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Variable-temperature study of the transport through a single octanethiol molecule
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Working on a true molecular level is essential for advances in the field of molecular electronics. Techniques
have to be perfected and new approaches have to be developed in order to characterize the properties of a single
molecule. In this work we report temperature-dependent transport studies of a single octanethiol molecule trapped
between the apex of a scanning tunneling microscope tip and a substrate. At each temperature the molecule is

brought into contact by decreasing the gap between tip and substrate in a controlled way. At a positive sample
bias the molecule jumps into contact upon approaching the substrate by 0.16 &= 0.01 nm with respect to a fixed
reference point defined by a sample bias of +1.5 V and a tunneling current of 0.5 nA. The conductance of
octanethiol is temperature independent, demonstrating that either tunneling or ballistic transport is the main

transport mechanism.

DOI: 10.1103/PhysRevB.86.075456

The field of molecular electronics, emerging from the
potential use of single molecules as elementary building blocks
for functional devices, has attracted much attention over the
last few decades.! A prerequisite for the advancement of
this research field is the ability to measure the properties of
an individual molecule. From an application point of view
the conductance of a molecule is by far the most important
property. But how can we measure the conductance of a single
molecule? This, at first glance, very simple and elementary
question turns out to be tough to answer properly. Contacting
a single molecule is a very delicate process that requires
great care and ultimate precision. Although several successful
and elegant approaches to contact a single molecule have
recently been put forward,”?' there is still a need to come
up with alternative and more flexible routes to contact a single
molecule.

In order to obtain a better understanding of the charge
transport through a single molecule, it is of key importance
to perform transport experiments in which the length and the
temperature of the molecules are varied in a controlled way.
Lafferentz et al. demonstrated conductance measurements
while changing the length of a single polyfluorene molecule.'?
The molecule was continuously pulled up from a Au(111)
surface using the tip of a scanning tunneling microscope
(STM).

A rather straightforward method to contact a single
molecule is to trap it between a substrate and the apex of
the STM tip. Once contacted, the conductance of the molecule
can easily be measured. However, this method does not allow
for a measurement of the temperature dependence of the
conductance of the molecule because even the slightest change
in temperature will lead to a change of the substrate-tip
separation and thus to a compressed, stretched, or detached
state of the molecule. This is presumably the main reason
why there are only a few examples in literature where single
molecule conductance has been measured as a function of
temperature. An exception is a recent study by Sedghi et al.
where the temperature dependence of the conductance of short
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chains of porphyrin molecules was measured in a temperature
range from 300 to 375 K.1°

Using STM to create a well-defined substrate-molecule-
tip junction that can actively be opened and closed in an
accurate and controlled way will diminish the problem of a
thermally induced varying substrate-tip separation. Recently,
we put forward a method that relies on a combination of
current-voltage (I-V) and current-distance (/-Z) spectroscopy
to open and close an electrode-molecule-electrode junction
in a well-defined way.'” Using this recipe we are able
to trap a single octanethiol between two electrodes at a
temperature of 77 K, one electrode being the tungsten tip
of the STM and the other an atomic platinum chain on a
Ge(001) substrate. The controllability of this junction, i.e.,
the ability to manage the cessation and initiation of contact
with high accuracy, allows for a feedback mechanism that can
be sustained over a wide temperature range. This approach
differs significantly from methods that use static contacts for
the molecule, e.g., break junction methods.*>*? In our work,
at every measurement the contact was freshly established, and
after the I-Z/I-V traces were recorded the contact was broken
again, so that the junction could rearrange itself to its reference
point. Therefore, the junction itself remained uniform, i.e., in
particular the electrode-electrode separation, throughout the
whole experiment.

There are several possible molecular transport mechanisms,
e.g., thermionic emission, hopping, Fowler-Nordheim tunnel-
ing, and direct tunneling. Thermionic emission and hopping
are temperature dependent, whereas tunneling is temperature
independent. Direct tunneling usually occurs at biases smaller
than the work function, while Fowler-Nordheim tunneling
takes place at biases that exceed the work function. In addition,
Fowler-Nordheim tunneling in the STM setup will lead to field
emission resonances, also referred to as Gundlach oscillations,
which show up as well-defined oscillations in /-V and I-Z
traces.”?

In this work we present an approach to measure the
conductance of a single octanethiol molecule as a function
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of temperature in a well-defined and accurate way. The
transport measurements reveal that the conductance of an
octanethiol molecule is temperature independent, indicating
that the transport mechanism through the octanthiol molecule
is direct tunneling.

All experiments are performed in an ultrahigh-vacuum low-
temperature scanning tunneling microscope (UHV LT-STM).
The molecules where deposited on Pt/Ge(001) substrates that
have been cleaned and prepared in ultrahigh vacuum. Flat,
n-type Ge(001) substrates (4 x 10 mm?), were cleaned using
500 eV Argon ion bombardment followed by annealing at
1100 K until atomically clean and flat (001) surfaces were ob-
tained. Well-ordered arrays of atomic Pt chains were produced
by deposition of half a monolayer of Pt onto the substrate and
annealing at 1100 K.?*?3 Subsequently, octanethiol molecules
(98.5% pure, purchased from Sigma-Aldrich) were introduced
into the chamber for 2060 sec at a pressure of 2.5 x 10~7 Torr
via aleak valve that allows the sample to be exposed to a precise
dose of molecules. The atomic Pt chains are very helpful in
locating and immobilizing the molecules on the substrate for
the attachment process.'”> The sample was then transferred
to the LT-STM, cooled down to 77 K, and subsequently
imaged.

In Fig. 1 scanning tunneling microscopy images of Pt
modified Ge(001), before and after the exposure to 10
Langmuir (L) of octanethiol, are depicted. The vast majority of
octanethiol molecules prefer to adsorb on the self-organizing
atomic chains. We subsequently pick up a single octanethiol
molecule by placing the tip over the molecule, opening the

FIG. 1. (Color online) (a) Scanning tunneling microscopy image
(8 x 8 nm) of a Pt modified Ge(001) substrate with a 2D image of
the same location in the inset. (b) Scanning tunneling microscopy
image (8 x 8 nm) of the same surface as in (a) after the exposure to
10 Langmuir of octanethiols with a 2D image of the same location in
the inset.
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FIG. 2. (Color online) Illustration of an octanethiol molecule
attached to the apex of an STM tip with an initial separation Z,
to the surface. The tip displacement, AZ, is the distance the tip
moves closer to the surface during an /-Z measurement. For the sake
of simplicity we assume that only the sulfur atom of the octanethiol
molecule binds to the apex of the scanning tunneling microscope.

feedback loop and bringing the electrochemically etched
tungsten STM tip several angstrom closer to the surface than
the normal tunneling distance. Since the success rate of this
pick up experiment is not very high we often had to repeat
this procedure before a single molecule was picked up from
an atomic Pt chain. After every attempt we recorded /-V and
1-Z spectra to affirm if we had indeed an octanethiol molecule
dangling at the apex of the STM tip.!” In Fig. 2 an illustration
of an octanethiol molecule attached to the apex of the STM tip
is shown. A successful attachment of an octanethiol molecule
to the STM tip can be proven either via an /-Z measurement
[see Fig. 3(a)] or an /-V measurement. In case of attachment,
the -V curves change from a symmetric shape to a rectifying
behavior (see Ref. 17). Once the molecule is attached to the
tip, the configuration is very stable and remains unchanged
over a large number of experiments. Figure 3(a) shows two
different /-Z curves recorded at a bias voltage of 1.5 V and a
setpoint current of 0.5 nA. The dashed line shows the response
of a tunneling junction in case no molecule is attached to either
substrate or STM tip. The solid line displays the /-Z response
of a molecule trapped within the STM junction. After a small,
but well-defined, tip displacement, the current suddenly jumps
to a much larger value. At this point the molecule bridges
the gap between substrate and STM tip. The attachment
process is judged successful when the characteristic jump
into contact can be reproduced on random locations of the
substrate (e.g., positions where no molecule could previously
be found). Furthermore, contact of the molecule never occurs at
negative bias voltage.'” Therefore, when changing the polarity
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FIG. 3. (a) Example of an /-Z curve without (dashed line) and
with (solid line) an octanethiol molecule attached to the STM tip.
Both traces where recorded at 77 K, at a fixed setpoint (tunnel current
0.5 nA and sample bias +1.5 V). (b) Tip displacement at which the
molecule jumps into contact vs temperature. The displacement (point
of contact) is measured with respect to the setpoint values (tunnel
current 0.5 nA and sample bias +1.5 V).

no jump should appear and the current-distance curve follows
an exponential behavior (as seen by the dashed line in Fig. 3).

With the molecule attached to the tip of the STM, we
constantly scanned the surface for many hours. We did not
refill the cryostat with liquid nitrogen (LN;) and after some
time the LN, was fully evaporated, causing the STM to slowly
heat up. The temperature was carefully monitored during the
experiment. Every few degrees (typically 1-2 K) we measured
a series of I-Z curves. All the traces were recorded at a positive
bias voltage of +1.5 V and a setpoint current of 0.5 nA to
ensure that the molecule made contact upon approaching the
substrate. Within one /-Z measurement the feedback loop was
switched off and the current was recorded as the STM tip
moved a total of 0.4 nm towards the surface. After every
[-Z measurement the feedback loop was switched back on
again to allow the tip to move back to its initial position, thus
breaking the contact again. At this point the junction returns
to the original configuration defined by its setpoint value, i.e.,
a tunnel current of 0.5 nA and a sample bias of 1.5 V, after
every single measurement and thereby providing us with a
well-defined and fixed reference point. We measured a series of
[-Z traces for temperatures ranging from 77 to 172 K. Beyond
180 K the thermal drift of the instrument started to affect
the measurements and therefore we were unable to achieve
accurate and well reproducible experimental data.

We have corrected all the /-Z measurements to compensate
for the temperature-dependent response of the piezo crystals by
applying a factor of the expansion coefficient. This changes the
distance value to the actual value that the tip has moved at the
specific temperature of the measurement. The measurements
are very comparable to the results obtained at 77 K in a
previous experiment, where we studied the switching behavior
of a single octanethiol molecule.!” First, the jump into contact
occurs at the same tip-substrate separation (after approaching
the substrate by AZ = 0.15-0.17 nm with respect to our fixed
and well-defined setpoint, i.e., I =0.5nAand V = +1.5V).
The variation in AZ is comparable to the measurements that
were recorded at 77 K. Second, the current value that is reached
after the molecules makes contact is the same as previously
recorded at 77 K, i.e., & 45 nA. Since we never detected a
second jump in the /-Z traces, we have to conclude that only a
single molecule is trapped between tip and substrate.
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FIG. 4. Conductance of an electrode single octanethiol molecule-
electrode junction vs temperature. Gy = 2¢%/h is the conductance
quantum.

Figure 3(b) shows a plot of the tip displacement values at
which the molecule jumps into contact versus the temperature.
One can easily see that within the recorded temperature
window the point of contact remains amazingly constant.
The mechanism for the molecule to jump into contact is thus
temperature independent. This definitely supports the idea that
the cause for the jump into contact is the electric field applied
between STM tip and substrate, as has been put forward
previously.!”

The conductance of the molecule has been determined at a
sample bias of +1.5V, i.e., well below the reported tunneling
barrier of an octanethiol molecule (see Fig. 4).° Throughout
the experiment the conductance through the molecule remains
constant at a value of 30 nS, a value that is consistent with
reports from literature.?® In theory, the transport mechanisms
that are temperature independent are ballistic transport and
quantum-mechanical tunneling. In principle there are two
tunneling processes: direct tunneling or Fowler-Nordheim
tunneling.?”?® Fowler-Nordheim tunneling only occurs at
high voltages, i.e., voltages larger than the work function
(V > ®/e). Since the voltages applied in our experiments
are significantly smaller than the 4 eV barrier (assuming
that the Fermi edge lies somewhere in the middle of the
8-9 eV gap between highest occupied and lowest unoccupied
molecular orbitals of the octanethiol molecule®®), we have
to exclude Fowler-Nordheim tunneling. The conductance of
a tunnel barrier decreases exponentially with the width (L)
of the barrier, i.e., G & e #L. The total conductance of the
substrate-molecule-tip junction can be written as

2¢?

Gotal = 7 Tiotal» ¢ )

where T 18 the total transmission coefficient of the substrate-
molecule-tip junction. If we assume that the conductance
of the octanethiol molecule is much smaller than the con-
tact conductance we find that the conductance of a single
octanethiol molecule is & 30 nS, which agrees well with
large area junctions data.”’ However, hybridization of the
electronic states of the molecule and the electrodes will also
affect the transport mechanism. Since our experiments reveal
a single molecule conductance, that is about a factor of 3
larger than obtained previously by a method where the sulfur
atom of the octanethiol binds to the substrate rather than
to the tip, we propose that in our experiments not one but
two carbon atoms of the tail of the octanethiol molecule are
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involved in bonding with substrate. The latter conclusion is
supported by the observation that we have to move the tip
0.16 £ 0.01 nm, which compares favorably with the projected
C-C bond distance (0.155 nm), closer to the substrate as
compared to the experiments reported in Ref. 17.

In summary, we have shown how a substrate-octanethiol-
STM tip junction can be used to study the conductance of a
single octanethiol molecule. In a well-defined manner we were
able to extract the transport properties of this molecule as a
function of temperature. By making use of the ability of the
junction to be controlled by the applied electric field, we were
able to set a contact, well defined in respect to the reference
point for each measurement. The immense advantage of
this method is that we can very accurately adjust the gap
between the two electrodes, which is an absolute prerequisite
for precise single molecule transport measurements. The
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conductance of an octanethiol molecule is temperature inde-
pendent, demonstrating that the main transport mechanism
is dominated by either direct quantum-mechanical tunneling
or ballistic transport. The amount of control over a single
molecule junction we have demonstrated here will open yet an-
other door into the understanding and realization of molecular
electronics.
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