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ABSTRACT: We report a robust approach to fabricate singlemolecule transistors with covalent electrode−molecule−electrode chemical bonds, ultrashort (∼1 nm) molecular channels,
and high coupling yield. We obtain nanometer-scale gaps from
feedback-controlled electroburning of graphene constrictions
and bridge these gaps with molecules using reaction chemistry
on the oxidized graphene edges. Using these nanogaps, we are
able to optimize the coupling chemistry to achieve high
reconnection yield with ultrashort covalent single-molecule
bridges. The length of the molecule is found to inﬂuence the
fraction of covalently reconnected nanogaps. Finally, we discuss
the tunneling nature of the covalent contacts using gatedependent transport measurements, where we observe single
electron transport via large energy Coulomb blockade even at room temperature. This study charts a clear path toward the
assembling of ultraminiaturized electronics, sensors, and switches.
KEYWORDS: Molecular electronics, molecular conductance, covalent contacts, graphene, organic wires

T

was introduced to fabricate extremely small gaps in graphene
devices using feedback-controlled electroburning25−27 and this
method was used to assemble single-molecule transistors with
noncovalent attachment of bridging molecules longer than 1
nm.28−33
Here, we use reaction chemistry to purposely attach
individual conductive molecules to the oxidized edges of
electroburnt graphene nanogaps. The shape and size of the
graphene nanogaps, combined with optimized reaction
chemistry on the graphene edges, enables exceptionally high
connection yields for ultrashort molecular bridges (up to 40%).
It allows extremely short molecules (as short as 0.6 nm in
length) to be chemically connected into the electrical circuit, as
demonstrated by the successful reconnection with 1,4diaminobenzene (1Ph) and 4,4′-diaminobiphenyl (2Ph)
molecules. We monitor the reconnection by an increased
conductance across the nanogap accompanied by gate-dependent single-electron tunneling features. Using this robust
covalent connection platform, we are able to show that the

his study describes a robust platform to create graphene
nanogap electrodes and bridge them covalently with
individual molecules. Molecules have long been considered as
fundamental building blocks for the assembly of ultraminiaturized electronic circuits.1−6 Molecular electronics has
the capacity to harness the immense library of chemical
reactions and molecular structures to target functionality, such
as sensors, emitters, and switches.2,3,7−10 A major issue limiting
the development of molecular electronic circuits is in their
fabrication, as it remains a challenge to accurately position and
connect individual molecules in solid-state, electrical architectures. Single-molecule electrical circuits have been obtained
using break junctions,11,12 allowing statistically robust measurements of molecular conductance. However, the transient nature
of these junctions limits their applicability in complex
architectures and sensors. Other approaches have been used
to connect individual molecules between nanoscale-separated
leads in solid-state devices, including gold leads made from
electromigration13−16 and carbon nanotube or graphene leads
etched by reactive ion etching17−23 or sputtering.24 However,
the size resolution and reproducibility of the fabricated
nanogaps have remained challenging, leading to low yields in
forming molecularly reconnected devices. Recently, a method
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Figure 1. Fabrication and covalent reconnection of graphene nanogaps. (a) Gaps are etched in graphene constrictions using a feedback-controlled
electroburning process: N successive current−voltage traces are abruptly interrupted at the onset of a negative diﬀerential conductance, indicating
shrinking of the constriction width. The process is repeated until the two graphene electrodes are separated. (b) Atomic force microscopy images of
a graphene constriction before and after electroburning, showing the smooth round-oﬀ shape of electroburnt graphene electrodes with a gap length
minimal in the center. (c) Reaction chemistry of short diamine molecules on the oxidized edges of graphene electrodes, leading to single-molecule
circuits connected with covalent amide bonds as the contacts. Two diamine molecules were used in this study, i.e., 1,4-diaminobenzene (1Ph) and
4,4′-diaminobiphenyl (2Ph). (d) Current−voltage characteristics at 0 V gate bias and room temperature, showing negligible current at low bias
across the nanogap and a signiﬁcant increase in conductance after reconnection with a diamine molecule.

Ideally, this electroburning process occurs at approximately
the midway point between the source and drain electrodes
because this position corresponds to the point where the
temperature proﬁle due to Joule heating is higher, due to
minimal heat dissipation into the electrodes (see Figure S2 in
the Supporting Information). In many instances, the burning of
the graphene starts from the edges of the sheets to progress
toward the center until the channel is sectioned into two parts.
This has been visualized in situ by Barreiro and co-workers.34
However, we found that the electroburning process on
graphene channels of random widths and shapes requires
many thousands of current−voltage traces to disconnect the
graphene leads and often led to misshapen or partially burnt
graphene channels (see Figure S3 in the Supporting
Information). To improve this method so that it can support
the subsequent chemistry described below, we implemented an
additional lithography step before the electroburning to shape
the graphene so that it has a 500 nm wide constriction in the
center of the channel (see the atomic force microscopy image
in Figure 1b).35−37 Using this approach, we obtained a
substantial increase from 30% to 88% in the ratio of successful
gap formation in the center of the constriction (see Figure S4
and Table S1 in the Supporting Information).
The right panel of Figure 1b shows a typical nanogap
obtained from a bowtie-shaped graphene channel. Both
electroburnt graphene electrodes exhibit a smooth round-oﬀ
shape at the end in that the sides of the electrodes display a
larger separation between them compared to the center. The
minimal separation length between the electrodes was too small
to be precisely resolved in the atomic force microscope (AFM)
images, in particular due to the few-layer thickness of the ﬂakes:
while top layers were found to have a larger separation than the
bottom ones, it turns out that the shortest nanogap is diﬃcult
to access with the AFM tip due to the ﬁnite tip radius.
However, we estimated the width of nanogaps by ﬁtting the
tunneling current with the Simmons model25,35,38 and found
nanogaps with widths of the order of 0.9 nm (see Figure S5 in
the Supporting Information). Unless when characterizing this

yield of reconnection is dependent on the nature of the
molecule and can be optimized by varying the reaction
conditions for the coupling chemistry. This approach provides
a powerful platform to build stable single-molecule transistors
from targeted graphene-edge reaction chemistry.
Formation and Covalent Reconnection of Graphene
Nanogaps. We fabricate single-molecule transistors following
three successive steps: (1) fabrication of graphene transistors,
(2) electroburning of graphene channels, and (3) reaction
chemistry for molecular reconnection. We ﬁrst fabricate
graphene devices from few-layer exfoliated graphene ﬂakes in
a two-terminal conﬁguration with top-contact source and drain
electrodes, which were microfabricated using standard lithography and metal evaporation techniques. We use a degenerately
doped silicon substrate as a common back gate, which was
isolated from the graphene channel with a 285 nm layer of
thermal silicon dioxide (see details on device fabrication in the
Methods section in the Supporting Information). As expected
for few-layer graphene channels, the devices showed a metallic
behavior with minimal gate dependence (see Figure S1 in the
Supporting Information), which is ideal to form nanoelectrodes. We etch nanogaps in the graphene channels using
a feedback-controlled electroburning method (illustrated in
Figure 1a) in ambient conditions that was inspired from a study
by Prins and co-workers.28 We apply a voltage ramp to a
graphene device while measuring the corresponding current up
to the point where the current starts to decrease. This negative
diﬀerential conductance occurs from a reduction in channel
width due to Joule-heating-induced combustion of the
graphene channel edges.28,34 A feedback loop monitors the
current at each voltage step and opens the circuit abruptly as
soon as the negative diﬀerential conductance is detected. Using
this method, it is possible to create controlled, incremental
burning to precisely control the channel width. The current−
voltage ramp is repeated multiple times (see Figure 1a) until
the two sides of the graphene channel become disconnected
and separated to form the nanoscale gap.
B
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Figure 2. Eﬀect of coupling chemistry. (a) Carboxylic acid groups formed on the edge of the graphene nanogaps are reacted in solution with the
EDC activating agent. In Method 1 (nonstabilized coupling), the activated carboxylic acid group reacts immediately with the diamine molecule
already present in the solution. In Method 2 (NHS-stabilized coupling), the NHS molecule is used to stabilize the activated carboxylic acid group,
resulting in an enhanced probability of amine binding. (b) Fraction of reconnected devices using the two diﬀerent coupling protocols with 4,4′diaminobiphenyl molecules.

electroburnt region to form covalent amide bonds with a
molecule terminated by two amine groups. We performed the
condensation reaction between the carboxylic acid groups on
the graphene edges and the amine groups on the termini of the
molecule using two diﬀerent protocols illustrated in Figure 2a.
In the ﬁrst reaction, labeled “unstabilized activation”, the
diamine and the EDC activating agent are introduced
simultaneously to react with the COOH-functionalized
graphene nanogap.17,18 To obtain a successful coupling, the
diamine molecule must interact with the carboxylic acid site
that has been transiently activated by the EDC group. In the
second protocol, labeled “NHS-stabilized activation”, the
activation of carboxylic acid group with EDC is stabilized by
the N-hydroxysuccinimide (NHS) group before introduction of
the diamine. This reaction was optimized recently for reacting a
monoamine molecule to a single carboxylic acid functional
group on the sidewall of a carbon nanotube.43 We found the
yield of reconnection to be signiﬁcantly improved when
stabilizing the activated carboxylic acid before reaction with
the diamine molecules, as illustrated in Figure 2b. The results
on the graphene gaps are consistent with prior studies on
solution phase coupling using EDC in combination with
NHS.44 In particular, we report a reconnection yield of 41%
using the 2Ph molecule, which is unprecedentedly high for such
a short nanometer-scale molecular bridge.17
To further study these single-molecule junctions, we
connected graphene nanogaps using two diﬀerent molecules:
1,4-diaminobenzene (1Ph) and 4,4′-diaminobiphenyl (2Ph),
respectively 0.6 and 1.0 nm long between the two amine
groups. We studied the eﬀect of the length of the molecule on
the success rate of the reconnection reaction on graphene
nanogaps, deﬁned as the fraction of devices showing an increase
in conductance with gate dependence after reaction chemistry.
Figure 3a compares the yield of reconnection obtained in an
ensemble of devices exposed to the 1Ph and 2Ph molecules.
The fraction of nanogaps successfully reconnected by a
molecule was measured at 19% for 1Ph molecules and 24%
for 2Ph molecules, when each is coupled using Method 1. The
higher success rate for the longer molecule is due to the longer
molecule having a greater chance to match the electrode-toelectrode distance somewhere in the width of the nanogap. The
smooth round-oﬀ shape of the electroburnt graphene electrodes makes them adapted to reconnect molecules of diﬀerent
lengths, which makes it a universal template.

tunneling current at high bias, we kept the source-drain bias in
the low-bias range (<0.2 V) because nanogap edges tend to
become unstable under high electric ﬁelds.36 Open nanogaps
exhibit either no current or tunneling current independent of
the gate voltage (see examples in Figure S6a,b in the
Supporting Information). In some cases, we measure either
Ohmic current−voltage traces (see Figure S6c in the
Supporting Information), indicating devices that are not
properly or fully etched, or gate-dependent Coulomb blockade
features (see Figure S6d in the Supporting Information),
indicating there is a remaining island that connects the
graphene electrodes.39,40 We excluded devices exhibiting
these two signatures from subsequent analysis.
In all cases, the electroburning was done in air, so that the
Joule-heat induced oxidation process forms carboxylic acid
groups (−COOH) on the edges of the etched graphene.31,41 In
the experiments that follow, we take advantage of this chemical
functionality on the edge of the resulting graphene electrodes
to covalently bridge the nanogaps with molecules, as illustrated
in Figure 1c. Short molecules with good electron delocalization
within the molecular backbone were used in this study, in
particular 1,4-diaminobenzene (1Ph) and 4,4′-diaminobiphenyl
(2Ph), which are 0.6 and 1 nm in length from nitrogen atom to
nitrogen atom. These molecules are a good point of
comparison because they have been well studied in STMbreak junctions.42 After the reconnection reaction, we
characterized all devices using gate-modulated two-terminal
electron transport in vacuum. A number of devices were found
to exhibit a signiﬁcant increase in electrical conductance
compared to that measured at low bias across the nanogap
before reconnection, as illustrated in Figure 1d. We observed
no such conductance increase after immersing the devices in a
solution containing either only the diamine, or only the
coupling agent 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) (see Figure S7 in the Supporting
Information), indicating that the current increase is related to
the covalent reaction of diamine molecules. We studied the
single-molecule nature of these transistors by characterizing the
experimental dependence of the conductance increase with the
coupling chemistry, molecular length, and gate voltage. We
discuss the results from varying each of these parameters in the
sections that follow.
Eﬀect of Coupling Chemistry and Molecule Length.
We used reaction chemistry that targets the carboxylic acid
functional groups that adorn the graphene edges in the
C
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Figure 3. Eﬀect of the molecular length. (a) Yield of reconnection obtained with 1Ph and 2Ph molecules using the same coupling chemistry
(Method 1). (b) Current−voltage curves obtained for devices reconnected with 1Ph and 2Ph molecules, at gate bias optimizing alignment of energy
levels (see panels c,d). Both coupling methods were used. Two diﬀerent devices reconnected with the 2Ph molecule are shown here to illustrate the
observed dispersion in conductance between devices. (c,d) Complete mapping of the current as a function of [Vbias, Vgate] at room temperature for
two of the devices in panel b (additional data in Figure S8). Dotted lines indicate the value of Vgate used in panel b.

Zhu and co-workers using amide bond contacts with carbon
nanotube electrodes.47 The high contact resistance measured in
the present study is consistent with a signiﬁcant break of
conjugation at the carbonyl site of the covalent amide bonds,
preventing the delocalization of the electronic wave function
between graphene electrodes and the molecular backbone.48
These experimental results on solid-state devices contrasts with
break junction experiments and theoretical calculations
obtained on N-phenylbenzamide molecules, showing strong
electronic delocalization and conductance across the central
amide bond.49,50 The diﬀerence likely stems from the solidstate nature of the present junctions: either the ﬁxed position
and spacing of the graphene electrodes and the oxide surface
prevent the relaxation of the molecular bridge in a
conformation favorable for graphene−molecule coupling, or
the electroburnt graphene edges present a signiﬁcant amount of
disorder and defects in the vicinity of the reconnected area that
increases the contact resistance between the graphene sheets
and the molecular bridge.
The break of electronic conjugation at the contacts suggests
the conﬁnement of discrete molecular orbitals between the
contacts (as represented in Figure 4a), which may result in
single-electron tunneling in charge transport measurements
across the junction, as schematized in Figure 4b. To verify this
hypothesis, we measured the dependence of the conductance of
reconnected devices with gate bias at low temperatures. Figure
4c displays an example from a 2Ph-reconnected device
measured in vacuum at 100 K, showing a 2D plot of the
electrical current as a function of the drain-source bias (Vbias)
and gate bias (Vgate). The striking feature of the plot is the
multiple, parallel diagonal interfaces deﬁning diamond-shaped
regions with suppressed electrical conductance inside the
diamond regions. These features are a typical signature of the
Coulomb blockade eﬀect in single-electron transistors,31,51−54
whose appearance indicates the presence of small conducting
island that can be charge up to allow only single electron
transport. Electrons can transfer across the junction only when
one or more of the electronic states of the molecule align
within the energy separation between the source and drain
electrodes, resulting in diamond-shaped domains representing a
range of [Vbias, Vgate]. In the diamond region, electron
conductance is blocked because the source and drain energy
separation lies between electronic states of the molecule. The
shape and size of Coulomb diamonds are linked to the energy

Electrical current (I) versus drain-source bias voltage (Vbias)
characteristics at a ﬁxed gate voltage (Vgate) are presented in
Figure 3b for three diﬀerent devices reconnected with either the
1Ph molecule (purple) or the 2Ph molecule (pink). Each device
exhibits a strong gate dependence, as illustrated in Figure 3c,d
showing complete current characteristics as a function of [Vbias,
Vgate]. In order to compare the conductance between diﬀerent
devices, current−voltage curves were extracted from a complete
[Vbias, Vgate] mapping of the current at the gate potential
showing maximal transmission across the junction, or in other
words at the best alignment between the electronic states of the
molecule and the electrodes (see dotted line in Figure 3c,d).
No correlation was observed between the electrical conductance curves and the coupling chemistry used (Method 1 or
2), as expected because the ﬁnal graphene−molecule−graphene
construct is the same regardless of the use or not of NHS
stabilizer. Details and additional data are provided in Figure S8
in the Supporting Information.
As shown in Figure 3b, we report comparable electrical
signatures from devices made of 1Ph and 2Ph molecules, which
is explained by two reasons: First, as expected in any singlemolecule measurements, there is a signiﬁcant dispersion in the
conductance values between diﬀerent devices made of the same
molecule, as illustrated in Figure 3b with two diﬀerent 2Ph
devices. A similar dispersion is obtained when sampling
thousands of individual molecules using break-junction
measurements,42,45 which produces some overlap between
1Ph and 2Ph devices when taking a limited number of
individual current−voltage traces. Second, absolute conductance values of the three devices in Figure 3b are comprised in a
10−6−10−5 G0 interval, as calculated at Vbias = 0.2 V, where G0 =
2e2/h is the quantized conductance unit with e and h as
electron charge and the Plank constant, respectively. This is 2−
3 orders of magnitude lower than the conductance measured
for these molecules in amine-gold junctions,46 which suggests
the contribution of a large contact resistance. The nature of this
contact resistance is discussed in the following section.
Nature of the Transport Across Covalent Contacts.
The analysis of this contact resistance is particularly
informative. The contact resistance estimated for these covalent
bonds on graphene (see Figure S9 in the Supporting
Information) is signiﬁcantly higher (>100 MΩ) than that
reported for Au−NH2 contacts (∼1 MΩ) with similar
molecules.42 It is however comparable to that reported by
D
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parameter α = 0.8/30 = 0.027, which is consistent with similar
work.33,58 This single-molecule tunneling signature was only
seen in devices showing conductance increase after the reaction
chemistry, and initial measurements of the corresponding
nanogaps prior to the chemistry displayed no gate dependence
(see Figure S6a,b in the Supporting Information). The
appearance of single-electron transport features supports the
tunneling nature of the covalent contacts in these solid-state
junctions.
Conclusions. This Letter describes a new method to
assemble single molecule circuits with graphene electrodes. The
electrodes are formed through an electroburning process
optimized by patterning graphene channels in a bowtie shape.
This insures that the breakdown induced by the electroburning
occurs cleanly in the middle of the device. Using this technique,
we were able to create nanoscale gaps in high yields that are
terminated with carboxylic acid groups. We explored and
optimized covalent chemical reactions to reconnect the
nanogaps with diamine-terminated molecules and found that
single-molecule circuits can be achieved in high yields using an
NHS-stabilized activation strategy. In these single-molecule
devices, we observed Coulomb blockade as well as dependence
with molecule length. The high yield and versatility of this
approach augur well for creating a new generation of sensors,
switches, and other functional devices using graphene contacts.

Figure 4. Tunneling contacts. (a) Representation of the wave function
localization due to the break of conjugation across the contacts. (b)
Diagram of single-electron tunneling across discrete electronic states
isolated between two tunneling barriers. (c) Transporting current
across a device reconnected with the 2Ph molecule as a function of the
bias voltage and gate voltage, measured at 100 K, showing Coulomb
blockade diamonds indicative of localized electronic states in the
junction.
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of the molecule’s electronic levels and its electrostatic coupling
to the electrodes. The height of each diamond, that is, the
energy separation between Vbias = 0 and the top (or bottom) of
the diamond, is deﬁned as the addition energy Eadd, which
consists of the energy separation between the corresponding
electronic levels in the molecule (ΔE) plus the charging energy
EC due to Coulomb interactions between the electron and the
electrostatic environment.55 The heights of diamonds in Figure
4c correspond to addition energies between Eadd ∼ 0.2−0.8 eV
(see Figure S10 in the Supporting Information), which is
consistent with studies on other comparably small, nanometerscale single-electron transistors in the literature.28,34,52,53 As
expected, it contrasts with Coulomb blockade measurements
on larger structures, like carbon nanotube quantum dots, where
addition energies are on the order of the millielectronvolts.56
The observed addition energies of 0.2−0.8 eV in Figure 4c are
deﬁnitely smaller than the HOMO−LUMO gap of the freestanding 2Ph molecule or bridge (∼4 eV, see Figure S11 and
Table S2 in the Supporting Information). This is actually a
recurrent observation in single-molecule transistors.29,33 This
phenomenon is usually explained by renormalization corrections of the electronic spectrum by ∼3−4 eV33 or by attributing
the observed addition energies to transitions between deeper,
denser HOMO levels rather than the HOMO−LUMO gap.29
Because of the high-energy separation and small molecular size
in our single-molecule devices, the Coulomb diamond structure
can be distinguished even at room temperature in some of the
devices (see Figure 3c,d, as well as Figure S8 in the Supporting
Information), as reported for comparable ultraconﬁned
quantum dots and single-molecule transistors.28,57 From the
largest Coulomb diamond, we estimated a gating coupling
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