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The development of molecular devices based on single-
molecule functionalities has recently attracted much atten-
tion.? Break junction®?! experiments in vacuum demon-
strated that this technique is particularly suited to study the
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electronic properties of single molecules.**) Adding a chem-
ically controllable environment in break junction experi-
ments would offer a variety of interesting possibilities. The
electronic properties of a molecule can be tuned, for in-
stance, by adjusting its redox state using a liquid gate. A
liquid environment also offers greater control on the an-
choring of the molecule to the metallic constriction. The ex-
cellent efficiency of a liquid gate has been demonstrated
previously on carbon nanotube field-effect transistors,"”
while this effect has been recently studied for organic mole-
cules using a scanning tunneling microscope (STM).!!!

In this Communication, we present a break junction
setup with an integrated liquid cell, which allows an explo-
ration of the influence of solvents on the electronic proper-
ties of atomic contacts. The setup is used to study the varia-
tion of the electrical conductance G of Au junctions with
their elongation in the regimes of tunneling (low conduc-
tance) and of true metallic contact (high conductance). As
solvents, we have used deionized water, dichloromethane
(DCM), dimethylsulfoxide (DMSO), octane, and toluene.
The last four are of particular interest since they are poten-
tial organic solvents for molecules relevant in molecular
electronics. In addition, these solvents cover a broad range
of polarities. We also compare the results with reference
measurements obtained in vacuum and air.

The suspended metallic bridges were fabricated follow-
ing a method similar to one described elsewhere.! Polished
phosphor bronze substrates (0.3x10x24 mm®) were used,
which were spin-coated with a 2-3-pm-thick polyimide layer
(PI2610, HD MicroSystems), and annealed for 30 min at
200°C in air, and 1 h at 400°C in vacuum at 10~ mbar. The
metallic electrodes were produced with a combination of
UV and electron beam lithography, followed by a Au-metal-
lization step and an under-etching of the junctions using an
oxygen plasma (80% O, and 20% CHFs;; 0.1 Torr; 100 W).
On a substrate, three junctions with a central constriction
80-150 nm wide (Figure 1a) were fabricated in parallel. The
resistance of the junctions ranges typically between 200 Q2
and 300 Q for 70-nm-thick bridges. The sample is mounted
(unclamped) in the three-point-bending mechanism shown
in Figure 1b. The distance between the counter-supports is
20 mm. The vertical displacement of the pushing rod press-
ing on the sample from below is driven by a stepper motor
via a coupling gear, allowing for displacement amplitudes
up to a few millimeters with a resolution of 3 nm. To per-
form measurements in a liquid, we integrated a liquid cell
formed by a portion of a Viton tube, enclosing a volume of
250 wl. The cell includes an inlet and outlet port allowing
the exchange of fluids in the course of the measurements. A
tight contact of the cell to the sample surface is ensured via
a spring. The electrical measurements were performed in a
two-probe configuration, using spring-loaded metallic tips.
A standard data-acquisition board (National Instruments)
was used both to apply a constant bias voltage of 0.1 V, and
to record the current in the junction as measured by a cur-
rent-voltage converter.

In the high-conductance regime (G = G,=2¢%h), for
each environment, we collected 100-120 curves of the de-
crease of the junction conductance as a function of the verti-
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Figure 1. a) SEM image of an under-etched Au junction defined by
electron beam lithography. b) View of the substrate mounted in the
three-point bending mechanism (white triangles) with a liquid cell
pressed against the substrate.

cal displacement z of the pushing rod while extending and,
eventually, breaking the constriction. Typical single-conduc-
tance curves are shown in Figure 2a, whereas Figure 2b dis-
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Figure 2. High-conductance regime: a) Electrical conductance G
scaled to G, = 2€?/h versus vertical displacement of the push rod z,
shifted horizontally for clarity, for a gold junction in DMSO and in
toluene. b) Conductance histograms, built from 100-120 measure-
ments of G(2) of three junctions measured in different environments.
The data for DMSO, octane, and toluene correspond to one junction,
those for air and water to a second one, and those for vacuum to a
third one. The histograms are shifted vertically for clarity.
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plays the conductance histograms over all measured curves.
In agreement with previous work in air, vacuum, and at low
temperatures (He), there are large junction-to-junction var-
iations in G(z). Individual curves display plateaus at differ-
ent conductance values. The clearest and most reproducible
plateau is the one close to 1 G, as expected for monovalent
wires,"” and gives rise to a clear peak in the histograms
shown in Figure 2b. Each histogram is built from all the
conductance traces measured in one environment (bin
width: 0.02 Gy) and normalized by the total number of
counts. Because no striking difference between histograms
for different environments is apparent, we conclude that the
environment plays a minor role in the electronic properties
of atomic contacts in the high-conductance regime.

Focusing on the behavior of the junctions in the tunnel-
ing regime (G between 4x 107 and 0.01 G,), several sets of
ten consecutive open/close cycles were recorded for the
same junction in different environments. Figure 3a shows
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Figure 3. Tunneling regime: a) Raw data for the electrical current /
versus vertical displacement of the push rod z for a single gold junc-
tion (83 a) in different environments. The curves are shifted horizon-
tally for clarity, and the zero in z has been arbitrarily chosen. The
solid lines are obtained from fits of / to an exponential law, that is,
In(l) = —BI+ const. b) Results for the slope B from fitting an exponen-
tial law to several sets of curves similar to that shown in (a). The
ratio of the mean value of B in different environments with respect
to that of air has been plotted in the inset for four different
junctions.

representative raw curves obtained when the junction was
closed. In the low-current regime (<5x107° A), subsequent
curves show little variation, and exhibit a well-defined
linear regime in a semi-logarithmic representation. At
higher currents, we observed larger curve-to-curve varia-
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tions, which can be attributed to differences in the micro-
scopic configurations of the junctions. Whenever measuring
in a medium different from vacuum, a clear decrease of the
slope at low currents is observed, which is characteristic for
each environment. We emphasize that the slope is not corre-
lated with the order in which the environments were tested
and, hence, with a possible accumulation of contamination
in the junction.

We consider the simple expression for the tunneling cur-
rent at low bias voltage through a square barrier of height
¢ and thickness d, I o< exp(—2dv/2m@/h), where m is the
electron mass and d = r(z — z,), the distance between the
two extremities of the Au contacts on either side. Here,
r is the mechanical reduction factor, which can be ob-
tained from the geometry of the junction,>' and z, is a
constant. We then have In(/)=—Bz+const, where
B =2r\/2m¢/h= 1.025[eV-"*A~"]\/¢r. Hence, the slope of
In(I) versus —z is given by B o< 1/¢. A large (small) slope
corresponds to a large (small) barrier height ¢. To reduce
the effect of fluctuations, the slope B was deduced in the
low-current regime using all ten curves of each set of meas-
urements simultaneously. The result of several sets is shown
in Figure 3b for the same junction as in Figure 3a. The lines
in Figure 3a correspond to the averaged values of B for
each environment.

We performed the same analysis for three additional
samples and found differences up to a factor of three in B
for a given environment. This large scattering cannot be as-
signed to ¢, because unreasonably large barrier heights
would then result. The scattering is due to sample-to-sample
variation in the mechanical reduction factor r. This is
proven with the inset of Figure 3b, which illustrates the
ratio (B/B,,)* for each environment and for four different
junctions. This ratio is directly proportional to the ratio of
the effective barrier heights and does not depend on r. We
conclude, that ¢ does depend on the environment in a spe-
cific and reproducible way.

Reduced effective tunneling barrier heights have been
consistently observed in STM experiments performed in
aqueous environments,'*'% although a detailed model pro-
viding a quantitative account for this decrease is still lack-
ing. We point out that the observed decrease in ¢ does not
show a simple correlation with the dielectric constant
(whether static or optical) of the medium in between the
electrodes.['1*]

As we have stressed before, the mechanical reduction
factor r presents a large uncertainty. Based on the actual ge-
ometry, we estimate r, = 6/u/L* =5 x 107°.*"! In contrast,
if we use the measured B for vacuum and fix ¢ to the estab-
lished value of 3.5-5eV,” we get values of r =5 x 107,
one order of magnitude higher than r,.

The cause for this discrepancy is likely caused by plastic
deformation of the substrate and flow of the polyimide
layer in the vicinity of the junction due to inhomogeneous
stress.>"! That plastic deformation has to be considered is
confirmed by the presence of a residual bending of the sub-
strate after several loading and unloading cycles in some ex-
periments. Moreover, we estimate that a vertical displace-
ment z of ~1 mm, which is a typical displacement needed
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to break the junction, is sufficient to reach the tensile
strength of phosphor bronze. Plastic deformation changes
the bending geometry and can substantially increase the me-
chanical reduction factor r, as observed in our experiment.

In addition to the dependence of ¢ on the environment,
there is a striking change of the slope B to smaller values at
small z values, observed in the octane curve («, Figure 3a)
and to a lesser extent in the DCM curve (¢, Figure 3a).
This behavior could be reliably observed for all curves mea-
sured in octane after a number of open/close cycles (> 30),
allowing the junction to stabilize. The observed lowering of
the apparent barrier height is likely caused by the discrete
(molecular) nature of the liquid and its behavior in confined
geometries.’*! STM investigations have shown that n-
alkane chains tend to self-organize parallel to a Au(111) sur-
face.”™ A layering of the octane molecules at short inter-
electrode separations can explain the reduced slope of In (1)
versus z at small gap sizes: For a given vertical displacement
z, the effective shortening of the gap becomes smaller due
to the mechanical resistance opposed by the layered octane
molecules in between the Au electrodes, deforming the Au
extremities. Consequently, a more gentle current increase
with vertical displacement results.

In conclusion, we have shown that microfabricated
break junctions can be operated in a liquid environment
opening interesting perspectives for the study of single-
molecule devices in a chemically active environment. We
observed that the solvent significantly affects the tunneling
regime and suspect that the confinement of the liquid can
lead to molecular layering effects within the gap. We em-
phasize that the strain limitation of the substrate causes sig-
nificant variations in the mechanical reduction factor. De-
spite this difficulty, we could observe a systematic and re-
producible trend in the variation of the tunneling barrier
height with different solvents.
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