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ABSTRACT

We have studied electron transport properties of benzenedithiol and benzenedimethanethiol covalently bonded to gold electrodes by repeatedly
creating a large number of molecular junctions. For each molecule, conductance histogram shows peaks at integer multiples of a fundamental
conductance value, which is used to identify the conductance of a single molecule. The conductance values of a benzenedithiol and
benzenedimethanethiol are 0.011 G0 and 0.0006 G0 (G0 ) 2e2/h), respectively. The conductance peaks are broad, which reflects variations in
the microscopic details of different molecular junctions. We have also studied electrochemical gate effect.

Understanding electron transport properties of a molecule
electrically wired to two electrodes is an important step
toward building a functional device based on single
molecules.1-5 To reliably wire a molecule to electrodes, a
widely used strategy is to attach the molecule with two
appropriate terminal groups, such as thiols, that can bond
covalently to the metal electrodes.6-13 Two kinds of dithiol
molecules have been extensively studied. One is alkanedithiol
chains. These molecules are considered highly insulating
because of their large energy gap between the HOMO and
LUMO, but they are relatively simple and chemically inert,
which make them a nice model system to test an experi-
mental technique or theoretical method.12,14-21 The second
dithiol is based on conjugated aryl oligomers, such as oligo-
phenyldithiols and oligophenylene-ethynylenedithiols.4,11,22-25

The smaller HOMO-LUMO gap and the possibility of
functionalizing these molecules make them more attractive
for potential molecular electronic applications.

The simplest molecules of the latter group, benzenedithiol
(BDT) and benzenedimethanethiol (BDMT), have been
investigated experimentally by scanning tunneling micro-
scope (STM)26,27 and break junction techniques.6 These
pioneering works have stimulated a large theoretical effort
to investigate the conductance of these molecules.28-42

Depending on the models and approximations used by
different groups, the theoretical conductance values often
differ from the experimental data by several orders of
magnitude, which calls for further study of these relatively
simple molecules. It has been pointed out that the conduc-
tance is sensitive to microscopic details of the molecule-

electrode contact.5,30,31,34,36,39-44 These details include whether
the molecule is properly bonded to both electrodes, what
the binding site of the thiol group on the gold electrode is,
and how the molecule orients itself with respect to the gold
electrode. Due to the difficulty of forming molecular
junctions with identical microscopic details, the ability to
quickly form and measure a large number of molecular
junctions for statistical analysis is important. It has been
shown recently that a mechanically controllable break
junction can be used to repeatedly form Pt/H2/Pt junctions.13

We have reported an STM break junction approach to create
a large number of Au/alkanedithiols/Au junctions.12 In the
present work, we describe the study of electron transport
properties of BDT and the closely related BDMT covalently
bonded to gold electrodes using this method. Motivated by
the possibility of controlling the conductance with a gate
electrode,33,34,36we have also studied the dependence of the
conductance on electrochemical gate voltage.

The technique used to fabricate the molecular junctions
and to measure the conductance of the junctions is similar
to that described in a previous publication.12 Briefly, we
repeatedly moved a gold STM tip into and out of contact
with a gold substrate in the presence of sample molecules
on the substrate surface (Figure 1). Because each sample
molecule is terminated with two thiol groups, it can bridge
the tip and substrate electrodes and form a molecular
junction. The process was controlled by a feedback loop that
started by driving a gold STM tip into contact with the
substrate at a rate of 40 nm/sec. Once the contact was fully
established, the feedback loop activated the piezoelectric
transducer to pull the STM tip out of the contact. During* Corresponding author. E-mail: nongjian.tao@asu.edu
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the process, the current flow between the tip and the substrate
electrodes was recorded with a fixed bias voltage.

During the initial stage of pulling the tip out of contact
with the substrate, the conductance decreased in a stepwise
fashion with each step occurring preferentially at an integer
multiple of conductance quantum G0 ) 2e2/h (Figure 2a). A
conductance histogram constructed from one thousand such
transient conductance curves reveals pronounced peaks near
1G0, 2G0, and 3G0 (Figure 2b). This well-known conductance
quantization occurs when the contact size becomes compa-
rable to the electron Fermi wavelength.45,46 Since the
wavelength for electrons in gold is only a few Å, the
appearance of conductance quantization signals the formation
of an atomic-scale contact between the tip and the substrate.
This conclusion was directly supported by the high-resolution

transmission microscopy images which reveal single-atom
contact between two electrodes.47,48

When the last gold atom contact is broken by further
pulling the tip away, a new sequence of steps in the
conductance curves frequently appears in a lower conduc-
tance region (Figure 2c-f). Such steps do not appear in every
conductance curve. However, the conductance histogram
constructed after removing the stepless curves shows con-
ductance peaks centered at 0.011, 0.022, and 0.033 G0 for
BDT (Figure 2d). The conductance histogram constructed
in a similar way for BDMT exhibits peaks near 0.0006,
0.0012, and 0.0018 G0, which are 20 times smaller than the
corresponding peaks for BDT (Figure 2f). These new peaks
are located at much lower values than the conductance peaks
of the atomic-scale gold contact. Another important differ-
ence is that different molecules have different conductance
values. For instance, the conductance (peak position) of
N-alkanedithiol decreases exponentially with the chain length
(N).12 We believe that the conductance steps observed after
the breakdown of the gold contact are due to the formation
of molecular junctions. The lowest step corresponds to a
single molecule bridged between the two gold electrodes.

The conductance from the histogram for a single BDT is
∼0.011 G0 (1.2 MΩ resistance), significantly greater than
the value (<10-4 G0 near zero bias) determined with a break
junction method.6 The conductance for a BDMT molecule
is ∼0.0006 G0 (∼21 MΩ), which is similar to the values
extracted from the Coulomb blockade measurement.26,27The
conductance of BDT is in good agreement with the calcula-
tion by Di Ventra et al. who treated the electrodes with a
jellium model.34 However, comparing the measured conduc-
tance values with many other theories is less straightforward
because most calculated values depend on the binding site
of S (or SH41) on gold, and the orientation of the molecule
with respect to the electrodes. The distance over which a
molecular junction can be stretched for both BDT and BDMT
is between 0.3 and 0.6 nm. This distance is not how long
the molecules are stretched. Instead it is due to the stretching
of the gold contacts. When a gold atom at the molecule-
gold contact is pulled out of the electrode, a nearby surface
gold atom moves behind the first atom (marked by red circles
in Figure 1). Further pulling can cause a third atom to move
behind the second one and form a linear atomic chain. We
point out that a similar situation has been observed when
separating two gold electrodes from contact, where a chain
of gold atoms can be elongated over 2 nm.47,49This indicates
that the S atoms are more likely bonded to the top sites than
the hollow or bridge sites of the electrodes. We may further
expect that the benzene rings of the molecules align along
the stretching direction.

In comparison to previously studiedN-alkanedithiol and
4,4′-bipyridine, BDT and BDMT are different in two ways.
First, only a fraction (30-40%) of the all transient conduc-
tance curves has steps and the rest are smooth curves that
follow exponential decay. This indicates that the formation
of benzenedithiol junctions has a lower probability. This is
most likely due to the absence of BDT and BDMT in the
solution cell during the formation of individual molecular

Figure 1. Schematic of the experimental setup. A molecular
junction is formed by pulling a gold STM tip out of contact with
the gold substrate in the presence of sample molecules. The
potentials (electrochemical gate voltage) of the gold substrate and
gold STM tip were controlled with respect to a reference electrode
(Ag wire) using a gold counter electrode and a bipotentiostat.

Figure 2. Transient conductance trace and the corresponding
conductance histogram of gold point quantum contact (a, b) and
BDT junctions (c, d) and BDMT junctions (e, f) measured at-0.2
V vs Ag/AgCl in 0.1 M NaClO4 solutions. The conductance traces
were displaced on thex axis for sake of clarity.
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junctions. Second, the peaks in the conductance histograms
of benzenedithiols are much broader than those of alkane-
dithiols. As we have mentioned above, recent theoretical
works31,32,34,36,39,41have shown that the conductance of BDT
depends not only on the adsorption sites of gold electrodes
but also on the molecular orientation in the gold-molecule-
gold structure. The broad conductance peaks in the histo-
grams may reflect the variations in the molecule-electrode
contact geometry.

We have performed the measurement at various bias
voltages. At each voltage, we have obtained a conductance
histogram from 300 to 400 transient curves. Figure 3a shows
several conductance histograms of BDMT at different bias
voltages. The first peak is near 0.0006 G0 and remains
constant when the bias voltage is below 0.3 V, which reflects
a linear dependence of the current (I) on the bias (V).
However, on increasing the bias voltage to above 0.5 V, the
conductance peak shifts toward higher values. The increase
in the conductance at large bias voltages is due to nonlinear
dependence ofI on V. At negative bias, the dependence of
I on V is nearly identical, due to symmetry of the molecular
junction. Since,I ) GV, whereG is the conductance values
of the histogram peaks, we have obtained theI-V curves
for the first two peaks (Figure 3b). After dividing theI-V
curves of the second peak by 2, the two curves collapse into
a single one. We have obtained theI-V characteristic curve
for BDT in a similar way (Figure 3c). The overall shape is
similar to that of BDMT, but the nonlinear dependence of
I on V occurs at a somewhat lower bias voltage. When
increasing the voltage to∼1 V, the noise level in the current
increases rapidly. One possible reason for the increased noise
is electrochemical reactions taking place on the tip and the
substrate electrodes. Di Ventra et al.50 reported a dramatic
increase in local heating of a single molecule junction when
the bias voltage is increased above a certain threshold based
on first-principle calculations, which provides another pos-
sible explanation of the increased noise at high bias voltages.

The ability to control the electron flow through a molecule
between two electrodes with a third electrode is highly
desired for molecular electronic devices. For a conventional
field effect transistor (FET), a gate electrode is used to control
the current flow between a source electrode and a drain
electrode. Recent theories have predicted an interesting
dependence of the benzenedithiol conductance on gate
voltage.33,34,36 However, to observe the gate effect, a gate
field on the order of∼10 V/nm is required, which is difficult
to reach experimentally. For instance, a typical solid device
consists of two electrodes (source and drain electrodes) on
top of an oxide gate layer, the actual gate voltage on the
molecule is∼(L/t) times of the applied gate voltage, where
L is the length of the molecule, which is rather small
(<1 nm) compared to the oxide thickness (t > many nm).
In the present work, we used an electrochemical gate applied
between the STM tip, or the substrate and a reference
electrode in an electrolyte. A much higher gate field can be
achieved because the applied voltage falls across the double
layer that is only∼0.5 nm thick (the diameter of a hydrated
ion). This field is close to the gate field required to
significantly change the current through a molecule, accord-
ing to the first-principle calculations by Di Ventra et al.33,51

We have established the window within which the
electrochemical gate voltage can be varied without electro-
chemical reactions by measuring the reaction current vs the
gate voltage. Figure 4a shows that BDT molecules are stable
on the surface when the electrode potential was swept from
0.4 to-1.1 V. The reductive desorption of BDT molecules
gives rise to a peak at-1.3 V, which overlaps with hydrogen
evolution (i.e., reduction of hydrogen ions to form hydrogen
gas). When sweeping the potential anodically, a small peak
near-0.5 V, due to readsorption of BDT on the electrode,
appears. At+0.3 V, another peak appears, corresponding to
oxidative desorption of BDT molecules. Further increasing

Figure 3. (a) Conductance histograms of BDMT at different bias
voltages. (b and c)I-V characteristics of BDT and BDMT
molecular junctions. Measurements were done in toluene solutions
containing 0.3 mM of the sample molecules.

Figure 4. Cyclic voltammograms of BDT self-assembled mono-
layer on gold electrodes in (a) 0.1 M NaClO4 and (b) 1 mM K4-
Fe(CN)6 + 0.1 M NaClO4 solution. The potential sweep rate was
100 mV/s.
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the potential to∼0.5 V, oxidation of gold surface takes place.
The desorption of BDT molecules in both cathodic and
anodic directions was monitored by using Fe(CN)6

4- as a
probe. In the potential range between-1.1 and+ 0.4 V,
the redox peaks of Fe(CN)6

4 are minimal, which indicates
that BDT and BDMT molecules form rather dense mono-
layers and prevent Fe(CN)6

4- from reaching the electrode
surface. Outside the potential window, the redox peaks
increase dramatically, which signals substantial desorption
of BDT and BMDT (Figure 4b).

We have varied the gate voltage within the available
potential window. The peaks in the conductance histograms
are pronounced; however, within the experimental uncer-
tainty, the conductance of the molecules does not depend
on the electrochemical gate voltage (Figure 5). Outside of
the voltage window, the peaks in the conductance histograms
disappear, due to desorption of the molecules from the
electrodes. The lack of gate effect is not yet understood, but
we speculate the following mechanism as a possible reason.
The benzenedithiol molecules are about 0.8 nm long, which
defines the separation between the two gold electrodes. The

double layer thickness for each electrode is about 0.5 nm,
so there is an overlap between the double layers of the two
electrodes, which may affect the actual gate voltage on the
molecule.

Experimental Details. The gold substrate was prepared
by thermally evaporating 100 nm gold on mica in a UHV
chamber. Before each experiment, the substrate was briefly
annealed in a hydrogen flame and immediately immersed in
1 mM BDT and BDMT ethanol solution for 3-6 min. It
was then thoroughly rinsed with ethanol and placed in a
Teflon sample cell. The cell was cleaned by boiling it in
piranha solution (98% H2SO4/30% H2O2 ) 3:1, v/v), and
then sonicating in 18 MΩ‚cm water three times (Nanopure
system fed with campus distilled water). (Caution: piranha
solution reacts violently with most organic materials and must
be handled with extreme care.) The STM tip was prepared
by cutting a 0.25 mm gold wire (99.999%) with a pair
scissors, which was then coated with Apiezon wax in order
to reduce ionic conduction and polarization currents. The
leakage current due to ionic conduction and polarization was
on the order of pA. For electrochemical gate experiment,
the potentials of the tip and the substrate were controlled
with respect to a quasi reference electrode (Ag wire) using
a gold counter electrode and a bipotentiostat (PicoStat,
Molecular Imaging Co.). The quasi reference electrode was
calibrated against the more commonly used Ag/AgCl (in 3.5
M KCl) reference electrode. The potentials (electrochemical
gate) in this paper are quoted vs Ag/AgCl electrode.
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