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ABSTRACT: We report on a method to fabricate and measure
gateable molecular junctions that are stable at room temperature. The devices are made by depositing molecules inside a
few-layer graphene nanogap, formed by feedback controlled
electroburning. The gaps have separations on the order of
1 2 nm as estimated from a Simmons model for tunneling. The molecular junctions display gateable I V-characteristics at room
temperature.
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olecular electronics has been the subject of extensive
research over the past decade,1,2 motivated by the appealing concept that molecules can be used as ultimate downscaled
functional units in electronic circuits performing a variety of functions, including rectiﬁers,3,4 switches,5 transistors,6 8 or sensors.9
To date, three-terminal experiments have mostly been carried
out at low temperatures, whereas for applications room-temperature operation is desirable. Device-stability is a ﬁrst requirement for this but at the same time remains one of the great
challenges in this ﬁeld. Gold, the preferred electrode material
because of its noble character, has such high atomic mobility that
at room temperature the nanoelectrodes are unstable.10 Recently
it was shown that electrodes made from the more stable Pt can be
used to overcome this issue,10,11 although gated transport at room
temperature has not been demonstrated yet.
An alternative strategy for the fabrication of stable electrodes
with nanometer separation is the use of (sp2-)carbon-based
materials. The covalent bond-structure gives stability up to high
temperatures, far beyond room temperature. Another advantage
is that it allows for a large variety of possibilities to anchor diverse
molecules as compared to metallic electrodes. While with the
latter thiol and amine linkage is widely used,2 the carbon-based
materials can not only be functionalized covalently through organic
chemistry techniques9 but also via π π stacking interactions of
aromatic rings. A third advantage is the fact that extremely thin
electrodes can be prepared, ranging from (few-layer) graphene to
carbon nanotubes. Compared to the more bulky metallic electrodes, the thin carbon-based electrodes reduce the screening of
an applied gate-ﬁeld and therefore enhance the gate coupling.
Motivated by these advantages, carbon nanotube-based nanogap electrodes have previously been constructed by oxygenplasma etching where the gap is deﬁned by a PMMA mask9,12,13
or through electrical breakdown.14 16 To date, however, control
r 2011 American Chemical Society

over the gap-size below 10 nm has not been demonstrated,
making it diﬃcult to contact single molecules. Other approaches
that could potentially lead to nanogap electrodes include atomic
force microscopy (AFM) nanolithography of graphene,17 anisotropic etching catalyzed by nanoparticles,18,19 graphene nanogaps
formed by mechanical stress,20 or through electrical breakdown of
graphene.21
Here, we report on the formation of nanometer-separated fewlayer graphene electrodes using feedback-controlled electroburning. The process of electroburning is related to the chemical
reaction of carbon atoms with oxygen at high temperatures, induced
by Joule heating at high current densities. This technique has also
been utilized to controllably remove shells of multiwalled carbon
nanotubes,22 24 to form nanogaps in single-walled carbon
nanotubes (SWNTs)14 16 and to fabricate narrow graphene
constrictions and quantum dots.25,26 An important motivation
for our choice for few-layer graphene (as opposed to single layer
graphene or carbon nanotubes) is that it is thin, yet its conductance largely gate-independent so that features of the contacted molecules will not be masked by the electrode’s response
to the gate.
We start by brieﬂy describing our fabrication technique. Fewlayer graphene ﬂakes (between 3 18 nm thick) are deposited by
mechanical exfoliation of kish graphite (Toshiba Ceramics) on
degenerately doped silicon substrates coated with 280 nm of thermal
silicon oxide. We use standard wafer protection tape as it leaves
little adhesive residue on substrates. Cr/Au electrodes are patterned
on top of selected few-layer graphene ﬂakes by electron-beam
lithography and subsequent metal evaporation, followed by a
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lift-oﬀ in cold acetone and dicholoroethane. Figure 1a (top)
shows a schematic of the few-layer graphene device used for
electroburning and nanogap formation. Initial device resistances
at low bias are in the order of 200 Ω to 3 kΩ.
The feedback controlled electroburning is performed in air at
room temperature. The feedback control scheme is based on
similar methods used for electromigration of metallic nanowires.10,27 Typically, a voltage (V) ramp is applied to the graphite
ﬂake (1 V/s), while the current (I) is continuously recorded with
a 200 μs sampling rate. The variations in the conductance (G = I/V)
are monitored with a feedback condition set at a >10% drop in
G within the past 200 mV of the ramp. Upon the occurrence of such
a drop, the voltage is swept back to zero in 10 ms. Immediately
after, a new sweep starts from zero voltage and the process is
repeated, in this way gradually narrowing down the ﬂake.
Figure 1b shows a typical evolution of feedback-controlled
electroburning. Generally, during the ﬁrst voltage ramp (red trace
in Figure 1b) nonlinear I V characteristics are observed, likely due
to removal of contaminants on the ﬂake by current annealing.28
Increasing the voltage further induces the ﬁrst electroburning
event, as can be seen from the downward curvature in the
I V characteristic, here at V = 4.8 V and I = 15 mA. The feedback
then sweeps the voltage back to 0 V and a new voltage ramp is
started. As the electroburning process evolves, the conductance
decreases in steps and the voltage at which the electroburning
occurs decreases (see green arrow in Figure 1b). In total, we have
performed electroburning on 38 samples of which 35 (92%)
underwent the electroburning process down to a low-bias resistance in the range of 500 MΩ to 10 GΩ. In the other cases

Figure 1. (a) Schematic of the feedback-controlled electroburning
process, before (top) and after (bottom), the formation of nanometer
sized gaps in few-layer graphite ﬂakes. (b) Current voltage (I V)
traces of the evolution (green arrow) of the feedback-controlled electroburning. The ﬁrst I V trace is displayed in red.
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the feedback was not fast enough to respond, resulting in gaps
with inﬁnite resistance (>100 GΩ).
Analyzing the cross-section of the device in Figure 1b by AFM we
calculate the critical current density at which the ﬁrst electroburning
event occurs to be 5.3  107 A/cm2. For all the devices on which we
have performed the electroburning the critical current densities are
comparable, between 3.8  107 and 7.6  107 A/cm2, independent
of the thickness of the ﬂakes and similar to the current densities of 108
A/cm2 at which single layer graphene breaks down.29
To characterize the gap geometry, we have performed AFM
on several devices after electroburning, a representative example
of which is shown in Figure 2. This graphite ﬂake has a height of
12 nm, corresponding to ca. 35 layers of graphene. The image
suggests that the electroburning starts from the edges in the
central region of the ﬂake, predominantly at one side. Interestingly, the height of the few-layer graphene electrodes does not
change during the process of electroburning. The evolution of
the thinning can be understood by considering that the electroburning is a temperature activated process, relying on the reaction
of carbon atoms in the lattice with oxygen. The highest temperature in the ﬂake as a result of Joule heating at large current
densities is reached in the central region since heat is evacuated
mainly to the Au-leads, while the edge-carbon atoms are the most
reactive sites due to the incomplete sp2-hybridization.30,31 After
the ﬁrst carbon atoms have been removed on the site of highest
reactivity, the electroburning will likely propagate from there as
the current density and therefore the temperature is the highest
near this point.
Because it is diﬃcult to obtain an accurate gapsize from AFM
characterization, we turn to the electrical characteristics of the
nanogaps. Current voltage characteristics between (500 mV of
34 electro-burned samples with ﬁnite resistance were recorded at
room temperature in a vacuum probe station (see Figure 3 for an
example). The junctions show current voltage curves indicative
of tunneling behavior through a single barrier. The fact that we
observe tunnel currents at these low biases shows that the gaps
are in the order of a few nanometers. The Simmons model can be
used to estimate the gap-size32 using the gap-size, the barrier
height and the asymmetry in the bias-voltage response as ﬁt
parameters (see Supporting Information for the implementation).
Fits of the I V-characteristics to this model yield typical gap
sizes of approximately 1 2 nm.33 The ﬁtted barrier heights
(<1 eV) are lower than one would typically expect for bulk
graphite. However, low barrier heights have also been observed
for nanometer-sized Au electrodes.34

Figure 2. (a) AFM image of a typical graphite nanogap. The scale bar is 1 μm. (b) Aerial view of a zoom-in on the gap area. The scale bar is 100 nm.
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Figure 3. Representative current voltage characteristic of a graphite
nanogap (black solid line) with a ﬁt to the Simmons model for tunneling
(red dashed line). Fit parameters (accuracy of 5%): gapsize d, 2.1 nm;
prefactor A, 0.34 A eV 2; barrier height ϕ, 0.92 eV; asymmetry α, 0.35
(see Supporting Information for more details and the deﬁnition of the
parameters).

Our few-layer graphene nanogap electrodes are remarkably
stable and display only small variations in the tunneling characteristics after several weeks when stored in vacuum (currentlevels stay within 10% variation).35 We have also carefully measured the conductance as a function of the backgate voltage (Vg)
at low temperature (10 K) at low bias voltages of typically
100 and 200 mV. Generally, for these devices the conductance
does not vary within our experimentally accessible range of Vg
between (40 V.36 The small electrode separations and long-term
stability of the nanogaps, combined with the absence of gatedependent transport across the gap imply that they can be used to
contact small molecules and measure three-terminal transport.
To demonstrate this, we have deposited anthracene-functionalized curcuminoid molecules (1,7-(di-9-anthracene)-1,6heptadiene-3,5-dione, abbreviated as 9Accm, see Figure 4a) on
the nanogap devices.37 The anthracene-groups are extended
π-conjugated systems that interact strongly with the π-system
of the top graphene layer, providing a strong anchor to the electrodes, while the curcuminoid wire has a high π-electron density
that can mediate charge transport. We deposit the molecules by
placing the devices overnight in a chloroform solution containing
0.1 mM of 9Accm. After taking the devices out of the solution
they are blow-dried by a ﬂow of N2. AFM characterization of the
deposition on a reference sample shows that a submonolayer of
molecules is formed on the devices (see Supporting Information).
The devices are then electrically characterized in a vacuum probe
station (see Figure 4b for a schematic representation).
An important advantage of stable nanogap electrodes is that
the current voltage characteristics after deposition can be
compared with the characteristics before deposition. Changes
in the transport-characteristics can then be attributed to the presence of molecules in the gap. In our case, 14 out of 35 devices
displayed an increase in conductance after deposition. Figure 4c
shows a typical device in which such changes in the I V-characteristic are observed. While the conductance at low bias superimposes with the empty gap characteristic, at higher bias a clear
current increase is observed. Exposure of the devices to pure
solvent (chloroform) does not show any signiﬁcant changes in
the electrical characteristics (see Supporting Information).
Importantly, the conductance in this device is dependent on
the gate-voltage at room temperature, as illustrated in Figure 4d.
Taking current voltage characteristics at diﬀerent gate voltages
between 10 and 10 V, the conductance increases toward more
positive gate values; that is, the blue curve in Figure 4d displays
the highest currents. The gate-dependent characteristics are robust,

Figure 4. (a) Chemical structure of the anthracene terminated curcuminoid wires (1,7-(di-9-anthracene)-1,6-heptadiene-3,5-dione). (b) Artist’s impression of a single 9Accm molecule bridging a graphene
nanogap, representing the ideal transistor conﬁguration. Note that the
ambient conditions to which the devices are exposed may result in a thin
layer of adsorbates such as water to be present on the surface of the fewlayer graphene. (c) I V-characteristics of the nanogapped electrodes
before and after being bridged by the 9Accm molecules at 300 K. While
the conductance at low bias superimposes with the empty gap characteristic,
at higher bias a clear current increase is observed. (d) Dependence of the
I V characteristics of the nanogapped electrodes bridged by 9Accm
molecules on the applied back-gate voltage measured at 300 K.

showing only minor variations in the conductance (<10%) for
periods of several weeks when stored in vacuum, and even after
thermal cycling to low temperatures (10 K, see below). In total,
we observed gate-modulated transport in 4 out of the 14 junctions
that displayed an increase in conductance after deposition.
At low temperature (10 K), the gate-dependent transport
becomes more apparent and we can moreover compare it to
the empty-gap gate-dependence taken before deposition. In
Figure 5a the conductance at Vsd = 200 mV is plotted as a
function of gate voltage before and after deposition (same device as
Figure 4c,d). While the conductance is gate-independent before
deposition, after deposition a clear modulation of the conductance is present toward more positive values of Vg, consistent
with the room temperature I V-characteristics. For a full characterization, we construct conductance maps at 10 K, in which
I Vs are taken between Vsd = (300 mV while the backgate
voltage is swept between (30 V at 100 mV intervals. An example
is shown in Figure 5b. In the green regions, transport is blocked
due to charge quantization in the molecule, while in the red and
blue regions the blockade is lifted and single electron tunneling
occurs. Although the signatures may originate from a few molecules
in parallel, Coulomb-blockaded transport and the single-electron
tunneling nature of the transport is apparent from the conductance map.
In conclusion, we report on a new method to controllably
form nanogaps in few-layer graphene with nanometer separations based on feedback controlled electroburning of few-layer
graphene. Gateable transport through molecules contacted between the electrodes demonstrates the potential of room-temperature operation of molecular devices. Combined with the
observed stability in time, our study shows that few-layer graphene nanogaps are an interesting alternative to metal electrodes.
We further note that the fabrication technique is not limited to
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Figure 5. (a) Conductance as a function of the applied back-gate
voltage of the nanogapped electrodes bridged by 9Accm molecules at
10 K. While the empty nanogap electrodes show no dependence of the
applied back-gate voltage, a clear conductance modulation as a function
of Vg is observed after deposition of 9Accm molecules. (b) Current map
at 10 K. I Vs are taken between Vsd = ( 300 mV while the backgate
voltage is swept between (30 V at 100 mV intervals. In the green
regions, transport is blocked due to charge quantization in the molecule,
while in the red and blue regions the blockade is lifted and singleelectron tunneling occurs. Although the signatures may originate from a
few molecules in parallel, the single electron tunneling nature of the
transport is apparent from the current map.

the use of exfoliated graphene but could also be applied to
CVD-grown few-layer graphene over large areas, paving the path
to more complex, integrated devices involving multiple molecular
devices integrated on the same chip.
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