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Abstract
Using low-temperature scanning tunnelling microscopy and spectroscopy we
investigated the adsorption characteristics of 3,4,9,10-perylenetetracarboxylic-
dianhydride and fullerenes on Au(788), Au(433), and Au(778). On
Au(788) and Au(778), 3,4,9,10-perylenetetracarboxylic-dianhydride exhibits
three coexisting superstructures, which do not reflect the periodicity of the
hosting substrate. The adsorption on Au(433) leads to the formation of molecule
chains along the step edges after annealing the sample. Fullerene molecules on
Au(788) arrange in a mesh of islands, which extends over several hundreds of
nanometres with an extraordinarily high periodicity. A combination of fullerene
adsorption and annealing leads to facetting of Au(433) and the formation of
extraordinarily long fullerene stripes.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The central issue of this work is self-organization,which is a promising approach for fabricating
structures on the nanometre scale. In fact, the last decade has witnessed many efforts to realize
the parallel fabrication of long-range ordered nanostructures on surfaces. The controlled
fabrication of highly periodic metal [1],semiconductor [2, 3],or molecular [4] nanostructures at
surfaces remains, however, a challenging endeavour in nanoscience research. Large quantities
of structures can be created in parallel by self-organized growth, either in the kinetic [5] or
the thermodynamic regime [2, 3, 6] and the controlled deposition of size-selected clusters
from the gas phase [7]. Owing to the statistical nature of deposition and diffusion processes
it is difficult to achieve lateral order by this approach. Consequently, prestructured samples
have been studied intensely to enhance ordering on a large scale. On planar surfaces, for
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instance, the use of strained layers and dislocations as templates for subsequent deposition
led to a self-organization on the scale of several dozens of nanometres [1, 5]. Supramolecular
surface assemblies can be guided using hydrogen bonding [8, 9] to control and guide new
surface phases formed by subsequently deposited molecules [4]. A highly regular mesh of
hexagonal boron nitride was recently fabricated by self-organization on a Rh(111) single-
crystalline surface [10] and led to ordering of C60 molecules. An alternative approach is to use
vicinal surfaces, i.e., surfaces which correspond to small deviations from the most symmetric
crystallographic planes. They represent periodic arrays of steps at the nanometre scale with
adjustable dimensions and thus are of great interest for the fabrication of nanowires [11–13]
or quantum dots [14, 15]. However, as we will show in this article, vicinal surfaces do not
automatically serve as templates for regular and periodic adsorption patterns. The design
of such patterns requires the adequate combination of adsorbate and substrate. As a further
approach to achieve large-scale periodic structures we mention here the use of surface stress.
Surface stress is expected to play a crucial role in fabricating devices with highly uniform
and predictable electrical, magnetic, or optical properties [16–20]. However, it is difficult
to establish the link between stress and morphology in experiments because key kinetic or
thermodynamic parameters necessary for a quantitative interpretation are often not known.
As a consequence, the fabrication of nanostructures exploiting surface stress is a challenging
task. One promising way to achieve nanoscale patterning is the use of adsorbates which induce
facetting of surfaces. The thermodynamic stability of vicinal surfaces is governed by the free
energy of the respective low-index facet, the step creation energy, and the free energy of step–
step interaction. Any change of thermodynamic variables such as temperature or the chemical
potential of an adsorbate which alters the relative contributions of these energetic terms may
result in orientational instability of a vicinal surface. As a consequence facetting, i.e., the
breakup of the surface into facets with different orientation, can occur [21]. This phenomenon
has been known for a long time [22] and was demonstrated in experiments on surfaces vicinal
to Si(111) [23] and on surfaces vicinal to GaAs(100) [24, 25]. These systems revealed facetting
upon annealing of a cleaved surface or upon growth interruption. On metallic surfaces, oxygen
on vicinal Ag(110) [26], and oxygen [27] and potassium [28] on vicinal of Cu(100) lead to a
facetting of the surfaces. Facetting is not limited to adsorbed atoms and has also been observed,
for example, after deposition of molecules on metallic surfaces [29, 30]. The resulting facetted
morphology enables the fabrication of organized arrays with distinct physical and chemical
properties on the same surface.

In this work we review our recent research on the adsorption characteristics of 3,4,9,10-
perylenetetracarboxylic-dianhydride (PTCDA) and C60 on vicinal gold surfaces. Interest in
organic molecular films is fuelled by technological advances in organic devices [31, 32],
potential applications in molecular switches [33, 34], and functionalization of surfaces [35–37]
as well as by the fundamental understanding of the film–metal system [38–40]. Typically,
the geometric and electronic structure of the molecule–substrate interface is of substantial
importance. Therefore considerable effort has been made to investigate this interface
and to maximize its homogeneity [41]. Owing to the complexity of molecular shapes
and interactions, however, perfectly homogeneous interfaces usually remain elusive, and
coexistence of structural domains has been reported for various molecular systems [42].
Detailed characterization of the variability of the electronic structure on a single molecule
scale requires high lateral resolution and has, consequently, hardly been achieved [43, 44].
The C60 molecule has attracted considerable attention owing to its remarkable stability and
to its applications as an acceptor unit in photovoltaic devices and as a unique platform for
supramolecular chemistry [45, 46]. Ordered layers of C60 can be used as templates for
additional deposition due to their higher corrugation than atomic surfaces [47]. Polymerization
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of C60 layers on surfaces is of considerable interest concerning the use of fullerenes as material-
resistive masks for high-resolution photolithography [48].

The article is organized as follows. In section 2 we introduce briefly the vicinal surfaces
employed in our studies. As a first system we present the adsorbate PTCDA on Au(788),
Au(778), and Au(433) (section 3). As a main result we obtain that vicinal surfaces do not
always act as templates for subsequent deposition. For Au(788)–PTCDA and Au(778)–
PTCDA we observe a coexistence of PTCDA adsorption phases, which do not reflect the
periodicity of the hosting substrate surfaces. Interestingly, the different adsorption phases
reveal distinct electronic properties. As we show by single-molecule tunnelling spectroscopy,
the energy of molecular orbitals depends upon the superstructure the molecules are embedded
in. For Au(433)–PTCDA we arrive at molecule chains along the step edges after annealing
the sample surface. In section 4 we show that by a suitable choice of the molecule and the
vicinal surface the template properties of the vicinal surface can be exploited. We report on
an easy-to-prepare self-organized array of fullerene islands on a stepped gold surface. Self-
organized two-dimensional C60 islands occur on Au(788) and form a well ordered rectangular
array extending over distances of hundreds of nanometres and covering almost the entire crystal
surface. The high quality of this periodic structure together with its easy fabrication render this
adsorption system a promising candidate for directing further deposition of functional units.
The submonolayer deposition of C60 on Au(433) is analysed in section 5. As a main result we
show that facetting of the substrate surface is induced by a combination of C60 adsorption and
subsequent annealing. The resulting surface exhibits an alternation of adjacent fullerene and
substrate stripes revealing lengths of several hundreds of nanometres.

2. The clean vicinal surfaces: Au(788), Au(778), Au(433)

In this section we briefly introduce the vicinal gold surfaces, which were used in our
experiments. Figure 1 shows constant-current STM images of Au(788) (figure 1(a)), Au(433)
(figure 1(b)), and Au(778) (figure 1(c)). The use of vicinal Au(788) was motivated by its a
priori two-dimensional periodic patterning [14]. This surface consists of a periodic succession
of {111} minifacets separated by 3.9 nm wide (111) terraces. The terraces are reconstructed
with the discommensuration lines perpendicular to the step edges,separating face-centred cubic
(fcc) and hexagonal close-packed (hcp) stacking fault domains with a periodicity of 7.2 nm
(see inset of figure 1(a)). Step edges and discommensuration lines together represent a regular
periodic pattern all over the sample (figure 1(a)). The Au(433) vicinal surface is comprised of
a periodic succession of (111) terraces and {100} steps [49]. (111) terraces of 4.0 nm width are
separated by a set of (on average) six terraces each 1.4 nm wide. The preferential adsorption of
C60 at step edges on various metal samples at submonolayer coverage [50, 51] together with the
strong interaction of fullerenes with Au(111) [52] renders Au(433)–C60 a promising candidate
for realizing ordered arrays of C60 stripes and gold terraces. Vicinal Au(778) consists of (111)
terraces delimited by {100} steps. The width of the terraces is 3.6 nm.

3. PTCDA on Au(111) vicinals

A model system of electronic studies of an organic–inorganic interface at the molecular level
is PTCDA. The adsorption geometry of PTCDA on metal surfaces was analysed previously
as excellently reviewed by Witte and Wöll [42] and Barlow and Raval [53]. Adsorption
characteristics on Au(111) deserve special interest since this surface exhibits a 22 × √

3
reconstruction. Chizhov et al [54] found that room-temperature adsorption leads to two
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Figure 1. Constant-current STM images of (a) Au(788), the direction of ascending steps runs
from the bottom left of the image to its top right (inset: close-up view with enhanced contrast to
highlight the discommensuration lines running perpendicularly to the step edges), (b) Au(433),
and (c) Au(778).

a a

b
b

Figure 2. Left panel: PTCDA herringbone structure with indicated unit cell vectors. Right panel:
PTCDA square phase with indicated unit cell vectors.

coexisting adsorbate geometries, namely a herringbone structure and a square phase. Bulk
PTCDA reveals the herringbone structure in (102) crystalline planes (see figure 2, left panel),
whereas the square phase consists of PTCDA molecules adsorbed on the boundary of a square
with equivalent axes of adjacent molecules including an angle of 90◦ (figure 2, right panel).
In a recent STM study of Au(788)–PTCDA [55] with molecules deposited onto the surface
held at room temperature we showed that another square phase coexists with the herringbone
and square adsorption structure introduced in figure 2. In this domain PTCDA molecules
likewise adsorb on the boundary of a square, but in contrast to the previous square phase
ends of molecules point to the centres of adjacent molecules. In the following we will focus
on the structures presented in figure 2. Figure 3 shows constant-current STM images of
0.25 ML PTCDA on Au(788). From a large-scale image, where PTCDA islands appear as
bright contrast, it is already clear that the PTCDA molecules do not arrange according to the
periodicity of the vicinal surface. Figure 3(b) shows a close-up view of the image presented
in figure 3(a). We can distinguish the three PTCDA adsorption superstructures introduced
above: the herringbone domain (denoted as A), the square phase which is also observed
on Au(111) [54] (denoted as B), and the second square phase (denoted as C), which occurs
less frequently than A and B on this surface. The dimensions of the unit cell vectors in
domain A are a = (1.12 ± 0.07) nm and b = (1.79 ± 0.09) nm; in domain B we find
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Figure 3. (a) Overview constant-current STM image of Au(788) covered with 0.25 ML PTCDA
(tunnelling parameters: V = 1000 mV, I = 100 pA; size: 220 nm × 220 nm). (b) Close-up view
of a scan area in (a) revealing three adsorption domains denoted as A, B, and C. Crystal directions
are indicated. (V = 1000 mV, I = 100 pA, 33 nm × 33 nm.)

a = b = (1.44 ± 0.12) nm. As an important result we notice from these observations that
Au(788) does not act as a template to guide PTCDA adsorption. Rather than this, intermolecular
interactions seem to govern the adsorption superstructures since the PTCDA molecules do not
adhere to the periodicity provided by the vicinal surface. The PTCDA superstructures on
Au(788) exhibit intriguing electronic properties as exemplified by the A and B adsorption
phase. Figure 4 presents constant-current STM images recorded at the indicated tunnelling
voltages. The images show four PTCDA-covered Au(788) terraces where A and B domains
are visible in the lower and upper part, respectively. At 400 mV all PTCDA molecules are
imaged as structureless rectangles. For 800 mV topographic changes of the A phase are hardly
visible while intramolecular structure emerges in the B phase, the former rectangular shape of
the molecules being lost in favour of a hexagonal shape. Finally, at 1200 mV submolecular
structure is observed for both domains. These observations strikingly demonstrate that the
electronic structure underlying the intramolecular contrast depends on the adsorption phase of
PTCDA molecules. We notice that occasionally in the B phase entities are coordinated by four
adjacent PTCDA molecules. These entities are assigned to single trapped substrate atoms.

To interpret these data we performed calculations within density functional theory (DFT)
with the code SIESTA [56] using a double-ζ basis set plus polarization functions [57] for the
valence electrons and the generalized gradients approximation (GGA) [58] for the exchange–
correlation functional. The Au(111) surface serves as a model of the terraces of Au(788).
Various supercell sizes in a slab geometry were explored to take into account different packing
densities of PTCDA superstructures. For simulating experimental spectra of the differential
conductivity we calculated the local density of states at the tip apex, being 0.7 nm above the
surface. Due to the weak molecule–surface interaction local and semi-local approaches of DFT
fail to yield the correct adsorption parameters of PTCDA on Au(111). Here, we are interested
in a qualitative analysis of the electronic structure. A recent incidence x-ray standing wave
experiment performed on Ag(111)–PTCDA determined the vertical distance of the perylene
core to be ≈0.28 nm [59]. Hence, we have frozen the height of the molecular atoms at 0.28 nm
and allowed a full relaxation of the other molecular coordinates in order to find the correct
packing geometry for the two molecules constituting our supercell. Our calculations show
that increasing the adsorption height by 0.1 nm leads to a basically free molecule, which
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Figure 4. Sequence of constant-current images recorded at characteristic sample voltages. The top
(bottom) part of each image shows B-domain (A-domain) molecules (I = 200 pA, 12 nm×12 nm).
A periodic greyscale is used to highlight the contrasts on each terrace.

slightly interacts with the surface. Decreasing the molecule–surface distance by 0.03 nm
leads to a very large mixing of molecular orbitals because the molecule is already probing
the strongly repulsive substrate potential. With this theoretical background we first trace the
origin of the submolecular contrast back to the involved molecular orbitals. Figure 5(a) shows
the differential conductivity d I/dV as acquired in the centre of a single PTCDA molecule
embedded in the herringbone adsorption domain. We find a single peak centred at ≈1.1 eV.
The calculated d I/dV spectrum, shown as a full line, matches the experimental spectrum.
In the calculation, the main contribution to the conductivity originates from the density of
states of the second-to-lowest unoccupied molecular orbital (LUMO + 1). The LUMO + 2 is
basically degenerate with the LUMO + 1 and also contributes to the spectroscopic signature
giving a certain broadening of the peak. Since the intramolecular structure for herringbone-
phase molecules appears above ≈1 V we ascribe most of the submolecular structure to the
spatial distribution of the LUMO + 1. In both phases the submolecular contrast looks very
similar, which leads us to attribute the submolecular contrast of the square phase likewise to
the spatial distribution of the LUMO + 1 density of states. As a consequence the energetic
position of the LUMO + 1 depends on the local environment of the individual molecule and
thus differs for molecules embedded in different domains. We further tested this hypothesis
by single-molecule spectroscopy of the differential conductivity acquired above the centre of
B-phase and A-phase molecules (figure 5(b), open and solid circles, respectively). The spectral
signature of B-phase PTCDA is located at ≈0.8 eV, i.e., shifted by ≈0.35eV compared to the
A phase. Owing to the similar intramolecular contrast in both phases we can safely attribute
this peak to the LUMO + 1. Since the feedback loop was frozen at 850 mV the LUMO + 1
contribution of the A-phase molecule has not yet developed leading to a smaller tip–molecule
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Figure 5. (a) Experimental (solid circles) and calculated (full line, fitted to the experimental
maximum; the peak includes a numerical broadening of 0.25 eV) dI/dV spectra of a single PTCDA
molecule in the herringbone adsorption domain (A). Feedback loop parameters: V = 1.4 V,
I = 200 pA. (b) Spectra of dI/dV versus sample voltage on bare Au(788) (dots), on B-domain
PTCDA (open circles), and on A-domain PTCDA (solid circles). Maxima of dI/dV occur at
≈0.8 V and ≈1.1 V for B- and A-domain PTCDA, respectively. The feedback loop was frozen at
V = 850 mV, I = 200 pA. Data for B-domain PTCDA were multiplied by 4.

distance than in the case of the B-phase molecule. To show both peaks on the same scale we
multiplied the data acquired on the B-phase molecule by a factor of 4. Spectra of occupied
electronic states, i.e., at negative voltages (−2.5 V � V � 0), turned out to be featureless. Our
calculations predict, for instance, the LUMO of PTCDA to be pinned at the Fermi level [59].
The spatial distribution of the LUMO density of states is found to adhere strongly to the
molecule and to be less evanescent into vacuum than the LUMO + 1. This leads to its efficient
suppression from the d I/dV spectra (as observed in our experiments).

At present, an explanation for the experimentally observed molecular orbital energy shift is
not available. Below we discuss a variety of scenarios, which may lead to the different binding
energies. The shift might be due to (i) the specific choice of Au(788), (ii) different work
functions in the different adsorption phases, (iii) different adsorption heights, (iv) influence of
the tip’s electric field, (v) an adsorbate-induced modification of the metallic surface, (vi) the
entities surrounded by four PTCDA molecules in the B phase, or, (vii), a hydrogen-bond-
induced molecule–molecule interaction. The first scenario can be excluded since we observe
the same energy shift on Au(778), where likewise A- and B-type adsorption phases exist.
On Au(111), the molecular orbitals in question appear at the same energies as observed for
Au(788) [55] and consequently we can infer that the vicinal character of the surfaces does not
play an important role for the energy shift. The ability of DFT to reproduce workfunction
changes even in the case of physisorbed molecules [60] led us to compute the workfunction
changes and compare with experimental data. Within experimental accuracy the workfunction
change between adsorption domains A and B is at most 0.1 eV, which agrees well with the
change of the two molecular phases frozen at 0.28 nm from the surface atomic plane. The
implications of this result are twofold. First, the workfunction change is not able to explain
the energy shift of 0.35 eV and, second, the molecules lie at the same molecule–surface
distance in both phases. Different combinations of molecular heights for the two phases led
to inconsistent results and to disagreement with the measured workfunction change. As a
consequence, scenarios (ii) and (iii) can be safely excluded as well. The electric field of the tip
has been included in the calculation by computing the electronic structure for different values
of external electrical fields as large as 2 eV nm−1 without a sizeable effect on the d I/dV peak
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Figure 6. (a) Low-temperature constant-current STM image of Au(778)–PTCDA after deposition
at room temperature and without annealing. The random distribution of herringbone and square
adsorption domains on the terraces is obvious (V = 500 mV, I = 500 pA, 45 nm × 45 nm).
(b) Constant-current STM image of Ag(778)–PTCDA at 9 K. The sample was annealed at 480 K
prior to imaging (V = 450 mV, I = 220 pA, 38 nm × 38 nm).

position. The model electric field was homogeneous and perpendicular to the surface. The
modification of the metallic surface is unlikely due to the very weak physisorption interaction.
The single substrate atoms, which are trapped in the centre of four B-phase molecules, can be
safely ruled out from driving the orbital shift for the following reasons. First, from figure 4 we
can infer that all molecules of the B phase simultaneously reveal the submolecular contrast.
This observation points to a negligible effect of the trapped atom on the molecular electronic
structure. In fact, single-molecule tunnelling spectroscopy on all B-phase molecules exhibits
the same orbital shift with respect to A-phase molecules. Second, on Au(111)–PTCDA
we likewise observe A and B adsorption phases revealing the same molecular orbital shift.
However, we have never encountered single atoms trapped by B-phase molecules. Finally,
we address scenario (vii), where hydrogen-bond-induced molecule–molecule interactions are
supposed to drive the orbital energy shift. Hydrogen bonds were shown to play an important role
for the interaction between various molecules on various substrates [61–63]. Our calculations
indicate that apart from the molecule–substrate interaction the intermolecular one plays a role.
The latter is mediated by hydrogen bonding between adjacent molecules. Additionally, the
molecule adsorption geometry, which cannot be accurately described within DFT [64], may
also play a role for the orbital energy shift. As discussed in more detail in [55], we infer that
the packing density and the actual adsorption geometry can influence the energetic positions
of molecular orbitals.

We close this section by comparing the adsorbate systems Au(778)–PTCDA and Au(433)–
PTCDA. Corresponding constant-current STM images are presented in figures 6 and 7 for
Au(778) and Au(433), respectively. Deposition of PTCDA molecules on Au(778) in the
submonolayer range at room temperature leads to constant-current STM images as shown in
figure 6(a). We observe the coexistence of a herringbone and a square PTCDA superstructure
as already known from PTCDA adsorption on Au(788) (see figure 3(b)). These superstructures
persist when the sample is annealed at ≈480 K after deposition (figure 6(b)). The adsorption
behaviour of PTCDA on Au(433) is shown in figure 7. Figure 7(a) presents a constant-current
STM image of Au(433)–PTCDA after depositing the molecules at room temperature and
cooling to 9 K. The wide terraces are embraced by molecule chains: on one side of the wide
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Figure 7. (a) Constant-current STM image of Au(433)–PTCDA at 9 K. Step edges, step bunches and
wide terraces are occupied with PTCDA without long-range order (V = −100 mV, I = 220 pA,
30 nm×30 nm). (b) Constant-current STM image of Au(433)–PTCDA after annealing the covered
surface at 480 K. Preferential adsorption at the step edges is observed (V = 300 mV, I = 270 pA,
45 nm × 45 nm).

terrace PTCDA molecules adsorb with their lower end on the wide terrace and with their upper
end on the adjacent narrow terrace; on the opposite side the upper end of PTCDA is adsorbed
on the wide terrace whilst its lower end adsorbs on the adjacent narrow terrace. The long axis
of the molecule (see figure 2) is oriented perpendicular to the step edge direction. Additionally
we find small islands of PTCDA on the wide terraces, which exhibit locally the herringbone
and the square superstructure. Also the step bunches of Au(433) are covered by molecules,
where likewise no long-range ordering of superstructures is observed. After annealing an
equivalently prepared sample, constant-current STM images at 9 K look like the one depicted
in figure 7(b). Only the molecule chains embracing the wide terraces remained.

As a result, we are faced with two different adsorption scenarios on vicinal gold surfaces
whose terrace orientation and minifacet type are the same. An explanation for this effect is not
available at present. At very low PTCDA coverages on Au(778) the molecules form chains
at step edges, which are similar to those observed on Au(433). With increasing coverage,
however, these chains are substituted by islands on the Au(778) terraces. Consequently, while
both the adsorption of molecular chains and two-dimensional islands are possible on these
surfaces, the molecules show a strong preference for one of these structures depending on
coverage and local substrate geometry. Possibly the formation of PTCDA islands as observed
on Au(788) and on Au(778) is feasible only because of molecule diffusion across the step edges.
Since on Au(433) the step bunches do not belong to preferential adsorption sites (molecules
adsorbed at step bunches do not persist annealing; see figure 7(b)), the diffusion across the
step bunches may be hindered. This results in the adsorption of molecular chains along the
step edges being the more favourable adsorption behaviour on the (433) surface.

4. C60 on Au(788)

We chose Au(788) again as the supporting substrate because of its a priori two-dimensional
patterning [14]. Further, room-temperature deposition of C60 at very low coverage on Au(111)
was shown to lead to an adsorption only on step fcc segments [50, 65]. A reason for the
preferential adsorption site has not yet been given. Initial growth of 1-nitronaphtalene on
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Figure 8. (a) Constant-current STM images of Au(788)-C60 at low coverage. The direction of
ascending steps runs from the bottom left to the top right of the images (V = 750 mV, I = 100 pA).
(b) Left panel: constant-current STM image of Au(788)-C60 at low coverage (−1500 mV, 0.5 nA,
8 nm × 9 nm) showing a chain of five C60 adsorbed on the upper part of the step edge. The
corrugation due to the terrace levels has been subtracted in order to enhance the details both on the
fullerene chain and on the terraces. Right panel: line profiles taken from the STM image shown in
the left panel across the plain terrace (full line) and across the molecule chain (dashed line). Line
scan data of Au(788) were multiplied by 30 to obtain a common height scale.

Au(111) likewise occurs exclusively on the fcc domain of the surface reconstruction [8]. In
this case total energy calculations with different top-layer stackings were performed to find the
effect of the Au(111) surface reconstruction on the 1-nitronaphtalene physisorption [63]. As a
result the selectivity of the molecule adsorption was traced back to a combination of a less stable
adsorption at step hcp sites than at step fcc sites and a weak adsorption at the boundaries between
fcc and hcp regions. We propose a similar scenario to hold for Au(788)-C60. An alternative
scenario, which may explain this adsorption behaviour, is related to a possible interaction of
fullerene molecules with the Au(788) electronic surface state. As was shown by Chen et al
[66], the 22 × √

3 reconstruction of Au(111) (which separates fcc from hcp stacking domains
like on Au(788)) imposes a periodic potential for the surface state electrons. As a consequence
the local density of states at the surface state binding energy is lower on the fcc than in the hcp
domains. On the other hand, from surface-state-mediated adsorbate–adsorbate interactions it
is known that the mutual distance between adsorbates is such as to occupy local minima of the
Friedel-type local-density-of-states oscillations [67, 68]. Consequently, PTCDA analogously
may prefer adsorption sites with low surface-state density of states, which is provided by the
fcc stacking domains of Au(788). As a consequence, the Au(788) surface seemed to serve as
a promising template for realizing an ordered array of fullerene nanostructures [69]. Regular
meshes of Co islands on Au(788) with lateral extensions of the order of 100 nm were reported
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Figure 9. (a) Constant-current STM image of 0.5 ML C60 on Au(788) (750 mV, 100 pA,
280 nm × 280 nm). Ascending step direction bottom left to top right. (b) Close-up view of STM
image in (a) (32 nm × 32 nm) revealing molecularly resolved (black circles) fullerene islands.
(c) Proposed adsorption geometry. The full circles represent fullerene molecules. Left panel: low
coverage; right panel: nanomesh coverage of 0.5 ML.

previously [14]. In figure 8(a) we show a low-temperature (9 K) constant-current STM image
of Au(788)–C60 at low coverage (adsorption of fullerene molecules was performed at room
temperature). The direction of ascending steps runs from the bottom left to the top right of the
image. As can be seen from the close-up view in figure 8(a) (left panel) the fullerene chains
adsorb on the upper part of the step edges. We focus on a single C60 chain in the left panel
of figure 8(b), where we enhanced the contrast of the constant-current STM image to see both
the molecules and the discommensuration lines of the Au(788) surface. Obviously, the C60

molecules preferentially adsorb at the fcc stacking areas. To corroborate this hypothesis, we
show in the right panel of figure 8(b) linescans of the uncovered Au(788) terrace (full line)
and of the C60 chain (dashed line). The three peaks of the terrace profile are related to the
discommensuration lines embracing the hcp and fcc regions as indicated in the left panel
of figure 8(b). From the profiles it is evident that the fullerene chains nucleate exclusively
on the fcc sites, as observed previously on Au(111) [50, 65]. We can thus explain the low-
coverage constant-current STM image displayed in figure 8(a): the preferential adsorption site
for fullerene molecules are the fcc stacking domains. As a consequence, alternating stripes
of occupied fcc sites and adjacent stripes of unoccupied hcp sites develop perpendicular to
the step edge direction. On Au(788), the longest molecule chains that can be hosted by
the 4.2 nm wide fcc domains consist of five C60, which have a length of 3.9 nm (measured
between the molecule centres). Longer chains can appear where parts of the step edge locally
deviate from the [011] direction, leading to an extended length of the fcc domain at the step
edge. A constant-current STM image of Au(788) covered with 0.5 ML C60 is presented in
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figure 9(a). Here self-organization of C60 islands of almost rectangular shape is observed.
The longer sides of the islands are oriented along the substrate step edges. These islands are
organized in an unusually well ordered two-dimensional rectangular array, which extends over
several hundreds of nanometres. The high degree of periodicity and the low defect density
are obvious. Statistically we find a period along [011] of (7.2 ± 0.1) nm, while the period
along [211] is (4.0 ± 0.4) nm. The larger variation of the periodicity along [211] is due
to the intrinsic larger width of the terrace length distribution of the Au(788) surface [14].
The observed regular mesh of fullerene islands thus reflects the periodicity of the substrate
surface. Judging from a large number of recorded images we estimate that this periodic array
covers more than 90% of the total crystal surface. The presented STM image in figure 9 (a) is
consequently representative of the nanostructuring of this surface after deposition of 0.5 ML of
C60. Only areas where orientations differed from the Au(788) plane, for example, areas with
step bunches, misorientations of the crystal, large terraces, or kinked steps, showed a different
morphology. As a consequence, the two-dimensional patterning of Au(788) acts as an ideal
template for guiding fullerene adsorption. The structural perfection of the C60 layer is thus
mainly controlled by the quality of the substrate. Given the high degree of substrate perfection
that can be achieved (several micrometres without structural defects [70]) particularly well
ordered molecular arrays can be fabricated. The close-up view in figure 9(b) illustrates the
homogeneity of the fullerene island shape. Molecular resolution of the C60 (black circles
indicate molecule positions) reveals that the molecules are arranged in a hexagonal lattice with
one of the three main compact chain directions oriented along [011]. The observed nearest-
neighbour distance of ≈1 nm is similar to the one found for the full monolayer coverage of
C60 on Au(111) and Au(788). In the step descending direction, [211], all islands have almost
the same width corresponding to four compact chains of molecules. The distribution of chain
lengths oriented along [011] evaluated from 250 islands shows that most (94%) compact chains
contain four to five C60 molecules. Only a few per cent contain three or six molecules, and no
shorter or longer chains have been observed. In figure 9(c) on the basis of our low-coverage
measurements (depicted in figure 8(a)) we propose a growth model. Initially (left panel of
figure 9(c)) deposited C60 molecules diffuse on the flat terraces until they reach step edges
where they adsorb and form chains occupying exclusively fcc segments (figure 8(c)). Once
the step edge fcc segments are saturated by fullerene chains, additional C60 molecules nucleate
at these chains from the lower and upper terrace, rather than filling the hcp segments. This
process leads to the formation of islands as observed at a coverage of 0.5 ML (right panel of
figure 9(c)).

In conclusion, we found that 0.5 ML C60 on Au(788) exhibits a highly periodic
superstructure. The rectangular fullerene islands form an extraordinarily well ordered mesh
extending over several hundreds of nanometres.

5. C60 on Au(433)

In this last section we present experimental results of submonolayer C60 deposition on the
Au(433) surface [71]. We fabricated fullerene stripes by exploiting facetting of the surface,
which we induced by annealing the Au(433) surface covered with 0.5 ML of C60. The
resulting surface exhibits an alternation of fullerene and substrate stripes, whose lengths are
several hundreds of nanometres without interruption. Figure 10(a) shows a constant-current
STM image of Au(433)–C60 where 0.5 ML of fullerene molecules were adsorbed at room
temperature without subsequent annealing. Bright areas are covered by C60 molecules, which
reside almost exclusively at the step bunches of Au(433). The wide terraces remain almost
unoccupied. Along the step edge direction compact fullerene chains are observed with a mean
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a b

Figure 10. Constant-current STM images (V = 1.5 V, I = 0.1 nA, 88 nm × 88 nm) of 0.5 ML
C60 on Au(433) deposited at room temperature: (a) without annealing and (b) after annealing at
T = 500 K for 15 min (inset: close-up view of three adjacent fullerene stripes). The ascending
step direction of the pristine vicinal surface runs from lower left corner to the upper right one.

distance between molecules of (1.0 ± 0.1) nm. Perpendicular to the step edge direction a
wide distribution of distances between fullerene chains is observed. Only small areas of C60

layers where molecules are close packed in a hexagonal lattice are visible. Consequently,
figure 10(a) displays a C60 adsorption layer, which is not homogeneous and does not reveal
long-range hexagonal order. Increasing the coverage leads to an occupation of the wide terraces
rather than completing unoccupied sites on the narrow terraces. As a consequence, increasing
the amount of deposited molecules does not lead to homogeneous and close-packed fullerene
stripes. In clear contrast, figure 10(b) shows a constant-current STM image of the same surface,
which was annealed at 500 K for 15 min after deposition. Intriguingly, the morphology has
changed and a facetting of the surface is clearly seen. The surface reveals two kinds of facets.
Wide (111) gold terraces are separated by straight stripes of C60, which exclusively adsorbed
on the substrate step bunches. This self-organization results in an array of straight and parallel
fullerene nanowires on the sample. Our observations show that the C60 stripes consist of
compact fullerene chains and have an average width of six to eight such chains (see the inset
of figure 11(a)). Figure 11(a) shows a series of three fullerene stripes of different widths. Line
profiles taken across the step edge are averaged and presented in figure 11(b). The profile shows
a line scan of a wide (111) terrace (line parallel to the x axis) and of C60 facets, which are inclined
by an angle of α = (15 ± 3)◦ with respect to the (111) terrace. As a consequence, the faces
of fullerene stripes with different widths exhibit the same orientation. The height difference
between two (111) gold terraces delimiting a single fullerene stripe shows that the number
of gold steps is equal to the number of C60 chains of the stripe. Consequently, the fullerene
facets consist of C60 chains, which occupy a single terrace of the step bunch. Within the stripes
the molecules are organized in a hexagonal lattice (see the inset of figure 11(a)) with a lattice
parameter of (1.1 ± 0.1) nm. From this value the distance lt between substrate steps can be
extracted to give lt = (0.95±0.1) nm. Together with the facet inclination angle we infer a (533)
orientation of the gold step bunches (lt (533) = 0.94 nm, α(533) = 14.4◦). The facetting of vicinal
surfaces after deposition of material is governed either by thermodynamics or by kinetics. In the
latter case, the facetting is driven by the kinetic growth process and occurs during deposition.
Since facetting of Au(433)–C60 is observed exclusively after annealing kinetic facetting can be
ruled out for this adsorbate system. We propose the facetting to be caused by thermodynamics.
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Figure 11. (a) Constant-current STM images (V = 1.5 V, I = 0.1 nA, 46 nm ×46 nm) of 0.5 ML
covered Au(433)-C60 after annealing to 500 K. The fullerene stripes occur on the facetted Au(433)
surface. The ascending step direction of the pristine vicinal surface runs from bottom to top of the
image. Inset: close-up view of a C60 stripe. (b) Averaged line profile taken perpendicular to the
step edge direction. The angle α describes the inclination of the fullerene stripes with respect to
the (111) plane.

Thermodynamic facetting occurs in order to minimize the free energy of the surface. When
molecules are adsorbed on a surface, intermolecular interactions are a component of the free
energy. The room-temperature deposition of C60 without subsequent annealing revealed an
inhomogeneous fullerene layer because of a mismatch between the terrace width and the mean
distance between molecules. However, annealing of the surface enables the activation of a
substrate interlayer mass transport process, which is necessary to decrease the terraces width
within the step bunches. The observed fullerene layer configuration is thus energetically the
most favourable one.

6. Summary

We reviewed our recent work on the adsorption characteristics of molecules on vicinal
surfaces. The template function of vicinal surfaces to guide the adsorption is absent for
PTCDA on Au(788) and Au(778), where we found different superstructures to coexist. Whilst
these superstructures do not reflect the periodicity of the hosting substrate surface, they
exhibit striking electronic properties. The energy of the PTCDA LUMO + 1 was shown
to differ appreciably in the different superstructure. This effect was tentatively attributed to
intermolecular interactions mediated by hydrogen bonds. The adsorption of C60 on Au(788) led
to the formation of a highly regular mesh of fullerene islands with unprecedented periodicity
and lateral extension. The mesh clearly reflects the periodicity of the Au(788) substrate.
On Au(433), C60 adsorption induces a facetting of the substrate surface leading to a surface
morphology which consists of an alternation of extremely long fullerene and substrate stripes.
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