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Full thermoelectric characterization of a
single molecule
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Molecules are predicted to be chemically tunable towards high thermoelectric
efficiencies and they could outperform existingmaterials in the field of energy
conversion. However, their capabilities at the more technologically relevant
temperature of 300K are yet to be demonstrated. A possible reason could be
the lack of a comprehensive technique able to measure the thermal and
(thermo)electrical properties, including the role of phonon conduction. Here,
by combining the break junction technique with a suspended heat-flux sensor,
we measured the total thermal and electrical conductance of a single mole-
cule, at room temperature, together with its Seebeck coefficient. We used this
method to extract the figure of merit zT of a tailor-made oligo(phenyle-
neethynylene)-9,10-anthracenyl molecule with dihydrobenzo[b]thiophene
anchoring groups (DHBT-OPE3-An), bridged between gold electrodes. The
result is in excellent agreement with predictions from density functional the-
ory and molecular dynamics. This work represents the first measurement,
within the same setup, of experimental zT of a single molecule at room tem-
perature and opens new opportunities for the screening of several possible
molecules in the light of future thermoelectric applications. The protocol is
verified using SAc-OPE3, for which individual measurements for its transport
properties exist in the literature.

The transport of heat and charge throughmolecular junctions exhibits
rich transport physics1,2. A better understanding of transport phe-
nomena at this scale can lead to important progress in different fields,
frompowermanagement in current computer architectures, to energy
conversion. Careful experiments have enabled the study of molecular
junctions at the level of single molecules, opening the way to the
exploration of the limits of charge and phonon transport through
single channels at the nanoscale3–5.

Among the possible applications of molecular junctions, ther-
moelectric energy conversion has probably received the largest
attention in recent research, as molecules hold the promise for a
dramatic increase to the efficiency of heat-to-charge conversion. This
is based on the possibility of atomically tuning their chemical

structure, introducing novel features, like phonon suppression and
quantum interference, that are not possible in standard thermoelectric
materials6–8.

For this reason, many new and different molecules are currently
fabricated, and their thermoelectricproperties areextensively studied,
both theoretically and experimentally. However, most studies in the
literature focus on simulating, fabricating, and testing molecules in
order to obtain the best possible results in terms of Seebeck effect,
which is directly responsible for converting heat into electrical energy.
However, to achieve an effective conversion, the temperature drop
sustained between the ends of themolecule should be large enough to
induce an appreciable charge current, requiring simultaneously a
low level of thermal conductance and a high level of electrical
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conductance9. Thus, a more comprehensive way to evaluate the effi-
ciency of a molecule to convert heat into electricity is to consider the
so-called material thermoelectric figure of merit zT. When the tem-
perature difference ΔT occurring across the molecular junction is not
too large, zT can be expressed as:

zT =
S2G
κ

� T ð1Þ

where G is the electrical conductance, T is the average temperature
across the two leads, and κ is the total thermal conductance which
includes both contributions coming from electrons and phonons (κel

and κph, respectively).
Experimental values of zT are hardly available in the literature,

perhaps due to the difficulty in experimentally measuring the total
thermal conductance κ. At the single-molecule level, the only experi-
mental measurement of molecular zT required 2 K absolute tempera-
ture and the fitting of a theoretical model to extract the thermal
conductance of the molecule10. At the technologically more relevant
temperature range around 300K, only alkanedithiol and an oligo(-
phenyleneethynylene) (OPE3) have been characterized in terms of
their thermal conductance4,5. A demonstration of an experimental
setup and protocol to fully characterize the thermoelectric figure of
merit of single molecules has been lacking, in particular for operation
at ambient temperatures and with the capability to account for the
phononic contribution to the thermal conductance. It is important to
combine the methods for measuring G, S, and κ for a single setup,
because of the statistical character of the measurements of molecular
junctions using break-junction techniques. In these techniques the
repeatedopening and closingof a junction is used todetermine a likely
arrangement of a molecule between twometal electrodes bymeans of
statistical averaging of measurement data. To combine such mea-
surements from different setups is challenging and requires a high
level of reproducibility.

In this work, we report on an exhaustive method to fully char-
acterize experimentally the thermoelectric figure of merit of an oli-
go(phenyleneethynylene)-9,10-anthracenyl single molecule junction
with dihydrobenzo[b]thiophene anchoring groups (DHBT-OPE3-An),
by measuring its electronic, thermal, and thermoelectric properties at
room temperature. Given the very tedious and slow thermal transport
measurements, this particular molecule was chosen as to address
some of themost important current questions in the field. Namely, the
interesting aspect of this molecule is the increase of vibrational states
by locally adding atoms to only one (the central) part of the molecule
with respect to the reference OPE3molecule. This is an important step
towards the inclusion of moieties to enhance or reduce the thermal
conductance of a molecule through localization and quantum inter-
ference effects1. Furthermore, the attachment of side-groups in the
central part of amolecule is a starting point of cross-linking strategy of
molecular layers11. In addition, we study, in the thermal context, the
enhanced binding yield reported for DHBT end groups, which may
reduce the systematic risk of statistical approaches. These data then
motivate further studies with series of molecules systematically vary-
ing only one aspect, which is commonly done for the simpler electrical
conductance and thermoelectric measurements.

To verify the reliability of thermal transport studies, a comparison
between the experimental and theoretically expected values for the
thermal conductance is given, as well as a benchmark with respect to
similar OPE3-based molecules. Our results represent, to our knowl-
edge, the first ever experimentalmeasurement of the complete zT of a
single molecule at room temperature and within the same setup,
including the phononic contribution to the total thermal con-
ductance. In addition, the protocol is verified using SAc-OPE3, for
which individualmeasurements for its transport properties exist in the
literature.

Results
Sample preparation
Molecules are deposited on the gold platform by dip coating, with
concentrations ranging from 0.1 to 1mM, for 30 s to 2 h. After the
deposition, samples are rinsed several times in clean solvent to wash
away physically adsorbed molecules. The synthesis and purification of
the molecule under study (DHBT-OPE3-An) are described by Dekkiche
et al.11.

The thermal transport measurements require a sample cleaning
procedure compatible with the under-etched sensor structure descri-
bed below. The post-fabrication cleaning procedure for the MEMS is a
combination of oxygen plasma and ion milling to remove con-
taminants and retrieve a fresh gold surface.

Charge, heat, and thermoelectric transport measurements
The experimental setup and procedure are shown schematically in
Fig. 1. All the measurements are performed in high vacuum (∼10−7

mbar), at room temperature, and within a custom-built scanning tun-
neling microscope (STM), located in one of the IBM Noise Free Labs12.

We follow the measuring protocol to extract the electrical and
thermal conductance of a single molecule described by Mosso et al.4.
Compared to other examples in the literature13,14 this protocol adds the
possibility to measure the thermal conductance together with the
electrical conductance, and it has been validated against two model
systems, namely, dithiol-oligo(phenylene ethynylene) and octane
dithiol junctions with gold electrodes. The results are in good agree-
ment both with theory and other independent studies5. Briefly, to
measure simultaneously the electrical and thermal transport proper-
ties of a single-molecule junction, a suspended micro-electro-
mechanical system (MEMS) has been devised15, featuring a low ther-
mal conductance κMEMS (3.5–4.5 × 10−8 W/K), Fig. 1a. The device com-
prises a Pt heater/thermometer, and a central membrane with a gold
platform,which canbeused to formelectrical contactswith the tip of a
STM. The membrane is suspended by means of four silicon
nitride beams.

Electrical conductance measurements
The experiment is based on performing STM-Break Junction (STM-BJ)
measurements, where an electrochemically etched gold tip is brought
into and out of contact with the gold platformon top of the suspended
MEMS. The electrical conductance (G) between the tip and the plat-
form is continuously monitored during contact formation (closing
trace) and contact breaking (opening trace). When looking at the
evolution ofG versus electrodes separation, it is sometimes possible to
observe a plateau below the value of the conductance quantum (G0).
This usually indicates the presence of a molecule stretching inside the
junction16–18. At the end of such a plateau themolecular contact is then
eventually broken. Figure 1b shows an example of a single opening
trace at a retraction speed of 1 nm/s, where two different regimes (in
contact/out of contact) can be distinguished.

For the measurement discussion of the electrical conductance of
the molecular junction, we consider the most recurrent value of the
molecular plateau (i.e., the maximum of the molecular peak in the 1D
histogram in Fig. 2a).

Thermal conductance measurements
Formeasuring the thermal conductance of themolecular junction, the
temperature of the suspended membrane is first increased to T = TH
(from 10 to 60K above room temperature), by applying a constant
voltage (usually 50 or 90mV) to the Pt-heater (typical resistance
~20 kΩ), corresponding to few μW of dissipated power. The tempera-
ture T as function of electrodes separation is then continuously
monitored, by reading the four-probe electrical resistance of the Pt-
heater. The slow retraction speeds on the order of nm/s enable the
measurement of thermal measurements described below, which have
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a limited measurement bandwidth given by the thermal time constant
of the MEMS sensor in the range of tens of ms.

At the beginning of an opening trace, when the tip is in contact
with the membrane, the total thermal conductance of the system is
given by κ = κMEMS + κJ , where κMEMS represents the parasitic con-
tribution to the thermal conductance through the suspending beams,
while κJ is the conductance of the junction under study. After breaking
the molecular junction, the only contribution to the total thermal
conductance is represented by the parasitic κMEMS, Fig. 1b. The dif-
ference between the in-contact value and the out-of-contact value
gives the thermal conductanceκJ of the junction.Wenote, the junction
thermal conductance κJ is so small that it dominates the entire thermal
path even though the already low values of κMEMS. Therefore, thermal
four-probe techniques as described for example in ref. 19 can be
avoided. On a molecular scale no convincing approach for a four-
probe measurement (neither electrically nor thermally) has been
proposed. One therefore talks about the junction conductance rather
than the conductance of a molecule.

During the course of the experiments the junction goes through
the many possible binding configurations a molecule can assume
between the two electrodes. Similar to what has been established for
electrical conductancemeasurements, a statistical approach is used to
determine the most probable configuration. We typically collect
3000−5000 traces per data set, out of which some hundreds showing
a clearmolecular signature. (It is important to limit the number of such
“successful” events by means of controlling the molecule concentra-
tion, to be sure that events with multiple molecules contacted at the
same time can beminimized.)With those traces, 2D histograms for the
electrical conductance (Fig. 2a) and thermal conductance (Fig. 2b) are
built by aligning all of the traces at the breaking point of themolecular
junctions4.

To extract the thermal conductanceof such junctions (κJ), we take
the difference between the two linear fits of the median in the thermal
histogram before and after the molecular breaking point, see Fig. 2b.
The small variations of the slopes extracted from thefittingofdifferent
data sets are not systematic and are encompassed within a certain
variation. In the small fitting range of a few ångströms, higher order fits
did not yield better results.

Thermoelectric transport measurements
The experimental procedure for the measurement of the Seebeck
coefficient is represented schematically in Fig. 1c–e), and follows the
same protocol as presented byDekkiche et al.11. This protocol has been
applied also to OPE3 with SAc end groups, a molecule that has been
studied using the same setup in thermal conductance measurements
(see supplementary information). In a typical experiment, the tem-
perature bias between the two electrodes is first adjusted to have an
accuracy and stability better than 0.01 °C. The overall temperature
difference, ΔT, between the two electrodes ranges from 0 up to 60K.
All measurements are performed in high vacuum and at room tem-
perature. Once thermal equilibriumhas been reached, the tip ismoved
closer to the counter electrode until a good electrical contact has been
established (G > 5G0). Then the two electrodes are slowlymoved apart
(opening trace), usually at a speed of 3 nm/s. A typical opening trace
for the Seebeck measurement is shown in Fig. 1d.

Since for the DHBT-OPE3-An molecule, a conductance plateau of
around 10−4 G0 is predicted, a molecular region is defined in the
interval of conductance between 10−3 G0 and 10−5G0. In this region, the
speed of the piezoelectric scanner is lowered to 1 nm/s.

When a molecular plateau is found within the boundaries of such
molecular region, the conductance Gbefore of the first 50 points of
the plateau is measured. If the value stays between the boundaries
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Fig. 1 | Experimental setup and measurement protocol. a Schematic repre-
sentation of the MEMS structure used in the differential measurement of the
junction thermal conductance κJ. b The electrical conductance, G, is used as
reference (green vertical line) to find the rupture point of the molecular plateau.
The thermal conductance is then obtained as the difference between the values
before and after the rupture point. c Schematic representation of the technique
used for the thermoelectric characterization of a single molecule junction. The red

switch represents thebiasing status of the tip.Whennoelectrical bias is applied, the
measured current consists of only the thermoelectric contribution; d typical
example of an opening trace: I(t) and VBias(t) for a single-molecule junction. The
green-dashed lines represent the breaking points for the single atom and single-
molecule junctions, respectively; e typical Seebeck voltage measured across the
junction when VBias = 0, here at ΔT = 40K. The width of the distribution is given by
the different configurations the molecule can assume inside the junction.
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(10−3 G0–10
−5 G0), it is assumed a molecule is inside the junction.

Afterward, the electrical bias VBias is turned off for a window of 80
datapoints (the switch in Fig. 1c is closed), and the thermoelectrical
current ISeeb is measured. At this point, the electrical bias is restored
and the conductanceGafter of the following 50 datapoints is compared
to the value before the switching. If both values of conductance, Gafter

and Gbefore, are found to be within the thresholds of the molecular
region and Gafter = Gbefore ± 20%, the switching is repeated until the
previous conditions on the conductance are no longer fulfilled.

A thermovoltage, ΔVSeeb, is then calculated from the measured
thermocurrent using the following equation:

ΔVSeeb =
IVBias = 0

Gavg
= SΔT ð2Þ

where Gavg is the average between Gbefore and Gafter. We note that our
scheme requires a switching of applied biaswithout inducing a rupture
of the junction. Other protocols to determine S in molecular junctions
measures directly the Seebeck voltage at zero current2. This has the
disadvantage of not monitoring the state of the junction through a
measurement of G, or having to switch the current path, which we
found more difficult to realize experimentally.

The Seebeck voltage is finally plotted for different values ofΔT, as
shown in Fig. 2c. The slope of the line fitting the datapoints, is an
experimental measurement of the Seebeck coefficient of the single-

molecule junction. For each datapoint, at least 500 measurements are
considered. The error bar of each datapoint in Fig. 2c indicates the
width of the relative ΔVSeeb distributions (Fig. 1e). We stress that the
measurement noise is smaller than the width of the distribution, which
is related to probing different configurations that the molecule can
assume inside the junction.

Experimental results
As can be seen from Eq. 1, the Seebeck coefficient (S), the electrical
conductance (G), and the thermal conductance (κ) of a singlemolecule
need to be measured to get experimentally the full zT. For the mole-
cule under study the electrical conductance and Seebeck coefficient
have already been reported in Dekkiche et al.11, while the thermal
conductance κ is reported for the first time here in Fig. 2b.

Figure 2b shows in pale blue the median of the underlying 2D
thermal histogram, displaying a noticeable step in the thermal back-
ground at the breaking point of themolecular junction (x = 0nm). The
difference at 0 between the linear fits yields a molecular thermal
conductance value. Averaging over two independent measurements
(Fig. 3) we extract κ = ð23:5 ±6:9Þ pW/K. The agreement between the
two independent measurements confirms the repeatability of the
experiment.

By comparing the experimental value with the theoretical pre-
dictions for the phononic thermal conductance through the junction,
it can be seen thatmost of the heat transported across the molecule is
carried by phonons, while the electronic contribution only plays a
negligible role (Fig. 3).

Theoretical calculations
To construct a theoretical picture of thermal transport across the
molecular junction, we employ two simulation methods: molecular
dynamics (MD) and a combination of techniques based on density
functional theory. The former method allows us to estimate the pho-
non thermal conductance while the latter method serves to estimate
the electronic thermal conductivity. For electronic transport calcula-
tions, the molecular device has been constructed in several steps as
detailed in Dekkiche et al.11. First, using the NWCHEM package20, we
performed all-electron calculation to optimize DHBT-OPE3-An in the
gas phase. Then, using the Atomic Simulation Environment (ASE), the
optimized DHBT-OPE3-An was placed between two Au (111) surfaces
containing six layers with 144 gold atoms per layer. The electronic
thermal conductivity is estimated using a combination of non-
equilibrium Green’s functions (NEGF) and Density Functional Tight
Binding (DFTB) calculations as described in refs. 21,22. In particular,
the value of the electronic thermal conductivity at 300K was calcu-
lated using the transmission function of the device, as described
in ref. 23.

In parallel, MD simulations have been performed using the
LAMMPS package. The interactions inside the molecule are described
by the OPLS force field24, while gold is simulated with the Heinz
potential25. The gold-sulfur interaction, instead, is described by the
Morsepotential21. Themolecular junctions arefirst thermalized for 1 ns
in the NPT ensemble and then non-equilibrium MD simulations are
employed to extract the thermal conductance. In these latter simula-
tions, the two gold reservoirs were respectively heated up and cooled
down by 50K and the thermal conductance was estimated based on
the accumulated energy of the hot and cold gold reservoirs. The
results presented here were obtained after averaging over 30 inde-
pendent simulations each representing a total duration of 1 ns.

From the electronic transport calculations, we first deduce the
value of the electronic thermal conductivity κel = 0:456 pW/K. This
value is more than 50 times smaller than the value of the phonon
thermal conductance obtained in MD: κph = 23:7 ± 1:3 pW/K. The pre-
dicted thermal transport across the molecule junction of κTOT = 24:2
pW/K is therefore dominated by phonon degrees of freedom, Fig. 3.

Displacement (nm)

50

100

150

-1 -0.5 0 0.5

10-4

10-2

100

lo
g 1

0(
G

/G
0)

G = 1.82 · 10-4 G0

1000

2000

3000

Counts

a)

20

40

60

0

κ(
nW

/K
)

Displacement (nm)

κj = 24 ± 8 pW/K

50.050.0- 1.01.0-

-0.2

-0.1

0.1

0.2

0

b)

0 20 40 60

0

Δ
V

S
ee

b(
μV

/K
)

ΔT (K)

S=-8.7 ± 1.6

-0.8

-0.4

c)

Fig. 2 | Experimental thermoelectric characterization for a single DHBT-OPE3-
An junction obtained at room temperature. a Left side: 2D histogram of the
electrical conductance G vs. displacement (opening trace), obtained from 297
traces. The dark blue line is the median of the histogram (logarithmic binning).
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distribution for the givenΔT. a and c are adapted from ref. 11, with permission from
the Royal Society of Chemistry.
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We conclude that the thermal conductance computed in MD is in
excellent agreement with the value determined experimentally. For
comparison, we also computed the phonon thermal conductance of a
DHBT-OPE3-Ph molecule, which is structurally similar to the DHBT-
OPE3-An but has only a simple phenylene group in the central part of
the molecule instead of the anthracene. The value extracted there was
κph = 21:99±3:80 pW/K.

Discussion
The results represented in Fig. 2 show the ability of our setup to per-
form a complete thermoelectric characterization of a single molecule
junctionand to experimentallydetermine its full room temperature zT.
This is a long-awaited result in the field ofmolecular thermoelectricity

since it allows for the experimental screening of different molecules in
vision of viable applications.

For a single DHBT-OPE3-An, we measured the electrical con-
ductance G (Fig. 2a), the thermal conductance κ (Fig. 2b), and the
Seebeck coefficient S (Fig. 2c). By combining the three measured
quantities into Eq. 1, we get:

zT ’ 1:3 × 10�5

The protocol and setup described here has been verified care-
fully in its individual measurements. In particular, the thermal and
electrical conductance measurement technique was previously
independently verified by two groups 4,5, and the Seebeck coeffi-
cient measurement was verified using SAc-OPE3 in comparison to
literature (see supplementary information). The SAc-OPE3 molecule
yields zT ≃ 2x 10-5. These zT values still fall short for what is actually
needed to realize a marketable molecular thermoelectric converter9.
However, the molecule of this study was specifically chosen to
address some of the current important scientific questions, where
experimental confirmation was needed.

First, with respect to the more commonly used thiol anchor
groups, this variant of OPE3 links to the gold electrodes with DHBT
anchor groups. The previously reported high junction yield11 was
again observed here, supporting this anecdotal evidence. Further,
this result confirms that the choice among these anchor groups has a
relatively small influence on the phonon conductance. This is rele-
vant, because theoretical predictions of thermal conductance of
OPE3 molecules with different anchor groups cover a significant
range between 19 and 34 pW/K4,26,27. In this context, it appears that,
within the accuracy of the experimental and theoretical results pre-
sented here, the DHBT-OPE3-An possesses a thermal conductance
that is slightly lower than averagedespite the improved cleanliness of
the binding.

Secondly, within our experimental uncertainty, this work also
confirms that phonon engineering is possible in single molecules.
Indeed, it is interesting to notice that despite an increase of 30% in the
number of atoms and degrees of freedom, the thermal conductance of
the DHBT-OPE3-An only increases by about 10% compared to the
predicted 22 pW/K for the DHBT-OPE3-Ph analog, hinting at the influ-
ence of side groups. The reason could be the localized nature of
vibrational modes within the molecule, which do not equally con-
tribute to the coherent transport along the junction. In the context of
potential technological use, the ability to readily attach side groups
onto the central ring of OPE3 could be a way to independently tune
thermal and thermo-electrical transport1,28, as well as to provide
options for cross-linking of molecular junctions11.

Data availability
Source data are provided with this paper.
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