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The building blocks of silicon-based microelectronics are field
effect transistors (FET) whose basic function is to switch electrical
current between two electrodes on and off with a gate electrode.
Building a single molecule FET is naturally considered to be a
critical step toward the ultimate goal of molecular electronics.1

While most works in molecular electronics to date have focused
on two-terminal devices,2 a three-terminal FET-like device is highly
desired because it provides power gain, an essential requirement
for large-scale integrated circuits. FET-like behavior has been
demonstrated in carbon nanotubes3 and nanowires,4 and Coulomb
blockade5 and Kondo effects5b,c have been recently observed in
molecular systems at low temperatures. Theoretical models have
predicted that the conductance of a single molecule can be
modulated with a gate electrode in the fashion of conventional FET.6

Experimental demonstration of this FET behavior in single mol-
ecules has, however, been a difficult challenge because it requires
one to (1) find a reliable method to wire a single molecule to the
source and drain electrodes, and (2) place the gate electrode a few
angstroms away from the molecule to achieve the required gate
field.

Here, we demonstrate a single moleculen-typetransistor in which
the current through the molecule can be reversibly controlled with
a gate electrode over nearly 3 orders of magnitude at room
temperature. The molecule is wired to two gold electrodes (source
and drain) via gold-thiol bonds, and the number of wired molecules
is determined by statistical analysis of a large number of molecular
junctions (Figure 1a).7 A large gate field is achieved using an
electrochemical gate in which the gate voltage is applied between
the source and a gate in the electrolyte.8 Since the gate voltage
falls across the double layers at the electrode-electrolyte interfaces,
which are only a few ions thick, a field close to∼1 V/Å can be
reached.

The molecule chosen for this work is perylene tetracarboxylic
diimide (PTCDI), a redox molecule with many unique electronic
properties.9 It is also one of a few molecules available for use as
n-channelmaterials.10 To wire the molecule to two gold electrodes,
we have synthesized a PTCDI derivative terminated with two thiol
groups that can spontaneously bind to gold electrodes via the thiol-
gold bond (Figure 1a). The energy gap between the lowest
unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) is only 2.5 eV, implying a semiconduc-
tor-like molecule. The cyclic voltammogram shows two pairs of
peaks at-0.55 and-0.8 V (vs Ag/AgCl), respectively, corre-
sponding to two reversible reduction processes (Figure 1b). The
nominal length of the rigid molecule is about 2.3 nm, much greater
than the gate thickness (the diameter of the ions), so field screening
effect due to the proximity of the source and drain electrodes is

negligible. These attributes make PTCDI an excellent candidate
for resonance tunneling FET.

We wire a single PTCDI to two gold electrodes using a STM
break junction.7 It creates individual molecular junctions by
repeatedly moving a gold tip (source electrode) in to and out of
contact with a gold substrate (drain electrode), which is shown as
a series of steps in the conductance (Figure 1c). Histograms
constructed with 1000 individual measurements show peaks located
near integer multiples of a fundamental conductance value, 1.2×
10-5 G0, whereG0 ) 2e2/h ≈ 77 µS, with e the electron charge
andh the Planck constant, which is identified as the conductance
of a single molecule (Figure 1d). Such a conductance was
determined at different gate voltages. The more negative the gate
voltage is applied, the higher the conductance is obtained (Figure
S1 in Supporting Information).

Once the conductance of a single PTCDI is determined, we pull
the source and drain electrodes apart until the conductance drops
to the lowest step, corresponding to a single PTCDI. We then freeze
the electrodes and record the current (Isd) while sweepingVg or Vsd

(Figure 2). The conductance increases rapidly with decreasingVg

and reaches a peak at about-0.65 V. The peak conductance is
∼500 times greater than that atVg ) 0 V for a fixedVsd at 0.1 V.
Isd can be controlled over a larger range at higher bias, due to
nonlinear Isd-Vsd curves. Figure 2b shows theIsd-Vsd curves
obtained at variousVg. At Vsd ) 0.4 V, the current can be controlled
over∼1000 times. The subthreshold slope is∼0.3 V, close to the
predictions of theoretical models for benzenedithiol molecules.6

To eliminate ionic contributions through the solution to the
measured source-drain current, we coated the source electrode with
Apiezon wax such that ionic conduction is<1 pA, much smaller
than the lowest source-drain current measured here. TheIsd-Vg
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Figure 1. (a) Schematic of a single molecule transistor with an electro-
chemical gate (Ag wire reference electrode in 0.1 M NaClO4). The gate
and the source-drain bias voltages are controlled with a bipotentiostat (a Pt
counter electrode not shown for clarity). (b) Cyclic voltammogram of PTCDI
adsorbed on gold electrode in DMF+ 0.1 M TBAP (red) and in 0.01 M
NaClO4 aqueous solution (black). To avoid reductive desorption of the
molecule, the potential was kept above-0.8 V in aqueous solution. The
potential sweep rate is 2 V/s. (c) Typical conductance curves during the
formation of molecular junctions. (d) Conductance histogram constructed
from ∼1000 individual transient curves, such as the ones shown in c.
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curves are independent of the sweep rate, which further confirms
negligible contributions from the ions. In addition, we performed
the experiment by replacing the PTCDI molecule with nonredox
molecules, alkanedithiols, 4,4′-bipyridine, and benzenedithiols. In
all of these cases,Isd is independent of the gate voltage (Figure
2c).

The large gate effect obtained with this redox molecule resembles
the n-type solid-state FET (the gate sign convention here is opposite
to that in solid-state electronics), but the mechanisms are different.
The current peak observed here is located atVg ≈ -0.65 V, close
to the reduction potential of the molecule. This leads us to believe
that the current enhancement is due to an empty molecular state-
mediated electron transport process.11 One mechanism is resonant
tunneling, which predicts that the current reaches a peak when the
empty state is shifted to the Fermi level by the gate (Figure
2d).6a,8a,12 By considering the stochastic dynamics of solvent
polarization and internal vibration modes, Kuznetsov and Schmick-
ler13 have shown that the resonant enhancement in the current
through a redox molecule reaches the maximum near the redox

potential, which supports the interpretation above. An alternative
mechanism that predicts a maximum current near the reduction
potential is a two-step electron transport in which an electron from
one electrode tunnels into the empty state to reduce the molecule
and then tunnels out into the second electrode.14
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Figure 2. (a) Source-drain current (Isd) versus gate voltage (Vg) for a single
PTCDI molecule transistor. The open squares were obtained from the peak
position of the conductance histograms (see Figure S1 in Supporting
Information). The solid lines were obtained by directly recording the source-
drain current while sweeping the gate voltage. (b)Isd versus bias voltage
(Vsd) characteristic curves at various gate voltages. At low gate voltages,
the curves in linear scale show the linearIsd-Vsd behavior (Figure S2 in
Supporting Information). (c) Control experiment on an alkanedithiol shows
no gate voltage dependence. (d) The energy diagram of the gold-PTCDI-
gold junction.
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