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Carbon tips as electrodes for single-molecule junctions
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We study electron transport through single-molecule junctions formed by an octanethiol molecule
bonded with the thiol anchoring group to a gold electrode and the opposing methyl endgroup to a
carbon tip. Using the scanning tunneling microscope based break junction technique, we measure
the electrical conductance of such molecular junctions. We observe the presence of well-defined
conductance plateaus during the stretching of the molecular bridge, which is the signature of the
formation of a molecular junction. © 2011 American Institute of Physics. [doi:10.1063/1.3643031]

Understanding electron transport through a single mole-
cule is the main goal in molecular electronics. A primary
aim is to find ways to form a reliable mechanical and electri-
cal connection between the molecule under study and the
macroscopic electrodes. The mechanical and electrical prop-
erties of a molecular junction can be tuned by a clever design
of the molecular structure but also by a proper selection of
the material of the electrodes. So far, gold has been the main
material of choice for the electrodes in scanning tunneling
microscope break junction (STM-break junction) experi-
ments because gold is chemically inert, even in air, while
molecules can be bound to it with well characterized linker
groups such as thiols'™ or amines.'™ However, the bond
formation between gold electrodes and methyl terminated
molecules such as alkane(mono)thiols, although possible in
certain electrochemical environments,* has proven to be elu-
sive in break-junction experiments.”® This explains why the
use of gold as electrodes in single-molecule electronics has
limited the variety of molecular systems that can be studied
with STM-break junction experiments. In this sense, it would
be highly desirable to widen the list of materials that can be
used as electrodes.>” Carbon is obviously a good candidate
as an electrode material in molecular electronics because it
offers the possibility to contact a variety of molecules with-
out the need of anchoring groups, it is also relatively inert,
and it forms structures like graphene®® and nanotubes'® that
can be used as nanoelectrodes.

In this work, we have explored the suitability of carbon-
based tips as electrodes to form molecular junctions. Using
the STM-break junction technique, we have measured the
electrical conductance of several hundred octanethiol-based
single-molecule bridges (CH3;—C;H4—~SH) in which the thiol
anchoring group is bound to a gold electrode and the methyl
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group is linked to a carbon electrode. Most of the conduct-
ance traces measured while stretching the molecular junction
show a marked plateau which is the signature of the forma-
tion of molecular junctions.'"'?

In order to form single-molecule junctions with a carbon
electrode, we used a homebuilt STM (Ref. 13) with a carbon
fiber tip. These tips have been characterized for their use in
STM proving that the carbon tip apex is not contaminated.'*
We have also ruled out the possibility that the carbon tip is
contaminated or wetted by gold atoms of the surface.'’

Single-molecule junctions are obtained by repeatedly
forming and breaking the contact between the tip and a gold
substrate covered with a self-assembled monolayer (SAM)
of molecules. We choose octanethiol molecules as a model
system because it has the following advantages. First, SAMs
of octanethiol molecules can be routinely obtained and are
well-characterized by STM studies.'® Second, octanethiol is
the shortest, and thus most conductive, alkanethiol that forms
highly ordered standing-up phase monolayers.'” Third, the
strong bonding between the thiol group and the gold sub-
strate prevents the tip from pulling the molecules off the sub-
strate during the formation and breaking of the contacts.

We characterized the SAM using STM topography
images at constant current with a tunneling resistance of 187
MQ. The images in Figure 1 reveal large areas of triangular-
shaped atomically flat terraces separated by sharp mona-
tomic steps, distinctive of Au (111) reconstructed surfaces.
The higher detail image of Figure 1(b) shows the characteris-
tic stripe-like structures produced by the self-assembly of the
alkanethiols into periodic molecular domains."®

After the characterization of the SAM surface, we
formed single molecule contacts with the carbon tip. We
start from a non-contact situation with a tunneling resistance
higher than 200 MQ at an applied fixed tip bias of 100 mV.
In order to approach the tip to the sample in a controlled
way, the STM current feedback setpoint is lowered to a value
of 50 nA, corresponding to a resistance of 2 MQ, in a time
lapse of 200 ms. The tip approach is sufficient to bring
the carbon tip into gentle contact with the SAM but small
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FIG. 1. (Color online) (a) Constant current STM topography image of
atomically flat Au (111) terraces covered by a dense octanethiol monolayer
(lunne1 = 1.6 nA, Vijp=—300 mV). (b) Detail of the region marked by the
dashed square in (a). The parallel dotted white lines indicate the direction of
the characteristic stripe-like structure.

enough not to touch the gold surface. After the shallow con-
tact is established, the current feedback is turned off and the
tip is retracted 2 nm away from the surface at a rate of 60
nm/s. During this retraction, we measure the current at a
fixed bias. A comparison between the STM topographic
images before and after the indentation demonstrates that
deeper indentation of the tip causes irreversible damage of
the SAM. The indentation-retraction cycle is completed by
turning the STM feedback loop on. This cycle is repeated 32
times at a predetermined spot of the surface. We have stud-
ied 20 different spots of the sample separated by approxi-
mately 50 nm.

Several traces of conductance as a function of tip retrac-
tion distance G(z) are shown in Figure 2(a). The conductance
traces show plateaus at specific values which are the signa-
ture of the formation of molecular junctions.'” The plateaus
are separated by a sharp conductance drops related to the
rupture of the molecular bridge. The conductance plateaus
do not always occur at the same conductance values because
of variations in the microscopic details of the molecular
arrangement between the electrodes. A statistical analysis
over a large number of molecular junctions is thus necessary.
To overcome junction-to-junction fluctuations, we have per-
formed a statistical analysis in which all junction realiza-
tions, without sifting conductance traces, are represented as a
histogram.'? Figure 2(b) shows the conductance histogram
(dark tone histogram) with a broad hump centered at
G=8x10"° Gy, where Go=77.5 uS is the conductance
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quantum, and a smooth and monotonically decreasing back-
ground. The hump is associated with the presence of con-
ductance plateaus in individual traces and the background
with tunneling conduction. Indeed, the individual traces in
Figure 2(a) show that, except at the plateau, the conductance
decreases exponentially as a function of the tip separation
although its decay constant differs before and after the last
conductance plateau. The mean value of the apparent tunnel-
ing barrier height before the plateau is 0.6-1.0 eV, which can
be attributed to tunneling through the SAM. After the molec-
ular bridge breaks, the conduction mechanism is due to vac-
uum tunneling under ambient conditions'® and the mean
barrier height is 1.0-2.4 eV. The fact that the apparent tun-
neling barrier height is lower when the tip is in contact with
the SAM is in good agreement with previous work in which
a lowering of the apparent barrier height is suggested due to
the elastic surface deformation induced by the repulsive
forces during the tip-sample contact.” Therefore, the back-
ground in the conductance histogram can be attributed to
vacuum tunneling under ambient conditions for conductance
values below the peak (around G < 3 X 107° Gy) and to tun-
neling through the SAM for conductance above the peak
(around G > 1.5 x 107> G).

We followed the procedure described in Ref. 21 to
remove the background tunneling contribution from the his-
togram in order to better resolve the structure of the conduct-
ance hump. Since the slope of the conductance is lower on
the plateaus than in the tunneling regions, the tunneling con-
tribution to the conductance histogram can be removed by
considering only intervals of the individual G(z) trace whose
exponential decay constant is lower than a threshold value.
The corrected histogram in Figure 2(b) (light tone histogram)
is obtained in this way using a threshold value which corre-
sponds to an apparent barrier height of 450 meV. The result
is that the background due to the tunneling contribution has
been reduced by a factor of 3-4, and the structure of the
broad hump in conductance can be better resolved.

We find that the broad hump can be fitted to the sum of
two Gaussian peaks in a linear conductance scale whose cen-
ters are located at G;=(5.9*4.1)x10° G, and
G,=(1.3*0.5)x 10> G,. The presence of multiple peaks
in the histogram in previous STM break junction experi-
ments on molecular junctions has been attributed to a
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FIG. 2. (Color online) (a) Conductance traces (shifted horizontally by 0.5 nm for clarity) showing characteristic conductance plateaus. Below a conductance
of 1.5 x 107® G, the measurements are limited by the noise level of the current amplifier. (b) Conductance histogram built from 740 traces (dark tone histo-
gram) and corrected histogram (light tone histogram) after subtracting the tunnelling contribution, following the procedure described in Ref. 20. The corrected
histogram shows two conductance peaks. The dashed and the dotted curves are the two Gaussians and the solid black curve is their sum. The maximum of the
conductance peaks marks the two most probable molecular configurations (horizontal dashed/dotted lines).
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varying number of molecules contributing to the transport.21
The fact that the value of G, is twice that of G, suggests that
plateaus at conductance G, correspond to electron transport
through two simultaneously connected molecules each of
which has a conductance Gj.

We compare the conductance value of these gold-
octanethiol-carbon single molecular junctions with other
model systems. The conductance through octanethiols has
been studied using gold electrodes in configurations such as
2D nanoparticle arrays”' and nanopores22 with a relatively
large gold-octanethiols-gold junctions (400—1000 molecules
are involved). The conductance per molecule has been found
to be in the range of (8-70) x 1078 Go (Ref. 23) which is
more than an order of magnitude lower than the value we
have obtained for gold-octanethiol-carbon junctions. On the
other hand, break junction experiments with octanethiol mole-
cules and gold electrodes show that not only the conductance
is low but also is the probability of the formation of molecular
junction.zz’23 The usual approach to provide both good electri-
cal contact and strong chemical bonding to gold electrodes is
to functionalize the molecules with thiol anchoring groups on
both ends. In single-molecule experiments with octanedithiols,
the reported conductance is in the range of (1-25)x 1077
Go.>"** The corresponding value for the conductance of the
carbon tip contacted octanethiols is comparable in spite of the
lack of a specific anchoring group. Thus, the comparison with
other model systems supports the suitability of carbon fiber
tips to contact methyl terminated molecules.

The appearance of a plateau in the conductance traces
suggests the formation of a chemical bond between the
alkane chain and the carbon tip. However, it is not easy to
say a priori how a methyl-terminated chain can bind to a
pure carbon-hydrogen structure. For this reason and in order
to shed some light on the formation mechanism of our mo-
lecular junctions, we have performed simulations within the
framework of density functional theory (DFT) to find/pro-
pose a feasible scenario for the formation of a stable alkane-
carbon contact."”

In conclusion, we have used carbon fiber tips as electro-
des in an STM-break junction configuration to form single-
molecule junctions with octanethiol deposited on a gold sur-
face. We find that carbon tips provide a proper mechanical
linking to the methyl group allowing the routine formation
of single-molecule bridges. The conductance traces during
the stretching of the bridges show well defined plateaus that
are reflected in the conductance histogram as a prominent
peak at 5.9 x 10~° G, which corresponds to the conductance
of a single molecule. This value is comparable to that of
octanedithiol between gold electrodes. It is important to
emphasize that these carbon tips can be suitable candidates
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to contact a variety of organic molecules and they can also
be combined with other substrate materials including carbon
itself to form purely organic single-molecule devices.
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