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∥Peter-Grünberg-Institute, PGI-8, Research Center Jülich and JARA Fundamentals of Future Information Technology, Jülich 52425,
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ABSTRACT: Molecules are promising candidates for elec-
tronic device components because of their small size, chemical
tunability, and ability to self-assemble. A major challenge when
building molecule-based electronic devices is forming reliable
molecular junctions and controlling the electrical current
through the junctions. Here, we report a three-terminal
junction that combines both the ability to form a stable
single-molecule junction via the mechanically controllable
break junction (MCBJ) technique and the ability to shift the
energy levels of the molecule by gating. Using a noncontact side-gate electrode located a few nanometers away from the
molecular junction, the conductance of the molecule could be dramatically modulated because the electrical field applied to the
molecular junction from the side gate changed the molecular electronic structure, as confirmed by the ab initio calculations. Our
study will provide a new design for mechanically stable single-molecule transistor junctions fabricated by the MCBJ method.
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Producing molecular electronic devices in which individual
molecules or molecular monolayers are utilized as active

electronic components is a promising approach for the ultimate
miniaturization and integration of electronic devices.1−5 In
particular, building a single-molecule field-effect transistor
(FET) is considered a critical step in molecular electronics.
Although previous theoretical calculations have demonstrated
that single molecules can be used as an active channel in
FETs,6−12 an experimental demonstration of a true three-
terminal device, one that depends on external modulation of
molecular orbitals, has been a tremendous challenge because it
requires one to (1) find a reliable method to bridge a single
molecule to the source and drain electrodes and (2) place the
gate electrode a few nanometers away from the molecule to
achieve the required gate field.13

Previous efforts to overcome these challenges have coupled
an electrochemical gate electrode13−16 or a bottom-gate
electrode into a molecular junction.17−28 The electrochemical
gate can effectively control the current through the
molecules,13−15 but it can only be operated in electrolytes.
The bottom gate can directly modulate the molecular orbital
electrostatically in a molecular FET contact configuration.
However, it is not trivial to obtain stable and high-yield single-
molecule junctions with the bottom-gate configuration.23

Motivated by the bottom-gate design, we adopted a three-
terminal device that combines both the ability to form a
mechanically stable single-molecule junction and the ability to
shift the energy levels of the molecule using a side-gate
electrode in a noncontact configuration.29,30 Our experiments,
supported by first-principle calculations, demonstrate that the
properties of electronic transport through the single-molecule
junction can be directly modulated by the external electrical
field of the side gate and will enhance the prospects for three-
terminal molecular electronic devices.
The scheme for combining electrostatic gating and

mechanical adjustability is to add a gate electrode to a
mechanically controlled break junction (MCBJ), as shown in
Figure 1a. The MCBJ technique has been widely used to study
electronic transport in molecular electronics, and many
significant results have been obtained.31−43 Spring steel
substrates were used for the fabrication of the MCBJ chips.
Electrode structures containing a thin bridge with a constriction
of 30 nm and a nanoscale side-gate electrode were defined by e-
beam lithography (Figure 1b). After the lift-off of a 40 nm thick
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Au film, the isolating layer was locally removed by reactive ion
etching to generate a suspended metal bridge34,44,45 (see Figure
S1 in the Supporting Information for detailed information
about the chip fabrication).
The fabricated chip was mounted into a homemade three-

point bending apparatus. The two outer posts of the three-
point bending apparatus were fixed, while the third one worked
as a push rod in the Z direction, as shown in Figure 1c. When
the push rod exerts a bending force on the substrate, the
movement in the Z direction causes an elongation of the
constriction until the bridge breaks, resulting in two separated
electrodes that act as source and drain electrodes. The distance
between the source and drain electrodes for both the opening
and the closing operation modes was tuned by bending or
relaxing the substrate, respectively (see Figure S3 in the
Supporting Information). The precision of the gap between
two electrodes is determined by the attenuation factor. For our
setup, the gap can be controlled, in principle, with sub-
Angstrom accuracy44−46 (see Figures S4 and S5 in the
Supporting Information).
The 1,4-benzenedithiol (denoted as BDT), a conjugated

molecule with two thiol termini as binding groups, was
integrated between the two electrodes to form a metal/
molecule/metal junction. For this purpose, a 1 mM ethanol
solution of BDT was prepared in a protective atmosphere in
which the oxygen level was less than 1 ppm. After a self-
assembly period of 10 min on the Au surface, the sample was
thoroughly rinsed with ethanol and dried in a nitrogen stream.
Subsequently, the samples were mounted into the MCBJ. The
gate-effected conductance measurement was performed at
room temperature.

The breaking process of the metal bridge with assembled
molecules on the surface was investigated. A state can be
identified in which two electrodes become bridged by a single
molecule by monitoring the conductance change during the
junction-breaking process (Figure 2). First, the breaking

process of the metal wire is observed, which causes discrete
conductance values of multiples of Go (Go, the conductance
quantum, 7.75 × 10−5 Ω−1). The molecule can bind covalently
to both the electrodes of the MCBJ by the two thiol termini of
BDT, and a metal/molecule/metal junction is formed. In
particular, typical plateaus, which correspond to a lock-in state,
were always observed in the molecular junction after the
breaking of the metal bridge. During such a lock-in state, the
conductance of the molecular junction was almost independent
of the displacement of the push rod. Normally, the last plateau
of the current before the junction completely collapses is
attributed to a single metal/molecule/metal junction. More
than 200 metal/molecule/metal junctions were analyzed, and
the single-molecule conductance was determined statistically to
be 1.1 × 10−2 Go, which is consistent with previous
reports.47−49 Compared with the molecular junctions, no
pronounced plateau was observed at values below 1 Go in the
junctions without molecules, as shown in Figure 2.
The conductance of molecular junction at different gate

voltages was subsequently analyzed by a statistical method.
Figure 3 shows the corresponding histograms at different gate
voltages. It can be seen from this figure that the typical peaks
did not obviously shift at different gate voltage. However the
peaks were broadened to a higher conductance value as the gate
voltage increased negatively. The broad peaks can be attributed
to the variation of effective gate coupling (i.e., depending on
the exact molecule position with respect to the side gate
electrode).
Once a metal/molecule/metal junction was constructed, the

source and drain electrodes were frozen, and the current
through two electrodes in the molecular junction (Isd) was
recorded with a fixed bias voltage (12 mV) while sweeping the
gate voltage VG.
The gate-controlled current as a function of gate voltage is

illustrated in Figure 4a. The tunnel current passing through the
molecular junction was weakly dependent on the gate voltage

Figure 1. (a) Schematic illustrating a molecular transistor junction. An
external electric field generated by a side-gate electrode is applied to
the single-molecule junction formed by the MCBJ. Note that the
distance (∼5 nm) from gate to molecular junction for working
molecular transistor junctions is not scaled proportionally in this
schematic. (b) Top view of a scanning electron microscopy (SEM)
image of a microfabricated MCBJ chip consisting of a freestanding
metal bridge with a gate electrode (left SEM image). The push rod
exerts a bending force to bend the substrate and breaks the metal
bridge at the smallest constriction, resulting in two separated
electrodes (right SEM image). (c) Schematic of the MCBJ setup.
The distance between the electrodes for both opening and closing
operation modes can be tuned by bending or relaxing the substrate,
respectively.

Figure 2. Tunneling currents as a function of the push rod
displacement in the open gap period. In the case of the BDT
molecular junction (blue curves), the current jumped to a plateau
(lock-in state) during the open period. In the lock-in state, the current
was almost independent of the gap size, indicating a metal/molecule/
metal junction was formed (cartoon). In contrast, the lock-in state was
absent in the molecule-free junction (gray curve). A bias voltage of 12
mV was applied between the source and drain electrodes. The current
histogram extracted from 200 curves indicates that there is a peak for
the lock-in state in the molecular junction, whereas no such peak exists
in molecule-free junctions.
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for bias voltages within ±3 V. However, the current and
corresponding conductance value increased rapidly as the gate
voltage became more negative. The effective gate effect is
attributed to the special geometry of the electrodes. Since a pair
of taped source−drain electrodes will be formed naturally
during the break of metal bridge in our experiments. An
independent simulation demonstrated that nonuniform tapered
electrodes can yield 3 orders of magnitude improvement in gate
coupling compared to the case of the uniform (rectangular)
bulk electrodes.50 It should be noted that the molecular
junctions became unstable, even collapsing, when the applied

gate voltage increased beyond ±10 V. Therefore, we could only
record the current at either high positive or high negative bias
voltages in one measurement. In cases in which the metal/
molecule/metal junction is broken, the molecular junctions can
be rebuild (with ∼50% yield) by decreasing the gap size
between two electrodes by 0.2−0.4 nm followed by with-
drawing the electrodes to the same gap size as before. Then, the
gate-modulated current can be observed again after the single-
molecule junction is reformed. In this sense, there are certainly
advantages in MCBJ-type molecular transistor junctions
compared to other kind of junctions, such as electromigration
fabricated nanogap junctions.
Three types of chips were investigated, and the gate electrode

was located in various positions relative to the axis between the
source and drain electrodes (see Figure S2 in the Supporting
Information). More than 100 individual molecular junctions
within the three types of chips were examined. We found that
only those chips for which the gate electrode was close enough
to the molecular junction (the perpendicular distance from the
gate electrode to the tip axis was less than 10 nm) displayed
typical FET behavior. For these chips, 12 out of 67 junctions
showed typical FET behavior (∼18% yield), as shown in Figure
4a and Table S1. Please note that the gate efficiency is sensitive
to the exact position of molecules with respect to the side gate.
For those molecules located far away from the side facing the
gate, the screening of the gold electrodes will be dominant
which results in the failure of FET behavior. Even for those
junctions that exhibited FET behavior, the gated tunneling
current spread over a wide range especially under the negative
gate voltage, which agrees with the observation shown in Figure
3. The variation of the gate coupling from junction to junction
becomes clearer when we plot the modulation ratio of each
junction, as shown in Figure S10 in the Supporting
Information. Interestingly, for all the FET behavior junctions,
the increase of the current at negative gate voltages is larger
than for positive gate voltages, resulting in an asymmetric ISD
versus VG.
In contrast to the molecular junction, no gate effect current

was observed when the molecules were absent (called as
molecule-free junction) even at different gap sizes (Figure 3b).
Four different types of molecule-free junctions were tested, in
which the relative positions of the source and drain electrodes
were dramatically changed: the first configuration involved
direct point-to-point contact of bare Au atoms between the
source and drain electrode in which the corresponding
conductance was observed to be 1 Go, and the remaining
configurations involved changing the relative distance between
the source and drain electrode to be smaller than, equal to, and
larger than 1 nm (approximate BDT molecule length). Note
that the current was almost independent of the gate voltage in
all four types of molecule-free junctions (see Figure S6 in the
Supporting Information). By comparing the results of Figures 4
and Figure S6, it can be concluded that the observed variation
of the current was caused by the modulation of the electronic
structure of the molecules by the applied gate voltage. It should
be noted that leakage current level is important for molecular
transistors. We measured the gate−source current (IGS) and
gate−drain (IGD) current at different gate voltages. We found
that the leakage current was almost 3 orders of magnitude
smaller than the current passing through the molecular junction
and it was almost close to the limitation of the measurement
setup (see Figure S7 in the Supporting Information).

Figure 3. Conductance histograms at different gate voltages. The
bottom histogram is the reference histogram from molecule-free
junctions and other histograms are those for molecular junctions at
different gate voltages of 0, −4, and −8 V. Each histogram was built
from 200 conductance curves obtained during the open cycle process.
The arrow in each histogram indicates the conductance peak. The
source−drain voltage was fixed at 12 mV.

Figure 4. Source−drain current (ISD) versus gate voltage (VG) curves
for the Au-BDT-Au molecular and molecule free three-terminal
junction. (a) The current was modulated by the gate voltage in 12
different molecular junctions. (b) No gate-controlled current was
observed in the molecule-free junction (red and gray curves). When
the gap size between the source and drain electrodes was reduced by
∼0.1 nm, the tunneling current increased slightly, but no gate-effected
current was observed (green and blue curves). The inset schematics
illustrate the three-terminal junction (a) with or (b) without BDT
bridged between the source and drain electrodes.
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To further clarify how the electronic transport was affected
by the gate electrode, first-principle calculations based on
density functional theory (DFT) with the Dmol3 simulation
package were performed to explore the electronic transport
properties.6−9,51 Before this step, determination of the value of
the electric field strength and potential around the molecular
junction is necessary. Here, the simulation of the electrical field
and the potential distribution was carried out with COMSOL
Multiphysics using an electrostatic physics model. The
geometry of the three electrodes was assumed to be a cone-
like body with a sphere-like tip. The gap size between the
source and drain electrodes was 1.1 nm, the molecule length.
The perpendicular distance between the gate electrode and the
source−drain axis was set to 5 nm, while different voltages were
applied to the gate electrode. From the simulation, we found
that the electrical field strength between the source and drain
electrodes with a gate bias is an order of magnitude larger than
that for the case when the gate electrode was absent (see Figure
S8 in the Supporting Information). Our simulation also showed
that the field distribution as well as the potential distribution
around the gate electrode was inhomogeneous and that it
strongly depended on the location of the gate electrode with
respect to the source and drain electrodes, as shown in Figure
5a and Figure S9. We fixed the position of the gate electrode in
the center between the source and drain electrodes and
extracted the average value of the electric field from the
simulation. This value was used as input for the following DFT
calculation.
The local density approximation (LDA) with PWC

(Perdew−Wang approaches for the correlation functional)
was used to describe the exchange-correction energy functional.
The numerical basis set of DNP (double numerical plus
polarization) was adopted. In our calculations, the cutoff
energy, which determines the number of plane-wave basis
functions, is chosen to be 380 eV. In our model for DFT
calculation, the molecule contacted the source and drain
electrodes through S−Au bonding with two different
configurations (in-plane and out-of-plane configurations) to
form an Au/1,4-BDT/Au junction. The DFT calculations
showed that the wave function density of the molecular orbital
varied tremendously at different gate voltages in both
configurations. Figure 5b shows the in-plane configuration
case in which the bonding Au atom is located parallel to the
benzene ring plane. When the electric field was gradually
increased, the delocalization of the HOMO (highest occupied
molecular orbital) increased as well. The HOMO for VG = −9
V became more delocalized than that for VG = 0 V. For the out-
of-plane configuration in which the bonding Au atom deviates
from the benzene ring plane, a significant variation of the
molecular orbitals was predicted when an electrical field was
applied (see Figure S11 in the Supporting Information). The
DFT calculation results indicated that the electronic structure
of the molecular junction was dramatically changed at a higher
electric field, which is qualitatively consistent with our
experimental data.
In summary, we studied three-terminal transistor single-

molecular junctions formed by the mechanically controlled
break junction (MCBJ) technique with a noncontact side gate.
The distance between the source and drain electrodes was
precisely controlled to achieve a single-molecule junction, while
an in-plane gate-electrode was coupled into the molecular
junction to shift the molecular energy levels. Our experimental
results combined with the DFT calculations demonstrated that

direct modulation of the electronic transport characteristics
through a single-molecule junction with side gating was
possible, yielding a new design platform for mechanically stable
single-molecule transistor junctions.
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