a molecule on an A site (see schematic in lower half of figure): (a1) V = —1.8V,(a2) V = +1.5V,(a3) V = +1.8V, and (a4) Vs = 2.5 V; and on a B site:

(b1) Vs = —1.8 Vand (b2) Vs = +2.3 V. After Hou et al. [56].
© 2000, American Physical Society

2.4.1. What's underneath an adsorbed fullerene layer?: X-ray diffrac-
tion, electron diffraction, and X-ray standing wave studies

Throughout our study of the Cgo:Si(111)-(7 x 7) system, the
Nottingham group has found that for a 1 ML coverage the fractional
order spots in the (7 x 7) low energy electron diffraction (LEED)
diffraction pattern are extinguished and only a weak (1 x 1)
pattern with a high inelastic background remains. Pesci et al. [47]
have made the same observation. The observation of a (1 x 1)
LEED pattern does not necessarily mean that the silicon layer
beneath the Cgg layer has adopted a bulk-like (111) termination
with an interatomic, in-plane spacing of 3.84 A. Instead, if Cgg
adsorption induces small displacements in the adatom and rest-
atom positions, as predicted by theoretical calculations [49] and
X-ray diffraction measurements [62], then it is likely that although
the (7 x 7) structure is largely preserved, the overall translational
order will be lost. A weak (1 x 1) LEED pattern observed
then results with the high inelastic background arising from the
relatively disordered Si layer bound to the Cgo molecules.

As the reader might have come to expect from earlier discus-
sions, however, not all groups observe a (1 x 1) LEED pattern fol-
lowing Cgg deposition. Sakamoto et al. [40] have argued that they
observe little change in the (7 x 7) pattern following deposition of
a Cgp coverage of 1 ML at room temperature. It is only following an-
nealing at temperatures of order 500 K that the (7 x 7) diffraction
pattern reverts to a (1 x 1) structure. This is another perplexing
experimental discrepancy and one that is rather more difficult to
explain on the basis of differences in coverage calibration between
groups.

Hong et al. have shown that the (7 x 7) reconstruction is
preserved under a thin Cgg film. Fig. 18 is a comparison of the
integrated intensities of the (7 x 7) reflections for the clean
Si(111)-(7 x 7) surface and the (7 x 7) surface encapsulated by
a thin Cg film. The primary conclusion that can be reached from
these data is that Cgg adsorption, as Hong et al. state, “does not
alter the basic surface structure”. Nevertheless, there are important
- albeit subtle - differences in the two sets of data. Specifically,
there is an overall intensity reduction for increasing momentum
transfer for the Cgp-covered surface as compared to the clean
Si(111)-(7 x 7) reconstruction. Hong et al. [62] attributed the
intensity reduction to a perturbation in the atomic positions, a
suggestion that is fully in line with the structural distortions
predicted by the theoretical calculations of Sanchez-Portal et al.
[49] discussed in the previous section. Recent X-ray standing
wave spectroscopy measurements by the Nottingham group (see
Fig. 19) [46] also confirm the picture put forward by Hong et al.
[62] seventeen years ago: Cgo does not “deconstruct” the (7 x
7) structure but instead induces relatively small perturbations in
the positions of the surface Si atoms. Moreover, Dunn et al. [67]
demonstrated that the double domain structure of a Cgg monolayer
on Si(111) is retained even following exposure of the sample to
atmosphere (for 30 min) and to water (for 30 s), implying that the
key structural elements of the (7 x 7) structure are also preserved.

2.4.2. CgpadsorptiononSi(111)-(7 x7): Contentions and conclusions
The reader will have gleaned from the rather involved dis-
cussion in the previous sections that the Cgg:Si(111) system is
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(b) PH1

T 2.59 eV
X

(d) Pentagon

Fig. 16. Optimised structures for Cgg adsorbed on the Si(111)-(7 x 7) surface, taken
from the work of Lee and Kang [60]: (a) PH, (b) PH1, (c) PH2, and (d) Pentagon.
In each case only the bottom part of the adsorbed Csp molecule is shown. Empty
circles within each Cgo molecule represent those carbon atoms which are bonded
to the underlying Si(111) surface. Thick C-C bonds represent pentagon-hexagon
(PH) bonds and dashed lines represent the bottom face of Cgy after optimisation
(showing either a C-C bond or a pentagon ring).

© 2008, Elsevier

associated with one might term a rather “chequered” history
of study. Summarising, there have been two key proposals: one
posits that all fullerene molecules in an adsorbed monolayer are
chemisorbed [32,35,47] whereas the other conjectures that the
majority of molecules in a monolayer are physisorbed or rather
weakly bound [30,31,52]. Unfortunately, that there are two op-
posing viewpoints is not simply a matter of data interpretation:
experimental measurements for nominally identical systems are
significantly different for the groups claiming mixed adsorption
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Fig. 18. A comparison of the integrated intensities of X-ray diffraction reflections
for (a) a Cgo-encapsulated Si(111)-(7 x 7) surface, and (b) the clean Si(111)-(7 x 7)
surface. The area of a circle is proportional to the integrated intensity. After Hong
etal. [62].

© 1992, American Institute of Physics

states at room temperature as compared to those arguing for com-
plete chemisorption. It has been suggested [47] — a suggestion with
which I fully concur and which recent combined STM-UPS exper-
iments [46] support - that these discrepancies in experimental
data arise largely from improper coverage calibration. The issue of
whether there is a transition in the bonding state, accompanying
the change in preferred bonding sites, as the Cgo coverage increases
towards 1 ML is, however, important and further work is required
to determine the extent of bond “modification”.

A second unresolved issue relates to the charge transfer
between the Si(111)-(7 x 7) surface and the adsorbed Cgp
molecules predicted by high level theoretical calculations [49].
Although a variety of valence band photoemission studies [32,
30,35] have conclusively shown that there is minimal, if any,

+05V +1.0V +20V

Fig. 17. Simulated STM images for Cgo molecules adsorbed in different bonding configurations in the unfaulted half of the (7 x 7) unit cell (sites My and Ry) and at the

corner-hole site. After Rurali et al. [61].
© 2010, American Physical Society
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Fig. 19. Normal incidence X-ray standing wave spectroscopy (NIXSW) of the
clean Si(111)-(7 x 7) reconstruction and a 1 ML Cg:Si(111) sample. (See [63,
64] for excellent reviews covering the theory, implementation, and applications
of the standing wave technique.) The NIXSW spectra have been derived from
measurements of the Si 1s photoemission signal and show changes in the intensity
of the Si 1s peak as a function of photon energy about the Si(111) Bragg condition.
The spectra have also been normalised to the bulk signal, using the “ratioing”
approach suggested by Woicik et al. [65,66], to highlight the surface contribution.
Top: ratioed NIXSW Si 1s spectrum for the clean Si(111)-(7 x 7) surface, and
bottom: for the 1 ML Cgo/Si(111)-(7 x 7) surface (displaced for clarity). The solid
line in each case represents the best fit to theory (but is for illustrative purposes
only). Note that there are only relatively minor changes in the overall shape of the
NIXSW spectrum (largely, a decrease in peak intensity) following Cgo adsorption.
After Gangopadhyay et al. [46].

© 2009, Elsevier

electron occupation of the Cgg LUMO on Si(111), the theoretical
prediction of charge transfer to the molecule via hybridisation with
the silicon surface states remains to be directly experimentally
verified. Interesting and important steps in this direction have very
recently (May 2010) been made by Kobayashi and Cho [68] who
have used scanning nonlinear dielectric microscopy to investigate
the dipole moment of Cgg molecules adsorbed on Si(111)-(7 x 7).

2.5. Cgp/Si(100)-(2 x 1)

lonic bonding, covalent bonding, physisorption, and mixed
physisorption-chemisorption have each been proposed for the
Cs0-Si(100)system, echoing to a large degree the literature
on Cgo:Si(111) interactions. Over the next few sections, we
will outline the evolution of the understanding of Cgp-Si(100)
interactions, again paying particular attention to those areas where
consensus has yet to be reached. As for the investigation of
the Cgp/Si(111) system, it was Sakurai’s group in Sendai who
carried out some of the earliest studies of Cgy adsorbed on the
Si(100) surface [69].° Hamza and Balooch were the first to show,
using temperature programmed desorption and AES studies, that
the Cgo molecule decomposed rather than desorbed from the
Si(100)-(2 x 1) surface [71]. (They also observed cage opening
following annealing of Cgg on Si(111)-(7 x 7) [72]). This not
only renders an experimental determination of the molecular
binding energy problematic but clearly shows that the Cgy-Si(100)
interaction is rather strong (at least following annealing).

Hashizume et al. identified that at submonolayer coverages
the most favourable bonding site for the Cgg molecules was
in what has become known as the “four dimer site” [69]. As
shown in Fig. 20(a), in the “four dimer” site, the Cgy molecule
is located in the trough between two dimer rows and centred
above a block of four Si dimers. At a coverage of 1 ML, both
c(4 x 4) and c(4 x 3) structures form (Fig. 20(b)) although the

6 Gensterblum et al. [70] published an important and highly cited paper in
1991 which detailed insights derived from electron energy loss spectroscopy
measurements of Cgp films on Si(100). However, that paper focussed on relatively
thick (6 nm) films.
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Fig. 20. (a) Schematic diagram showing the c(4 x 4) and c(4 x 3) arrangements
formed by Cgp molecules on the Si(100)-(2 x 1) surface; (b) STM image of a close
to 1 ML coverage of Cgo on Si(100)-(2 x 1) where small areas of both c(4 x 3) and
c(4 x 4) packing are observed. After Hashizume et al. [69].

© 1992, Japan Society of Applied Physics

domain size and associated degree of ordering are rather small.
Hashizume et al. also obtained intramolecular contrast in their STM
images which, as shown in Fig. 21, tended to consist of stripes
running in parallel across each adsorbed molecule. There is a
striking similarity between Hashizume et al.’s [69] images showing
intramolecular contrast and those of Cgy on Si(111) published by
both Hou et al. [56] and Pascual et al. [53] (see for example Fig. 15).
This strongly suggests that, as Hou et al. have proposed, the precise
nature of the bonding site does not have a strong influence on
the imaging process. However, we note that Wang et al.’s (and
other groups’) images showing intramolecular contrast are taken
with negative sample bias which, as also suggested by Hou et al.
[56], leads to an effective ‘convolution’ of silicon surface states and
fullerene molecular orbitals in the filled state map. The similarity
of the Cgo:Si(111)-(7 x 7) and Cg:Si(100)-(2 x 1) intramolecular
image contrast patterns is perhaps suggestive of a comparable
substrate-molecule interaction in each case.

Mirroring the history of the investigation of the Cg:Si(111)-(7 x
7) system, the Cg:Si(100)-(2 x 1) interaction was first proposed
to be driven by a substrate-LUMO charge transfer. Scanning tun-
nelling spectroscopy data published by Wang et al. [73] seemingly
confirmed that there was a finite density of states at the Fermi
level. This experimental result was supported by a theoretical cal-
culation by Kawazoe and Ohno [74]. Indeed, Kawazoe et al.’s work
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Fig. 21. STM image of a close-to-monolayer coverage of Cgo on Si(100) where
intramolecular contrast, visible as bands running diagonally across the majority of
adsorbed molecules, is observed. After Hashizume et al. [69].

© 1992, Japan Society of Applied Physics

involved a charge transfer of as much as four electrons from the
Si surface dimers to each Cgo molecule. However, as pointed out by
De Seta et al. [75], theoretical estimates of charge transfer from the
Si(100)-(2 x 1) surface to Cgg have ranged from 4e [74] to 2.44e
[76] to 0.66e [77].

Chen and Sarid [78] proposed a substantially different model
of the Cgy-Si(100) bond. They argued that due to the absence of
the near-Fermi level states within the bulk band gap which are
present on the Si(111)-(7 x 7) surface, Cgo simply physisorbs at
room temperature on Si(100). Physisorption of the molecule was
suggested to arise from the interaction of induced - but permanent
- dipole moments on the Cgy cage and on the Si dimers. Chen
and Sarid postulated that the interaction strength was of the same
order of magnitude as the Cgg— Cgo bond energy (~0.27 eV) in the
fullerite crystal. After annealing at 600 °C, it was proposed that the
bonding character changed from physisorption to chemisorption
due to the formation of Si-C covalent bonds.

Shortly following the publication of Chen and Sarid’s paper [78],
Klyachko and Chen proposed an interesting model of ordering
in the Cg:Si(100)-(2 x 1) system which explicitly assumed a
weak molecule-substrate interaction (essentially physisorption)
[79]. Just as Chen and Sarid suggested that the Cgy-Si(100)
bond energy at room temperature was comparable to the
intermolecular van der Waals interaction in the fullerite crystal,
a cornerstone of Klyachko and Chen’s model was the assumption
of a Cgp— Cgg coupling on Si(100)-(2 x 1) which was determined
almost entirely by the Girifalco potential [80] for isolated Cgo
pairs. They argued that the key result of their work was to
show that while the substrate-molecule interaction determined
the ordering of a Cgp assembly in the direction perpendicular
to the dimer rows, intermolecular interactions controlled the
(incommensurate) ordering along the dimer rows. However,
a series of photoemission measurements (see below) and the
STM-based assembly of Cgp clusters on Si(100)-(2 x 1) (see
Section 2.4) have subsequently and convincingly shown that Cg
is chemisorbed on Si(100)-(2 x 1), bringing into question the
conclusions of work which explicitly (or tacitly) assumes Cgg
physisorption on Si(100).

Direct evidence of Cgg chemisorption on Si(100)-(2 x 1) was
provided by electron spectroscopy. A careful and important study
by Hunt (using both (HR)EELS and Auger electron spectroscopy)

x800

L 1ML Cy/ SI(100) 1173K
%200

L 1ML Cg/SI(100) 1048K

W
L 1ML C,/Si(100) 983K
x75
kkm 873K
W

1ML C/Si(100) 300K

Intensity (arbitrary units)

-

L\ oxidised Si(100)
C—
Clean Si(100)
X250
Multilayer Cgq
1 " 1 " 1 i 1 i 1
0 2 4 6 8

Energy Loss (eV)

Fig. 22. Electron energy loss spectra of multilayer and monolayer coverages of Cgo
on clean and oxidised Si(100) acquired at 300 K and following annealing of the
sample at various temperatures [81].
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of Cgo adsorption on Si(100)-(2 x 1) found that the fullerene-
Si(100) interaction was weak but, as the author put it, “it seems
likely that a weak chemisorption, rather than physisorption, bond
forms” [81]. This argument was convincingly made on the basis of
the broadening of electron energy loss peaks associated with the
HOMO-LUMO transition for Cgg adsorbed on the Si(100)-(2 x 1)
surface as compared to adsorption on an oxidised Si(100) substrate
(see Fig. 22). (Cgo is physisorbed on the oxidised Si(100) surface
[82]). As can be seen in Fig. 22, the EEL spectrum for adsorption
on oxidised Si(100) is effectively identical to that for a thick, bulk-
like, film of Cgp [81]. Hunt also pointed out that the Si LVV Auger
measurements of Hamza and Balooch [71] indicated the presence
of C-Si bonds and, thus, chemisorbed molecules.

Following the publication of Hunt’s electron spectroscopy data
and the observation of changes in the Si 2p core-level spectrum
following Cgo adsorption [32,31], De Seta et al. showed that - as
for the Cgo:Si(111)-(7 x 7) case - the HOMO feature in the valence
band spectrum of 1 ML Cg,/Si(100) exhibited a distinct splitting
arising from Si-C bond formation [75] (Fig. 23). Furthermore, a
common feature of all valence band photoemission studies of
Ce0:Si(100)-(2 x 1) (e.g. [32,31,35,75,83,84] is an absence of
density of states at the Fermi level. For example, Fig. 24 shows the
earliest published UPS data for the Cgo/Si(100) system, published
by Giinster et al. [83] where there is no photoelectron emission at
the Fermi level for any of the various Cgq coverages.

The Cgo-induced changes in both the core-level spectra and
the valence band density of states are best explained with
an adsorption model comprising covalent Si-C interactions and
little or no charge transfer to the Cgo LUMO. As discussed
previously for Cgy adsorption on Si(111)-(7 x 7), however, it
is important to draw a distinction between “delocalised” charge
transfer to the LUMO and a rather more localised charge state
arising from the hybridisation of silicon and carbon orbitals. Both
Godwin et al. [85,86] and Hobbs et al. [87] have observed a
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Fig. 23. Ultraviolet photoemission spectrum of a submonolayer coverage of Cgo on
a hydrogenated Si(100) surface which was annealed at a temperature of 280 °C. The
contribution of the silicon substrate to the spectrum has been subtracted. The points
represent the measured spectrum while the dotted line represents the contribution
to the spectrum from unperturbed (“bulk”) Cgo and the dot-dashed line highlights
the presence of a Si-C bonding component. After De Seta et al. [75].
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Fig. 24. Ultraviolet photoemission spectra of various coverages of Cgy on the
Si(100)-(2 x 1) surface. After Giinster et al. [83].
© 2005, Elsevier

localised charge transfer (or charge redistribution) of this type in
theoretical calculations of the Cgp—Si(100) interaction (discussed
in more detail below). Similarly, the Si 2p and C 1s core-level
photoemission measurements of Cheng et al. [84] were interpreted
in terms of a Cgo:Si(100) bond that was largely covalent but
with a small amount of ionic character. On the basis of a
correlation between silicon core-level shifts and charge transfer
first put forward by Ménch [88], Cheng et al. argued that shifted
components in their Si 2p spectra could be explained in terms of
a charge transfer of ~0.1e per Si-C bond, in good agreement with
the theoretical prediction of Godwin et al. [86] discussed below.
Cheng et al. similarly interpreted a core-level shifted component
in C 1s spectra (see Fig. 25) as being due to a predominantly
covalent interaction but with a small amount of charge transfer to
the carbon atoms involved in the Cg;—Si(100) bonds.

C1s
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Fig. 25. C 1s core-level spectra for various coverages of Cgo on Si(100)-(2 x 1).
Cheng et al. [84] interpreted peak A as arising from “unperturbed” carbon atoms
in the Cgp molecule while peak B was proposed to originate from C atoms whose
valence electronic structure is affected, directly or indirectly, by C-Si bonding. After
Cheng et al. [84].
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Although the preceding discussion might seem to suggest that
consensus has been reached regarding the covalent nature of
the Cg0:Si(100)-(2 x 1) interaction, a number of photoemission
measurements have again been interpreted in terms of mixed
physisorption and chemisorption states. Sakamoto et al. [31] have
analyzed their UPS data from a Cgg monolayer on Si(100)-(2 x 1)
in an almost identical fashion to the analysis of their Cg:Si(111)
photoemission data. That is, they propose that only approximately
25% of a Cgp monolayer is chemisorbed, while the remainder of the
molecules are physisorbed. It is extremely difficult to understand
just why only 25% of a monolayer should be chemisorbed (and,
to the best of our knowledge, no attempt has been made to put
forward an explanation for this proposal in terms of basic physical
or chemical principles). A study of Fig. 20 will convince the reader
that there are certainly no steric reasons why only a quarter of
the adsorbed molecules should form covalent bonds. Furthermore,
a substantial number of silicon dangling bonds are present even
when the Cgg coverage is 1 ML; the spectral signature of these
dangling bond states is clearly observed in photoemission spectra
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Fig. 26. Valence band spectra acquired by MRC Hunt et al. [89] on Beamline 4.1
of the Daresbury Synchrotron Radiation Source from clean and Cgo-covered Si(100)
surfaces. The lowermost spectrum is from the clean Si(100)-(2 x 1) surface where
the surface state related to the ‘up’ atom of the Si dimers is visible as a peak at a
binding energy of ~0.8 eV. The second spectrum from the bottom is that for an
unannealed Cgp monolayer on Si(100)-(2 x 1). Importantly, and as highlighted in
the inset, a weak signature of the clean silicon surface state at 0.8 eV remains in
the monolayer spectrum. For a bulk-like film of Cgy this surface state is not visible
because it is completely attenuated by the relatively thick Cgo overlayer. (The small
peak observed just above 0 eV binding energy is due to a small amount of second
order “contamination” from the beamline and can be ignored). See also [84].

of a 1 ML coverage of Cgo on Si(100)-(2 x 1) (see Fig. 26 and, for
example, Fig. 1 of Cheng et al. [84]).

It is very likely that Sakamoto et al.’s mixed physisorp-
tion—-chemisorption model for Cgy adsorption on Si(100)-(2 x 1)
also arises from the coverage miscalibration discussed in the pre-
ceding section on Cgo:Si(111). Indeed, Sakamoto et al. themselves
have questioned the coverage calibration in their earlier work [45].
However, unequivocal confirmation that differences in coverage
calibration underlie the discrepancies in valence band data dis-
cussed above will necessitate a study where the same sample is
investigated by STM and valence band photoemission within a sin-
gle UHV system (as for the Cgp:Si(111) system described earlier).

2.5.1. Cgo adsorption on Si(100) — Insights from theory

Supporting the experimental evidence for covalent interac-
tions, first principles (density functional) calculations of the
Cs0:Si(100) system have found that the fullerene-silicon interac-
tion involves the breakage of carbon double bonds, the formation
of Si-C bonds, and the preservation of the closed shell electronic
structure of the Cgg cage (i.e. there are no ‘dangling bonds’ on the
cage) [85,86]. C5p-Si(100) bonding thus necessitates considerable
rebonding within the fullerene so to ensure the absence of radical
centres.” Fig. 27 shows the highest binding energy structure found
in Godwin et al.’s calculations for a Cgg molecule bonded in the
trench between dimer rows. Interestingly, Mulliken spin analysis

7 As Godwin et al. [85] point out, earlier work based around a classical
Brenner-Tersoff potential predicted that Csyp would interact with Si(100) via a van
der Waals, rather than covalent, interaction. They argue that the Si-C interactions
which were modelled in that earlier work, based as they were on the bulk silicon
carbide structure, were perhaps not appropriate for the Cgo-on-Si(100) system.

Fig.27. Side and top views of the most stable adsorption site for Cgy on Si(100)-(2 x
1) predicted by the calculations of Godwin et al. [86]. Adsorption leads to the
formation of w-bonds between atoms A and B, and C and D which are shorter
and stronger than those in the free Cgp molecule. This adsorption geometry was
calculated using DFT in the local density approximation. See Fig. 28 for the most
stable trench bonding geometry predicted by DFT using the generalised gradient
approximation.

© 2003, Elsevier

for this and other calculated structures strongly suggest that each
carbon atom has an excess charge of, at most, 0.1e (i.e. a total trans-
ferred charge of ~0.4e). This contrasts with the ~1 electron charge
transferred to the cage in the theoretical calculations of Sanchez-
Portal et al. [49] for Cgp molecules adsorbed on Si(111)-(7 x 7).
It was found that the most stable bonding sites for Cgo were those
involving adsorption in the trench between dimer rows and involv-
ing bonding to four silicon dimers. Sites involving fewer Si-C bonds,
such as those where the Cgyp molecule bonds to only two dimers,
are less energetically favourable. Moreover, the most stable sites
are those which require the least bond rearrangement within the
fullerene cage [85,86].

The calculations of Godwin et al. were, however, carried out
within the local density approximation (LDA) which notoriously
can significantly overestimate binding energies. Hobbs et al. [90,
87] therefore carried out a detailed study of Cgo adsorption
on Si(100) using a generalised gradient approximation (GGA)
approach. They found that not only did the LDA approximation
apparently lead to an overestimate of at least 50% in the Cgo binding
energy, the relative binding energies of the various adsorption
sites was changed. While the LDA calculations predicted that the
configuration shown in Fig. 28(d) (i.e. the so-called “Trench 4a”
geometry) was most stable, the GGA approach favoured a four
dimer site with a different molecular orientation — the “Trench 4b”
geometry shown in Fig. 28(b). Hobbs et al. [87] also pointed out the
importance of taking into account the basis set superposition error
(BSSE) problem which arises when using localised atomic orbitals:
the incompleteness of the basis set means that in a composite
system, the basis set used to model one component can “correct”
for the deficiencies in the other basis set. The BSSE can also produce
a significant overestimate of the binding energies and may well
have been the origin of the larger binding energies predicted by
the LDA calculations described in Refs. [85,86].

More recently, Lee and Kang [91] have used DFT (in the LDA?)
to study the geometric and electronic structure of the c(4 x 4)
arrangement of Cgp molecules on Si(100). They found that Cgp
bonds covalently to the Si(100) surface, with a semiconducting
band structure (i.e. with no evidence for fullerene-related density
of states at the Fermi level). As shown in Fig. 29, the HOMO level
of the free Cgop molecule was found by Lee and Kang to split into
three distinct states (labelled Hy, H,, and Hs in Fig. 29). Both the
LUMO and LUMO + 1 states of the free molecule are also affected.
Indeed, Lee and Kang found that the LUMO+1 level was so strongly

8 Itis important to note that Lee and Kang (with Cho) in a later publication
[92] make the point about the deficiencies of the LDA discussed in the preceding
paragraph [87]).
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Fig. 28. Adsorption geometries for Cgo on Si(100)-(2 x 1) calculated by Hobbs and
Kantorovich [90] using DFT within the generalised gradient approximation (GGA).
The most stable bonding geometry is the Trench 4b configuration shown in (B). This
differs from the Trench 4a geometry shown in (D) due to the orientation of the Cgg

molecule.
© 2004, Institute of Physics

modified that there was “no trace of the original molecular level”
[91] left following adsorption. Although the most stable bonding
configuration was found to be a site where the molecule bonds on
top of a dimer row (the “RY” cite in Lee and Kang’s nomenclature),
they argued that the preference for a trough-binding structure
(such as the “TX” configuration described by Lee and Kang) was
due to kinetic limitations at room temperature. This is consistent
with the experimental observation that annealing causes adsorbed
Ceo molecules to move from the troughs to on top of the dimer rows
where they are more strongly bound [78,93].

Lee et al. [92] then turned to the study of the electronic structure
of the Si(100) surface underlying the adsorbed Cgy molecules.
They have made the intriguing prediction, on the basis of DFT
calculations using the generalised gradient approximation (GGA),
that silicon dangling bonds at the Cgo/Si(100)-c(4 x 4) surface are
antiferromagnetically coupled. It is also worth noting that Lee et al.
[92] suggest that the dangling bonds of the clean Si(100) surface
are not observed for a 1 ML coverage. As discussed in relation
to Fig. 26, however, the surface state peak originating from clean
Si(100)-(2 x 1) remains (weakly) visible in photoemission spectra
for a 1 ML coverage of Cg on Si(100).

At the time of submission of the final version of this review, the
most recent study of the Cgy/Si(100) interaction was that carried
out by Rashid et al. [94]. Contrary to the results of Sanchez-Portal
et al.’s DFT calculations for Cgg adsorption on Si(111) (discussed
in the previous section), they found a physisorbed precursor state
on Si(100) due to a singly bonded state with little or no reaction
barrier. Surprisingly, given the experimental evidence that the
vast majority of Cgg molecules adsorb in the troughs between the
dimer rows at room temperature, they also found that a number of
on-dimer adsorption sites had virtually no associated adsorption
barrier.

2.6. Tunnelling spectroscopy of Cgo adsorbed on Si(100)

To close our discussion of the room temperature Cgy:Si(100)
system for now (see also Section 3), we return to a consideration
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Fig. 29. (a) Band structure of the “TX” (see text) adsorption geometry for the
Ce0/Si(100)-c(4 x 4) system. Empty circles represent Cgo-derived states; the dots
shown in the HOMO-LUMO gap derive from the dangling bonds of intact Si(100)
dimers. Note how the HOMO level of the free Csy molecule splits into three distinct
states. (b) Charge density plots for the H; and Hs levels. After Lee and Kang [91].

© 2007, American Physical Society

of the scanning tunnelling spectroscopy data on this system. One
might expect that STS would prove to be a powerful tool in the
analysis of the bonding state of individual fullerene molecules.
Unfortunately, however, the spectroscopic data that is available
in the literature is also rather inconsistent from group to group.
Although Wang et al. [73] found a finite density of states at the
Fermi level and an apparent band-gap narrowing (as compared
to the energy gap of the free Cgo molecule) in their tunnelling
spectra, these results were not reproduced in subsequent studies.
Instead, Yao et al. [95] found that their STS data were consistent
with a band gap very similar to that of the free Cgo molecule (1.9
eV, see Fig. 30) with a negligible density of states at the Fermi
level. Yao et al. found, however, that they could not obtain stable
tunnelling spectra above individual Cgy molecules without first
annealing the sample to 600C in order to promote the formation
of a large number of Si-C bonds. Dunn et al. [96] refuted this
and succeeded in acquiring STS data from unannealed Cg:Si(100)
samples. However, neither Yao et al. nor Dunn et al. found evidence
for a peak related to Si-C bond formation ‘split off’ from the Cg
HOMO feature (i.e. analogous to that observed in valence band
spectra).

An important issue with regard to the measured differential
conductance of an adsorbed Cg, molecule, and the associated
interpretation of the conductance spectrum in terms of the
molecular density of states, is, of course, the effects of the geometry
and electronic structure of the contacts. This has been theoretically
explored in some depth for Cgy on Si(100)-(2 x 1) where Liang and
Ghosh [97] found that variations in the nature of the Cgo-Si(100)
bonding geometry make a significant difference to the overall form
of the conductance spectrum — the number and shapes of the
conductance peaks can be strongly influenced by the interaction
with the substrate.

2.7. Cgo monolayers on silicon surfaces: Templates and doping

As described in a number of comprehensive review articles by
Rudolf et al. [98], Golden et al. [99], and Briihwiler et al. [100],
alkali- and noble metals are commonly used as dopants for bulk Cgp
films. Electrons are transferred from the metal in question to the
Ceo LUMO, dramatically increasing the conductivity of the crystal.
Indeed, for K-doped Cgg, metallic, insulating, and superconducting
behaviour may be induced as a function of the level of potassium
intercalation. Given that the Cgo-silicon system has been exploited
as a prototype for room temperature molecular manipulation, it is
of particular importance to ascertain whether doping of fullerene
monolayers and nanostructures is possible. The ability to dope 1D
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Fig. 30. Scanning tunnelling spectroscopy data for (I) the clean Si(100)-(2 x 1)
surface, (1) Cgp adsorbed on top of a dimer row, and (IIT) a Cgg molecule adsorbed on
a defect (which enables additional Si-C bonds to second layer atoms to be formed).
The Cg0/Si(100)-(2 x 1) sample was annealed at 600 °C to promote strong covalent
bonding of the Cgo molecules. After Yao et al. [95].
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or 2D fullerene nanostructures on a silicon surface would open
many rich avenues of research related to the electronic properties
of low dimensional, highly correlated molecular systems.

The Nottingham Nanoscience group (of which the author is a
member) therefore carried out a number of photoemission and
STM studies related to the interaction of noble metals (Ag, Au)
and potassium with covalently bound fullerene monolayers at
silicon surfaces [101-103]. Ag deposition onto a Si(111) surface
terminated by a Cgp monolayer produces nanometre scale Ag
clusters with a mean diameter of 1.5 nm (see Fig. 31). Importantly,
however, there is little or no charge transfer from the adsorbed
Ag clusters to the underlying fullerene monolayer. Valence band
photoemission measurements taken at a photon energy of 21.2 eV
(where the photoionization cross-section for the C 2s and 2p states
far exceeds that for the Ag valence electrons) indicate a negligible
density of states at the Fermi level. The lack of LUMO occupation
means that the fullerene monolayer remains poorly conducting on
adsorption of Ag. This in turn leads to a high degree of Coulomb
charging of the cluster during the photoelectron spectroscopy
experiment: the core-hole produced by photoexcitation is not
neutralised on the time scale of the photoemission process.

As shown in Fig. 32 — and as pointed out by Wertheim and co-
workers over 20 years ago [104,105] - the presence of the core-
hole in the final state of the photoemission process for weakly

Intensity (arb. units)

Binding Energy (eV)

Fig. 32. Synchrotron radiation photoemission spectra of the near-Fermi edge
region of the valence band spectrum of a 1 ML Cg/Si(111) sample (lowest
spectrum) and for subsequent deposition of various coverages of Ag. Note how the
Fermi edge position for the 2, 4, and 6 ML Ag coverages is offset to higher binding
energy as compared to that for a thick (bulk-like) Ag film. After Taylor et al. [101].
© 2000, American Institute of Physics

adsorbed metallic particles increases the binding energy of both
the core-level and valence features of the clusters. For sufficiently
small metallic clusters, this produces an apparent - and strong -
reduction of the density of states at the Fermi level [104-106].
A simple classical model - using the capacitance of a spherical
particle — produced values of the binding energy shifts for Ag
clusters on 1 ML Cgo:Si(111) in relatively good agreement with
experiment [101].Itis worth noting that similar BE shifts have been
observed for metal clusters adsorbed on graphite [106] and TiO,
[107], and for thiol-passivated Au and Ag nanoclusters [108-110]
where, in each case, the electronic coupling of the nanoparticle
with its environment is relatively weak.

Wang et al. [111] extended the study of Ag adsorption on Cgg
films on Si(111) to multilayer coverages. As shown in Fig. 33,
there is a striking difference between the Ag cluster density on the
monolayer and multilayer regions of the Cgy film, leading Wang
et al. to suggest that the diffusion rate of Ag on the Cgo(111) surface
is very high. For a complete multilayer coverage (i.e. where the film
is sufficiently thick such that no bare monolayer regions remain),
Wang et al. argue that Ag clusters form but that are entirely covered
with Cgo molecules. The deposition of Ag onto a Cgop multilayer thus
induces significant roughening of the Cg film, an effect that had
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Fig. 31. (a) STM image of nanoscale Ag clusters formed on a Cgo monolayer on Si(111); (b) Histogram of Ag cluster diameters. The mean diameter is approximately 1.5 nm.

After Taylor et al. [101].
© 2000, American Institute of Physics
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Fig. 33. STM image (65 x 65 nm? of 0.2 ML) of silver deposited onto a multilayer
film of Cgo on Si(111). A region where the first Cso monolayer is exposed is seen in
the top left corner. Note the high density of Ag clusters in this region, as compared
to absence of Ag on the multilayer Cgo film. The inset shows the highly ordered
arrangement of Cgp molecules on the top surface of the multilayer island. After
Wangetal. [111].

© 2000, American Physical Society

also been observed by Dunn et al. [112] in experiments involving
the use of Si(111) substrates patterned using e-beam lithography

500nm

so as to enable the relocation of specific molecular-scale surface
areas (see Fig. 34). Similarly, deposition of Au on thick Cgg films
on Si(111) induces significant roughening of the fullerene film due
to the formation of Cgp-“‘capped” metal nanoparticles — i.e. Au
clusters surrounded by Cgo molecules [113].

A Cgo monolayer on Si(100) and on Ge(100) was also used as a
template for the formation of silicon (Fig. 35) and germanium clus-
ters [ 114]. Scanning tunnelling spectroscopy (I(V)) measurements
onisolated germanium clusters were associated with a large (4-5.5
eV) band gap and exhibited clear steps in the current/voltage char-
acteristic. It was suggested that the steps arose from a Coulomb
staircase (single electron charging) phenomenon, although the au-
thors stressed that a more extensive set of measurements was re-
quired in order to convincingly demonstrate the presence of this
effect. Although their work is somewhat outside the scope of this
review, it is worth noting that Reinke and Oelhafen [115] carried
out an extensive investigation of the growth of silicon clusters on
fullerene surfaces. As is the case for a fullerene monolayer, a thick
Cep film acts as a template for the formation of silicon clusters and,
indeed, arrays of clusters. Both initial and final state effects con-
tributed to the photoemission spectra of the Si clusters.

In addition to producing nanoparticles via the deposition of
atoms onto a Cgp monolayer sample via, for example, a Knudsen
cell, a Cgop monolayer on silicon has also been used as a substrate
for nanoparticles formed in a gas aggregation cluster source
[116]. While both Fe and Mn particles formed using a gas
aggregation source have been deposited onto clean Si(111)-(7 x
7) surfaces [177,118], in the case of Mn a sample comprising a
Cgo monolayer on Si(111) was used to compare the effects of
different surface reactivities (Cgo/Si(111) vs Si(111)-(7 x 7)) on

Fig. 34. Relocation of molecular scale areas on a Cgo/Si(111) sample following deposition of different coverages of Ag. Large scale registration features (the “L” shapes seen
in (a)) are used to relocate the same area following removal and reinstallation of the Cg/Si(111) sample in the STM. Changes in two separate areas as a function of Ag

coverage are shown in (c)-(e) and (f)-(h) respectively. After Dunn et al. [112].
© 1997, American Institute of Physics
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Fig.35. STMimage of Si clusters formed on a Cgo monolayer on the Ge(100) surface.
After Klyachko and Chen [114].
© 1997, American Vacuum Society

EE— {00 nm

Fig. 36. STM images of Mn clusters on a 1 ML Cgo/Si(111) sample. The region
highlighted by the white box in both (a) and (b) was scanned at conditions enabling
the removal of clusters by the tip. After Upward et al. [118].

© 2000, American Vacuum Society

the bonding and mobility of metal nanoparticles. As shown in
Fig. 36, under certain scanning conditions the STM tip can remove
Mn nanoparticles from the Cgg monolayer. This was not observed
for Mn nanoparticles deposited directly onto the Si(111)-(7 x 7)
surface [177].

Returning to the question of charge transfer interactions, and
given that Ag fails to transfer charge to a covalently bound
fullerene monolayer on Si(111), an interesting question to address
is whether this absence of LUMO filling is specific to silver or
if an ionic interaction with another noble metal might also be

‘inhibited’. Au was therefore deposited onto a 1 ML Cgp:Si(111)
substrate [102] both in the absence of Ag and - in order to eliminate
the possibility that any differences observed in the adsorption
character were due to variations in sample preparation - with a
pre-coverage of Ag. Once again, the valence band photoemission
spectra (Fig. 37(a)) show that LUMO filling is negligible. The
interaction of Au with the 1 ML Cg:Si(111) substrate is, however,
rather complicated by the extremely strong propensity for Au
silicide formation. Si 2p spectra (Fig. 37(b)) clearly highlight the
dramatic changes in surface chemistry that occur following the
deposition of no more than a submonolayer coverage of Au.

The Si 2p spectra shown in Fig. 37 have been decomposed
into a set of five Voigt spin-orbit doublets with the lowest energy
component (99.0 eV) attributed to bulk silicon (Sig). The intense
and relatively broad component at 99.6 eV arises from the presence
of gold silicide (in the form AusSi). This component is shifted
by +0.6 eV with respect to bulk silicon and is consistent with
the silicide formation observed when Au is deposited at room
temperature onto the bare Si(111) surface. Three other spin-split
components are required to fit the very broad tail observed on the
high binding energy side of the Si 2p spectrum. While the origin of
the component at 102.0 eV has yet to be conclusively ascertained,
the components at 100.3 and 101.1 eV have been attributed to
bulk Si atoms bound to Cgp molecules and to AusSi bound to Cgq
molecules respectively [102].

The photoemission results therefore illustrate that, unlike
silver, Au rapidly ‘attacks’ the underlying Si substrate — via, most
likely, defects and domain boundaries in the fullerene monolayer
- and produces a gold silicide. The formation of this silicide not
only precludes the transfer of charge to the adsorbed fullerenes but
will severely disrupt the Cgo monolayer. Hence, neither Ag or Au —
both good dopants for bulk fullerite - are useful as dopants for a
covalently bound Cgg monolayer on a silicon substrate.

So, if noble metals do not dope a Cgop monolayer on silicon,
the obvious question to ask is whether an alkali metal, such
as potassium, can be used for doping? A number of groups,
including that of which the author is a member, have examined
the interaction of potassium with Cgp monolayers and thin films
on silicon surfaces. Unfortunately, there are again discrepancies in
the results from different groups on this topic. While Sakamoto
et al. [119] have reported that no density of states at the Fermi
level appears during K doping of a nominal 1 ML coverage of
Ceo on Si(111)-(7 x 7), it is clear from a comparison of the “1
ML” Cgo/Si(111) valence band spectrum shown in Fig. 2 of that
paper [119] and that in, for example, Fig. 7(b), that the coverage
is underestimated. Comparison of the two figures suggests that
the coverage in the work of Sakamoto et al. [119] is closer to
1.5 ML. This of course raises the question of the response of
Cgo molecules in the second layer (which are van der Waals
bonded) to K deposition. Schiessling et al. [120] have carried
out a careful, systematic and detailed study of photoelectron
spectra of K3Cgp films and have made important observations
regarding the difference between the bulk and surface behaviour
in these films. Thus, it is important to ensure accurate Cgg coverage
calibration when studying potassium doping of adsorbed fullerene
monolayers.

In unpublished work [103], we have examined the interaction
of K with an annealed Cso monolayer on Si(111) and Si(100) (i.e. a
monolayer prepared by depositing a multilayer Cgq film followed
by annealing at 300 °C). The advantage of using an annealed mono-
layer is that uncertainties in coverage are eliminated to a large ex-
tent. The disadvantage, as discussed in preceding sections, is that
annealing changes the bonding state of the fullerene molecules,
promoting larger numbers of Si-C bonds. While Sakamoto et al.
[119] argue that K deposition produces no density of states at the
Fermi level for a C4o monolayer on Si(111)-(7 x 7) but that emis-
sion at the Fermi level is observed for potassium doping of 1 ML
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Fig. 37. Si2p, Au 4f, and valence band photoemission spectra of the clean Si(111)-(7 x 7) surface (lowermost spectra), a 1.2 ML Cgp/Si(111) sample, and various coverages

of Au on the Cg/Si sample. After O’Shea et al. [102].
© 2003, American Institute of Physics

Ce0/Si(100), we observed precisely the opposite effect for annealed
monolayers. That is, in our work on annealed monolayers, K depo-
sition on 1 ML Cgo/Si(100) did not produce a photoemission sig-
nal at the Fermi level, whereas very small amounts of K deposition
on 1 ML Cg0/Si(111) led to a clear density of states at Er. Similarly,
Tun-Wen Pi and co-workers at the Synchrotron Radiation Research
Centre in Taiwan also did not observe photoelectron emission at Er
in their work on K doping of Cgo/Si(100) [121]. However, they de-
fined a monolayer on the basis of changes in the Si 2p core-level
and thus there are also questions regarding the exact coverage in
that work. It is clear that the issue of potassium doping of cova-
lently bound Cgy molecules has yet to be resolved and that more
work is required. A combined photoemission-STM study, such as
that described above for the Cgy/Si(111) system [46], would sig-
nificantly reduce uncertainties regarding coverage calibration.

2.8. Cg0/Si(110): Order-disorder ripening

Although, to date, there have been only two published reports
[122,123] related to the interactions and ordering of Cgy on
Si(110) we include a brief discussion of the system here both for
completeness, and — more importantly - because thin fullerene
films on Si(110) exhibit a striking Ostwald ripening-driven
approach to equilibrium. This ripening effect is likely to be of
relevance to a range of systems involving fullerene adsorption and
growth.

A submonolayer or monolayer coverage of Cgo on the Si(110)-
“16 x 2" surface lacks long range order and, indeed, Ma et al.
[123] did not observe a great deal of short range molecular order
in STM images of the system. Thus, Cgo adsorbs on the Si(110)-
“16 x 2” surface in a very similar manner to its adsorption on the
other low index silicon surfaces: strong chemisorption precludes
molecular diffusion. For coverages greater than 1 ML, Cgo forms
well-ordered and weakly bound close packed islands, again very
similar to the adsorption and growth behaviour on Si(111)-(7 x 7)
and Si(100)-(2 x 1).

Ma et al. [122] found that a coverage of 0.35 ML of Cg
on the disordered 1 ML Cg:Si(110) substrate initially formed
a distribution of relatively disordered islands (Fig. 38(a)). These
ripened progressively over the course of ~ two weeks to

Fig. 38. STM images (300 nm x 300 nm) of a 1.35 ML coverage of Cgo on the Si(110)
surface taken at various times following deposition. (a) 2 h; (b) 10 h; (c) 2 days; (d)
15 days. After Ma, Beton, and Moriarty [122].

© 1997, American Physical Society

form much larger ordered islands (Fig. 38(b)-(d)). The fraction
of molecules in (non-equilibrium) disordered islands decayed
exponentially with a time constant of approximately forty-two
hours. In addition, ordered islands were found to have a minimum
height of three monolayers and it was suggested that this arose
from nucleation and growth at the (3D) island edges. The data
presented by Ma et al. strongly suggest that the disorder-order
ripening process is not diffusion limited but that the rate limiting
step is either detachment from, or nucleation at, island edges.
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Fig. 39. (a) (3\/§ X 3J§)R30° LEED pattern observed for a Cgp monolayer on
Ge(111) obtained by annealing a Cgy multilayer at 450 °C. The circles indicate
the substrate-derived spots and the long arrows are the substrate reciprocal unit
vectors. The short arrows indicate the reciprocal unit vectors of the (3v/3 x
3«/§)R30° superlattice; (b) STM image 40 x 40 (nm?) of the Cgo/Ge(11 1)—(3\/§ X
34/3)R30° structure. After Fanetti et al. [128].

© 2008, American Physical Society

2.9. The interaction of Cgo with germanium surfaces

Although controversies regarding ionic vs covalent bonding
similar to those discussed above for the Cgp-silicon system have
also been a feature of the literature on the adsorption of Cgo
on germanium (see following sections), there are important and
intriguing differences between the two systems. In particular, and
as discussed in detail below, while the (7 x 7) reconstruction of
the Si(111) surface is largely preserved following Cgg adsorption (in
common with a number of other surfaces including Si(100)-(2 x
1) and Ge(100)-(2 x 1)), the c(2 x 8) reconstruction of the
clean Ge(111) surface is heavily disrupted - indeed, entirely
removed - by the deposition of Cgg. Although the overall unit
cell symmetry and periodicity for the Si(111)-(7 x 7) and
Ge(111)-c(2 x 8) reconstructions are rather different, there are
significant similarities with regard to the local bonding of the
adatoms (as pointed out by Kidd et al. [124]). Adsorption of Cgp
therefore provides key insights into the energetics of the two
surface reconstructions.

2.9.1. Deconstructing a reconstruction: Cgo on Ge(111)-c(2 x 8)

The first paper to show that Ge(111)-c(2 x 8) behaved in
a significantly different manner to the Si(111)-(7 x 7) surface
with regard to Cgp adsorption was published by Xu et al. [125]
in 1994. After prolonged annealing of a 1 ML coverage of Cgy on
the Ge(111) surface at 250 °C, they observed a 3+/3 x 3+/3R30°
LEED pattern (of the type shown in Fig. 39). However, STM
images of this 343 x 34/3R30° phase showed that the molecular
periodicity as measured from the tunnelling microscope images
was twice that observed in the LEED pattern. Xu, Chen, and Creager
attributed this apparent discrepancy to a reconstruction of the
underlying Ge(111) surface, aresult that was apparently supported
by the subsequent STM studies of the adsorption of single Cgo
molecules on the Ge(111)-c(2 x 8) surface described by Wirth
and Zegenhagen [126,127]. In an elegant study, they deposited low
submonolayer coverages of Cqg molecules onto the Ge(111)-c(2 x
8) substrate while it was held in the STM, enabling an identical
area to be revisited following buckminsterfullerene adsorption. As
shown in Fig. 40, a perturbation of adatom positions due to the Cg
adsorbate was directly observed.

The proposal that the (ﬁ X 3ﬁ)R30° LEED pattern originated
from a Ge(111) reconstruction was, however, questioned by
Goldoni et al. [129,130]. Their synchrotron radiation core-level (Ge
3d) photoemission data strongly suggested that the +/3 x 34/3R30°
order arose not from the underlying Ge surface but from the
presence of inequivalent molecules within a (2 x 2)Cgg superlattice

Fig. 40. STM images of the same area (a) before, and (b) after the deposition of
Cgo on the Ge(111)-c(2 x 8) surface. The line marked “R” denotes an additional
adatom row. Adsorption of a Cgg molecule causes a shift of this adatom row. (The
discontinuity around the Csp molecule in the image is due to the image processing
technique used to highlight substrate features). After Wirth and Zegenhagen [127].
© 1997, American Physical Society

(see Fig. 41(a)) bonded to an unreconstructed (i.e.(1 x 1)) Ge(111)
substrate. Recent high resolution STM data [ 128] (Fig. 41(b)) clearly
show the variation in molecular orientation which gives rises to
the 3+/3 order. Moreover, the surface X-ray diffraction data of
Kidd et al. [124] of a decade earlier lends considerable support to
Goldoni et al.’s arguments in that it showed that room temperature
adsorption of Cgp on the Ge(111)-c(2 x 8) surface lifted the c (2 x 8)
reconstruction, producing a (1 x 1) periodicity at the C5o/Ge(111)
interface.

In the original paper by Xu et al. [125] on the Cg-Ge(111)
interaction, the possibility of either a localised charge transfer
mechanism or a covalent interaction was tentatively suggested. It
was not until the photoemission measurements of Goldoni et al.
[129,130] in 2000 that the issue of the form of the Cso/Ge(111)
interaction was convincingly addressed. A clear splitting of the
HOMO-derived valence band peak was observed in UPS data for
both a disordered Cgo monolayer on Ge(100) and for the 33
phase (see Fig. 42), very reminiscent of the changes in the HOMO
lineshape observed for Cgy adsorption on Si(111) and Si(100) (as
discussed at length in previous sections). Importantly, and has
also observed for Cgp adsorbed on Si(111) and Si(100), no filling
of a LUMO-derived band is observed in the UPS data. Taken
together, these observations strongly point towards a covalent
interaction between Cgg and Ge(111) which, as Goldoni et al. [129]
point out, is already present for room temperature adsorption
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Fig.41. (a)Goldoni et al.'s inequivalent molecule model of the Cgp/Ge(111)-(+/3 x
3«/§)R30° structure [129]; (b) High resolution STM image of the (\/§ X
34/3)R30° phase showing intramolecular contrast and highlighting the presence
of inequivalent molecules [128].
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(i.e. annealing at higher temperatures is not required to drive
covalent bond formation). The feature at 2.3 eV seen in the 1 ML
spectra of Fig. 42 arises from covalent Cg-Ge bonding. A very
similar HOMO peak splitting was observed by Bertoni et al. [131]
both for the 3+/3 structure and for a bulk-like (“hexagonal”) 1 ML
Cgo phase formed at a lower annealing temperature (300 °C) than
that used to produce the 3+/3 superlattice. Mirroring again the
behaviour of Cgg on silicon, the number of C-Ge bonds formed at
the Cgo—Ge(111) interface was found to increase substantially with
annealing temperature [131].
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Fig. 42. Ultraviolet photoemission spectra of (from lowermost to uppermost
spectrum): the clean Ge(111)-c(2 x 8) surface, a 3 ML coverage of Cgp on Ge(111), a
disordered 1 ML Cg coverage, and the Cgp/Ge(11 1)—(\/5 X 3ﬁ)R30° phase. Note
the splitting of the highest occupied molecular orbital (HOMO)-derived peak for the
latter spectrum. After Goldoni et al. [129].
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At annealing temperatures of above 500 °C, the Cgy/Ge(111)-
343 phase transforms to a V13 x v/13R14° structure (henceforth
/13), as first shown by Xu et al. [125] (see Fig. 43). High resolution
STM images of the +/13 phase, published in 2008 by Fanetti et al.
[128], are also shown in Fig. 43. Clear intramolecular contrast due
to molecular orbital imaging is observed in the high resolution
data and shows that, unlike the /3 phase, all Cgo molecules in the
\/ﬁ domains adopt the same orientation. From a consideration of
previously published STM data and DFT calculations for other Cgg-
adsorbate systems, the molecular orbital images were interpreted
by Fanetti et al. [128] as arising from molecules adsorbed with
a hexagon facing up (the darker region in the centre of each
molecule). A structural model for the J13 phase is shown in
Fig. 43(d).

UPS spectra show that for the J13 phase, the C-Ge bonding
peak at 2.3 eV referred to above is the dominant HOMO component
[131], indicating that the substrate-molecule interaction for the
V13 superlattice is significantly stronger than that for the /3
phase. Using grazing incidence X-ray diffraction at the European
Synchrotron Radiation Facility (ESRF), Torrelles et al. [132]
provided important insights into the structure of the Cgo/Ge(111)
interface for the /13 phase. They showed that the substrate
reconstructs to form pits of ~1 nm diameter, hosting Cgo molecules
which are bonded to six Ge atoms in the topmost bilayer and three
Ge atoms in the underlying bilayer (see Fig. 44). This model is
in good agreement with the strong increase in the C-Ge valence
band peak observed in the UPS measurements [131] and with
the three-fold rather than six-fold rotational symmetry of the
Ge(111) substrate inferred from Fanetti et al.’s STM data [128].
Despite this strong covalent interaction, and recognising that the
Girifalco pair potential [80] predicts almost zero intermolecular
interaction at the 1.4 nm molecule-molecule separation present
in the +/13 phase, Fanetti et al. [128] nevertheless point out two
intriguing observations from their data which may hint at stronger
than expected molecule-molecule forces. First, the molecules
are azimuthally aligned along the high symmetry directions
of the molecular lattice, not those of the Ge(111) substrate.
Second, neighbouring molecules are oriented so that charge-
rich regions (i.e. pentagons) face charge-poor regions (hexagon-
hexagon bonds).
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Fig. 43. LEED and STM data for the Cso/Ge(111)-+/13 X +/13R14° phase. (a) LEED pattern (41 eV incident energy). The arrows point to 1st order spots [125]; (b)
50 x 50 nm? STM image [125]; (c) High resolution STM image showing intramolecular contrast arising from molecular orbital charge distribution [128]; (d) Model of

the Cep/Ge(111)-+/13 x +/13R14° phase put forward by Fanetti et al. [128].
© 1994, American Physical Society

Fig.44. Structure of the Cgo/Ge(111)-4/13 x 4/13R14° phase determined from the
X-ray diffraction measurements of Torrelles et al. [132].

2.10. Cg lattices on Ge(100)-(2 x 1)

Somewhat surprisingly, there has been only a handful of papers
published which focus on the Cgo/Ge(100) system. Of these, the
majority are authored or co-authored by Klyachko and Chen (KC)
of the Rowland Institute for Science in Massachusetts. In the
first paper published on Cg/Ge(100) (in 1995) [79], Klyachko

and Chen showed that well-ordered Cgo monolayers, yielding
relatively sharp LEED patterns, could be formed on Ge(100)-(2 x
1) by deposition initially at a substrate temperature of 373 K
(with a progressive reduction to 313-323 K during growth of the
fullerene monolayer). As shown in Fig. 45, and also observed for
Cgo adsorption on the Si(100)-(2 x 1) surface at similar sample
temperatures, all Cgp molecules reside in the troughs between
dimer rows. A c(4 x 3) molecular ordering very similar to that
identified by Wang et al. [73] for a Cgo monolayer on Si(100)-(2 x 1)
was proposed by KC for Cgp/Ge(100). (They did not note, however,
whether the c(4 x 4) structure which is also observed for the 1 ML
Ceo/Si(100) system was present for an adsorbed Cgp monolayer on
Ge(100).)

KC argued, however, that while Cgg molecules ordered in
a structure which had a periodicity close to that of a c(4 x
3) lattice, there were very important deviations from c(4 x
3) order. In particular, they proposed that the experimentally
measured intermolecular spacing along the troughs for the 1 ML
Cs0/Ge(100) superlattice was 3.5% smaller than for a perfect c(4 x
3) structure. Their explanation of this result was that Cgp formed
a uniaxially commensurate superlattice on Ge(100) (and, indeed,
Si(100)) where the molecule-molecule spacing perpendicular to
the dimer row direction was due to the substrate, whereas
that parallel with the rows was driven by a balance between
attractive and repulsive intermolecular forces. A key concept at the
core of this intriguing model is that a Cgo monolayer on either
Ge(100)-(2 x 1) or Si(100)-(2 x 1) should be considered as a
van der Waals overlayer constrained by an anisotropic substrate
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Fig. 45. STM images of (a) monolayer and (b) submonolayer coverages of Cgp on
Ge(100). The lines in (c) illustrate the alignment of the Cgy molecules with respect
to the dimer rows of the Ge(100) reconstruction. After Klyachko and Chen [79].

© 1995, American Physical Society
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Fig. 46. (A) STM image of Cgp molecules adsorbed on the Ge(100) surface showing
the influence of fullerene adsorption on long-range dimer buckling; (B) Profile of
the STM image along the line marked 3-4 in (A); (C) Schematic illustration of dimer
buckling in vicinity of Cgo molecule. After Klyachko and Chen [134].
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potential. Indeed, KC proposed that the intermolecular interactions
in the Cgp monolayer (along the troughs) could be described to a
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Fig. 47. Schematic illustration of bi-directional step flow mechanism put forward
by Dunphy et al. [136] for growth of molecular overlayers when the molecular
diameter is much greater than the substrate’s step height.
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very good approximation by the Girifalco pair potential [80] used
for isolated or physisorbed molecules.

KC’s proposal of uniaxial incommensuration driven by Cgo-Cgo
interactions, was, however, put forward in 1995, before the pho-
toemission measurements of Cgg monolayers on Si(111), Si(100),
and Ge(100) referred to in previous sections. To date, and to the
best of the author’s knowledge, photoemission measurements for
the Cgp/Ge(100) system have not been published. It would, how-
ever, be extremely surprising if the covalent interaction found
for Cgp adsorption on Si(111), Si(100), and Ge(111) were not also
present for the Csp/Ge(100) system. The presence of a strong co-
valent interaction would mean that the Girifalco potential would
not be applicable to the Cgg/Ge(100) or (Cgo/Si(100)) system. That
is, for covalent bonding, ordering in the fullerene monolayer would
be strongly constrained by the substrate both perpendicular to and
parallel with the Ge(100)-(2 x 1) dimer rows.

Using grazing incidence X-ray diffraction (GIXRD), Aburano
et al. [133] reported (in a paper published in 1998) that room
temperature deposition of a Cg film on a Ge(100)-2 x 1)
surface did not remove the dimers at the interface. However,
and quoting directly from Aburano et al.’s paper, “mixtures of
larger superstructures such as the commonly observed c(4 x 2) are,
however, suppressed”. It is interesting to compare these GIXRD
results with the STM data of both KC on Ge(100)-(2 x 1) and
the Nottingham Nanoscience group’s single molecule positioning
experiments for Cgg on Si(100)-(2 x 1). KC found [134] that Cgp
molecules adsorbed (at submonolayer coverages) on Ge(100)-(2 x
1) appeared between buckled dimer rows (see Fig. 46). They
carefully analysed line profiles of a number of STM images,
proposing the model of dimer buckling shown in Fig. 46(b).
In subsequent STM molecular manipulation experiments (see
Section 3), the Nottingham group found that placement of a Cg
molecule at a previously unbuckled region of the Si(100)-(2 x 1)
surface led to dimer buckling [93]. Taking the STM and GIXRD data
together, it appears that Cgp adsorption pins the Ge (or Si) dimers to
which the molecules are bonded in a particular configuration. For
isolated molecules at submonolayer coverages on Ge(100)-(2 x 1)
this pinning of a dimer orientation induces relatively long range
“zig-zag” dimer buckling (which gives rise to domains of c(4 x 2)
or p(2 x 2) symmetry) in the vicinity of the adsorbed fullerene
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Fig. 48. Controlled positioning of a Cgp molecule on the Si(111)-(7 x 7) surface at room temperature. The images were acquired with a bias voltage of —2 V and a tunnel
current of 1 nA, whereas manipulation of the molecule was carried out using a bias of —0.4 V and a tunnel current of 4 nA. After Beton et al. [141].

© 1995, American Institute of Physics

molecule. As the coverage increases to 1 ML, increasing numbers of
Ge dimers are driven to adopt a configuration imposed by fullerene
adsorption, producing the (2 x 1) structure observed in the X-ray
diffraction data.

Aburano et al. [133] also studied the epitaxial relationship
between thin films of Cgy and the underlying Ge(100) substrate,
showing that - in common with fullerene films on Si(111), Si(100),
Si(110), and Ge(111) - the first fullerene monolayer acts as a
buffer with subsequent layers adopting a bulklike (or close to
bulklike) ordering. Subsequent to this work, a systematic and
very careful study of the growth of films of Cgo on Ge(100) by
Klyachko et al. [135] highlighted the presence of fascinating stress
relief mechanisms in the fullerene overlayer. The Rowland Institute
group also observed and explained a novel bi-directional step-flow
growth mode for Cgp on Ge(100) [136] which arises from the large
size of the fullerene molecule as compared to the height of an
atomic step on Ge(100) (1.8 A). The bi-directional character of Cgg
growth on Ge(100) arises from the creation of inverted step edges
by fullerenes, producing a “backward flow” of Cgo in addition to the
more conventional “forward flow” (see Fig. 47).

3. Cgo on silicon: An archetype for single molecule manipula-
tion at room temperature

Fullerenes on silicon (and, indeed, on metal surfaces) have
formed an important prototypical system for scanning probe-
controlled manipulation and positioning of individual molecules.
These experiments differ from the seminal atomic and molecular
manipulation experiments carried out by Eigler et al. [137-139] in
that they have involved manipulation at 300 K (rather than 4 K) and
have tended to focus on the use of semiconductor substrates. In the
following sections we review STM-driven molecular manipulation
experiments, and associated theoretical calculations, carried out
with Cgg on silicon surfaces before moving on to discuss AFM-based
positioning of individual Cgp molecules on Si(100)-(2 x 1).

3.1. Positioning single Cgo molecules: The role of surface anisotropy

Building on the work of Li et al. [2], Chen and Sarid [78], and
Maruno et al. [140], who showed that the STM tip could induce
significant molecular movement during scans of Cgo adsorbates on
Si(111) and Si(100), the Nottingham group demonstrated that it is
possible to extend the STM single molecule positioning protocols
developed by Eigler et al. to a room temperature environment [ 141,
142]. As shown in Fig. 48, the STM tip was used to move individual
molecules to pre-defined positions and thus build up simple
patterns of Cgo molecules on the Si(111)-(7 x 7) reconstruction.

Although controlled Cgp manipulation on the Si(111)-(7 x 7)
surface was possible it was impeded significantly by the lack of
preferred diffusion pathways on the (7 x 7) reconstruction. That

is, when the STM tip pushes an individual Cg adsorbate to a
new bonding site, the minima in the potential energy landscape
“seen” by the molecule do not necessarily lie along the direction of
motion of the tip. Hence, the Cgo molecule chosen for manipulation
generally needs to be “shunted” back and forth from one bonding
position to another in order to deliver the molecule to its final
pre-determined adsorption site. To overcome this difficulty - and
prompted by the important and careful STM experiments of Chen
and Sarid discussed in the previous section [78] - we extended our
molecular manipulation experiments to the Cgo:Si(100)-(2 x 1)
system [93]. The symmetry of the Si(100)-(2 x 1) reconstruction
differs considerably from that of the (7 x 7) surface. This leads to
an anisotropy in the diffusion barriers for adsorbed Cgg molecules
— itis much easier for a fullerene molecule to move in the direction
parallel with the dimer rows rather than move across rows.

This anisotropy in fullerene diffusion produces a strong (though
not perfect) confinement of the Cgy molecules in the troughs
between the dimer rows. We exploited this to lend a greater
degree of precision to the STM molecular manipulation process
(see Fig. 49) than is possible on the Si(111)-(7 x 7) surface, finding
that the success rate for tip-induced movement of Cgy molecules
along the dimer rows was ~95% and ~15% in the orthogonal
direction. The higher degree of positioning precision afforded by
the Si(100)-(2 x 1) reconstruction enabled us not only to form
rudimentary molecular patterns which were completely stable
at room temperature but to probe intermolecular interactions
by moving individual Cgy molecules together with the STM tip
(Fig. 50(a) and (b)). We found (as also suggested by an analysis
of STM images of submonolayer coverages of Cgo [78]) that the
smallest separation of two Cgy molecules was 11.5 A— a value
that is substantially greater than the van der Waals separation
of a Cgo pair (10.05 A) but identical within experimental error
to three times the Si(100) surface lattice spacing (3.84 A).° This
result by itself is indicative that the substrate-molecule interaction
outweighs the intermolecular interaction, but it could possibly be
argued that the periodic potential of the substrate will provide a
weak stabilisation of the 11.5 A-spaced molecular pair even in the
absence of chemisorption.

Although, as has been discussed in some depth in previous sec-
tions, photoemission measurements have provided exceptionally
strong evidence that Cgg is chemisorbed on the Si(100)-(2 x 1)
surface, we have also used STM molecular manipulation to test the
hypothesis that Cgq is effectively physisorbed [79] by examining
the equilibrium structures of small molecular clusters. The four

9 King et al. [143] have recently confirmed the experimental results for Cgo—Cgo
interactions on Si(100)-(2 x 1) using a series of DFT calculations. The DFT results
indicate that separations less than 1.15 nm are energetically unfavourable and
lead to a disruption of C-Si bonding and, in some cases, a modification of the
intramolecular C-C bonding.
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Fig. 49. STM manipulation of a C¢o molecule in a trough between dimer rows.

molecule cluster in Fig. 50(c) was assembled using an STM tip. If
the intermolecular interactions outweigh the substrate-molecule
bonding then we would expect the cluster to relax to the c(4 x 3)
unit discussed in Ref. [79] (and also shown in Fig. 50(e)). That
it does not - despite the intermolecular separations falling well
within the interaction range of the Girifalco potential - provides
further strong evidence for fullerene chemisorption. (Note that all
groups who have studied the Cgy:Si(100) system with photoemis-
sion are agreed that for submonolayer coverages of less than 0.25
ML, all fullerene molecules are chemisorbed.)

3.2. Hopping or rolling?

A fundamental question to consider is, of course, the nature
of the tip-fullerene interaction during the manipulation studies
described above. Using a scanning probe microscope controller
specifically designed to facilitate molecular manipulation work
[144], we have implemented an experimental procedure first
suggested by Bartels et al. for the study of tip-adsorbate inte-
ractions during atomic manipulation at low temperatures [145].

This procedure involves measuring the tip’s response at every
(digitised) step of the manipulation process and inferring from the
shape of the response curve whether the interaction is attractive
or repulsive. The response curve ‘signatures’ for attractive and
repulsive manipulation are shown in the inset to Fig. 51. What
is intriguing about the Cgo:Si(100) system is that both modes of
manipulation are possible [ 146]. Fig. 51 shows plots of the variation
in z position of the STM tip as a function of displacement for two
separate manipulation sequences. The response curves in Fig. 51(a)
and (b)illustrate that in one case an attractive interaction underlies
the molecular motion whereas in the other the molecule is pushed
across the Si(100) surface.

The probabilities for attractive and repulsive motion vs tip
displacement (relative to the tip position used under normal
scanning conditions) are shown in Fig. 52. It is evident that under
conditions where the tip has been moved appreciably towards
the surface there is a probability for repulsive interaction that
approaches 100%. This is perhaps not so surprising if we consider
a very simple Lennard-Jones type model of the tip-adsorbate
interaction: an ’arbitrarily’ large force can be applied by moving
into the strong repulsive regime of the interaction potential. For
values of the tip height which are closer to those used under
scanning conditions we see a small - but finite — probability
for attractive interactions between the tip and the adsorbed
molecule. This attractive interaction largely accounts for previous
observations of molecular hopping during STM scans and we have
postulated that it arises from a chemical interaction between the
tip and the Cgg molecule (rather than, for example, an electrostatic
mechanism) [ 146]. Interestingly, there is a narrow ‘window’ of tip
heights over which both attractive and repulsive interactions may
be active.

un
A

Fig. 50. (a) A pair of Cgy molecules with a separation of 11.5 A; (b) The arrangement of molecules resulting from an attempt to reduce the intermolecular separation
by moving the lower molecule towards the upper molecule in the direction denoted by the arrow in (a). Manipulation parameters: —1:0 V, 1.5 nA. (c) A cluster of four Cg
molecules assembled using the STM tip. (d) Schematic diagram showing the position of the molecules in (c), the minima of the troughs. (e) ¢ (4 x 3) arrangement of molecules
that would be expected if the van der Waals interaction between Cgo molecules were stronger than the Cg,-Si(100) bond. Aftyer Moriarty et al. [93].

© 1998, Elsevier
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Fig. 51. Traces of tip height vs lateral displacement recorded during the
manipulation of a Cgg molecule on the Si(100)-(2 x 1) surface. (a) Attractive, and
(b) Repulsive tip-molecule interaction. After Keeling et al. [ 146].
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Fig. 52. Plots of the probability of manipulation of Cg on Si(100)-(2 x 1)
as a function of tip displacement towards the surface. Filled squares: repulsive
manipulation events; open circles: attractive manipulation events. After Keeling
etal. [146].
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What is it that makes Cgp so amenable to STM-driven manip-
ulation? First, the size and symmetry of the molecule mean that
a rather large geometric cross-section is exposed to the tip. Sec-
ond, fullerenes roll when pushed by the STM tip. Evidence for this
rolling mechanism is observed in Fig. 53 where the tip condition
is such so that intramolecular contrast is visible. (Note that the
images have been contrast enhanced and high-pass filtered to ac-
centuate the internal molecular features arising from local density
of states variations (see Fig. 15 and associated discussion in Sec-

Fig.53. High pass filtered STM images of Cgo molecules adsorbed on Si(100)-(2 x 1)
showing intramolecular contrast. Between images (a) and (b) a single molecule has
been manipulated by 3 nm “down” the image frame. Although the intramolecular
features of the molecules which have not been manipulated remain the same, the
internal contrast for the molecule which has been moved by the tip changes. After
Moriarty et al. [93].

© 1998, Elsevier

tion 2.4). Following manipulation of the molecule on the right of
Fig. 53(a) “down” the image by ~3 nm, it is clear that the bands of
intramolecular contrast have changed their appearance, appearing
almost ‘reversed’ in Fig. 53(b). An analysis of the STM data shows
that the molecule moves from one 4-dimer site to an equivalent
4-dimer site, ruling out the possibility that the change in contrast
is related to a difference in the adsorption site. Furthermore, the
modification of intramolecular contrast does not arise from a tip
change as the molecules whose positions have not been changed
by the STM tip exhibit no change in internal contrast following the
manipulation event.

The most plausible explanation for the change in intramolecular
contrast observed for the molecule pushed by the STM tip is that
its orientation on the surface has changed. This directly implies
that the molecule rolls rather than hops across the surface — an
intuitive result because arolling motion involves traversing a much
shallower potential energy landscape than that associated with
a hopping process. One possibility is that the molecule can pivot
about two Si-C bonds during the manipulation process, ensuring
that new bonds to the substrate are being formed as the remaining
Si-C bonds are broken. This provides a much lower activation
energy pathway than wholesale breaking and reforming of four
Si-C bonds.

Subsequent manipulation experiments by the Nottingham
Nanoscience group — complemented by density functional theory
(DFT) calculations undertaken by Hobbs and Kantorovich at King’s
College London - provide strong evidence of the key role that
molecular rotation plays in Cgo manipulation on Si(100)-(2 x
1) [147]. As shown in Fig. 54, the tip response curves during
manipulation events exhibit significant structure beyond that
which may be attributed to molecular translation alone. This
structure has been interpreted, with the aid of DFT calculations,
as the signature of changes in molecular orientation during tip-
directed movement of the molecule from site to site on the Si(100)
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Fig. 54. Tip trajectories recorded during manipulation of a Csyp molecule on the
Si(100)-(2 x 1) surface. Traces (a), (b), and (c) are each associated with “fine
structure” that arises from a coupling of molecular translation and rotation [147].
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Fig. 55. Calculated variation in binding energy of a Cgyp molecule on the
Si(100)-(2 x 1) surface as it moves through the sequence of bonding configuration
shown to the right [147].

© 2005, American Physical Society

surface. Fig. 55 is a plot of the calculated variation in binding energy
of the Cgp molecule against its centre of mass position as it moves
through the first two steps of the 4a; manipulation response curve
shown in Fig. 54(a). As discussed in detail by Keeling et al. [ 147], the
DFT simulations provide strong support for the ‘pivoting’ model of
Ceo translation described in the preceding paragraph.

The Nottingham and Kings College groups extended this work
to cover a much wider range of possible manipulation pathways
[148]. By calculating changes in the electron density distribution,
they not only confirmed the bond-breaking-and-making mecha-
nism underpinning the motion of the molecule but also showed
that there are significant changes in the charge density distribution
within the Cgo molecule as it moves across the surface. Aperiodic
tip traces were explained in terms of thermal drift (the manipu-
lation experiments were all carried out at room temperature), a
lack of symmetry with regard to the position of the tip above the
molecule. Martsinovich et al.[ 149] then went on to show that a bal-
ance between attractive and repulsive tip-molecule interactions
led to a variant of the “sliding” type of manipulation described,
for example, by Bartels et al. [ 145] (for manipulation of adsorbates
on metal surfaces at low temperature) where the Cgo molecule is
stabilised by the interaction with the tip at a number of interme-
diate bonding positions. As Martsinovich et al. put it, the “central
hypothesis [of this work] is that the attractive tip-molecule forces
can overcome the tendency of the Cgo molecule to hop directly to a

neighbouring adsorption site”. Electron density difference plots cal-
culated for the tip-induced pushing of a Cgo molecule on Si(100) at
different points in the tip-molecule trajectory are shown in Fig. 56
where the formation and modification of the tip-molecule and
molecule-surface bonds during the manipulation event are clearly
observed. In a subsequent comprehensive study of tip-Cg interac-
tions for repulsive manipulation on Si(100), Martsinovich and Kan-
torovich [150] demonstrated that strong Cgo-tip bonds are formed
even when the tip is initially hydrogen-terminated, i.e. has no
dangling bonds. Remarkably, hydrogen-terminated and dangling
bond-terminated tips behaved similarly. Vertical manipulation,
i.e. surface-to-tip transfer (or vice versa), of a Cgo molecule was also
examined theoretically by Martsinovich and Kantorovich [151].
They found that by laterally moving an adsorbed Cgg to an ap-
propriate precursor state (the metastable “pivot point” discussed
above), it was then possible to lift the molecule off the surface.

3.3. Beyond STM-directed manipulation

To date, experimental scanning probe manipulation of Cgy on
Si(100) has focussed almost exclusively on STM-based position-
ing and control (although see discussion below). Martsinovich and
Kantorovich have, however, extended their calculations to con-
sider NC-AFM manipulation of Cgg, using a virtual AFM to explore
the parameter space [152]. A key result of their work is the pre-
diction that not only should NC-AFM manipulation of Cgy be pos-
sible, despite the lack of continuous tip-molecule bonding that is
a feature of the STM manipulation process, but that manipulation
of molecules over long distances should be achievable. Key signa-
tures of Cgo manipulation were found. In particular, the frequency
shift signal showed clear spikes arising from distinct manipula-
tion events. A dissipation energy spike of ~10 meV magnitude was
also observed in the calculations. The NC-AFM manipulation pro-
cess elucidated by these simulations involves molecular pushing
where the presence of the tip reduces the energy barrier for the
molecule to escape from the tip. Martsinovich and Kantorovich
pointed out that a pulling mechanism could also operate ex-
perimentally if the tip-molecule bonding were stronger and the
distance of jump length of the molecule (on the surface) were com-
parable to the tip-molecule bond length. Vertical manipulation of
Cso using standard NC-AFM was thought to be unlikely, although it
was proposed that surface-to-tip transfer of Cgo might be achiev-
able using low amplitude NC-AFM [151]. To date, these theoretical
predictions remain to be verified experimentally, although work
is underway in the Nottingham group involving Cso manipulation
using the low oscillation amplitude qPlus NC-AFM technique pio-
neered by Giessibl [153].

Prior to the work on Cgy manipulation, Kantorovich’s group
had carried out an important theoretical study of a Cgg molecule
adsorbed on Si(100) where they simulated not only NC-AFM
images showing intramolecular contrast (see Fig. 57 but also force-
distance curves which showed a dependence on the position of
the tip above specific sites of the Cgo molecule [154]. Recent
unpublished work in our group in Nottingham [155] has shown
that imaging of intramolecular features for Cgo adsorbed on Si(100)
is indeed possible for NC-AFM (in our case we used the qPlus
technique) but that it is extremely difficult to image the molecule
without perturbing its position with the tip.

Kageshima et al. [156] published an important paper in 2002
where the first steps in the use of atomic force microscopy
(AFM) to initiate, control, and quantify the forces applied during
manipulation of individual Cgy molecules on Si(100)-(2 x 1)
were taken. This group fabricated a novel force sensor which
provided high lateral force sensitivity in combination with a high
stability to the normal force. They monitored the lateral force
in parallel with the acquisition of tunnel current images and
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start
tip position

Fig. 56. Plots of the difference in electron density of the combined tip-Cgo-surface system, as compared to the isolated components, as a function of the tip’s position. Black
denotes a lack of, and dark grey an excess of charge density. After Martsinovich et al. [ 149].

© 2008, Wiley-VCH

-3 -2 -1 0 1 2 3

Fig. 57. Simulated constant frequency shift (df = 17.25 Hz) NC-AFM image of a
Cgo molecule adsorbed in the t4c configuration (see [147] for an explanation of the
nomenclature) on Si(100) [154].

© 2006, Elsevier

suggested from an analysis of their data that the total elastic
energy stored in the Cgg molecule was of the order of 0.1-0.7
eV. As the authors themselves point out, this range of values
seems rather small given that the total interaction energy (which
involves 4 Si-C covalent bonds) is of the order of 5 eV [149].
Although the diffusion barrier is less than the total bond energy
- considerably so, as is clear from a consideration of the ‘rolling’
model described above - the lower limit is substantially smaller
than even the van der Waals interaction energy of an isolated
Ceo— Ceo pair (0.27 eV). Kageshima et al. however, point out that
the influence of surface contamination by the probe used in their
studies cannot be ruled out. (There is certainly a relatively high
number of defects visible in Kageshima et al.’s SPM images of the
Si(100)-(2 x 1) surface). Nevertheless, Kageshima et al. have made
a valuable technological breakthrough by showing that STM and
lateral force measurements may be carried out in parallel during
single molecule manipulation events on Si(100).

4. Cgo on adsorbate-terminated silicon surfaces

As discussed in detail in preceding sections, fullerene molecules
interact with clean silicon surfaces via the formation of strong
covalent bonds. This tends to preclude the formation of large
long-range ordered molecular domains. Instead, small (~10s of
nanometres at best), locally-ordered domains are observed due to,
for example, a fortuitous matching of the fullerene lattice constant
with that of the underlying silicon substrate (as for a Cgo monolayer
on the Si(111)-(7 x 7) surface). It is, however, possible to modify
the silicon’s surface chemistry to provide a much lower free energy
or passivated substrate on which to adsorb Cgp, higher fullerenes,
or fullerene derivatives. In the following sections we review work
to date on Cg adsorption on adsorbate-terminated and passivated
surfaces. (Section 5 deals with the adsorption of higher fullerenes
and fullerene derivatives on both clean and adsorbate-terminated
surfaces).

4.1. Ag:Si(111)-(+/3 x +/3)R30°

A surface of particular importance with regard to the forma-
tion of highly ordered fullerene assemblies - and a system
used extensively by the Nottingham group amongst others - is
the Ag:Si(lll)—(«/? X \@)R30° reconstruction. We will forego
a detailed discussion of the structure and chemistry of the
Ag:Si(111)-(v/3 x +/3)R30° (hereafter, Ag-+/3) surface as this
particular system has been the focus of a wealth of structural
and electronic studies. It is important to note, however, that the
precise electronic and geometric structure of the Ag-+/3 surface
has been the subject of some debate and it took some time for
consensus to be approached regarding the details of the recon-
struction (Even now, there remains some controversy. See, for ex-
ample, the discussion in the paper by Zhang et al. [157].). Fig. 58 is
a schematic diagram of the rather complex Ag-\@ surface where
the primary structural motif, an atomic trimer, is highlighted. Al-
though both Si and Ag trimers exist at the Ag-+/3 surface, the term
may be somewhat misleading when applied to the silver atoms
comprising the (ﬁ x /3 ) reconstruction. While the Si atoms are
covalently bound into a well-defined trimer unit, the Ag atoms
are rather more loosely geometrically linked in ’trimer’ arrange-
ments. Notwithstanding this distinction, the Ag—\/g reconstruction
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Fig. 58. (a) Honeycomb-chain-trimer model [158] of the Ag:Si(]]])—(\/? X \/§)R30° reconstruction. (After Upward et al. [117]; (b) High resolution STM image of the

Ag:Si(111)-(+/3 x +/3)R30° surface. (After Zhang et al. [157]).
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involves what is best termed a honeycomb arrangement of surface
atoms, clearly visible in both room temperature and low tempera-
ture STM images (Fig. 58).

Of most relevance to the issue of fullerene adsorption, the
Ag-+/3 surface is free of Si dangling bonds other than at anti-
phase boundaries and step edges [159,160]. This major reduction
in dangling bond density as compared to the Si(111)-(7 x 7)
surface is extremely beneficial in the growth of large domains
of well-ordered molecular domains. The absence of Si dangling
bonds means that Cgo and other fullerene (or organic) molecules
are associated with long diffusion lengths and, unless trapped at
step edges or phase boundaries, are free to hop across the substrate
until an energetically favourable, highly-coordinated adsorption
site is located. This is clear from Fig. 59(a), a submonolayer
coverage of Cg on the Ag-+/3 surface [117] where a small domain
of (v/21 x +/21)R =+ 10.9° superstructure [ 161] may be observed.
In addition, we have recently acquired good quality (V21 x
V21)R10.9° low energy electron diffraction (LEED) patterns from
a Cgp monolayer adsorbed onto a Ag—«/§ surface held at ~300 °C
during molecular deposition [162]. Not only does the elevated
substrate temperature lead to saturation of fullerene adsorption at
monolayer coverage but it promotes molecular diffusion, enabling
both translational and orientational ordering. The latter, while not
a prerequisite for the observation of ordered domains in STM data
[117,161], is required for the generation of a LEED pattern. (We
find that fullerene monolayers deposited on to a room temperature
Ag-+/3 surface do not yield a LEED pattern.)

LeLay et al. [163] have shown that Cgo adsorption on Ag-+/3
produces minimal changes to the Si 2p core level photoemission
spectrum, strongly suggesting that the interaction is largely van
der Waals in character. EELS results [ 164] also point to a relatively
weak interaction, although the authors of that work carried out
a comparative EELS investigation of Cgy adsorption on MoS, and
Ag-+/3 and found that the C50/Ag-\f3 interaction was stronger
due, they proposed, to a charge transfer interaction. Photoemission
measurements by the Nottingham group [ 165,166] have confirmed
the lack of change in the Si 2p lineshape for the adsorption of
not only Cgp but a phenylated derivative ((CgHs)sCgoH — see
Section 5.2) on Ag—«/§. Notwithstanding the absence of change in

Fig. 59. (a) STM image of a small ordered Cgp island (a domain of the (+/21 x
/21)R410.9° superstructure) on the Ag-/3 surface; (b) LEED pattern of the Ag-+/3
surface (Ep = 30eV); (c) LEED pattern of the (\/ﬁ X \/ﬁ)Rlo.Q" structure formed
by Cgo on the Ag-/3 surface. (Ep = 30 eV). (+v/21 x +/21) LEED patterns were
observed only for deposition of Cgy onto the Ag-+/3 surface held at an elevated
temperature (in this case 300 °C). After Ahola-Tuomi et al. [162].

the spectral lineshape, there is a small (4200 meV) but entirely
reproducible shift in the binding energy of the Si 2p peak on
fullerene adsorption. The direction of this shift - towards higher
binding energy - is at first glance surprising as it suggests a charge
transfer from the molecule to the substrate, i.e. the direction of
charge transfer is opposite to that observed for the adsorption of
Ceo on a wide variety of substrates. Moreover, electrical transport
measurements by Hasegawa et al. [167] have been interpreted in
terms of an acceptor character for Cgo adsorbates on the Ag-+/3
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Fig. 60. STM image of a Cgo thin film on the Ag:Si(111)-(v/3 x +/3)R30° surface
showing regions of bare surface (top right-hand corner), 1 ML coverage, and a two
layer island. Note the high density of defects in the monolayer. After Nakayama et al.
[161].

© 1999, American Physical Society

surface. Importantly, Hasegawa et al. argue that the adsorbed
fullerenes act to compensate electrons in the S1 surface state band
of the substrate but do not promote additional band bending.

In our experiments [166], however, the Ag-/3 surface was
annealed prior to the deposition of Cgg to remove all excess silver
which could contribute to the filling of the S1 band [168]. (The
absence of photoelectron emission near the Fermi level about the
I’ point of the 2nd surface Brillouin zone [169] was used as a
stringent check for the removal of excess Ag). Despite the lack
of excess Ag, a 200 meV shift in the Si 2p core-level spectrum
was observed following the adsorption of 1 ML of Cgg. Our results
strongly suggest that, just as in the case of Cgg adsorption on
GeS(0001) [170] discussed in Section 6 below, a positive interface
dipole is associated with the adsorption of Cg on the Ag-+/3
surface. This dipole arises from the delocalization of a fractional
amount of fullerene charge on the Ag-passivated silicon substrate.

Although, as described above, very well ordered close-packed
Ceo islands may be formed on the Ag-/3 surface, Nakayama et al.
[161] have shown that the necessity for strain relief in the adsorbed
fullerene film drives the production of a considerable number of
vacancy defects, as shown in Fig. 60. In addition, and in line with
the photoemission results discussed above [165,166], Nakayama
et al. [161] argued that Cgp was not purely physisorbed on the
Ag—«/§ surface and postulated that the van der Waals interaction
was accompanied by some degree of charge transfer.

Nakayama et al. have also carried out a series of investigations
focussed on photon- and electron-induced polymerisation of Cg
molecules on the Ag-+/3 [171,172] surface.!® UV-vis irradiation of
a Cgo monolayer on Ag-+/3 led to the formation of double-bonded
and single-bonded Cgp dimers and linear trimers. The double-
bonded species (i.e. where the intermolecular interaction involved
the formation of two C-C double bonds) were the majority species
[171]. Subsequently, Nakayama et al. found that electron beam
irradiation (from an STM tip) could locally generate Cgo oligomers
on a Cgo “nano-ribbon” sample formed on an Ag-+/3 surface (see
Fig. 61).

10 Other groups such as Nakamura et al. at the University of Tokyo [173] and
Weaver et al. at the University of Minnesota [ 174] have also demonstrated electron-
stimulated polymerisation of fullerene molecules adsorbed on Si(111)-(7 x 7) and
GaAs(110)-(1 x 1) respectively.

Fig. 61. STM image of Cgo oligomers formed via electron beam-irradiation of a Cgo
“nano-ribbon” on an Ag:Si(lll)-(ﬁ x +/3)R30° surface. After Nakayama et al.
[172].

© 2004, Elsevier

Fig. 62. STM image of the double domain structure formed by Cgy adsorbed on the
Ss phase of the B:Si(111)-(v/3 x +/3)R30° surface. The lattice of the underlying Ss
phase is marked by the white lines. After Stimpel et al. [175].

© 2002, Elsevier

4.2. B:Si(111)-(+/3 x +/3)R30°

Although having the same basis vectors as the Ag—\/§ surface,
the structure of the unit cell of the B:Si(111)-(+/3 x +/3)R30°
reconstruction differs considerably from its counterpart on the Ag-
terminated Si(111) surface. Two adsorption sites of the boron atom
(i.e. T4 or Ss) are possible. In the T, site boron leads to a saturation
of all Si(111) surface dangling bonds. When Cgy is deposited on
to this surface, the molecules initially adsorb at defects such
as domain walls and step edges but at higher coverages form
large well-ordered islands [175]. Similarly well-ordered islands are
observed for Cgo deposition on the B:Si(111) surface where boron
is adsorbed at the Ss site (Fig. 62). Precisely the same double-
domain orientation of the islands with respect to the underlying
B:Si(111)-(+/3 x +/3)R30° surface reconstruction was observed for
Cgo islands formed on both the T, and Ss phases (i.e. £15°, Fig. 62).

4.3. Co:Si(111)

Zilani et al. have argued on the basis of STM data that there is a
correlation between the adsorption site of Cgg on the Co:Si(111)
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Fig. 63. The Moiré pattern formed by a monolayer of Cgo on a thin film of bismuth
on Si(111). It arises from the “interplay” of the bismuth and Cg lattices. After
Sadowski et al. [178].

© 2007, Elsevier

surface and the positions of the “magic number” clusters that
form at this surface [176]. Photoemission results, combined with
the STM data, indicate that Cgy decomposes to form SiC at a
significantly lower temperature on the Co:Si(111) surface, as
compared to the bare Si(111)-(7 x 7) reconstruction.

0.0

0.0

44. Bi:Si(111)

Fig. 63 illustrates that a highly ordered Cgy monolayer can be
formed on a thin bismuth film on the Si(111) surface. The STM
image shown in the figure is taken from the work of Sadowski et al.
[178] where the tunnelling microscopy data were complemented
by both low energy electron microscopy results and tunnelling
spectroscopy. As pointed out by Sadowski et al. [178], the distinct
Moiré pattern seen in the STM image arises from the overlap of
the Cgo and bismuth lattices and can be used to determine the
epitaxial relationship of the adsorbate and substrate structures. It
was postulated that, as for the Cgg /Ag—«/§ system discussed above,
the interaction of Cgg with the thin bismuth film, although weak,
was unlikely to be purely van der Waals in character.

4.5. Hydrogen-passivated Si(100) and Si(111)

Hebard et al. [179] carried out the first studies of Cgo layers ad-
sorbed on hydrogen-passivated silicon surfaces. They focused on
rather thick films (100 nm) and, via X-ray diffraction measure-
ments, observed that the fullerene overlayers had a rather high
degree of crystallinity. Schmidt et al. [180] extended the study of
the interaction of Cgo with H:Si substrates to significantly smaller
coverages (0.5-4 ML) where it was possible to elucidate bonding
characteristics using HREELS.

In contrast to HREEL spectra for the clean Si(100)-(2 x 1) surface
[81] (see Section 2.5), the energy loss peaks for Cgo coverages up
to 1 ML on H:Si(100) were identical to those for a thick Cgo film.

Fig. 64. AFM images of the morphology of Csy thin films deposited on to the H:Si(100) surface held at different temperatures. After Sanvitto et al. [183].

© 1999, Elsevier
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Moreover, the Si-H stretching vibration frequency was unchanged
following Cgo deposition. Nevertheless, annealing a thick (4 ML)
film of Cgp at 600 K left a monolayer on the surface, indicating
that the interaction of Cgp with H:Si(100) is stronger than the
intermolecular interaction. Annealing at 600 K also initiates
desorption of hydrogen atoms from the surface (which bond to
the adsorbed fullerene molecules). Annealing at 800 K leads to
the desorption of all hydrogen and a change in the Cgy bonding
configuration from physisorption to chemisorption. This result
was later confirmed by De Seta et al. [75] using photoemission
spectroscopy. A lack of chemical interaction between Cgy and the
H:Si(111) surface was also found by Dumas et al. [181] using
a combination of IR spectroscopy (exploiting multiple internal
reflections) and HREELS, and by Silien et al. [182] using HREELS.
Sanvitto et al. [183] used AFM to monitor the dependence of
Cso island shape as a function of substrate temperature during
fullerene deposition. As shown in Fig. 64, deposition at a substrate
temperature of 200 °C leads to highly facetted Cgq islands, strongly
suggesting a high degree of molecular order. The degree of order
was substantially greater than that found for Cgg films formed on
wet chemically prepared H:Si(111) [184].

As was also demonstrated for Cgo multilayers on Si(111)-(7 x 7)
[112], nanoscale mechanical modification of Cg films on H:Si(111)
using an STM tip is possible [184]. Electron-beam induced
modification was also studied in some depth by Hunt et al. at
the Nanoscale Physics Laboratory at the University of Birmingham
[185,186]. Both fullerene polymerisation and cage destruction
were observed, the latter occurring at higher incident electron
doses. Molecular fragmentation via the decay of multiple electron
excitation channels into vibrational modes of the Cgy molecules.

In an inventive experiment, Hersam et al. used STM-induced
hydrogen desorption to prepare a reactive adsorption site for Cg
on an otherwise inert H:Si(100) surface [187]. This enabled a
comparison of tunnelling spectra (acquired using the same tip) for
H:Si(100), clean Si(100), and for Cgg adsorbed on Si(100) (Fig. 65).

5. Beyond Cgo: Higher fullerenes, endofullerenes, and doped
derivatives

5.1. Adsorbed higher fullerenes

The amount of published work which focuses on the adsorption
of higher fullerenes (i.e. closed carbon cages comprising greater
than sixty atoms) on silicon is, perhaps not surprisingly, rather
smaller than that associated with Cgy adsorption. One key
motivation for the study of higher fullerene adsorption lies in
elucidating the effects of symmetry reduction on the interaction
of the carbon cage with the underlying substrate. For example, C7g,
the second most stable member of the fullerene family, is — unlike
its Cg ‘sibling’ - a rugby ball-shaped molecule with Ds;, as opposed
to icosohedral symmetry. This dramatic reduction in symmetry
results in considerable degeneracy lifting with the result that
C;0 has thirty-one IR-active- and fifty-three Raman-active modes
(c.f. four IR-active and ten Raman-active modes for Cgp). These
differences in molecular symmetry (and concomitant modification
of electronic and vibrational properties) might be expected to
promote rather different molecule-substrate interactions.

STM studies of C;y adsorption on silicon were - as for the Cgo-
related tunnelling microscopy experiments detailed in previous
sections - pioneered by Hashizume et al. in the nineties [ 188]. They
found marked similarities in the adsorption characteristics of Cgg
and C7g on Si(100)-(2 x 1): at 1 ML coverage the molecules are
arranged in locally-ordered domains and long-range ordering is
precluded by a strong adsorbate-substrate interaction. In a very
recent study, Shim et al. [189] confirmed the primary results of
Wang et al. [188] and proposed that C;y adsorbs preferentially at

I CGO

sneeeenes Si Dangling Bond
== = == H-passivated Si

Energy (eV)

Fig. 65. (a), (b) STM images, and, (c) tunnelling spectra of bare and Cgy covered
regions of the H:Si(100) surface. The surface was patterned using STM-induced
desorption of hydrogen before Cg deposition (giving rise to the Cgo adsorption site
and the region of Si dangling bonds seen in the STM image). A strong LUMO-derived
peak is observed in the spectra taken above the Cgy molecule.

© 1999, American Physical Society

a site “slightly displaced from the centre of the triangular unit cell”.
Only 10% and 6% of the C;o molecules were found to adsorb at a
site on the short diagonal (i.e. dimer line) or at a corner hole of the
(7 x 7) unit cell, respectively.

Notwithstanding Wang et al.’s observations, in a HREELS study
of the C70:Si(111)-(7 x 7) system, Wakita et al. [190] revisited
the arguments they previously put forward for the Cgp:Si(111)
interaction (see discussion in Section 2) and proposed that at 1
ML coverage only a fraction of the C;o molecules are chemisorbed.
This group also interpreted their HREELS data to suggest that C;
interacts with the silicon substrate through the ‘polar’ caps of
the molecule which have significantly more Cgo character than
the equatorial belt of the cage. Moreover, from an analysis of the
HREELS peak intensities Wakita and co-workers [190] propose
that the average angle between the long axis of the C;o molecule
and the silicon substrate is 40°. In earlier HREELS work on the
C70:Si(100)-(2 x 1) system, Wakita et al. [ 191] found that although
the positions of the strongest electron energy loss peaks (at 69 and
179 meV) mirrored those observed for C;¢:Si(111)-(7 x 7), the
C70 molecule interacted somewhat more strongly with the Si(100)
surface than with the Si(111) surface following an anneal at 873
K. Wakita et al. also claim that, as compared to Cgg, C;9 molecules
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interact more strongly with Si(100) and thus have a decomposition
temperature which is 50 K lower.

A key result of modulated molecular beam mass spectroscopy
scattering experiments for Cgp, C79 and Cgyq [192] was that Cyg
was found to interact rather differently with the Si(100) surface
than either of the other fullerene molecules. In particular, and in
contrast to the results of Wakita et al. [191], the threshold for total
thermal decomposition of C;o was found to be 200 K higher than for
Ceo or Cg4. For temperatures below 800 K both C;¢ and Cg4 behaved
similarly with sticking coefficients close to unity.

Cg4 is the third most abundant fullerene and can be found
in a variety of isomeric forms. Sakurai et al. [3] provide a
comprehensive overview of their work on Cg4:Si interactions.
Rather than revisit Sakurai et al.’s review (to which the reader is
referred), here we simply highlight two key points related to Cgy
adsorption on silicon raised in their work:

(i) detailed studies of Cg4 on Si(100)-(2 x 1) have been reported
by Wang et al. [73] and Hashizume et al. [193] where, just as
for Cgp and C59, at submonolayer coverages isolated molecules
are observed and there is no tendency to form large ordered
molecular assemblies or for preferred adsorption at step edges;
an interesting departure from the behaviour of Cgy and Cyg
overlayers was however observed for thin Cg4 films grown on
Si(100). Multilayer crystalline islands could be formed only for
substrate temperatures some 100 degrees higher than room
temperature suggesting a higher cohesive energy for the Cg,4
crystal as compared to either Cgg or Cyq.

(ii

=

A small number of other groups have also studied Cgy4
adsorption on semiconductor surfaces. Unlike Cgg adsorption on
Si(100), where the vast majority of molecules are adsorbed in the
troughs between dimer rows at room temperature, a significant
proportion of Cg4 molecules are adsorbed directly above a dimer
row [194]. On the Si(111)-(7 x 7) surface, intramolecular contrast
in STM images has been achieved for adsorbed Cgy molecules
by Huang et al. [15]. For the Ag-+/3 surface, Cg4 behaves in a
similar fashion to Cgg, forming large well-ordered islands and
preferentially adsorbing at anti-phase domain boundaries of the
(+/3 x +/3) reconstruction [195].""

Cgy is an important molecule in the context of the endohedral
fullerene species discussed below (as its internal volume is roughly
twice that of Cgg). As such, a DFT study (using the PLATO localised
orbital code) was carried out to ascertain how Cg, interacts with
the Si(100) surface [196]. Not only was Cg, found to adsorb
significantly more weakly than Cgo on the Si(100)-(2 x 1)
surface but the binding energy varies substantially with molecular
orientation. The highest binding energy site was found to be, as
for Cgg, in the trough between dimer rows with Cg,-Si bonding
involving four dimers.

5.2. On-cage doped and substituted buckyballs: CsgN and Cs9Si

Azafullerene, CsgN, is a fascinating member of the fullerene
family where a single carbon atom of the Cgg molecule is replaced
by a nitrogen atom [197]. This replacement of a group IV atom by a
group V element prompted comparison with doping of inorganic
semiconductors [198]. In the solid state (bulk) form, however,
CsoN is not stable as it is a molecular free radical and therefore
forms azafullerene dimers, (CsgN),. This leads to a closed shell
system where the analogy with semiconductor doping is difficult
to sustain.

11 | return to a discussion of the adsorption of Cg4 on silicon surfaces (in the context
of supramolecular templates) in Section 5.6.

Fig. 66. (a) CsoN monomers adsorbed on Si(111)-(7 x 7); (b) 1 ML CsgN, and (c)
1 ML Cg coverage on H:Si(100)-(2 x 1). Note the distinct differences between the
island density and average island size following the deposition of a 1 ML coverage
of each of the adsorbed molecules. The smaller islands and larger island density for
CsoN arise from the stronger CsoN-CsgN interaction. After Butcher et al. [199].

© 1999, American Physical Society

Nevertheless, it is possible to isolate azafullerene monomers
by deposition on the Si(111)-(7 x 7) surface (Fig. 66(a)) [199].
Annealing a bulk (CsgN), sample (i.e. azafullerene powder) sub-
limes monomers, rather than dimers, due to the weak CsoN-CsgN
interaction. The strong fullerene-Si(111)-(7 x 7) interaction in
turn prohibits diffusion of the adsorbed azafullerene monomers.
Valence band and Si 2p core-level photoemission spectra for the
Ce0:Si(111)-(7 x7) and C59N:Si(111)-(7 x 7) systems are very simi-
lar, pointing to a largely covalent carbon-silicon interaction in each
case. The response of CsoN to STM-induced manipulation [200] is
also comparable to that of Cgp.

When adsorbed on a hydrogen-passivated silicon surface (in
this case H:Si(100)), however, CsgN is free to diffuse and not
only can form islands but can redimerise (Fig. 66(b)). Significant
differences between the size and shape of Cgp and CsgN islands
on H:Si(100) (for identical coverages deposited at equivalent
molecular flux) are observed due to the stronger CsoN-CsgN
interaction (compare Fig. 66(b) and (c)).

Zanella et al. [201] carried out a detailed theoretical investiga-
tion of the adsorption of a fullerene molecule which incorporated a
group IV element (other than carbon!) rather than a group V atom:
CsoSi. They used the H:Si(100)-(2 x 1) surface but were particu-
larly interested in the interaction of the CsqSi molecule with sites
on the surface where hydrogen had been removed (as may be car-
ried out experimentally using an STM tip [202]). Strong Si-CsgSi
bonds were found to form (similar to the azafullerene case out-
lined above) with the total adsorption energy being approximately
1.4 eV higher than for the Cgq:Si case.

5.3. Incarcerated atoms on silicon: Endofullerene adsorption

Endohedral fullerenes, or endofullerenes (or, to use the correct
IUPAC term, incar fullerenes) are an exotic and fascinating form
of condensed matter where a fullerene cage encapsulates an
atom, a number of atoms, or a molecule. Endofullerenes have
been vaunted as potentially important elements of not only
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Fig. 67. STM-induced manipulation of a La@Cg, molecule on the Si(100)-(2 x 1)
surface. After Butcher et al. [194].
© 2003, American Physical Society

molecular electronics but of the nascent field of solid state
quantum computing. For quantum computing applications it is
the isolation of the encapsulated atom from its environment
that is of key significance. A weak coupling to the environment
means that the entangled/superposed states that lie at the heart
of the quantum computing concept are rather long-lived i.e. they
take some time (many ‘processor’ cycles) to decohere. Although
N@Cgo has particular potential as a qu-bit due to the almost
complete absence of electronic coupling between the N atom and
the Cgo molecular orbitals [203], the more abundant lanthanide
endofullerenes discussed below have also been proposed as
possible elements of a solid state quantum computer.

There has been a considerable amount of research related to the
elucidation of the properties of bulk films of endofullerenes with
a particular focus on rare earth-containing species (e.g. La@Cgj,
La,@Cgp, Gd@Cg,, TM@Cg,, Er@Cgs, etc.). Pichler et al. have recently
published a detailed review of the electronic properties of bulk
endofullerenes [204] and we refer the reader to that work for an in-
depth discussion of charge transfer, hybridisation, and vibrational
dynamics in thick film endofullerene systems. Here we will discuss
only those systems that fall within the scope of this review, namely
endofullerenes adsorbed on solid surfaces.

It was Sakurai’s group in Sendai who first used STM to study the
interaction of endohedral fullerenes with solid substrates and their
work in this area has been discussed in some detail in their 1996
review article [3]. In the following Section 1 review progress in the
study of endofullerene adsorption on semiconductor surfaces since
the publication of Sakurai et al.’s review.

Fig. 68. STM image and schematic diagram showing the variety of molecular
domains which form for a 0.7 ML coverage of La@Cg, on Ag:Si(11 1)—(\/§>< \/§)R30°.
The fullerene molecules were deposited onto a substrate which was at room
temperature. After Butcher et al. [195].

© 2001, American Physical Society

5.3.1. Lanthanum endofullerenes

The adsorption and STM-induced manipulation of La@Cg,
molecules on Si(100)-(2 x 1) were studied by Butcher et al. [194]
in 2003. Unlike Cgp, but as also observed for Cgg4, a large percentage
(~35%) of La@Cg, molecules adsorbed on Si(100) are found to
bond to the surface in sites directly above a dimer row. This was
attributed to differences in the size of the fullerene cage rather than
the influence of the endohedral atom (see also discussion of Ce@Cg,
below). STM induced manipulation of La@Cg; on Si(100)-(2 x 1)
was also achieved (see Fig. 67), enabling the transport of the caged
endohedral atom to specific adsorption sites.

STM studies of La@Cg, on the Ag:Si(111)-(+/3 x +/3)R30°
surface have also been carried out [195]. As for Cgg assemblies
on this surface, the much lower free energy of the Ag-v/3
reconstruction (as compared to ‘bare’ silicon substrates) facilitates
the formation of highly ordered molecular monolayers and
submonolayers. For La@Cg, adsorption a variety of overlayer
symmetries were observed (Fig. 68) but, following annealing, only
a single domain with (3 x 3) order remained [195]. The domain
with (3 x 3) periodicity (domain A in Fig. 68) also predominates
following adsorption of 0.7 ML of La@Cg, onto the Ag-+/3 surface
at room temperature.

H:Si(100)-(2 x 1) has also been used as a low free energy
substrate for the adsorption of lanthanum endofullerenes [205].
La@Cg, and its dimetallofullerene counterpart La,@Cg, were
studied using scanning tunnelling microscopy and tunnelling
spectroscopy (and the experimental data complemented with
Hartree-Fock density of states calculations). Highly ordered
multilayer islands of both types of La endofullerene were formed
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Fig. 69. Scanning tunnelling spectra (dI/dV /(I/V)) for (a) a thick film of La,@Cg,,
(b) a thick film of La@Cs,, and (c) bare H:Si(100)-(2 x 1). A constant value for the
normalised differential conductance has been imposed in the gap region in each
case. After Taninaka et al. [205].
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on H:Si(100)-(2 x 1). The STS spectra of Fig. 69 were interpreted by
Taninaka et al. [205] as follows. The peak at ~—0.9 eV was taken
to correspond to the singly occupied molecular orbital (SOMO)
feature observed in the valence band spectra of bulk films of
La@Cg, [206]. A much smaller band gap (~0.5 eV) is observed
for La@Cg;, as compared to La,@Cg, (~1.5 eV). Taninaka et al.
also subsequently studied the interaction of La,@C;, with the
H:Si(100)-(2 x 1) surface, interpreting their data to propose
that the La-derived LUMO states were localised close to the
encapsulated atoms and gave rise to a mid-gap density of states
feature [207].

5.3.2. Dy@Cg, and Dy@Cgy: Where is the endohedral atom located?

In an intriguing study, Wang et al. [208] presented STM
and STS data from which they ascertained the position of the
Dy atom in Dy@Cg, molecules adsorbed on the Ag-+/3 surface.
Fig. 70 is taken from Wang et al.’s work. Not only do the STM
images (Fig. 70(a)-(c)) show a significant amount of intramolecular
contrast, the differential conductance (dI/dV) images taken at
2.0 and 2.1 V (Fig. 70(e) and (f)) show an intense maximum at
one particular position on the molecule. By comparison with DFT
calculations (using the GGA), the maximum in the dI /dV maps was
interpreted as arising from spatially localised hybrid dysprosium-
cage orbitals (specifically hybridization between the Dy 6s and C
2s and 2p orbitals). The strong hybridisation with the Dy orbitals
therefore enables dI /dV images to be used to locate the position of
the dysprosium atom within the fullerene cage.

The adsorption of dysprosium endofullerenes on Si(111)-(7 x7)
has been studied by Fujiki et al. [209]. In common with every other
fullerene molecule whose adsorption on Si(111)-(7 x 7) has been
examined, both Dy@Cgy and Dy@Cg, interact strongly with the
(7 x 7) reconstruction. Intramolecular contrast was observed for
Dy@Cg, molecules at room temperature, highlighting the presence
of relatively strong chemical bonding between the fullerene cage
and the underlying silicon.

5.4. Distinguishing between endofullerene isomers: Nd@Cg;

Separating, or distinguishing between, different endofullerene
isomers has proven to be a significant problem. Although it was
thought for some time that M@Cs, endofullerenes (where M
represents a lanthanide) existed in only one isomeric form with
C,, symmetry, a minor isomer with C; symmetry was found to exist
[210]. A carefully implemented “marriage” of STM measurements
and DFT calculations by Leigh et al. [211] was used to distinguish
between two different types of Nd@Cg, isomer adsorbed on the
Ag:Si(111)-(v/3 x +/3)R30° surface. The key results are shown
in Fig. 71 where there is very close agreement between the
intramolecular contrast observed in STM images (taken at 77
K) and density of states isosurfaces calculated using DFT. The

Fig. 70. (a)-(c) STM images of a Dy@Cs, molecule adsorbed on the Ag—\/g surface acquired with bias voltages of —1.3, +1.4, and +1.8 V; (d)-(f) Differential conductance
images taken of the same molecule for bias voltages of —1.3, 2.0, and 2.1 V respectively. After Wang et al. [208].

© 2003, American Physical Society
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Fig.71. A comparison of STM images and DFT calculations for two types of Nd@Cg, isomer (with C;, and C; symmetry) adsorbed on the Ag:Si(111)-(+/3 x +/3)R30° surface.
The first column shows STM images of individual Nd@Cg, molecules exhibiting intramolecular contrast. The second and fourth columns are electronic density of states
isosurfaces calculated using DFT which have been rotated so as to best match the STM data. The third and fifth columns show ball-and-stick models for the endofullerene
molecules. STM images (a), (b), and (e) are best matched to the DFT data for the C,, isomer, while the C; isomer better matches the STM data shown in (d) and (f). The image
shown in (c) is matched by the DFT calculation for both isomers and so its assignation remains undetermined. After Leigh et al. [211].
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authors found that use of a neutral Nd@Cg, molecule for the DFT
calculations provided better agreement with the experimental
data and argued on this basis that there is little or no charge
transfer to the adsorbed endofullerenes from the underlying
Ag-terminated Si(111) surface.

5.4.1. Trimetallic nitride endofullerenes

Leigh et al. [212] subsequently used the Ag-terminated
Si(111) surface as a low energy “platform” for the assembly of
ErsN@Cgy and ScsN@Cgq islands. As shown in Fig. 72 the nitride
endofullerenes form very well-ordered 2D islands (adopting a (3 x
3) superlattice). Interesting variations in molecular contrast are
observed in Fig. 72 — molecules that are brighter in the filled states
image appear dark in the corresponding empty states data. These
effects were postulated to arise from a variation in the electronic
structure of the molecules caused by a slightly different fullerene-
surface interaction. Intramolecular features were also observed for
both the “bright” and “dark” molecules and, at a bias voltage of
—600 mV, the apparent height difference between the two types
of molecule disappeared. Moreover, and in contrast to the Nd@Cs,
molecules discussed in the preceding section, only a small number
of molecular orientations were observed for Er;@Cgg. As pointed

out by Leigh et al. [212], this is largely due to the higher (closer
to icosahedral) symmetry of the trimetallic nitride endofullerene
as compared to the M@Cg; molecule. On clean Si(111)-(7 x)7 and
Si(100)-(2 x 1) the nitride endofullerenes behaved as the reader
might now expect: as for all other fullerenes on clean low index
silicon surfaces, the molecules were strongly chemisorbed with
little or no diffusion and their rotation was strongly prohibited,
enabling the observation of intramolecular detail.

5.4.2. Ce@ng

The interaction of two isomers of Ce@Cg, with the Si(111)-(7 x
7) surface has been investigated using a combination of STM and
STS [213]. The authors argued that there was little difference
observed between the dI /dV spectra of multilayer and monolayer
Ce@Cg;, films and interpreted this as indicating that covalent
bonding of Ce@Cg, to the Si(111)-(7 x 7) surface produces little
distortion of the frontier fullerene orbitals (for both isomers).

Wang et al. [214] used the Ag-+/3 surface as a relatively inert
substrate on which to deposit Ce@Cg, so as to eliminate the strong
covalent Si-C interaction that is a feature of fullerene adsorption
on silicon surfaces. It was found that at close to monolayer
coverages only one domain orientation was present (contrasting



214 P.J. Moriarty / Surface Science Reports 65 (2010) 175-227

Fig. 72. STM images of islands of ErsN@Cgo on the Ag:Si(111)-(v/3 x +/3)R30°.
The molecules form a (3 x 3) superlattice. (a) Filled states, and (b) empty states
image of the same island. Molecules which appear bright in the filled states image
are correspondingly dark in the empty states image. After Leigh et al. [212].

© 2007, Elsevier

with the variety of domains observed for La@Cg, discussed above).
It is important to note, however, that the deposition rate in
Wang et al.’s work was between one to two orders of magnitude
slower than that for the corresponding La@Cg, [195]. Growth
kinetics, therefore, most likely account for the differences in film
morphology.

There is a paucity of electron spectroscopy data on endo-
fullerene monolayers (as opposed to bulk films). This is most
likely due to the difficulty in controllably subliming endofullerene
molecules: those groups who have carried out electron spec-
troscopy of thick endofullerene films use relatively ‘gentle’ de-
gassing in a vacuum followed by a rapid temperature ramp (and
associated high pressure burst) to prepare their samples. This pro-
cedure is necessary because prolonged annealing in vacuum has
been found to rapidly reduce the flux of endohedral fullerene
molecules sublimed at a given temperature. To prepare Ce@Cs,
films for photoemission and NEXAFS studies at synchrotron
sources (where there are significant time constraints as compared
to experiments carried out in the home laboratory) we used - in
common with other groups [215] - a custom-built evaporation cell
mounted on the end of a linear transfer arm which may be iso-
lated from the analysis/preparation chamber using a gate valve.
With the gate valve shut and the evaporation cell turbo-pumped
to a pressure of 1 x 1072 torr, the endofullerene sample was de-
gassed for a period of 24 h at ~200 °C before being moved into the
analysis/preparation chamber and brought to within 1 cm of the
sample’s surface. (The short sample-source distance is necessary to
ensure that a sufficient quantity of material is deposited.) The
source temperature is then rapidly ramped to 600 °C and held there
for approximately twenty minutes before the source is moved out
of the analysis/preparation chamber using the linear transfer arm.
Accompanying the rapid temperature rise is a significant out-
gassing which causes the pressure in the chamber to rise into the
high 107 to low 1078 torr region. For a clean Si(111)-(7 x 7)
sample this type of pressure rise would result in significant con-
tamination. The Ag-+/3 surface, however, showed negligible con-
taminant uptake following exposure to this magnitude of pressure
rise (which we verified in a number of control experiments).

An important phenomenon, as shown by a core-level photoe-
mission study [216], is that following deposition of a thick endo-
fullerene film on the Ag—ﬁ surface, annealing first removes the
upper, weakly adsorbed fullerene layers but at higher tempera-
tures the Ag termination desorbs through the adsorbed molecules
to yield a covalently bound molecular monolayer. This is a sig-
nificant observation because one can produce a strongly bound,
contaminant-free endofullerene monolayer simply by annealing
an M@Cg,:Ag-+/3 sample (where “M” represents a lanthanide
atom) at progressively higher temperatures. What is of particu-
lar interest, however, is the effect of increasing the cage-substrate
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Fig. 73. Ce 3d near edge X-ray absorption fine structure spectra for a thin film
of Ce@Cg, adsorbed on an Ag:Si(]]])—(\/g X ﬁ)R30° surface and which is
annealed at increasingly higher temperatures. The inset shows a comparison (after
normalisation of the spectral intensity) of the spectrum for the original bulk-like
film and that for a Ce@Cg, monolayer annealed at a temperature very close to that
which induces breakdown of the fullerene cage. Note the lack of change in the Ce
3d NEXAFS signature. After Schulte et al. [216].
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interaction on the electronic properties of the encapsulated atom.
We addressed this question using both NEXAFS and resonant pho-
toemission [216]. Fig. 73 is a series of CeM, 5 NEXAFS spectra for a
Ce@Cg; film on (initially) a Ag—«/§ surface. The overall shape of the
spectra arises from the multiplet fine structure of the Ce 4f2 final
state and is consistent with a 3+, or close to 3+, oxidation state.
Despite the strong Ce@Cg,-Si(111) interaction and cage distortion
observed following annealing at 750 °C (using C K edge NEXAFS
and C 1s photoemission measurements), the electronic structure of
the encapsulated Ce atom is remarkably impervious to significant
changes, almost to the point of decomposition, in the surrounding
fullerene cage. (X-ray standing wave measurements of a Ce@Cg,
monolayer on the Ag(111) surface [217] similarly found that ad-
sorption had little or no influence on the position of the Ce atom
within the fullerene cage).

5.4.3. N@Cgg

The nitrogen endofullerene, N@Cgy, is an especially interesting
member of the endohedral fullerene family. Unlike every other
endofullerene discussed in this section - and, indeed, all end-
ofullerenes whose adsorption on solid surfaces has been stud-
ied to date - the incarcerated atom in N@Cg, does not interact
with the surrounding carbon cage: the nitrogen is in its ground
atomic state and its orbitals do not hybridise with those of the
fullerene molecule [218,219]. This preservation of the electronic
structure of the free nitrogen atom has led to intense interest in
the N@Cgo molecule in the context of quantum computing archi-
tectures [220].

Unfortunately, there are significant difficulties in depositing
N@Cgo onto clean surfaces in vacuum. Unlike the endofullerenes
discussed thus far (and below), N@Cgy is not thermally stable.
The N atom escapes from the cage before the molecule sublimes
[221], making traditional methods of molecular/thin film deposi-
tion ill-suited to preparing adsorbed N@Cg, submonolayers. It is
hoped that sophisticated methods of transferring solution phase
molecules to surfaces under UHV conditions, such as the elec-
trospray technique [222], may provide a route towards N@Cgy
deposition. A second, and no less problematic, aspect of N@Cg
deposition on to solid surfaces is the difficulty in separating the
N@Cgo molecule from its parent fullerene. The N@Cgp:Cgg ratio in
a given purified sample is at the very best 1%. More typically, the
ratio can be as low as 0.001%. For these reasons there have to
date been no published experimental reports of the electronic, geo-
metric, vibrational, and/or chemical properties of adsorbed N@Cg
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Fig. 74. The (C¢Hs)s5Cso (phenylated Cgg) molecule in space-filling and ball-and-
stick representations. After Upward et al. [223].
© 1998, Elsevier

(although there have of course been very many studies of the
molecule in solution).

A small number of theoretical papers on adsorbed N@Cg, have,
however, been published. With regard to semiconductor surfaces,
King et al. [ 143] have focussed on N@Cg adsorbed on Si(100) in or-
der to compare the adsorption of the nitrogen-containing fullerene
with that of the empty Cg cage. As expected from the lack of in-
teraction of the encapsulated nitrogen atom with the surrounding
carbon cage, only minimal differences between adsorbed N@Cg
and Cgo were observed. In particular, the spin on the endohedral
nitrogen atom was unchanged. More generally, the authors found
that the encapsulated atom was “almost perfectly isolated” from its
surroundings, echoing the lack of change observed for the Ce atom
in CE@Cg; following strong chemisorption of the molecule on the
Si(111)-(7 x 7) surface.

5.5. Functionalised fullerenes: Phenylated Cgg

As compared with the work on higher fullerene adsorption
described above, to date there have been even fewer investigations
of the interaction of exohedrally functionalised fullerenes with
silicon surfaces. (By “exohedrally functionalised” I mean that
the fullerene molecule has been modified via the attachment
of chemical moieties to the outside of the cage). Indeed, to the
best of my knowledge, there are only a handful of studies which
deal with the question of the influence of functional groups on
the mechanism of fullerene adsorption on a semiconductor. In
the first of these, and in collaboration with Kroto et al. the
Nottingham group used STM to explore how the addition of phenyl
groups to the Cgo cage affected molecular adsorption and overlayer
assembly [223]. The particular phenylated fullerene chosen for
study, (CgHs)sCeoH (or Ph.Cgg for short), is shown in Fig. 74.
Adsorption on Si(111)-(7 x 7) produced the expected random
distribution of bonding sites with some evidence from the STM
images for a variety of molecular orientations also being present.
Silicon 2p core-level photoemission data [ 165] for (sub)monolayer
coverages of Ph.Cgo on the Si(111)-(7 x 7) surface exhibit the same
core-level shifted component (at ~1 eV higher relative binding
energy) observed in spectra obtained for the Cg:Si(111) system,
strongly suggesting that the molecules bond covalently to the (7 x
7) reconstruction.

Attempts to grow well-ordered monolayers or thin films of
Ph.Cgp at room temperature on clean Si(111) surfaces were not
successful. It was only by adsorbing phenylated Cg on to the
Ag-+/3 surface that sufficient molecular mobility was enabled to
allow the formation of long-range ordered molecular assemblies
(Fig. 75). What is most interesting about the 2D Ph.Cgp structures
formed on the Ag—\/§ surface is that the molecules adopt an
orientation whereby neither the phenyl groups nor the “head” of
the fullerene cage make maximal contact with the surface. Rather,
the molecule orients itself so that the equatorial belt of the cage is
in contact with the Ag-+/3 substrate. This can be understood by
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Fig.75. STM images of a submonolayer coverage of Ph.Cgg on the Ag:Si(11 1)—(\/§><
/3)R30° surface. (a) Islands of Ph.Cg (inset: image of the clean Ag-terminated
Si(111) surface); (b) Molecular ordering within one of the islands. After Upward
etal. [223].

© 1998, Elsevier

considering both maps of the HOMO and LUMO wave functions
and Si 2p photoemission data acquired for the (0.9 ML) Ph.Cgp:
Ag-+/3 system shown in Fig. 76. Taking the Si 2p data first, a clear
shift of the spectrum towards higher binding energy is observed
following deposition of phenylated fullerene. As discussed above
for the Cgo:Ag-+/3 system, this shift is best explained by a band
bending induced by charge transfer from the molecule to the
substrate. From the HOMO distribution shown in Fig. 76 and the
overall charge balance of Ph.Cgp, however, one can explain the
molecular orientation observed in the STM images by noting that
the phenylated fullerene will prefer to adsorb in a geometry which
maximises the overlap of the HOMO with the Ag-+/3 surface states
[165,223]. That is, the Ph. Cgo molecule adopts a geometry whereby
the contact area of the equatorial belt of the molecule with the
surface is maximised rather than adsorbing with its phenyl ‘legs’
either in contact with the surface or, conversely, pointing away
from the surface.

In an attempt to provide a more quantitative measurement of
the adsorption geometry of a functionalised fullerene, Schulte et al.
[224] used the normal incidence X-ray standing wave (NIXSW)
spectroscopy technique to probe the position of the oxygen atom
in (CgHs)5Ceo-OH, a molecule that is structurally very similar to
the phenylated species described in the preceding paragraphs. The
NIXSW technique exploits energy-dependent shifts in the nodes
of a standing X-ray wavefield to modulate photoabsorption for
an adsorbate (or for atoms in the bulk of a crystal). From plots
of photoabsorption against photon energy it is then possible to
extract information on the position and local ordering of the
atoms ‘bathed’ in the standing wavefield. A number of excellent
review articles on (NI)XSW have been published including a
comprehensive discussion by Woodruff [63], a pioneer in the field.
For technical reasons, Schulte et al.’s (preliminary) study focussed
on (CgHs)5Cgp-OH adsorption on Ag(111) rather than on the Ag-
passivated Si(111) surface. Nevertheless, the results of this work
are broadly consistent with an “on-side” adsorption geometry
similar to that observed for Ph.Cgg on the Ag—\@ surface.

5.5.1. Fluorinated fullerenes
Although there has been a great deal of interest in the use of
fluorinated fullerenes as transfer dopants for hydrogen-passivated
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Fig. 76. (a) Si 2p core level photoemission spectra from (top) the clean Ag:Si(11 ])—(ﬁ X ﬁ)R30° surface and (bottom) the Ag:Si(111) surface with a 0.9 ML coverage of
Ph.Cgo. Note that although the spectral line shape does not change, the position of the Si 2p peak shifts towards higher binding energy following adsorption. (b) HOMO, and
(c) LUMO for the Ph.Cgo molecule. After Phillips et al. [165].

© 2005, American Physical Society

Fig. 77. (Left) STM image of a single CgoF15 molecule adsorbed at a corner-hole of the Si(111)-(7 x 7) reconstruction. (Right) Image of the same molecule some time later.
The changes in the image were interpreted as arising from the detachment of F atoms from the fluorinated fullerene. After Bakhtizin et al. [226].
© 2009, Elsevier



P.J. Moriarty / Surface Science Reports 65 (2010) 175-227 217

diamond surfaces (see [225] for a recent review), to date there
has been only one study of a fluorinated Cgy molecule adsorbed
on a semiconductor surface.'”> A combined STM and DFT study
of CgoF1g adsorption on the Si(111)-(7 x 7) surface [226] led to
the proposal that fluorofullerene molecules adsorb on the (7 x 7)
surface by orienting such that the fluorine atoms interact with
the surface. The calculated adsorption energy for this geometry
was very high (6.65 eV). The “fluorine-down” geometry induces a
significant dipole moment and surface polarisation but the authors
of the study argued that there was minimal charge transfer to
the molecule. They also interpreted changes in their STM images
observed as a function of time (see Fig. 77) as arising from the
transfer of F atoms from the adsorbed fluorofullerene to the (7 x 7)
surface.

5.6. Directing fullerene adsorption via supramolecular templates

The Ag-+/3 surface has proven to be an excellent substrate for
the assembly of intricate and highly ordered supramolecular as-
semblies and templates. Using a combination of adsorbed pery-
lene tetra-carboxylic di-imide (PTCDI) and melamine molecules,
Theobald et al. [227] exploited hydrogen-bonded interactions to
form a two-dimensional honeycomb network, with a period of
~3.5 nm, on the Ag—\@ surface. Subsequent deposition of Cg
molecules on this hydrogen-bonded template (Fig. 78) led to the
formation of fullerene heptamers trapped inside the nanoscale
pores formed by the PTCDI-melamine network. There has since
been an explosion of interest in hydrogen-bonded supramolecular
assemblies at surfaces (and, more recently, the question of generat-
ing covalently-bonded networks has started to be addressed in pio-
neering experiments by, for example, [228]). Sanchez et al. [6] have
published an excellent review article on the use of supramolecu-
lar assemblies (amongst other methods) to control the ordering of
fullerene on solid surfaces. Their review focuses on adsorption at
metal, semimetal (graphite), and oxide surfaces and so I will briefly
outline in the following the use of supramolecular templates to
control fullerene organisation at semiconductor surfaces.

Following their demonstration of Cgg confinement within the
pores of a PTCDI-melamine network, Theobald et al. went on to
study the trapping of clusters of a much larger fullerene, Cg4 [229].
They found that, following nucleation of a Cg4 cluster within a pore,
growth of that cluster requires a reconfiguration of the constituent
molecules, leading to a transition between various types of cluster
ordering. The key result of this work was that growth of fullerene
clusters in a confined geometry leads to new molecular structures.

6. Cgo adsorption on compound semiconductor surfaces

Although, as compared with adsorption on silicon, there have
been rather fewer studies of the interaction of fullerenes with
IlI-V and other compound semiconductor surfaces, this area of
research has provided key insights into the influence of a substrate
on, for example, the electronic structure of adsorbed molecules.
Indeed, and as described below, one of the first studies of the
adsorption of Cgg on a solid surface was Li et al.’s [2] important
observation and analysis of ordered overlayers on GaAs(110). As
I outline in the following sections, the ability to tune both the
Fermi level position and/or the stoichiometry of a compound
semiconductor surface has played an important role in elucidating
the bonding mechanisms and associated electronic properties of
adsorbed fullerenes.

12 while doped diamond is increasingly considered as a large band gap
semiconductor, intrinsic diamond is an extremely good electrical insulator
(notwithstanding its high electron and hole mobilities). I have therefore not
included a discussion of fullerene adsorption on diamond in this review. I again
refer the reader to Chen et al.’s review [225] for a discussion of this topic.

a

Fig. 78. (a) STM image of clusters of Cgy molecules trapped inside the pores
of a supramolecular network comprising PTCDI and melamine molecules on
the Ag:Si(111)-+/3 x +/3 surface. The inset shows a single heptometic cluster.
(b)Schematic diagram of the network and a trapped Cgo heptamer. After Theobald
etal. [227].

© 2003, Nature Publishing Group

6.1. GaAs(110): Van der Waals interactions and energy level
alignment

Shortly after the publication of Wilson et al.’s pioneering STM
studies of Cg assemblies (adsorbed on Au(111)), Li et al. [2]
reported the observation of highly ordered Cgq overlayers on the
GaAs(110) surface (Fig. 79). The presence of ordered islands led Li
et al. to argue that Cgg had a high surface mobility on GaAs(110)
which they attributed to weak van der Waals interactions with
the substrate. They also highlighted that no internal structure was
observed in the adsorbed molecules due to molecular rotation
which, unlike the case for adsorption on silicon surfaces, is not
“quenched” due to strong bonding. Nevertheless, Li et al. deduced
from the symmetry of the molecular arrangement visible in their
STM images (see Fig. 79) that the structures they observed arose
from a balance between molecule-substrate and intermolecular
interactions.

The Weaver and Smalley groups, who collaborated on the
experiments described in the Li et al. paper [2], followed up their
STM work with an influential paper [230] on Cg bonding and
energy level alignment on GaAs(110) (and on a variety of metal
substrates which we shall not discuss here). Using photoelectron
spectroscopy measurements they determined that Cgy adsorption
on n-type GaAs(110) did not induce any changes in surface
relaxation (consistent with weak adsorption) but, importantly,
led to band bending of ~300 meV, betraying the presence of a
very small amount of charge transfer to the fullerene overlayer.
By taking into consideration both the amount of band-bending
and the doping density of their samples, Ohno et al. estimated
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Fig. 79. (a) and (b) STM images of a monolayer of Csy on GaAs(110). The “A” and
“B” labels refer to the two adsorption sites of Cgg schematically shown in (c). After
Lietal. [2].
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that on average ~0.02 electrons were transferred per first layer
fullerene molecule. Adsorption on p-type GaAs(110), however, did
not produce measurable band bending. Ohno et al. put forward
the energy level diagram shown in Fig. 80 in order to explain
the results. The key point is that deposition on n-type GaAs(110),
due to the relatively small difference in energy between the Cg
LUMO and the conduction band edge/Fermi level of the GaAs(110)
surface, leads to charge transfer into the molecule. For p-type
GaAs(110), however, charge carriers are not transferred to the
fullerene molecule (due to the position of the Fermi level) and the
vacuum levels of the molecule and the substrate are aligned.
GaAs(110) is thus an excellent substrate on which to deposit
Cso — the very weak molecule-substrate interactions facilitate the
formation of highly ordered monolayers and multilayers. (It is
worth noting at this point that the bi-directional step-flow growth
mode put forward by Dunphy et al. [136] for Ge(100) was also
observed (by the same authors) for Cgg adsorption on GaAs(110)). A
number of groups, including Weaver et al. [231] in their pioneering
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Fig. 80. Energy level alignment for Cgy adsorption on n-type and p-type GaAs(110).
Charge transfer from the n-type surface to the adsorbed Cgy leads to Fermi level
alignment. Due to the relative positions of the Fermi level on p-type GaAs(110) and
the Cgo LUMO, charge transfer does not occur. After Wang et al. [230].

© 1991, American Physical Society

study of the electronic structure of Cg, therefore used GaAs(110)
as a substrate on which to form fullerene thin films. Subsequently,
Weaver, Smalley et al. [232] used the GaAs(110) surface as a
substrate for Cgg multilayers onto which a variety of metals (Ti,
Cr, Au, La, and In) were deposited. As discussed in Section 2.7
in relation to metal deposition on Cgg monolayers/multilayers on
silicon substrates, Au produces metallic clusters (as do both Cr
and In) when deposited on a Cgg thin film on GaAs(110). Strong
fullerene-to-metal d orbital hybridisation was observed for Ti
and La, resulting in a small amount of metal carbide formation.
Both Ruckmann et al. [233] and Biermann et al. [234] extended
the analysis of fullerene-metal interactions to iron, again using
GaAs(110) as a substrate. As is the case for Au, Cr, and In, Fe forms
clusters when deposited on a thick Cgp film. Sufficiently small Fe
clusters exhibit the Coulomb charging effect discussed earlier in
relation to Ag deposition on Cg/Si(111) (Section 2.7).

6.2. GaAs(100): Reconstruction-mediated adsorption and growth

The GaAs(100) surface exhibits a wide range of composition-
dependent reconstructions and is thus significantly more compli-
cated than GaAs(110)-(1 x 1). One might therefore ask, as did
Sakurai et al. [235], how the greater structural and chemical com-
plexity of GaAs(100) affects the adsorption of Cgg. Before discussing
Cso adsorption on GaAs(100), however, it is necessary to describe
the - potentially confusing - nomenclature for the reconstruc-
tions of the (100) surface. As for Si(100), the basic building block
of the GaAs(100) surface is the dimer. Unlike silicon, however,
both stoichiometry (i.e. the Ga/As ratio at the surface) and, due to
the different electronegativities of arsenic and gallium, the associ-
ated charge transfer between Ga-derived and As-derived dangling
bonds play a central role in determining the free energy, and thus
preferred reconstructions, of the surface. Sakurai et al. have dis-
cussed in some detail their STM data for Cgo adsorption on a vari-
ety of GaAs(100) surface reconstructions [3]. Here we only briefly
summarise those results and focus instead on discussing the liter-
ature on the Cgp/GaAs(100) system published since Sakurai et al.’s
important review from 1996.

The GaAs(100) surface forms a series of different reconstruc-
tions depending on the As concentration at the surface, including
c(4x4),2x4)/c(2x8),2x6,(4x2)/c(8 x 2).(The reader
is referred to Ohtake’s [236] review of 2008 for a comprehensive
overview of GaAs(100) surface reconstructions.) Sakurai et al. [3]
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Fig. 81. The (a) three-As-dimer, and (b) mixed Ga-As dimer models of the
GaAs(100)-c(4 x 4) reconstruction. After Ohtake [236].
© 2008, Elsevier

interpreted their STM data as providing strong evidence for a weak
interaction of Cgg with the c(4 x 4) surface. Following deposition
onto a c(4 x 4) surface at room temperature, the vast majority of
fullerene molecules were found to be adsorbed at defects and step
edges. This strongly suggests that the diffusion length of Cg is rel-
atively large — Sakurai et al. [3] estimated a value of over 20 nm.
There are thus strong similarities between the Cgp:GaAs(110) and
Cs0:GaAs(100)-c(4 x 4) interactions — in each case the molecule-
substrate interaction is largely van der Waals in character. This
weak interaction is also clear from the 3D growth mode of Cgy on
the c(4 x 4) surface. At a coverage of 0.7 ML, islands compris-
ing two or three Cgo layers already form [3]. Very recent RHEED
measurements by Nishinaga et al. [237] support Sakurai et al.’s ar-
guments. An earlier DFT study [238] similarly found that the inter-
action of a wide range of fullerene molecules (spanning C3;-Cgg)
with the “top layer As dimers” of GaAs(100)-c(4 x 4) was weak.
The interaction of fullerenes with second layer As atoms which had
a dangling bond was, however, found to be much stronger, leading
to the formation of covalent bonds. In each of these studies, the
c(4 x 4) periodicity was assumed to arise from the three As-As
dimer model shown in Fig. 81(a) which, until recently, was consid-
ered to be the ground state structure of the c(4 x 4) reconstruc-
tion. Ohtake et al. [239] have, however, put forward a mixed Ga-As
dimer model (Fig. 81(b)) which subsequently received a significant
amount of experimental and theoretical support [236]. As Ohtake
points out in his review of GaAs surface reconstructions [236], the
c(4 x 4) structure can comprise either As dimers or mixed Ga-As
dimers depending on the arsenic species, As, or Asy, involved in
growth.

The As-rich GaAs(100)-(2 x 4) reconstruction has received by
far the most attention - as compared to the c(4 x 4), c(8 x 2) /(4 x
2), (2 x 6), (4 x 6), and (6 x 6) structures - because it is the
(2 x 4) phase which is typically observed during molecular beam
epitaxy of GaAs(100) layers. Fig. 82 shows not only that Cgg forms
chains on the GaAs(100)-82(2 x 4) surface, whose separation is
dictated by the (4x) symmetry of the substrate [235], but that,
perhaps surprisingly, the molecules have a tendency to pair up
(with an intermolecular separation of 10.5 + 0.2 A). Sakurai et al.
argued that the novel pairing mechanism, and associated (4 x 6)
or c(8 x 6)Cgo phase, they observed was driven by a molecule-
substrate interaction involving significant charge transfer and,
thus, strong electrostatic repulsive forces. Remarkably, the first
layer structure seen in Fig. 82 acts as a very efficient template for
the growth of subsequent Cg layers: the ordering of molecules
in “chains” running along the [110] direction, although not the
pairing correlation, is preserved for films which are up to 10
ML thick [235]. As pointed out by Sakurai et al. [235], this
behaviour is distinctly different from that observed for Cgo on all

Fig. 82. STM image of a 1 ML coverage of Cgo on the GaAs(100)-(2 x 4) surface
highlighting how the dimer row structure of the substrate dictates the ordering of
the Cgo molecules. The inset shows the pairing of Cgy molecules. After Sakurai et al.
[235].

© 1997, American Vacuum Society

semiconductor surfaces, where thick fullerene films grow with an
fcc(111) orientation. (For example, [240] showed that Cgo films
grew with a (111) orientation on GaAs(100) substrates which were
chemically etched.)

As the As coverage is reduced below that of the (2 x 4) surface,
anumber of “Ga-rich” reconstructions appears. The precise atomic
structure of a number of these phases has yet to be unambiguously
determined (and matters are also sometimes complicated by the
simultaneous presence of different reconstructions, with differing
As/Ga coverages, at the GaAs(100) surface) but, as Xue et al. [241]
state, the GaAs(100)-(2 x 6) reconstruction (as they referred to it)
is of especial interest with regard to Cgg adsorption. The (2 x 6)
surface comprises channels separated by 2.4 nm (representing
the 6x periodicity) - although the atomic structure within and
between those channels has been the subject of some debate
- and Xue et al. [241] found that Cgy was mobile along those
channels, forming molecular clusters. They interpreted this result
as indicating that, as for GaAs(110)-(1 x 1), Cgo was physisorbed
on the GaAs(100)-(2 x 6) surface."

The GaAs(100)-(4 x 2) surface has been considered by many to
represent a Ga-rich version of the As-rich (2 x 4) surface, i.e. the
(4 x 2) (or c(8 x 2)) structural model may be converted to the
(2 x4) (or c(2 x 8)) model simply by exchanging Ga and As dimers.
(I'make the usual disclaimer at this point: as for all other GaAs(100)
surface reconstructions, there has been significant debate about
the structure of the (4x2) /c(8 x 2) surface [236]!). Sakurai et al.[3]
found that Cgo behaves very differently on the (4 x 2), as compared
to the (2 x 4), surface. There is no Cgy pairing and, moreover, the
chain structures observed on the (2 x 4) surface do not form on
the (4 x 2) reconstruction. At 1 ML coverage, Sakurai et al. reported
that Cgo forms an fcc(111) oriented overlayer, strongly suggesting
that the fullerene-surface interaction is largely of van der Waals
character.

More recently (2007), Brambilla et al. [242] have studied the
early stages of the formation of the Cgp:GaAs(100)-c(8 x 2)

13 There has been some considerable debate regarding the existence and
composition of the (2 x 6), (4 x 6), and (6 x 6) phases of GaAs(100). It is outside
the scope of this review to discuss that debate — see Ohtake’s review of GaAs(100)
reconstructions [236] for a readable and comprehensive account.
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Fig.83. Energy level diagram for a 1 ML coverage of Cgo on p-type GaAs(100)-c(8 x
2). After Brambilla et al. [242].
© 2007, Elsevier

interface using photoemission and inverse photoemission. They
focussed on energy level alignment and proposed the band
diagram shown in Fig. 83 for Cgg adsorption on GaAs(100)-c(8 x 2).
An upper limit of 0.01 electrons per molecule was estimated for
charge transfer between the c(8 x 2) surface and the adsorbed
fullerenes. Brambilla et al. make the important point, however, that
the direction of the shift of the Ga 3d core-level binding energy
(from 19.41 (40.02) eV to 19.59 (40.02 eV)) is opposite to that
expected, given the acceptor-like character of Cgp. This observation
is in line with the band-bending results for Cgy adsorption on
the Ag:Si(111)-(+/3 x +/3)R30° surface (see Section 4.1) and, as
discussed below, on GeS(001). Brambilla et al. argue that the shift
in the binding energy of the Ga 3d level they observe may be due
to covalent interaction between Cgy and the GaAs(100)-c(8 x 2)
surface, although they do not mention if there is a change in the
lineshape of the Ga 3d level following adsorption of Cgo. (In any
case, the resolution of the XPS measurements was ~1 eV so a
change in lineshape may not have been detectable).

The photoemission/inverse photoemission results have sub-
sequently been complemented by pump-probe measurements
where the focus of the study was the analysis of the time scale
for photo-induced charge transfer from GaAs to Cgg. By monitoring
photobleaching dynamics, Sessi et al. [243] determined that elec-
tron transfer occurs on a timescale of order 4 ps with subsequent
slow relaxation to the ground state (>100 ps). Park et al. [244] used
a rather different optical technique, Raman spectroscopy, to mon-
itor the photopolymerisation of Cgg thin films on GaAs(100). Only
for films of at least 15 nm thickness was laser-induced polymeri-
sation observed.

6.3. Cgo on GaAs(111) and higher Miller index GaAs surfaces

Jiro Nishinaga and co-workers at Waseda University have
carried out a series of studies which have focussed on the growth
of Cgp layers on a variety of GaAs substrates including, in particular,
GaAs{111} surfaces. They found, via GIXRD measurements, that
Ceo grows epitaxially on GaAs(001) and GaAs(111)B substrates,
forming (111)-oriented single crystal films [247]. In subsequent
work involving selective area epitaxy [248], Nishinaga et al.
demonstrated that the surface of Cg crystals grown on GaAs(111)B
(which are [111] oriented) is substantially smoother than that for
crystals grown on GaAs(100).

Most recently, Nishinaga et al. have focussed on the analysis of
RHEED oscillations during Cgo growth on GaAs(111)A, GaAs(111)B,
and GaAs(001) surfaces [237]. The GaAs(111)B surface formsa (2 x
2) reconstruction, comprising a layer of As trimers adsorbed on an
underlying complete As monolayer (see Fig. 84(a)), under As-rich

14 1 js important to note at this point that Yoneda et al. [245,246] had earlier
grown Cg films on GaAs(111) substrates using molecular beam epitaxy (MBE).
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growth conditions. The structural models shown in Fig. 84(a) and
(b) were proposed to explain why the completion of first layer’s
growth, as measured from the RHEED oscillations, occurred at
~0.5 ML. Under Ga-rich conditions, the GaAs(111)B surface forms a
complicated (+/19 x +/19)R23.4° reconstruction and the structural
model shown in Fig. 84(c) was proposed to explain the RHEED
results.

Synchrotron radiation photoemission results from our group
in Nottingham [249] for adsorption on GaAs(111)B showed that
while the interaction of Cgp with the As-rich (2 x 2) surface is
weak (there is no change in the lineshape of the As 3d or Ga
3d core-level following adsorption), deposition on the (1 x 1);7
surface (which comprises a mixture of As trimers and the ring-like
structures consisting of six As atoms back-bonded to underlying Ga
atoms which are the building blocks of the (\/ﬁ) reconstruction)
leads to distinct changes in the As 3d core-level. Our results are
perhaps somewhat at odds with Nishinaga et al.’s assertion that
Ceo interacts more strongly with Ga, rather than As atoms, in that
we observed no change in the Ga 3d spectral line-shape following
adsorption on the (1 x 1);r surface. However, given that the (1 x
1);r used in our photoemission experiments differs significantly
from the well-ordered /(19) surface used by Nishinaga et al. it is
difficult to draw direct comparisons. Moreover, and in hindsight,
it is likely that our explanation of the Cgo:GaAs(111)B-(1 x 1);7
interaction solely in terms of charge transfer is rather simplistic
(particularly in light of the results for Cg/InP described below) —
it is entirely possible that covalent bonding plays a role. We did
not observe any density of states at the Fermi level in ultraviolet
photoemission spectra of the Cgy/GaAs(111)B system, strongly
suggesting that if charge transfer takes place into the Cgg LUMO,
the amount of charge transfer is negligible.
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Nishinaga et al. have also investigated (using RHEED oscilla-
tions) the interaction of Cgy with the complementary GaAs(111)A
substrate (the “A” denotes the Ga-terminated surface) [237] find-
ing that, as for GaAs(111)B, layer-by-layer growth occurred (fol-
lowing the formation of a first layer with a coverage of 0.5 ML).
Similar observations were made for Cgp growth on GaAs(114)A
whereas for GaAs(114)B no RHEED oscillations were detected
[237].

6.4. The Cgp/InP(100) interface

In 2001 Chao et al. extended the study of Cgg:IlI-V interactions
to the InP(100) surface [250]. Using core-level and valence band
photoemission they determined that although Cgg bonds strongly
to InP(100)-(2 x 4), there is no charge transfer into the fullerene
LUMO — covalent bonds are formed with the surface phosphorous
(but not indium) atoms. Annealing the Cgp:InP(100) sample
to temperatures of 640 K and above led to the simultaneous
desorption of both Cgy and phosphorous. Eremtchenko et al. [251]
instead argued on the basis of HREELS and STM measurements
that Cgp interacts very weakly with the InP(100)-(2 x 4) surface,
observing the formation of 3D clusters at early stages of fullerene
deposition. Further deposition surprisingly led to the formation of
a well-ordered single domain Cg film.

LEED, EELS, and photoemission were used to investigate both
the ordering and the electronic structure of Cgy adsorbed on
InP(100) with a particular focus on energy level alignment at
the interface [252]. Following a number of annealing cycles (at
a temperature of 573 + 20 K) of a 4 ML Cgo:InP(100) sample,
both the clean surface (2 x 4) pattern and the Cgo superlattice-
related spots could be observed on the same sample (albeit at
different incident electron energies) (Fig. 85), highlighting that
the (2 x 4) reconstruction is preserved under the Cgo film.
Cherkashinin et al. [252] interpreted a shift of 0.15 eV of the
In 4d photoelectron spectrum towards the Fermi level following
deposition of 2 ML of Cgy as being due to upward band-bending,
somewhat analogous to that that observed for Cgg adsorption on
GaAs(110) (i.e. due to a very small amount of charge transfer from
the substrate to the adsorbed fullerene molecules). This upward
band bending is associated with an interface dipole corresponding
to an electrostatic potential of 0.4 + 0.1 eV and a valence band
discontinuity of 0.88 (£0.2) eV was determined.

6.5. Epitaxial growth of Ceo on layered semiconductors

The advantages of using layered semiconductors, such as GeS
and GaSe, for the growth of Cgg layers were elegantly demonstrated
by Gensterblum et al. in the early nineties [170,253-255]. Low
surface energy (due to the absence of unsaturated dangling bonds)
and a relatively low density of steps promotes the formation of
large, well-ordered Cgq islands, giving rise to high quality LEED
patterns at 1 ML (and submonolayer) coverage (see Fig. 86).
Using a variety of complementary experimental techniques (LEED
and selected area electron diffraction; electron microscopy; XRD;
XPS; UPS; and SPM) Gensterblum et al. carried out a careful and
comprehensive study of Cgg adsorption on GeS(011). These results
have been reviewed by Gensterblum [255] in a fascinating paper
and so I will not discuss the data and conclusions in detail here.
I will, however, focus on a number of key aspects of Gensterblum
etal.’s work which are relevant not only for fullerene adsorption on
layered semiconductors but on a much broader range of adsorbates
(and which have been particularly significant for a number of
investigations carried out after Gensterblum'’s review article was
published in 1996).

From a thorough analysis of the lineshape of the C 1s photo-
electron peak acquired at normal and grazing incidence (where the
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Fig. 85. LEED patterns at various coverages and a structural model for the 1 ML
Ceo/InP(100) system. After Cherkashinin et al. [252].
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latter geometry increases the surface sensitivity of the XPS tech-
nique), Gensterblum et al. [170,255] deduced that there was an in-
equivalence between the carbon atoms of the fullerene molecule
which were located at the Cgp:GeS(001) interface and those atoms
which were far from the interface. The overall electronic structure
of the molecule was not, however, strongly affected by adsorption
on GeS(001). The difference between the normal and grazing inci-
dence XPS spectra was interpreted in terms of less efficient screen-
ing for photoelectrons originating from atoms which were not at
the Cgo:GeS(001) interface. The question of the role of screening
in C 1s photoemission from fullerenes was revisited by Rotenberg
and co-workers in 1996 although they argued that in their case the
core-level shift observed (of order 100 meV) arose not from differ-
ent carbon atoms but from the different screening environment for
Cgo molecules in the first and second layers [256].

The second important aspect of Gensterblum et al’s work
which I shall highlight relates to the question of band-bending
and the associated interface dipole associated with an adsorbed
Cgo film. Deposition of Cgo on GeS(001) led to downward band
bending, i.e. the formation of an electron accumulation layer at
the fullerene-GeS interface. This implies a charge transfer from Cgg
to the substrate, in stark contrast to the substrate-to-Cgg charge
transfer observed for very many metal/Csy systems. The inter-
face dipole associated with this delocalisation of Cgg electrons
over the GeS surface was estimated to be ~7 x 107! Cm and
Gensterblum et al. argued that the ionicity of the GeS surface,
particularly the Ge cation-molecule interaction, played a role in
the formation of the dipole. Some time following Genstrblum
et al.’s study, and as discussed in Section 4.1, a very similar ef-
fect (i.e. downward band bending related to molecule-to-substrate
charge transfer/delocalisation) was observed for Cgy (and pheny-
lated Cgp) adsorption on Ag:Si(111)-(+/3 x +/3)R30° [165].

Finally on the subject of Cgg adsorption on layered semiconduc-
tors, GeS(100) has been used as a substrate to grow well-ordered
Ceo(111) films for the study of band dispersion effects [253].
Although it was claimed that the valence (i.e. HOMO-derived) band
of the Cgg film is associated with a dispersion of 400 meV, there has
been significant debate about this issue. In particular, Paul Briih-
wiler (while at the University of Uppsala) and colleagues at the
universities of Uppsala, Lund, Groningen, and Notre Dame de la
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Fig. 86. LEED patterns (Ep = 35 eV) for (a) cleaved GeS(001) substrate, and (b) 0.33 ML, (c) 0.66 ML, and (d) 1 ML of Cgp on GeS(001). In (d) only the spots arising from the

Cgo monolayer are visible. After Gensterblum et al. [170].
© 1994, American Physical Society

Paix (Namur, Belgium) have focussed on the contribution of in-
tramolecular vibrations to the valence band photoemission spec-
tral line-shape, finding that vibronic coupling plays a key role [ 100,
257,258].

6.6. The interaction of Cgo with SiC surfaces

Although Cgo has been used as a precursor for the formation of
SiC thin films,'® there have been only a handful of papers published
which have focussed on the adsorption of Cgy on SiC substrates.
The first of these studies (to the best of my knowledge) was that
by Li et al. [263]. They studied adsorption on the (+/3 x +/3) and
(3 x 3) surfaces of 6H-SiC(0001). As for the GaAs(100) surfaces
discussed in Section 6.2, SiC(0001) forms a range of reconstructions
depending on surface stoichiometry. Li et al. chose the (+/3 x +/3)
and (3 x 3) reconstructions because they are associated with
very different surface corrugations and chemical composition. In
both cases, Cgo formed 2D clusters (at submonolayer coverage)
whose ordering was commensurate with the underlying surface
reconstruction. Intriguingly, and unlike Cgy adsorption on silicon
surfaces, second layer Cgg molecules were observed long before

15 This topic is outside the scope of this review. We refer the reader instead to the
work of, for example, [259-261,48,262]

the completion of the first monolayer. Moreover, intramolecular
contrast - very similar to that observed for Cgo molecules adsorbed
on Si(100)-(2x 1) and Si(111)-(7 x 7) - was observed for first layer
and, remarkably, second layer molecules.

Chen et al. used a markedly different SiC surface structure
to control the ordering of adsorbed Cg, molecules [264,265].
They exploited the so-called “nanomesh” which forms at the 6H-
SiC(0001) surface following annealing at 1100 °C [266]. This mesh,
which is a superlattice with an incommensurate “(6 x 6)” structure
(as observed in STM images) and a periodicity of approximately
2 nm, is conceptually somewhat similar to the supramolecular
hydrogen-bonded networks discussed in Section 5.5 in that it could
potentially be used as a template to control molecular ordering.
However, Chen et al. found that Cgg interacts weakly with the SiC
nanomesh, such that large close-packed islands of Cgq islands form
(see Fig. 87). The intermolecular separation within these islands
is close to the approximate 1 nm spacing expected for Cgo(111)
rather than the ~2 nm separation of the nanomesh pores.

High resolution synchrotron radiation photoemission spec-
troscopy was subsequently used to probe the interaction of Cgp
with the SiC nanomesh [265]. The photoemission data were in-
terpreted in terms of weak charge transfer from the SiC surface
to the adsorbed Cgy molecules. This relatively weak, but stronger
than pure van der Waals, interaction facilitates epitaxial growth
and, thus, the formation of ordered islands and monolayers of Cg.
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Fig. 87. STM image of a 1 ML coverage of Cgy on the 6H-SiC(0001)-“(6 x 6)”
(“nanomesh”) surface. The intermolecular separation is approximately 1 nm, much
smaller than the ~ 2 nm periodicity of the nanomesh and very close to the
molecule-molecule separation on the fcc(111) plane of the bulk fullerite crystal.
After Chen et al. [264].

© 2006, American Chemical Society

Fig. 88. Tapping mode AFM image (13 x 16 wm?) of monolayer (1 nm) high Cgo
islands on an oxide-terminated Si(111) surface formed via the Langmuir-Blodgett
technique. The islands have a low areal density but are clearly facetted, strongly
suggesting a high degree of molecular order. After Yan Cong et al. [267].

© 2009, Elsevier

7. Out of UHV: Langmuir-Blodgett films of fullerenes

In this final section, I will consider the formation of fullerene
assemblies and thin films on semiconductor substrates under non-
UHV conditions. The Langmuir-Blodgett (LB) technique - where a
molecular thin film is first spread on a liquid sub-phase before a
solid substrate is pushed into or pulled through the film - is used
to transfer a wide range of organic molecules to solid substrates.
LB methods present particular problems for Cgg, however, as they
work best with amphiphilic which comprise both hydrophobic
and hydrophilic “ends” such that the hydrophilic end prefers the
aqueous (or polar) subphase whereas the hydrophobic end of the
molecule sticks out of the subphase. The hydrophobic nature of Cg
makes the formation of high quality LB monolayers (or thin films)
extremely challenging at best.

Although mica and Au(111) are commonly used as substrates in
fullerene LB experiments, there has been a small number of studies
which have focussed on the formation of LB films of fullerenes
on semiconductor surfaces. Maliszewskyj et al. [268] found that
it was not possible to transfer Langmuir films of CgoO or Cg1H; to
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Fig. 89. Scheme to tether Cgo to quartz or silicon substrates via pyridyl-terminated
alkylsiloxane monolayers. After Chupa et al. [270].
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silicon (nor glass or quartz) substrates. They made the important
observation that extreme care was required to avoid multilayer
formation in the Langmuir film. Our group in Nottingham recently
found [267] that although it is possible to transfer submonolayer
coverages of Cgo (single layer islands of order 10 pm? in area) to
a (hydrophilic) Si(111) substrate from a Langmuir film (formed
by spreading a Cgo solution in benzene on a water subphase),
see Fig. 88, the coverage is low and, echoing Maliszewskyj et al.’s
observations, a great deal of care must be taken so as to maintain
a 2D film. A phenol, rather than water, subphase produced
comparable results. It was also possible to transfer monolayer-high
islands of CgoO to the Si(111) substrate. These, however, were not
clearly facetted nor as smooth as the transferred Cgq islands. Prior
to our work, Liang and Fang [269] had studied the structural and
optical (photoluminescence) properties of mixed Cgo/stearic acid
LB films. The Cgp/stearic acid molecules formed an interconnected
network on silicon which had a strong photoluminescence signal
at room temperature. The authors argued that the enhancement
in PL signal (above that observed by other groups working on
similar systems) arose from the particular morphology of the
mixed Cgo/stearic acid film formed by the LB method.

Self-assembled monolayers (SAMs) of thiols or silanes have
also been used to tether Cgp molecules to a variety of metal
and semiconductor substrates. A pyridyl-terminated alkylsiloxane
self-assembled monolayer was used to bind Cg to both quartz
and MBE-grown Si/Ge multilayer substrates using the scheme
shown in Fig. 89, introduced by Chupa et al. [270]. AFM images
of Cgo tethered to a silicon substrate via an azide-terminated
SAM not only showed that the fullerene film was molecularly
smooth but suggested that the bound molecules formed locally
ordered structures (with typical “domain” sizes of 5-10 nm)
[271]. Moreover, friction and wear measurements of azide SAM-
tethered Cgp on silicon substrates [272,273] indicated that while
the frictional properties of the SAM-bound fullerene film were
comparable to those of vapour deposited films, there was
significantly less (if any) wear observed for the SAM-immobilised
Cgpo layer. Amine SAMs yield somewhat rougher Cgg films [274].

A rather different approach to the attachment of Csg molecules
to silicon surfaces, foregoing the use of SAMs, was established
by Feng and Miller in 1999 [275]. Their method is based on
hydrosilation where the target “alkene” is a double bond on the Cg
cage (see Fig. 90). Si(100) substrates are first hydrogen-terminated
via treatment in an NH4F solution. Cgq is then deposited on to the
H:Si(100) substrate from either a toluene or an ODCB solution and
subsequently heated at a temperature between 180 and 210 °C
for 90 min. This produces a covalently bound Cg, film. Covalent
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Fig. 90. Suggested mechanism for covalent attachment of Cg to a hydrogen-passivated Si(100) surface. After Feng and Miller [275].

© 1999, American Chemical Society

immobilisation of Cgg on silicon substrates has also been achieved
using three distinct protocols, each involving initial termination of
the silicon substrate with an organic monolayer which interacts
strongly with subsequently deposited Cgo molecules [276].

8. Conclusions and outlook

In the decades since the discovery of Cgy there has been re-
markable progress in the elucidation and control of the adsorption
of fullerene molecules on a wide variety of solid and liquid sub-
strates. This review has focussed on the adsorption of fullerenes
on semiconductor substrates and has outlined a number of key de-
velopments in our understanding of the nature of fullerene-surface
interactions. In particular, there has been a steady evolution in the
interpretation of the results of a variety of surface-sensitive probes,
where explanations based on substrate-to-LUMO charge transfer
interactions have been superseded by descriptions involving cova-
lent bonding. A fascinating variety of fullerene superlattices, with
different periodicities and symmetries, form on clean and passi-
vated reconstructed semiconductor surfaces.

Arguably the most flexible and intriguing route to the formation
of pre-defined 2D and 3D fullerene assemblies, however, involves
the use of supramolecular templates. This area, in particular,
will very likely receive increasing levels of attention in the near
future. Fullerenes will also continue to play a central role in single
molecule spectroscopy and manipulation studies using scanning
probes. There is significant scope for the direct measurement
of the force required to translate a covalently bound fullerene
molecule across a surface (and the associated potential energy
landscape) using the qPlus non-contact AFM technique in a manner
analogous to that used by Ternes et al. in their pioneering work on
single atom manipulation [277]. There also remains the unfulfilled
potential of endofullerenes as gbits for a new type of quantum
computing technology and, more generally, the exploitation of
fullerene molecules as components of new molecular electronics
architectures (including the control and manipulation of fullerene
and surface spin states) is a research area with significant promise.
In short, adsorbed fullerenes will continue to play a key role in
nanoscience and nanotechnology with particular scope for exciting
discoveries related to single molecule conduction, dynamics, and
mechanics.
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