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ABSTRACT: On the way to ultraflat single-molecule junctions
with transparent electrodes, we present a fabrication scheme
based on epitaxial graphene nanoelectrodes. As a suitable
molecule, we identified a molecular wire with fullerene anchor
groups. With these two components, stable electrical character-
istics could be recorded. Electrical measurements show that
single-molecule junctions with graphene and with gold
electrodes display a striking agreement. This motivated a
hypothesis that the differential conductance spectra are rather insensitive to the electrode material. It is further corroborated by
the assignment of asymmetries and spectral features to internal molecular degrees of freedom. The demonstrated open-access
graphene electrodes and the electrode-insensitive molecules provide a model system that will allow for a thorough investigation
of an individual single-molecule contact with additional probes.
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How does charge flow across a single molecule? Since the
first experiments in the late nineties,1,2 scientists have

been trying to answer this fundamental question. It is clear that
the underlying physics is nontrivial and involves nonequili-
brium electronic and vibronic phenomena.3−8 Despite rapid
experimental progress in the early years, the speed of
innovation subsequently dropped considerably. The inherent
experimental limitation is due to the metallic electrodes
contacting the molecule. They provide two limits to the
experiment:
The first is sample-to-sample variation of the electrical

characteristics, which stems from the sensitivity to atomistic
details, in particular in deformable gold contacts.2 Because they
seem unavoidable, many scientists have opted to study large
ensemble measurements only, which allow for recognizing
trends within the ensemble and compare them with trends in
theoretical simulations. This approach has inherent limitations,
as to understand charge flow through a single molecule, for
which the thorough understanding of individual junctions
remains all-important.
Another limiting feature of metallic electrodes is that they

obscure the molecule from external access and impose
significant constraints on the useful information derivable
from experiments. External stimulation, for example with
electrical fields or with electromagnetic radiation, will however
be a key experiment to identify the underlying physical
mechanisms of charge transport. For example, to study the

influence of vibrations (which are known to have a strong
impact in electron transfer as well as in optical spectroscopy of
molecules), the resonant stimulation of specific modes with
light would be a conclusive experiment that is prevented by the
presence of the electrodes.
We pursue a redesign of the experiment, avoiding the

problems inherent to metal electrodes. Instead of studying large
ensembles of metal−molecule−metal contacts, we intend to
study (again) individual contacts that are open for future
parametric control due to light or other external stimuli. For
this purpose, we replace the metal electrode pair by a thin
epitaxial graphene electrode pair that is robust with respect to
chemistry, intense light fields, and thermal cycling.
In this manuscript we present important steps in this

direction: the reliable fabrication of graphene nanogaps and
graphene−molecule−graphene junctions, which are ultraflat,
transparent, robust, and in epitaxial registry.9,10 As we will see,
the results can immediately be linked to previous experiments.
The first step to use graphene nanoelectrodes for single-

molecule junctions is the fabrication of numerous nanometer
gapped electrode pairs. We use epitaxial graphene on 6H-
SiC(0001), obtained by thermal decomposition of a SiC chip.9
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This high-quality material provides a finite electron density of n
= 1013 cm−2 and is in epitaxial registry with the monocrystalline
wafer. An array of graphene microstrips (1 μm constriction
width) is fabricated by standard e-beam lithography (Figure
1a−b), with metallic (Ti/Au) pads that give electrical access to

individual microstrips. The nanogaps are fabricated by driving a
substantial current through the microstrips in the presence of
ambient air. A voltage V is ramped up to a level where the
current suddenly drops. At this point, the voltage is rapidly
switched off; the junction has now an increased resistance

Figure 1. Formation of graphene nanojunctions: (a−c) SEM micrographs of the initial 81 epitaxial graphene microstrips (width at the narrowest
point ∼1 μm, individually fitted with Au contact pads). Part c shows a typical device after formation of a nanogap. (d−e) The electrical breakdown
protocol, carried out in ambient air, consists of a repeated sweep of the voltage, which is interrupted immediately as soon as the current drops and
then restarted from zero voltage. This procedure is repeated up to a target resistance of ∼ GΩ. Part f displays the tunnel characteristics of such a
junction (blue circles) and a computed tunnel characteristics.13

Figure 2. Single-molecule junctions with graphene nanoelectrodes: (a) C60 end-capped molecular wire, used for single-molecule junctions and
tunnel characteristics of the same junction before (dashed) and after (solid line) application of molecules, recorded at room temperature. (b,d) Four
graphene nanojunctions (GNJ) that display stable nonlinear electrical characteristics at low temperatures, which can be assigned to a single-molecule
junction (see main text). The differential conductance in (d) is slightly rescaled and shifted by 50 nS each for better visibility. (c) Sketch of a GNJ
bridged by a molecule. The graphene is presumably modified at its edge, both by end functionalization (typically with carboxylic groups) as well as
by local intercalation with oxygen very close to the edge, which is induced during the formation of the nanojunction. As a consequence, the fullerene
end group is expected to reside on a positively charged bilayer graphene area; see SI.
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(details are given in the SI). This procedure is repeated until
resistances in the GΩ range are reached (cf. Figure 1d−e).
Thus, narrow cracks are induced in the graphene microstrip, as
shown by SEM imaging (Figure 1c). This protocol, for which
the expression electroburning has been used, in contrast to
electromigration, is similar to ref 11 (multilayer, exfoliated
graphene) and ref 12 (nanotubes) but provides much narrower
gaps, presumably because the excellent heat conduction in SiC
allows for very local hot spots. Despite the ∼1 nm instrumental
resolution of the SEM, the width of the gap at its narrowest part
can hardly be characterized by SEM (the picture is in this area
somewhat blurred and would suggest a gap of the order of 10
nm, which is an indicator of near-edge modification of epitaxial
graphene, see SI). More meaningful for the characterization of
the nanogaps’ distance are tunneling IVs across the nanogap.
Figure 1f shows typical IV characteristics: the current follows
the well-known Simmons law,13 that yields a distance of d = 1.4
± 0.6 nm for the given case (Φ = 0.6 eV). The existence of a
tunneling current and the shape of the IV strongly suggest that
indeed a tunnel gap in the single nanometer range is achieved,
even if the values determined by the Simmons formula should
be taken cum grano salis. More importantly, this IV is not very
sensitive to temperature variations. When cooling down the
very same sample from room temperature to T = 15 K, I (V) is
reduced by a factor of 2−5 but remains stable in shape. Hence,
we can exclude that current pathways through the semi-
conducting substrate are important. The residual T dependence
is assigned to adsorbates or similar changes of the dielectric.
In a next step, molecules are applied to the chip from

solution. We have opted for a fullerene end-capped molecule

that comprises two styrene units that are covalently connected
via a [2,2′]paracyclophane moiety in the center. Interestingly,
the [2,2′]paracyclophane unit exhibits a remarkable π,π-
interaction through the two parallel benzene rings, thus
providing an efficient electronic communication, comparable
to that observed for other π-conjugated oligomers.14−16

Fullerene end-capped molecules have also been investigated
in gold single-molecule junctions.17−20

The molecules are immersed in a 10−4 molar solution in CS2.
When the chip is removed from solution, it is blow-dried in a
nitrogen stream. Subsequently, IVs are taken in vacuum at
room temperature. It turns out that only a small fraction of the
junctions experiences significant changes by the application of
solvent and molecules. Among the 81 microstrips on one chip,
30−40 show a gap in the desired GΩ range. Among those, only
few junctions show qualitatively different IVs with increased
conduction like discussed below. The rest shows a slightly
reduced tunneling-like electrical conduction and is not further
investigated. This final yield is of the order of 5%. Among
which only few have pronounced step-like features (see below).
A blind experiment does not display qualitative changes upon
immersion in pure solvent (see SI for detailed statistics).
In Figure 2a, the measured IVs of the very same junction is

plotted before and after applying molecules, both at room
temperature. Before application of molecules, this particular IV
is slightly asymmetric but has nevertheless strong similarities to
a tunneling IV. After application of molecules, the room
temperature IV is strongly nonlinear with a threshold behavior
at a few hundred meV (solid line in Figure 2a). The resulting
IVs exhibit more detailed structures when the junction is cooled

Figure 3. (a) Single-molecule junctions (raw data) using two different techniques: solid lines result from two independent measurements of single-
molecule junction using gold electrodes (MCBJ). An asymmetric shape with a double peak at negative bias and a dominant peak at positive bias is
found. The dashed curves are GNJ data. (b) Differential conductance derived thereof and rescaled/shifted for visibility. Most surprisingly, the IVs
agree well for the two different electrode materials. The contact material appears to be exchangeable. (c−e) Three consecutive IV sweeps of an
MCBJ displaying an inversion of the peak asymmetry. Due to the insensitivity of electrodes, this behavior can be attributed to an internal switching
of the molecule in the junction.
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to T ∼15 K (Figure 2b, red line) and have the overall shape of
resonant tunneling with a blockade region at zero bias and
broad peaks in the differential conductance (dI/dV), Figure 2d,
together with further results under similar conditions. It is
certainly surprising to see that all of those features are
qualitatively similar to IVs recorded with low-temperature
single-molecule junctions using gold electrodes and thiol-end-
capped molecular wires.6,21,22 We are convinced that these IVs
are related to single-molecule contacts for the following reasons:
(i) the strong similarity to IVs obtained with the mechanically
controlled break junction (MCBJ) technique, (ii) nonlinear IVs
are obtained with very low yield, when molecules in low
concentration are applied; this finding makes larger numbers in
the junction unlikely; (iii) Discrete switching behavior (cf. SI);
(iv) asymmetries in the junction, which would average out
when considering many-molecule contacts. Whether or not the
molecule is free and isolated or in close contact with other
molecules is currently unknown, but may, in principle, be
imaged in future experiments, which is certainly a strength of
the ultraflat graphene electrodes.
Figure 2b and d shows the I(V) raw data, and the

corresponding differential conductance dI/dV (rescaled by a
correction factor 0.2−3 and shifted for better visibility) for all
junctions with pronounced step-like features we measured so
far. Common to all curves is a pronounced asymmetry, with a
broader peak (sometimes double-peak) on one side (we
defined this as negative bias), and a more pronounced peak on
the opposite side. The curves display some sample-to-sample
variations, but are all within a similar current range.
The similarity to previous findings encouraged us to try

contacting the very same molecular species also in MCBJs.2,21

Fullerene end groups are indeed well-suited to form stable
contacts with gold nanotips.23 Figure 3 a shows data obtained
with the MCBJ technique and gold electrodes. The qualitative

and semiquantitative agreement with the data on graphene
nanojunctions becomes obvious when plotting both data in one
single plot (Figure 3a and b): the solid lines correspond to the
MCBJ (gold) data. The dashed lines correspond to selected
graphene data. All features, including the overall current level,
the lower, but broader peak (that sometimes appears as double
peak) at negative bias, and the higher peak at positive bias are
common. There are subtle differences between the curves.
However, given the two different contact materials (with
different work functions, see SI), the different bonding types
and the different experimental techniques the agreement is
stunning. This led us to the hypothesis that for such fullerene
end-capped molecules, the electrode material is to a good
approximation exchangeable (within the still existing sample-to
sample variation).
This hypothesis is further corroborated by a measurement of

a graphene based molecular junction GNJ a′. This junction was
already presented as GNJ a, but was reinvestigated after 2
weeks in a different setup with improved temperature stability.
The electrical characteristics appear strongly modified, in
particular the current level has dropped by 3 orders of
magnitude (Figure 4a). Noticeably, the IV characteristics
display nevertheless very similar shape, compared to the
other GNJs. The spectral similarity, together with the strong
reduction of current, may indicate that the spectral features are
defined by the molecule (which is considered to be intact), and
the current level is reduced by an additional contact barrier,
presumably between fullerene and graphene. With this junction,
we performed temperature-dependent measurements. Figure 4a
displays the junction at T = 30 K and at 50 K. The comparison
yields a strong similarity of the overall shape, but the well
distinguishable double peak at 30 K merges to a single,
broadened peak at higher temperatures. When comparing the
data with temperature-dependent results obtained with a

Figure 4. Temperature dependence of single-molecule junctions using two different electrodes: (a) GNJ, for which the strongly suppressed current
level indicates a contact barrier and (b) MCBJ. The red and blue curves correspond to the average of single traces (pale red and pale blue) of the
differential conductance and the current, respectively. Despite the very different electrodes, the low-T behavior (double peak at negative bias) and
the elevated T behavior (merged peak) are common to both data sets. This further confirms that the spectra reflect properties of the molecular wire
rather than the contact to the electrodes.
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metal−molecule−metal junction (sample MCBJ e), the same
qualitative behavior of a split peak at 30 K, but a single,
broadened peak at higher temperature could be observed; see
Figure 4b.
Altogether, despite the so far limited number of junctions

investigated, IVs obtained with gold and graphene electrodes
(the latter further with additional tunnel barriers) have so much
in common that the above-mentioned hypothesis is well
supported: For the given molecule, the spectral features of the IVs
are rather independent of the electrode material. This is extremely
astonishing, as formerly, very strong influence was ascribed to
the specifics of the electrode material.24

In a next step, special attention is paid to the observed
asymmetry in all IV characteristics. In metal−molecule−metal
junctions, asymmetries were often assigned to contact
asymmetries, which affect strongly the voltage drop, the charge
transfer onto the molecule, etc.2,25 For a critical test of the
hypothesis, the appearance of asymmetries in the IV should be
linked to an internal degree of freedom inside the molecule.
Although the sequence of building blocks in the molecule is
symmetric, the structure of the free molecule as determined by
DFT calculations (cf. Figure 5) has no strict symmetry. The
structural optimization reveals two geometric conformations (A
and B, cf. Figure 5a) of the molecular bridge with similar
energy, which differ in the relative orientation of the
phenylenevinylene moieties in the central [2,2′]-
paracyclophane-phenylenevinylene fragment. To assess the

molecular origin of the asymmetry observed in IV character-
istics, we have theoretically investigated the response of the
electronic levels relevant for transport (HOMO and HOMO-1,
see Figure 5b) to external electric fields applied in opposite
directions. In this way, we model the effect of the electric field
in the junction for different bias voltage polarity. As Figure 5c
and d shows, the response of the levels to the external field
depends profoundly on the bias polarity. In particular, the
minimal energy difference between the two orbitals occurs for a
finite electric field corresponding to a positive (negative) bias
for conformer A (B). Since the two relevant levels correspond
to π-orbitals localized at the two fragments of the molecular
bridge, a small energy difference (quasi degeneracy) facilitates
transport across the molecule. Indeed calculated transmission
functions (not shown) indicate an enhanced transmission for
positive (negative) bias for conformer A (B). Thus, the
observed asymmetry in the IV is a result of the built-in
asymmetry of the molecular bridge in combination with the
existence of two π-systems separated by a barrier.
Strikingly, the field dependence of the energy levels of the

two conformers interconvert upon change of the bias polarity.
This indicates that a transition between the two conformations
would revert the bias polarity dependence of the IV. Indeed, in
the experiments we have observed the transition from a given
asymmetry (higher peak at positive bias) to the opposite
asymmetry (higher peak at negative bias) during three
consecutive bias sweeps (Figure 3c−e). Indicated by a green

Figure 5. Conformers, orbitals, and their response to external fields: (a) Different conformations of the molecule investigated (conformers A and B)
and direction of the external electric fields applied to simulate the bias potential in the junction. (b) HOMO and HOMO-1 of conformer A (top)
and conformer B (bottom). Corresponding orbitals in both conformers localize in opposite sides of the molecule. (c,d) Energies of HOMO (red)
and HOMO-1 (blue) as a function of the external electrostatic field applied for conformer A and B, respectively. The field dependence of the energy
levels of the two conformers is similar for fields of equal strength applied in opposite directions. Therefore, a transition between the two
conformations will revert the bias polarity dependence of the IV characteristic. For the conversion of the electric field to the corresponding bias
voltage, see SI.
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arrow in Figure 3d, a sudden switch to an altered IV with
reverse characteristics was detected in a gold MCBJ junction.
This finding is certainly not due to a full rotation of the
molecule (with an exchange of the fullerene ends) but must
stem from a configuration change at fixed fullerene position,
presumably from configuration A to configuration B, as
suggested by the theoretical results. This finding gives further
support to the hypothesis of weak sensitivity to contacts:
asymmetries, and switching can be traced back to intrinsic
properties of the molecule. This underscores the high quality of
the experimental data.
In summary, we present the reliable formation of epitaxial

graphene nanojunctions, which benefit from the excellent
quality and availability of the graphene material and the
exceptional heat conduction of the SiC substrate. These
nanoelectrodes have further been used for the formation of
single-molecule junctions with fullerene end-capped molecules.
Those molecules arewithin the limited data set presently
availablesurprisingly insensitive to the electrode material. In
this spirit, the observed switching can be assigned to two
conformers of the molecule, which are identified by ab initio
calculations.
Our results suggest that the fullerene/graphene combination

is excellently suited for substantially improved experiments on
individual single-molecule junctions: graphene nanoelectrodes
are ultraflat, transparent, and robust; they enable unprece-
dented access to the junction by additional techniques. We
anticipate that manipulation and imaging with scanning probe
tips, as well as detection and control with external fields,26,27 is
facilitated. In addition, chemical access from the gas phase or
the liquid phase is now possible without steric hindrance by
bulky gold electrodes. As a last example, temperature sweeps
that do not affect the electrode distance4 are now possible. Both
fullerene end groups and epitaxial graphene electrodes will
boost experimental progress in the field of single-molecule
junctions.
Methods. The fabrication of the nanogaps and single-

molecule junctions is described in the main text and in the SI.
The ab initio optimizations were carried out using density
functional theory (DFT) employing the Perdew−Burke−
Emzerhof (PBE)28 exchange-correlation functional and the
def-SV(P) basis set.29 This level of theory was selected to
compare with results obtained for the full graphene−molecule−
graphene system simulated at the DFT level using periodic
boundary conditions and the PBE correlation-exchange func-
tional. To get a better estimate of the energies of the electronic
levels of the molecule we carried out single point calculations
using the B3LYP correlation-exchange functional30,31 at the
optimized geometries.
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