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ABSTRACT: We report the measurement of conductance and thermo- -1 0 ¢ '
power of C4, molecular junctions using a scanning tunneling microscope M
(STM). In contrast to previous measurements, we use the imaging |= -2 ) \w
capability of the STM to determine precisely the number of molecules in |7 = %}’

the junction and measure thermopower and conductance continuously |= _; = E

and simultaneously during formation and breaking of the molecular Bt @
junction, achieving a complete characterization at the single-molecule -

level. We find that the thermopower of Cg, dimers formed by trapping a -08 -04 0 .;";”.,‘W
Cgo on the tip and contacting an isolated Cg, almost doubles with respect z (nm) b -0y

to that of a single C4 and is among the highest values measured to date
for organic materials. Density functional theory calculations show that the thermopower and the figure of merit continue
increasing with the number of C4, molecules, demonstrating the enhancement of thermoelectric preformance by manipulation of

intermolecular interactions.
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he development of new higher-efficiency and low-cost
thermoelectric devices is a desirable technology that
would allow direct heat-to-electrical energy conversion from
otherwise wasted low-level heat sources and would have an
enormous impact on global energy consumption. Nanoscale
systems and especially organic junctions are very promising in
this respect due to the fact that transport takes place through
discrete energy levels." The ability to measure thermopower in
single-molecule junctions opens the way to developing
fundamentally new strate§ies for enhancing the conversion of
heat into electric energy.”> Here we present detailed molecular-
scale thermopower measurements and density functional
calculations on Cg, junctions demonstrating that thermopower
can be almost doubled by tuning the interaction between two
neighboring C4, molecules under ambient conditions and
further doubled by coupling three Cgys. This trend is
accompanied by an unprecedented increase in the thermo-
electric figure of merit ZT.
The thermopower or Seebeck coefficient S of a material or of
a nanojunction is defined as

AV

AT
where AV is the voltage difference between the two ends of the
junction when a temperature difference AT is established
between them. The aim of this paper is to report a new strategy

for increasing the thermopower at a molecular scale by tuning
the intermolecular coupling between identical molecules. This

S =
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strategy differs from various intramolecular approaches to
tuning S, which include varying the chemical composition,>
varying the position of intramolecular energy levels relative to
the work function of metallic electrodes,®® systematically
increasing the single-molecule lengths within a family of
molecules,® and systematically varying the conformation of
molecules.” Unlike these studies, our approach to enhancing
thermopower involves varying the intermolecular coupling
between chemically identical molecules. We demonstrate both
experimentally and theoretically the enhancement of thermo-
power S and of the thermoelectric figure of merit ZT in
molecular scale junctions and since thermopower is an
intensive quantity (unlike electrical conductance) these findings
point the way toward enhancing the thermoelectric properties
of few-layer Cg, films.

Thermopower at the molecular scale can be measured using
a modified scanning tunneling microscope (STM) setup. While
the characterization of a junction at the molecular level requires
monitoring of its conductance during formation and subse-
quent breaking, in most experiments reported to date
conductance and thermopower are either not measured in
the same junctions,' * or the thermopower is measured just at
one specific point during the evolution of the junction.® In
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Figure 1. (a—e) STM topographic images of C¢, molecules on Au(111). Small cluster imaged with a bare gold tip (a) and a Cg-tip (b), respectively.
(c) Two Cg, molecules imaged with a bare gold tip. (d) The same area shown in (c) after one of the molecules has been picked up by the tip, notice
the enhanced resolution for this Cg-tip. (e) Large area scan showing C4, molecules on a terrace and at step edges. The herringbone reconstruction is
observed on the terrace. (f) Approach (blue) and retraction (red) conductance curves for a bare gold tip on bare gold (leftmost traces); bare gold tip
on an isolated Cq4y molecule (central traces); and Cg, tip on an isolated C4y molecule (rightmost traces). The point of contact for a single C¢, and for
the Cgq, dimer are shown. The slope corresponding to an apparent tunneling barrier of 1 eV is also shown. (g) Histograms of the conductance of a
bare gold tip on an isolated Cg, molecule (blue curve) and of the conductance of a Cg tip on an isolated Cgy molecule (black curve) at the points
where contact is established (see Supporting Information Figures S1 and S2 for more details).

contrast to these previous experiments, we use the imaging
capability of the STM to determine precisely the number of
molecules in the junction and measure thermopower and
conductance simultaneously during the whole evolution of the
molecular junction, thereby achieving a complete character-
ization at the single-molecule level.

To demonstrate the enhancement of thermoelectric perform-
ance by tuning intermolecular coupling, we have chosen to
investigate Cg, molecules deposited on gold. We deposit Cg
using the drop casting technique from solution at very low
concentration and perform the experiment at ambient
conditions. Small clusters and isolated molecules immobilized
at monatomic steps or sometimes on the gold terraces can be
observed, as shown in Figure 1. By direct contact (as described
below), it is possible to attach a C4, molecule to the tip. The
resulting Cgo-tip yields an enhanced resolution” (see Figure 1).

To form a nanojunction, we open the feedback loop of the
STM and move the tip toward the sample while monitoring the
conductance. In order to avoid metallic contact between tip and
substrate,’® the motion is reversed when the conductance
reaches a predefined threshold, G < Gy, where G, = 2¢*/h is the
quantum of conductance, e is the electron’s charge, and h is
Planck’s constant. Three different types of nanojunction with
characteristic conductance traces are obtained, as illustrated in
Figure 1f. Approach and retraction of a bare Au-tip on a bare
gold area results in a featureless conductance versus tip
displacement z curve (leftmost curves in Figure 1f)
corresponding to motion in the tunneling regime with an
apparent tunneling barrier of about 1 eV, as typically observed
in ambient conditions.'' In contrast, approach and retraction of
a bare gold tip on an isolated C4, molecule yields conductance
traces with an abrupt jump or change of slope, signaling contact

with the Cg, molecule, followed by a reduction in the slope as
the molecule is pressed by the tip (central curves in Figure 1f).
The fact that the retraction curve shows similar features and
small hysteresis indicates that the junction is unaltered after
separation. At the point where contact is established, the
conductance is typically G = 0.1 G, with a relatively narrow
distribution as shown in the histogram of Figure 1g (blue
curve). This value is in good agreement with observed values
for Cg, between gold electrodes measured in ultrahigh vacuum
(UHV) and at low temperatures'>'* and somewhat lower than
those of C4 on Cu”'* in UHV. Contacting a C4y molecule
often results in the molecule being transferred to the tip.
Approach and retraction of one of these Cg, tips on the bare
gold results in a conductance curve similar to that previously
described for a bare gold tip on an isolated C4y molecule, while
approach and retraction on an isolated Cq, molecule yields a
conductance curve with a characteristic shoulder indicating the
formation of an Au—Cg¢—Cg—Au junction. The subsequent
squeezing out of the junction of one of the C4 molecules
results in a drop in conductance followed by an increase as an
Au—Cg—Au junction forms (rightmost curves in Figure 1f).
The retraction curve is similar to that of a single Cq, (central
traces in Figure 1f) indicating the effective expelling of one of
the molecules from the junction. The average conductance of
this Cg, dimer is approximately 107> G, as shown in the
corresponding histogram in Figure 1g (black curve). The
conductance of Cg, dimers has been previously reported using
Cu electrodes, and as in the case of a single C4, between Cu
electrodes higher values are found.”

When a temperature difference AT between the tip and the
substrate is established in addition to the voltage difference AV
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(see Figure 2d and Supporting Information), the current
through the junction is given by
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Figure 2. Technique for the simultaneous measurement of thermo-
power and conductance. (a,c) Tip displacement z and bias voltage
applied at the molecular junction, respectively, as a function of time.
The bias voltage is maintained at 100 mV during the tip motion and
swept between +5 mV while the tip is stationary. In each
approaching—separating cycle, 50—100 I—V traces are acquired. (b)
Experimental I—V curves showing the voltage offset due to the
temperature difference. (d) Schematic representation of the setup. The
tip is heated to a temperature Th above ambient temperature Tc, while
the substrate is maintained at Tc (see Supporting Information Figure
S3 for more details of the thermal circuit).

I= AV + LAT = G(,,, — Sc AT + SAT)

where G is the conductance of the junction, L = GS is the
thermal response coefficient,”"> V... is the bias voltage applied
to the tip, S is the thermopower of the junction, and S¢, is the
thermopower of the copper wire connecting the tip (Sc, = 1.85

uV/K*). To measure the thermopower, we follow the same
procedure for contacting the molecules described above, but
now the tip motion is stopped at fixed intervals of typically 20—
30 pm (see Figure 2a), while the bias voltage is swept (see
Figure 2c). The corresponding current versus voltage curves, or
I=V curves, show a temperature-dependent voltage offset equal
to Vo = —(S — Sc,)AT. Thus, the thermopower, S, and the
conductance G of the junction are measured simultaneously
during approach and retraction.

We have measured the thermopower at two temperature
differences AT = 12 and 2S5 K for a total of 119 single Cq,
junctions (61 at AT = 12 K and 58 at AT = 25 K) and 23 Cg,
dimers (8 at AT = 12 K and 15 at AT = 25 K). In Figure 3a, we
show an example of conductance and thermopower traces
measured simultaneously on a single C4, molecule. Contact
formation is clearly indicated by the abrupt jump in the
conductance which results in an abrupt jump in the
thermopower. Subsequent jumps in the conductance indicating
rearrangements on the atomic scale'® are also reflected in
jumps in the thermopower, demonstrating the sensitivity of
thermopower to atomic details. For this particular single Cg,
junction, the thermopower varies in the range of —18 to —23
#V/K presenting the largest values at contact formation. The
thermopower for all the measured Cg; junctions are in the
range of —40 to 0 V/K with a mean value of —18 yV/K (see
Figure 4a and Supporting Information Figure S4). This is
somewhat higher than the value of —14.5 uV/K recently
obtained by Yee et al.* on fullerene junctions measured using
the break junction technique. In Figure 3d, we show an
example of conductance and thermopower traces measured
simultaneously on a Cg4, dimer. The formation of the dimer is
clearly identified by the already mentioned shoulder in the
conductance. We can observe that a corresponding shoulder is
present in the thermopower with values in the range of —25 to
—50 uV/K for this particular dimer. The maximum value that
we have measured for a Cy, dimer is —72 yV/K, and the mean
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Figure 3. (a) Conductance at 100 mV (blue) and thermopower (magenta), simultaneously acquired, for approach on a single C¢, molecule. In this
measurement the temperature difference was AT = 25 K. The shaded area indicates the range of z for which the Au—Cg—Au junction is already
formed. (b) Theoretical conductance (blue) and thermopower versus distance for a single Cgo. (c) Calculated figure of merit ZT for a single Cg,. (d)
Conductance at 100 mV (blue) and thermopower (magenta), simultaneously acquired, during the formation of the Cg, dimer. In this measurement,
the temperature difference was AT = 12 K. The shaded area indicates the range in which the Cg, dimer is in the junction. (e) Theoretical
conductance (blue) and thermopower versus distance for the Cq dimer. (f) Calculated figure of merit ZT for a Cq, dimer. (See Supporting
Information Figure S4, for examples of approach and retraction conductance and thermopower curves on single Cq, molecules and dimers.)
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Figure 4. (a) Histogram of experimental thermopower values at contact for a single C4, molecule, measured at AT = 12 K (blue) and 25 K (red).
(b,c) Histograms of the theoretically computed thermopower and figure of merit, respectively, for a single Cg. (d) Histogram of experimental
thermopower values at contact for a Cq, dimer, measured at AT = 12 K (blue) and 25 K (red). Histograms of the theoretically computed
thermopower (e) and figure of merit (f), respectively, for a Cg, dimer. Histograms of the theoretically computed thermopower (g) and figure of
merit (h) for a Cy, trimer. For further details on the generation of the histograms for the theoretically computed thermopower and figure of merit
see Supporting Information. S is the mean value of the thermopower &S is the standard deviation.

value —33 4V/K (see Figure 4d and Supporting Information
Figure S4). These values of S for the Cg, dimer are almost
double those for the single Cqy and among the highest values
measured to date for organic materials.

To analyze the underlying transport mechanisms and to
extend our understanding beyond structures that are currently
experimentally accessible, we have performed large-scale
quantum transport calculations on single-, double- and triple-
Cgo junctions, based on density functional theory (DFT),'
using the ab initio code SMEAGOL'” which combines the
Hamiltonian provided by the DFT code SIESTA'® with the
nonequilibrium Green’s function formalism. Further details
about the above computation methods are given in the
Supporting Information. Figure 3b,e shows examples of
predicted conductance and thermopower curves as a function
of electrode separation for a single Cgy and a chain of two Cgps,
respectively, and in addition Figure 3c,f shows curves of the
figure of merit ZT, which are inaccessible in our experiments.
These calculations reveal that both the conductance and
thermopower depend only weakly on the orientation of the
molecule but are sensitive to the intermolecular coupling and
the positions of the frontier orbitals relative to the Fermi level,
all of which fluctuate as the electrode separation is increased.

For single-, double- and triple-Cq, junctions, Figure 4b,e,g
shows the histograms from these theoretical curves across a
range of electrode separations and a range of different positions
for the Fermi energy (see Supporting Information for more
details). Although these calculations overestimate the values for
the thermopower and the conductance, they do reproduce the
experimental trends and support all the main conclusions from
the experiments. The main discrepancy with experiment is
associated with uncertainty in the junction geometry, since the

precise atomic-scale configuration of the electrodes is not
known and is likely to vary both between and along pulling
curves. For the future, if tips with known geometries became
available, it would be possible to further improve the
calculations. In particular, we also find that the average
thermopower for a chain of two Cgs is approximately 100%
higher than that of a single C4 with a further doubling
predicted for a chain of three Cggs.

From the theoretical histograms of Figure 4c,fh, we find that
the average value for ZT is also enhanced by introducing more
on-the-tip Cgys and tuning the coupling between them. For a
single C4y we predict the average ZT = 0.1, for two Cgps ZT =
0.4, while for the 3 Cgs ZT = 1.6S, which represents a 4-fold
and a 16-fold increase, respectively. This suggests that C, films
with weakly coupled layers have the potential to be competitive
with the best available values for inorganic materials, although it
should be noted that our predictions for ZT include only the
electronic contribution to the thermal conductance, which
ignores parasitic contributions from phonons and therefore
represents an upper bound.

In agreement with refs 1 and 1S, the relative fluctuation in
the thermopower is found to be smaller than that of the
conductance and furthermore this trend becomes more
pronounced for multi-C4, junctions. For example for the
triple-Cgos we find theoretically that §S/S = 0.62, whereas 6G/
G = S, where 8S and 8G are the standard deviations and S and
G the mean values. Since the sensitivity of S to atomic-scale
fluctuations is lower than that of electrical conductance,
thermopower is a particularly attractive property for inves-
tigation and optimization at a molecular scale.

In summary, we have demonstrated for the first time that the
thermopower and figure of merit ZT of molecular junctions can
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be enhanced by manipulation of intermolecular interactions at
ambient conditions. In particular, we have shown that the
thermopower of a C4, molecule can be doubled by coupling
two Cyy molecules and inducing current flow through the dimer
and further doubled by coupling to a third C4,. DFT-based
calculations reveal that this trend is accompanied by an
unprecedented increase in ZT of almost a factor of 16. Since S
is an intensive property and is insensitive to the number of
molecules conducting in parallel within a junction, we expect
this increase to be manifest in self-assembled Cgj-layers with
two or more layers and this trend is expected to continue until
the film thickness approaches the phase-breaking length of
electrons. Since the tuning of intermolecular couplings is a
generic strategy, our work points the way toward engineering
thermopower enhancement in other organic species.
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Substrate preparation and experimental setup; building the
experimental conductance histograms; thermal circuit; simulta-
neous measurement of thermopower and conductance during
approach and retraction; computational methods; and building
histograms from the theoretical calculations. This material is
available free of charge via the Internet at http://pubs.acs.org.
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