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ABSTRACT: We have measured the thermopower as well as other
important charge transport quantities, including conductance, current—
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voltage characteristics, and transition voltage of single molecules. The ) a
thermopower has little correlation with the conductance, but it decreases -~ d g
with the transition voltage, which is consistent with a theory based on Air% E
Landauer’s formula. Since the transition voltage reflects the molecular =

energy level alignment, our finding also shows that the thermopower
provides valuable information about the relative alignment between the
molecular energy levels and the electrodes’ Fermi energy level.
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U nderstanding charge transport through single molecules is
the most fundamental goal in molecular electronics.' ™
To achieve this goal, a variety of methods have been developed
to measure the conductance, current—voltage characteristics,
transition voltage spectroscopy (TVS), inelastic electron
tunneling spectroscopy, and current-induced local heating of
single molecules attached between two electrodes (molecular
junctions).5_16 In addition, the thermopower of molecular
junctions have been measured by several groups recently'’~>*
not only as an important parameter for characterizing molecular
scaled thermal-electric energy conversion, but also as a useful
method to provide new insights into the charge transport
mechanism in molecules.

In the framework of Landauer’s formula, the thermopower
(or the Seebeck coefficient) of a metal-molecule—metal
(MMM) junction is given by”*

7kg*T 0 In(z(E))
3lel JE E=E, (1)

S = -

junction

where 7(E) is the transmission function of the junction. In
other words, the thermopower is proportional to the slope of
the transmission function (vs energy) at the Fermi level of the
metal electrodes, which depends on the alignment between the
electrode Fermi energy level and the molecular energy levels
(e.g., highest occupied molecular orbital, HOMO, or lowest
unoccupied molecular orbital, LUMO).** The energy level
alignment is determined not only by the nature of the molecule
and electrodes, but also by the interaction between the
molecule and the electrodes. Determining the energy level
alignment is critical for understanding the charge transport
mechanism in single molecules, and the thermopower provides
valuable information about the energy alignment. For example,
if the slope is positive (negative Sjycion), it means that the
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Fermi level is closer to the LUMO than to the HOMO, and
consequently, the charge transport is dominated by electrons.
On the other hand, if the slope is negative (positive Sycion)s
then the Fermi level is closer to the HOMO, and the charge
transport is dominated by holes. In a simplified scenario where
the HOMO and LUMO transmission peaks are described with
by Lorentzian functions, more detailed molecular energy level
alignment information can be obtained. This idea has been
pursued by Baheti et al.'® by combining thermopower
measurements and model calculations, but the relationship
between the energy level alignment and the thermopower has
not been studied experimentally.

Here we report on the study of the thermopower,
conductance, and current—voltage characteristics, as well as
TVS of single molecule junctions. Because TVS is a measure, if
not direct, of the energy alignment between the frontier
molecular orbital and the Fermi level of the electrodes,”>° we
determined the relationship between the energy level alignment
and the thermopower by studying molecules with different
transition voltages.

Experimental Section. The thermopower of molecular
monolayers bridged between a scanning tunneling microscope
(STM) tip and a gold substrate has been studied by directly
measuring the voltage across molecules due to a temperature
gradient applied between the tip and substrate.'” More recently,
the thermoelectric effect of single molecules has been studied
by measuring zero-bias current induced by a temperature
gradient between a STM tip and a substrate.” In this work, we
measured the conductance, thermopower, I-V characteristics,
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and TVS using a similar temperature setup in STM (Figure 1):
a gold substrate covered with target molecules was mounted
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Figure 1. Schematic illustration of the experimental setup for studying
the thermoelectric effect of single molecules.

onto a STM sample holder with a resistive heating plate and a
thermocouple. The temperature was monitored and controlled
by a LakeShore 331 temperature controller. Similar to the
previous works,'”** the STM tip was in direct contact with an
electrically shielded metal block, which acted as a thermal
reservoir so that the STM tip temperature could be kept at
room temperature. A gold wire was used to apply the bias to
the heated substrate. A clean Teflon cell was used to hold clean
toluene to protect the SAM surface during the preparation
stage of the experiment. The toluene was then removed from
the cell using a clean glass pipet before the STM setup was
placed into a glovebox filled with nitrogen for thermoelectric
measurement.

We then carried out the measurements using a STM break
junction technique based on the following procedures:'* (1)
The STM tip was moved into the substrate until close enough

to for the molecules to bridge the tip and the substrate but
without forming the atomic contacts with the substrate. (2)
The tip was pulled away from the substrate, during which the
current was monitored continuously. When a step in the
current was detected, signaling the formation of a molecular
junction,'® the tip was held in position and an current (I)—
voltage (V) curve was recorded. (3) The tip was pulled away
from the substrate by an additional distance. If the current did
not drop abruptly, indicating that the molecular junction was
still intact, another I—V curve was recorded. Otherwise, the
measurement started over again.

By repeating the procedures above, we acquired a large
number of I-V curves for a given temperature difference
between the tip and substrate. The current and voltage
interceptions of the I-V curve are the thermoelectric current
and voltage, respectively, and the slope determines the
conductance of the single molecule junction. Because of the
relatively small thermopower values, we swept the bias voltage
over a small range (e.g, S mV) and measured the current with a
relatively high gain current preamplifier (1nA/Vorl0nA/V)
in order to measure the voltage interception accurately and
minimize zero bias current offset of the circuit (Supporting
Information). For TVS measurement, however, we swept the
voltage over a wider range (>1 V) and measured the current
with a lower gain preamplifier (1 #A/V or 100 nA/V). A more
detailed description of the experimental setup is given below.

The gold substrates used were prepared by thermally
evaporating gold (thickness ~ 130 nm) on freshly cleaved
mica under UHV. Each substrate was then briefly annealed
using a hydrogen flame and immersed into solutions containing
a sample molecule (typically ~S0 pM concentration) for
overnight. For short alkanedithiols (e.g., 1,4-butanedithiol) and
conjugated molecules (e.g, 4,4'-dimercaptostilbene), the
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Figure 2. (a) A typical current—distance trace of DTBTDT. (b) I-V curves measured at the positions marked by the colored dots shown in a. (c) A
2-D histogram of I-V curves. (d) A 2-D histogram of conductance-bias (G—V) curves. Note: The conductance was obtained by dividing current by

bias.
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Figure 3. (a) A histogram of normalized I-V curves for DTBTDT with no temperature difference between the STM tip and substrate. (b) A
histogram of normalized I-V curves with a finite temperature difference between the STM tip and substrate, from which the thermoelectric voltages
across single DTBTDT junctions were extracted from zero bias current or zero current bias (white dashed lines). (c) 1-D thermoelectric voltage
histograms extracted at different substrate temperatures (temperature differences). (d) Average thermoelectric voltages (top panel) and
corresponding distributions (bottom panel) plotted against substrate temperatures. The red straight line is a linear fit to the average thermoelectric
voltage versus temperature difference plot. From the slope of the linear fit the thermopower of DTBTDT was obtained.

current tended to jump to saturation of the current amplifier or
short circuit at high bias. The phenomenon has been reported
previously and attributed to the migration of gold atoms under
the large electric field*** To minimize this instability, the
sample molecule was mixed with a monothiolated alkane
molecule with a length similar to that of the sample molecule at
a ratio of 1:3 (total concentration of ~50 uM). We found that
the presence of monothiolated alkane molecules passivated the
electrodes and greatly reduced the chance of short circuit at
large bias voltages. To ensure that the monothiols did not
introduce artifacts in the STM break junction measurement,
control experiments using the substrate covered with each of
the monothiols were carried out, and the current traces were
found to be featureless, indicating that the monothiols did not
form molecular junctions.

Results and Discussion. Small-Bias |-V and G-V
Statistics. Figure 2a shows a typical current—distance trace of
4,7-dithiophenyl-2,1,3-benzothiadiazole-3’,3”-dithiol
(DTBTDT), where the step indicates the formation of a single
molecule junction. Along the current step, multiple I-V curves
were obtained until the current dropped abruptly, signaling the
breakdown of the molecular junction. Plotted in Figure 2b are
three representative I—V curves recorded at points marked by
colored dots on the current step shown in Figure 2a, where the
color of each I-V curve matches the color of the corresponding
dot in Figure 2a. Within the small bias sweep range (+5 mV),
the I-V curves are linear as expected. A large number (typically

over 1000) of such I-V curves were obtained automatically at
different substrate temperatures using an algorithm described
previously'® and used to construct 2-D I—V histograms (Figure
2¢). From the I-V curves, G—=V (G = I/V) curves were also
obtained with an example shown in Figure 2d. The G-V
histogram shows a flat band, which indicates good linearity of
the I-V curves at low bias voltages.

Thermoelectric Measurement. The thermopower of the
molecular junction can be expressed by

- A(ITE,m/ Gm)
AT

UTE,m

=S el ——
Au AT

Sjunction Au

)
where Sy, is the thermopower of gold (~2 uV/ K),> AT is the
temperature difference across the molecular junction, Urg ,, and
Itg,, are the open circuit (zero current) voltage and short
circuit (zero bias) current, respectively, and G, is the
conductance of the molecular junction. Similar to the previous
work by Reddy et al.,'” we controlled the substrate temper-
ature, Ty, and allowed the tip temperature to equilibrate with
the surrounding environment via the metal block described in
the Experimental Section.

According to eq 2, the thermopower can be determined from
either Urgy, or Irg,, and G,, from the I-V curves at low bias
voltages. We fit each low-bias I-V curve with a linear equation
to obtain G,, and constructed I/G,,—V histograms at different
substrate temperatures (Figure 3a,b). At room temperature, the
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Figure 4. Thermoelectric voltages and corresponding distributions vs substrate temperature for (a) 1,4’-butanedithiol, (b) 1,6’-hexanedithiol, (c)
4,4'-biphenyldithiol, and (d) 4—4’-dimercaptostilbene single molecular junctions.

histogram shows a straight band with its center passing through
the origin of the I/G_,—V histogram. Heating up the substrate,
an offset voltage (current) appeared due to the thermoelectric
effect, and consequently the center of the I/G,—V histogram
shifted away from the origin. One such example is shown in
Figure 3b, from which Urg,, was extracted from the statistical
average of the voltage (current) intersections.

It is important to note that in addition to the thermoelectric
effect the circuit itself had also an intrinsic voltage or current
offset, and the offset depended on the temperature at input lead
(the STM tip). However, our tests showed that the metal block
(thermal reservoir) attached to the STM tip helped stabilize the
temperature of the tip and thus the voltage (current) offset of
the circuit (Supporting Information). Because the intrinsic
circuit offset was constant, we corrected it in the I-V
histograms in Figure 3a and b.

From the I/G_,—V histograms acquired at different substrate
temperatures, we obtained thermoelectric voltage (Urgy,)
histograms by extracting the voltage interceptions. Figure 3c
shows Urg,, histograms at different temperatures, revealing a
systematic shift in the average of Urg,. The Urg,, histograms
found here for single molecules are broader than the previously
reported monolayer thermoelectric measurements,'” but in
agreement with the single molecule thermoelectric current
measurement by Widawsky et al>® We will discuss the
difference between single molecule and monolayer molecule
measurements later.

Each histogram peak can be fit with a Gaussian distribution,
where the peak position represents the average Urg,, (top
panel of Figure 3d) and width of the Gaussian reflects the
junction-to-junction variability (bottom panel of Figure 3d).
Plotting the average of Urg,, versus temperature reveals a linear

relationship between the Uryg,, and temperature. To confirm
the possibility that the temperature dependence of Urg,, was
indeed due to the thermoelectric effect, rather than drift in the
setup, we measured Urg,, by both ramping the temperature
from low to high and from high to low values. Experimental
data measured from both temperature ramping directions fall
onto the same line, which verifies that the temperature
dependence was originated from the thermoelectric effect. A
linear fit of the plot gives rise to the thermopower of the
molecular junction. For DTBTDT, we found that the
thermopower is 15.46 + 0.15 uV/K.

We carried out similar measurements on 1,4-butanedithiol
(C4), 1,6-hexanedithiol (C6), 1,4’-biphenyldithiol (BPDT),
and 4,4’-dimercaptostilbene (DMS). The average Urg,, and
width of the Urg,, distribution vs T, for these molecules are
plotted in Figure 4. The slopes of the plots determine the
thermopower of the molecules.

Thermopower Variability. The thermopower of single
molecules varies from junction to junction as shown by the
distribution in the thermoelectric voltage histogram plotted in
Figure 3c. A large junction-to-junction variability has been
observed in the conductance of single molecules. In the case of
tunneling-dominated electron transport, the conductance is
described by G = A exp(—pL), where A is the contact
conductance and f is the tunneling decay constant that
depends on the alignment of the molecular energy levels
relative to the electrode Fermi energy level. Our previous
work'? indicated that the large variability in the conductance is
primarily due to the variability in the contact conductance (or
resistance). The variability in the thermopower of single
molecules could also be attributed the variability in the contact
conductance. To examine this possibility, we plotted the 2-D
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Figure 6. 2-D G-V histograms for DTBTDT (a) and (b) DMS. 2-D transition voltage histograms for DTBTDT (c) and DMS (d). 1-D transition
voltage histograms are plotted at the bottom panels of ¢ and d.

histograms of thermoelectric voltage and conductance at which determined that correlation between the thermopower
different substrate temperatures (Figure S). From the histo- and conductance was close to zero (typically smaller than 0.05),
grams, we calculated the Pearson’s correlation coefficients which indicates that the observed junction-to-junction thermo-
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Table 1. Measured Thermopower, Transition Voltages, and Conductance®

molecule thermopower (uV/K) thermopower error (4V/K)
C4 2.11 0.11
C6 5.55 0.13
DTBTDT 15.46 0.15
DMS 8.35 0.23
BPDT 7.92 0.14

transition voltage (V)

transition voltage error (V) conductance (G,)

2.1 0.075 45 %1073
1.14 0.015 62 x 1074
0.66 0.011 9.2 % 1073
0.69 0.031 52 %1073
0.91 0.031 7.5 % 1073

“Note that the error is the fitting error of linear fitting for thermopower and that of Gaussian fitting for transition voltage. Conductance values are
averages of all data sets at different substrate temperatures. No systematic temperature dependence was observed.

power variability was not directly related to the variability in the
contact conductance."

Another possible explanation of the thermopower variability
is the variability in the alignment of the molecular energy levels
relative to the electrode’s Fermi energy level, according to the
tunneling model by Paulsson et al.** as well as a recent
theoretical work on thermopower of biphenyl based mole-
cules.>* This explanation also helps us to understand the
relatively large thermopower distribution observed in the single
molecule measurement compared to that in the monolayer
measurement as we noted earlier.'” In the case of single
molecule measurement, the junction-to-junction variability in
the energy level alignment is expected to be greater than the
case of monolayer measurement, involving multiple molecules
that average out fluctuations in the energy level alignment. An
important quantity related to the energy level alignment is
transition voltage of molecular junctions, which can be
measured experimentally with TVS. We discuss below the
correlation between transition voltage and thermopower.

Transition Voltage and Thermopower. As we have
mentioned earlier, eq 1 indicates that the thermopower is
related to the alignment of the molecular energy level relative
to the electrodes’ Fermi energy level. Baldea™° showed
recently that, if one molecular energy level dominates the
electron transport, and the molecule—electrode contact is
symmetric and weak, then the thermopower is directly related
to the transition voltage and given by Supporting Information

L 4rky'T 1

S'unc ion ~ T = 2
unet 33 Y,

A

v, 3)
where V, is the transition voltage and A = 16.93 uV-V/K.

To further study the relationship between thermopower and
tunnel barrier height, we performed single molecule transition
voltage spectroscopy using the procedure described previ-
ously."® Figure 6a and ¢ shows the 2-D G-V histograms for
DTBTDT and DMS, where the bowl-shaped bands indicate the
nonlinearity of the I-V curves in high bias regimes. Figure 6b
and d plots the transition voltage histograms for the two
molecules, from which the average transition voltage and width
of the distribution can be obtained. Table 1 summarizes
thermopower and the corresponding transition voltages of each
molecule.

Figure 7 plots the thermopower vs transition voltage for five
different molecules. It shows that conjugated molecules
typically have smaller transition voltages and larger thermo-
power, compared to the saturated alkanedithiols. This
observation is consistent with the facts that conjugated
molecules have lower tunnel barriers, or closer alignment
between the HOMO energy level and the electrodes’ Fermi
energy levels. Figure 7 shows that the thermopower decreases
with the transition voltage, as predicted by eq 3. The dashed
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Figure 7. Measured thermopower plotted against measured transition
voltage for different molecules.

red line in Figure 7 is the prediction of eq 3, Sjyction = 16.93/V,,
which reproduces the trend of the thermopower but does not
fit the experimental data. The best fit was obtained if A = 7.6
(solid red curve), about half of what the simple theory predicts.
Given multiple simplifications in driving eq 3, this level of
agreement between experimental data and theory is considered
to be good. For example, the wide band assumption eliminates
contribution of the other molecular orbitals (e.g, LUMO),
which can reduce the measured thermopower values. In
addition, Lorentzian distribution is a very coarse approximation
to the transmission function profile while any subtle deviation
can significantly alter the local slope at the Fermi level.

Conclusions. The single molecule conductance, I-V
characteristics, transition voltage, and thermopower were
studied with a STM-break junction method for different
molecules. For each molecule, a large amount of I-V curves
was recorded by varying the temperature difference between
the STM tip and the substrate, from which both the
conductance and thermoelectric voltage of a single molecule
were determined simultaneously. The thermopower, or
Seebeck coeflicient, was extracted by linearly fitting the
thermoelectric voltage vs substrate temperature. Single
molecule transition voltage was also measured from the I-V
curves recorded over a wide bias voltage range. We found that
the thermopower decreases with the transition voltage, which is
consistent with the prediction of the tunneling-based theory
within the framework of the Landauer formula. The study also
shows that thermopower provides useful information molecular
energy level alignment and contribute to the understanding of
charge transport mechanism in single molecules.
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