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1 Introduction

The aim of this thesis is to add new experimental insights to the knowledge of thermal
transport physics at the scale of single atoms and molecules, where quantum effects
become apparent. In particular a new instrument and measurement protocol to study
heat transport at the nanoscale will be introduced, and the key experimental results on
single molecules will be presented and compared to the outcomes of the latest theoretical
predictions. Finally, possible technological perspectives and future directions of the fields
will be reviewed and commented.

The Quantum Scale. In the last decades, scientists all over the world have designed a
plethora of different physical systems with dimensions smaller than few nanometers, in
order to find answers to crucial questions: How can we take full advantage of the quantum
nature of matter? What is the typical scale of a quantum system and in which regime it
can be operated? Can we control and engineer quantum devices? How are charges and
energy transported within the quantum picture? Some common examples of quantum-
scale systems studied to answer those questions are classical and artificial atoms [1–4],
Josephson junctions [5, 6], quantum point contacts (QPC) [7, 8] and single molecule
junctions [9–11]. Many of them have been proposed to be used in novel technologies such
as single electron transistors (SET), single photon sources, second harmonic generators,
innovative solar cells and lasers [12–15]. In particular, Josephson junctions are already
at the basis of present quantum computers [16–18], while natural and artificial atoms
are mainly studied as alternative implementations for quantum bits (qubits)[2, 19].
QPCs and single molecules, instead, probably represent nowadays the most interesting
systems for studying transport physics at reduced dimensions, thanks to their relative
easy fabrication and broad chemical tunability [20–23].

Thermal transport. All of the quantum systems described above are already well
known in terms of electrical properties, but much less is known in terms of their thermal
properties and energy transport mechanism. Despite thermal engineering represents to-
day the bottleneck for many technologies [24], and it has been widely recognized as one
of the main limiting factors for the performances of nanoscale electronics devices [25, 26],
measurements of heat conduction in quantum objects have remained elusive. This is
mostly due to the lack of suitable experimental techniques. For instance, measuring
thermal resistances is much more challenging than the electrical counter-part. One of
the main reason is that the thermal conductivities of available materials extend over
only 6 orders of magnitudes, while electrical conductivities cross more than 26. From
this follows that the only good thermal insulator is essentially vacuum (if neglecting
the contribution of radiation) and that standard electrical techniques as the 4-probe
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1 Introduction

measurement are not possible in thermal transport experiments. However, being able
to engineer the thermal properties of materials would enable or improve many differ-
ent technologies, from thermoelectric energy conversion to solid-state cooling, and this
motivates the continuous research in the field.

Historically, the first theoretical description of thermal transport was provided in the
early 1800s by the french physicist and mathematician Jean Baptiste Joseph Fourier.
The law that brings his name states that the heat current density (Jq) (i.e. the rate of
heat transfer) is proportional to the temperature gradient (∇T ), as expressed by:

Jq = −κ∇T (1.1)

where the coefficient κ is know as the thermal conductivity. κ is often treated as a
constant, although this is not always true. First, it varies with temperature, even
though for some common materials variation can be small over a significant range of
temperatures [27]. Second, in anisotropic materials, the thermal conductivity typically
changes with orientation and it can be represented by a second-order tensor. Third, in
non-uniform materials, κ varies with the spatial location. Different models have been
proposed to predict the thermal conductivity of a material. Among the most common,
the one from Debye uses the concept of a gas of particles in a box to express, with simple
kinetic theory, the thermal conductivity in terms of specific heat, velocity, and mean
free path of specific quasi-particle called phonons, i.e. collective, periodic excitation in
a lattice of atoms 1. Although, in most solids heat conduction is actually mediated by
phonons, several other actors take part to the thermal transport picture, like electrons,
photons and even magnons [28–30]. Later, more precise and complete models have been
developed, mostly based on a modified Boltzmann equation [31–33].

In recent years, for the obvious reason of being relevant to the miniaturization in
the electronic industry, a lot of research has been carried out on microscopic systems,
including thermal transport [34, 35]. At low dimensions, some notions very familiar at
macroscopic scale, like the distribution function of both coordinate and momentum used
in the Boltzmann equation, may not be valid anymore. Even the Fourier’s law must
be modified at the nanoscale. Indeed, equation 1.1 implies diffusive energy transfer and
relies on the definition of local heat flux and temperature field, which are not well defined
concepts at the atomic scale, and assume local equilibrium in the system [36–38]. For
this reason, to characterize the heat transport properties of single atoms and molecules
comprised between two electrodes, a better option is to use the thermal conductance

Gth = Q̇

∆T
(1.2)

where Q̇ is the heat flow rate and ∆T the temperature difference between the leads.
At this scale, also quantum effects become important, and classical equations must be

replaced by something more fundamental [31]. Among the different possibility, one is to
derive a quantum version of the Boltzmann equation[39, 40]. Another option is to use
molecular dynamics (MD)[38, 41, 42], where the thermal conductivity can be computed
thanks to the Green-Kubo functions, when the system is in equilibrium, or through a

1Phonons can be thought as quantized sound waves, in analogy to photons that are quantized
light waves.

2
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direct computation of the thermal current in nonequilibrium situations [31]. However,
since MD is a method based on purely classical physics, quantum effects cannot be
fully taken into account. Thus, the results obtained from MD are valid in the high
temperature regime, where carriers obey Boltzmann statistics.

In a more simplified picture, when the linear regime (small ∆T ) occurs, harmonic
approximations can be used to describe the force fields involved, and, if the carriers
mean free path is larger than the system size, phonon transport can be expressed in
terms of ballistic and elastic interactions, within the Landauer formalism (see section
2.3). In this simplified particle-like picture, for example, the thermal conductance of a
molecular junction, kph, is proportional to the transmission probability of the phonons
Tph(ω), travelling through it. The phonon transmission Tph(ω) is typically derived in
terms of Green’s function for single particle in combination with the mean field Hamil-
tonian of the system calculated with Density Functional Theory (DFT), from which the
dynamical matrix describing the harmonic response is obtained. Within this method
all inelastic processes are assumed to occur only in the leads and the force interactions
between the atoms in the junction are calculated within the harmonic approximation.
The main advantage of this ab-initio method is its intrinsically quantum nature, thus
making it suitable to study quantum interference processes [14, 7, 12]. However, being a
one-particle description, the interactions among different carriers (e.g. phonon-phonon,
electron-phonon) cannot be taken into account. Furthermore, because inelastic pro-
cesses are supposed to take place only in the leads, the temperature distribution inside
the system is assumed to be homogeneous and non-linear phenomena, like rectification
or memory effects cannot be included.

Despite the lacking of experimental data, numerous theoretical studies have been
produced, predicting novel effects such as quantum phonon interference [43, 44], thermal
rectification [45] and large efficiency for thermoelectric conversion [46]. The majority of
those effects, however, still need to be verified experimentally. With the methods and
instruments developed in this work, we aim to provide novel experimental verifications
for some of those predictions, and to prompt the development of additional theoretical
frameworks to support eventual, unexpected data, arising from the experiments.

As per title, this thesis presents strategies and tools for measuring the thermal trans-
port properties of atomic and molecular junctions at the quantum scale, from the build-
ing of a new experimental setup, to the measurement protocols and results.

Outline of the thesis
In Chapter 2, the theoretical framework for the physical phenomena investigated along
this thesis is given, with a particular focus on phonon transport. The chapter also in-
cludes a theoretical perspective article, prepared for submission to the Applied Physics
Review journal. In Chapter 3, a new instrument for the measurement of thermal trans-
port at different temperatures is described. The results results validating its perfor-
mance are presented in the form of a contributed article, already submitted to the
Review of Scientific Instruments journal. In the same chapter, also the mathematical
model, the measurement protocol and sensor design, with detailed fabrication steps are
given. At the end of the same chapter, the applied methods for sample preparation are

1
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1 Introduction

also explained. In Chapter 4, the results for the characterization of single molecules are
presented within two publications in the ACS Nano Letters and Nanoscale journals. Re-
sults about single molecules were also analysed by means of new clustering tools based
on machine learning algorithm, and presented in Chapter 5. In Chapter 6 possible ap-
plications are envisioned, with a technological roadmap highlighting the necessary step
to eventually transition molecular thermoelectricity from research labs into the market.
The roadmap is currently in press for the Nature Nanotechnology journal. In Chapter
7 a summary of the thesis is given and possible future research directions discussed.

4
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2 Theoretical background

In this chapter, the theoretical background related to charge and phonon conduction
at the quantum scale will be presented. First, charge transport in quantum point con-
tacts and molecular junctions will be introduced, together with the break-junction tech-
nique. Secondly, basic notions of thermoelectricity and energy-filtering capabilities of
molecules will be delineated. Finally, phonon transport in nanoscale systems will be de-
scribed within the Landauer formalism, presenting the concepts of thermal conductance
quantization and phonon transmission, with a particular focus on molecular junctions.

2.1 Charge transport
Different transport regimes can take place according to the size of the system under
study. In everyday life, when we deal with macroscopic conductors, their electrical
conductance can be calculated from the notorious Ohm’s law:

G = σ
A

L
(2.1)

where A represents the cross-section area of the conductor perpendicular to the current
direction, L the conductor length parallel to the current direction and σ its conductivity,
that depends only on material properties. This formula is valid only in case of diffu-
sive transport and assumes a homogeneous current distribution inside the conductor.
Interestingly, when the size of the conductor goes below certain boundaries, Ohm’s law
doesn’t hold anymore, and the quantum wave-character of electrons comes into play.
Figure 2.1 shows a schematic of the two major transport regimes and characteristic
lengths, when transitioning from the macro- to the quantum scale.

Figure 2.1 Different transport regimes according to the sample dimension L and the
electron mean free path λmfp .

To distinguish among the different transport regimes, two main characteristic lengths
must be taken into consideration:

5



2 Theoretical background

• The electron mean free path λmfp: average distance that an electron can travel
before losing its initial momentum. In most of the cases, it corresponds to the
distance between two successive scattering events.

• The Fermi wavelength λF : De Broglie wavelength of the electrons, at the Fermi
energy, participating to the conduction.

There is also another important length parameter that comes into play when dealing
with electron interference phenomena: the phase-coherence length λϕ. This corresponds
to the average distance for which the electron preserves its initial phase.

When the size of the system is lower than the electron mean free path, charge transport
becomes ballistic. Additionally if one of the system’s dimensions is equal or smaller
than the Fermi wavelength λF , confinement effects occur. Atomic filaments formed
during break junction experiments are quantum one-dimensional ballistic systems, as
their typical diameter, of about few atoms, is on the order of the Fermi wavelength
of the electrodes material (λF ∼ 0.5 nm in metals [47]), while their length, that can
go up to few nm (see sec. 3.3.5), is much below the electron mean free path (10-100
nm) at room temperature [47, 48]. For this reason they are also called Quantum Point
Contacts (QPCs). Usually, in QPCs, charge transport is described with the help of
the Landauer-Büttiker formalism, introduced first by Rolf Landauer in 1957 [49] and
then generalized some years later for multiple probes by Markus Büttiker [50]. Their
formula connects the electrical properties of a mesoscopic conductor to the transmission
probability coefficients of the propagating quantum modes (i.e. electron wavefunctions).

Figure 2.2 Schematic representation of 1D ballistic channel with a scattering center
S. Being transport ballistic through the system, electrons can elastically scatter at S.
Here, µ is the chemical potential1, T is the temperature of the leads, while f is the Fermi
distribution.

Let us consider a 1-dimensional ballistic channel along x-direction, with its extremities
connected to macroscopic leads acting as electron reservoirs. The channel contains a
scatterer S, i.e. a non-uniformity which can cause electrons to scatter, Figure 2.2.
As the electrons are confined along the other directions, their energy spectrum results
quantized. The resulting dispersion relation is:

En(kx) = εn + ℏ2k2
x

2m∗ (2.2)

1Often in literature as well as in this work, the chemical potential µ and the Fermi energy EF

are used as synonyms. Despite the distinction is not relevant for the purposes of this thesis, we
note that this is formally true only when T = 0 K. In the following, both terms will be used
interchangeably.

6
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2.1 Charge transport

where ℏ is the reduced Planck constant, m∗ is the effective mass of the electron and the
integer n is the principal quantum number. In the reciprocal space this translates into
n-parabolic sub-bands, whose vertices are at εn for integer values of n. Since electrons
can move along x, while are confined along y and z, their corresponding wave-functions
Ψn can be written as the product of a propagating plane-wave in the x-direction times
a transverse wave-function χn(y, z), obtained as solutions of the Schrödinger equation
for a 1-dimensional wire:

Ψn ∝ e±ikxx · χn(y, z) (2.3)

To wit, those are the (only) propagating modes travelling through the 1D conductor,
i.e. the available conduction channels. According to the position of the Fermi energy,
electrons can occupy one or more sub-bands. If TL = TR and a positive voltage difference
is applied to the right reservoir, electrons will flow from left to right, since µR < µL.
The contribution to the electrical current I, for a single conductive channel of length
smaller than λmfp, can then be written as:

I = − e

π

∫ ∞

−∞
τ(k)ρ(k)v(k)(f(Ek, µL) − f(Ek, µR))dk (2.4)

where τ(k) is the transmission probability involving the scattering at S, ρ(k) is the
density of states in 1 dimension, v(k) the electron velocity and f(Ek, µ) the Fermi
distribution. It is possible to demonstrate [51] that the electron density of states as
function of energy, for a given direction, is equal to:

ρ(E) = 4
h

· 1
v(E) (2.5)

Thus, moving into the energy domain, equation 2.4 translates to:

I = −2e

h

∫ ∞

0
τ(E)(f(E, µL) − f(E, µR))dE (2.6)

where the factor 2 accounts for spin-degeneracy. This equation is very general and
applies broadly. The specific properties of the system under study (represented by the
scatterer) are all contained in the transmission function τ(E), that can be theoretically
calculated with ab-initio methods based on Density Functional Theory (DFT) in com-
bination with tight-binding models or Green’s function scattering theory [21, 52]. Let’s
now assume to study a perfect 1D conductor (τ(E) = 1) at T = 0 K. At this temper-
ature, the Fermi distribution is a step function equal to 1 for E < µ and 0 otherwise.
Therefore the difference (f(E,µL)-f(E,µR)) is equal to 1 for energies µR < E < µL and
it is null outside the interval2. Eq.2.6 then simplifies to:

I = −2e

h

∫ µL

µR

dE = −2e

h
· (µL − µR) (2.7)

2For temperature T ̸= 0 K, the difference f(E,µL)-f(E,µR) can still be approximated as a delta
function if the applied voltage is small in the scale of kBT

2
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2 Theoretical background

Being the chemical potential difference proportional to the voltage difference through
the electron charge, i.e. (µL − µR) = −e(VR − VL), the contribution of a single channel
to the electrical current becomes:

I = 2e2

h
· (VR − VL) = G · (VR − VL) (2.8)

This means that, in the ballistic regime, the conductance of a perfect single electron

channel is constant and equal to the quantum of electrical conductance G0 = 2e2

h
≃

77.5 µS, that corresponds to a quantized resistance of R0 = h

2e2 ≃ 12.9 kΩ.
In case the number of available perfect channels N is larger than 1, the total con-

ductance G will be equal to the sum of all the N single-channel contributions G0, that
is:

G = N · 2e2

h
= N · G0 (2.9)

This formula is a special case of the Landauer-Büttiker formalism, where all the
conductive channels show perfect transmission. For a more general formulation, the
role of the scatterer must be taken into account, by considering that some electrons
have a non-null probability to be backscattered or lose energy. In this case we get:

G = 2e2

h

N∑
i,j

Tij (2.10)

where Tij represents the transmission probability for an electron to go from the ith

mode of the left reservoir to the jth mode of the right reservoir [47, 49, 50].

2.1.1 Electrical conductance in Quantum Point Contacts
There are two major strategies to control the number of electronic channels available
for conduction. The first one consists in shifting the Fermi energy of the system EF

by applying a gate voltage. The second one changes the spacing between energy sub-
bands by precisely tuning the size of the system. Several demonstrations of conductance
quantization have been reported for different materials, but not all of them at room
temperature. In fact, the energy splitting among the different channels depends on the
Fermi wavelength λF , in accord with the following formula:

∆E = π2ℏ2

2m∗λF
(2.11)

For semiconductor materials λF can be on the order of several tens of nanometers,
resulting in an energy splitting of only few meV. At T = 300 K, the average thermal
energy KBT is ∼ 26 meV, larger than the spacing between the modes. For this reason, in
those materials, conductance quantization is only observable at cryogenic temperatures
[8, 53]. Differently, for metals λF is much smaller (∼1 nm) and the resulting ∆E is on
the order of ∼1 eV. So for atomic size metallic systems, conductance quantization can
be observed even at room temperature [54, 55].

8

2



2.1 Charge transport

In order to control precisely the size of the metallic contacts two techniques has been
exploited successfully, namely the Mechanically Controlled Break Junction (MCBJ)
[56, 57] and the Scanning Tunnelling Microscope-Break Junction (STM-BJ) [47, 57].
Since the latter is the technique employed to perform most of the experiments in this
thesis, the theoretical basis will be provided in the following section while the actual
implementation, adapted for thermal studies, will be given in section 3.1.

STM Break Junction for QPC
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a) b)

Figure 2.3 Charge transport through gold quantum point contact. a) Example of
single opening trace. The origin for the x-axis is set at the breaking of the last atom
contact. b) 1D electrical histograms built from more than 1700 opening traces showing
peaks at multiples of the electrical conductance quantum G0. In both charts the three
conductance regions (contact, tunnelling, detection limit) are indicated.

The STM-Break Junction technique is based on the repeated creation and breaking of
the contact between the tip of a scanning tunnelling microscope and a second metallic
electrode. This technique has been exploited since the the nineties to study the electrical
conductance of atomic point contacts of gold and other different metals [47, 54, 58]. A
measurement of the electrical conductance as function of the distance between the two
electrodes performed during the creation of the contact is called closing trace, while a
measurement done during the breaking of the same contact is called opening trace. Fig.
2.3 a) shows a typical break junction measurement for an opening trace between two
gold electrodes recorded at small bias (<90 mV, with a series resistor of 100 kΩ). Since
the signal varies by several orders of magnitude along a trace, it is typically plotted
on a logarithmic scale and normalized by the conductance quantum G0. In general a
closing trace stops when a contact of few G0 is observed. Then, the relative opening
trace starts, the contact is broken and the conductance decreases in a typical step-
like fashion due to quantization. When the size of the contact reduces below 3 atoms,
the quantization steps (or plateaus) visible in the conductance traces, can be related
to the number of atoms connecting the tip to the second electrode. If the system is
mechanically stable enough, just before entering into the tunnelling regime, a plateau
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at 1 G0 is typically observed, indicating the formation of a single atom contact. Indeed,
in case of pure gold (Au), a single atom corresponds to one electron channel available
for conduction with perfect electron transmission (τ = 1). This characteristic of gold is
now well understood and it has been confirmed both experimentally and theoretically
by several independent groups [47]. In particular at low temperatures, long (> 0.3
nm) 1 G0 plateaus can be observed, corresponding to the formation of single-atom
chains [59–61] (see also section 3.3). Due to the mechanical re-arrangement of the
junction and the different configuration it can assume, it is common and good practice
to build one dimensional (1D) electrical histograms of few thousands traces to obtain
enough statistics to infer relevant information about the charge transport properties, as
shown in Fig. 2.3 b). When fully in contact (G > 1 G0), sharp peaks at multiples of
the quantum of conductance G0 may appear, indicating the accessibility of an integer
number of electronic channels and confirming the hallmark of quantization. In fact,
peaks not located at multiple of G0 are usually associated to the plastic deformation
of the junction and not to conductance quantization. In gold contacts, conductance
quantization typically occurs up to 3G0 [62].

2.1.2 Electrical conductance in Single Molecule Junctions
Within the field of molecular electronics, charge transport through molecular junctions
has been thoroughly studied in the last 20 years. As a result, several books and reviews
are now available in the literature describing the different aspects of conduction through
single molecules [20, 57, 63–65]. In an energy diagram, an isolated molecule can be
imagined as a quantum dot, featuring discrete energy levels and a characteristic HOMO-
LUMO gap (i.e. a gap between the Highest Occupied Molecular Orbital and the Lowest
Unoccupied Molecular Orbital). When a molecule is contacted by two electrodes and a
junction is formed, due to a hybridization process of its orbitals, the discrete levels of the
molecule are broadened by the coupling with the metal electrodes [64], as schematically
shown in Fig. 2.4.

The stronger the coupling with the electrodes, the larger the broadening of the en-
ergy levels, and so the probability to inject charges into the molecule. Besides, a charge
transfer from the molecule to the metal electrodes (or vice versa) is needed in order to
reach an equilibrium state (constant Fermi level) inside the junction, with the additional
charging energy introducing a shift in the levels. The electrical conductance Gel of a
molecular junction can be derived from the Landauer formula for current (eq. 2.6). The
transmission function τ(E) appearing in the formula can be calculated with Non Equi-
librium Green’s Function (NEGF) methods applied to the Hamiltonian of the junction,
whose fundamental electronic state can be calculated by means of Density Functional
Theory (DFT) [52]. The position of the peaks in the transmission function corresponds
to the energies of the molecular orbitals, and their width is proportional to the cou-
pling strength with the electrodes. If the energy of the electrons travelling through the
contacts is equal to one of the molecular orbitals, then resonant tunnelling occurs. Unfor-
tunately the requirements to get resonant tunnelling are hard to achieve without proper
electrical gating of the junction. The Fermi energy of the metal-molecule-metal system
in fact, generally lies inside the HOMO-LUMO gap, and the so called off-resonant elastic
tunnelling represents the main mechanism for charge transport in short molecules (<3
nm). For longer molecules instead, tunnelling mediated transport becomes negligible
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and a different mechanism called inelastic hopping kicks in, in which electron transport
is mediated by thermal lattice vibrations [66]. Therefore, the position of the Fermi
energy determines the charge transport properties of the molecular junction. In case
of small bias voltage the difference between the Fermi distributions of the leads can be
approximated as a delta function. Hence, the electrical conductance of the junction can
be calculated from 2.6 as:

G = 2e2

h
τ(EF ) (2.12)

where τ(EF ) is the value of the transmission function at the Fermi energy. Usually,
the position of the Fermi energy in the junction is not known and cannot be exactly
located with DFT methods. This gives rise to a possible bad agreement on the precise
value of Gel between theory and experiments and it is a well-known limitation of DFT
methods. Another important role in influencing the charge transport properties of
molecular junctions is played by the anchoring groups (atomic groups binding to the
metal electrodes), that determine if the junction is HOMO or LUMO conducting (i.e.
EF closer to the HOMO or LUMO respectively). For example sulphur based binding
groups generally show a HOMO conducting behaviour, with holes entrusted for charge
transport, while pyridine-based anchoring groups are LUMO conducting [67, 68]. This
behaviour will also influence the sign of the Seebeck coefficient, as described in the future
section 2.2.

STM Break Junction for Single Molecule

Also in the case of single molecules, charge transport has been extensively studied with
break-junction techniques [57]. The main benefit of this technique is to be experimen-
tally easy to implement and that can be exploited in completely different environments
from solvents at room temperature [69] to ultra-high-vacuum at cryogenic tempera-
tures [70]. In a standard molecular STM-BJ measurement, molecules are deposited on
a metallic surface (usually gold) to form a scattered layer. The STM tip is then used
to trap molecules while repeatedly forming and breaking the electrical contact with
the substrate electrode. While opening the metallic junction, in fact, there is a cer-
tain probability to catch a single molecule between the two electrodes. The constant
tunnelling current flowing through the molecule gives a very different signature with
respect to normal tunnelling through the empty gap, allowing for the identification of a
single molecule in the junction. Figure 2.5 a) shows a typical opening trace (Gel vs. tip
separation) exhibiting a roughly constant current plateau, that is the typical signature
of the sliding motion of the molecule in between the two gold electrodes [71].

To extract the most probable conductance of the molecule, 1D electrical histograms
are built out of few thousands opening traces. Molecular signature appears as a broad
peak below 1 G0 in the histogram, see Fig. 2.5 d). Compared to the case of bare Au-
Au junctions, Figure 2.3 didn’t show any particular feature in the tunnelling regime.
A second important tool for the study of molecular break junction signals, is the 2D
histogram of the electrical conductance Gel versus displacement, Figure 2.5 e). In order
to build this kind of histograms, the origin of the displacement axis for each opening
trace is rescaled according to the breaking point of the Au-Au contact (end of the 1 G0
plateau), so that traces with different lengths can be analysed together. In this way,
the Au-Au contact will appear in the negative side of the displacement axis, while the
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Figure 2.5 STM Break Junction of a single molecule. a) Example of a single molecule
break junction opening trace, featuring a conductance plateau around 1 × 10−4 G0
for the OPE3-Anthracene molecule. The constant current plateau is an indication for
the formation of a molecular junction. b)Schematic representation of the sliding of a
molecule inside the junction. c) Structural formula of the Anthracene molecule. d) 1D
electrical histogram built with 5000 traces displaying an apparent molecular peak around
2×10−4 G0. e) 2D histogram of electrical vs. distance curves, demonstrating that most
of the opening traces exhibits a molecular conductance plateaus between 1 × 10−3 and
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molecular regime in the positive one. Results are usually displayed as 2D histograms
since they make easier to recognize artefacts and unpredicted variations of the tip-
surface contact. In fact, peaks in the 1D electrical histograms can be misleading and
arise from contaminated spurious opening traces, which could hinder the identification
of the characteristic molecular signature.

2.2 Electronic thermal transport and Thermoelectricity
Within the Landauer formalism is also possible to describe the electronic contribution
to the thermal transport for atomic and molecular junctions [52]. In a linear regime, the
current I and heat flux Q̇ are related to the temperature difference ∆T and the voltage
difference ∆V by the following mutual relations [72, 73]:(

I
Q̇

)
=

(
G L
M K

) (
∆V
∆T

)
(2.13)

The Seebeck coefficient S is then defined as:

S =
(

∆V

∆T

)
I=0

= −L/G (2.14)

and the thermal conductance k:

k = −
(

Q̇

∆T

)
I=0

= −K − S2GT (2.15)

where the minus sign in the definition of the thermal conductance takes into account
the heat flux direction.

In this framework, those coefficients depend on the transmission function τ(E) in the
form:

G = −2e2

h

∫ +∞

0
dE

∂f

∂E
τ(E) (2.16)

L = −2e2

h

kB

e

∫ +∞

0
dE

∂f

∂E
τ(E)(E − EF )/kBT (2.17)

K

T
= 2e2

h

(
kB

e

)2 ∫ +∞

0
dE

∂f

∂E
τ(E)[(E − EF )/kBT ]2 (2.18)

where kB is the Boltzmann constant. If the transmission function τ(E) varies slowly
around the Fermi energy EF on the scale of kBT , these integrals can be simplified with
the Sommerfeld expansion. We get:

K ≈ −2e2

h
TL0τ(EF ) (2.19)

G ≈ 2e2

h
τ(EF ) (2.20)
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2.3 Phonon transport

with T being the temperature of the system and L0 = kBπ2

3e
= 2.44 V2/K2 the Lorenz

number. It follows that, if S2 ≪ L0 the electronic contribution to the thermal conduc-
tance is proportional to the electrical conductance via the so called Wiedemann-Franz
law:

kel ≈ L0TG (2.21)

Eventually, the Seebeck coefficient S is then proportional to the slope of the transmission
function τ(E) via:

S ≈ −L0eT (d ln((τ(E))
dE

) (2.22)

Those equations predict that in metallic contact, the electronic contribution to the ther-
mal conductance will be proportional to the electrical conductance, as the transmission
function τ(E) is mostly flat around EF . However, it is important to remember that this
approximation does not include the phonon contribution to the thermal conductance,
and that in case of molecular junctions, is valid only if the Fermi energy is far from the
resonances.

2.3 Phonon transport
Similar to the case of charge transport, the Landauer-Buttiker formalism can also be
applied to sample of small dimensions to describe thermal transport in terms of phonons
flowing through a quantized number of transmission channels [74–76]. To take into
account the fact that those channels are often not ideal and thus carriers have a non-
null probability to be scattered or lose energy, a transmission factor (τ ≤ 1) must be
introduced. To derive the conductance formula for phononic transport inside a molecule
between two reservoirs, we can start from the definition of the heat flow rate Q̇:

Q̇ = 1
2π

∑
m

∫ ∞

0
dkℏωm(k)vm(k)(nR − nL)τm(k) (2.23)

here Q̇ is the sum over all phonon frequencies ω for all phonon modes m, and nR,L(ω, T )
is the Bose-Einstein distribution function for phonons in the right (R) and left (L)
reservoir. τ(ω) is the transmission coefficient indicating the probability of a phonon to
be transmitted through the molecule. Since the phonon velocity vm(k) = ∂ωm/∂k and
the 1D density of states ρm(k) = ∂k/∂ωm cancel each other out, we can write eq. 2.23
as:

Q̇ = 1
2π

∑
m

∫ ∞

ωm(0)
dωℏω[nR(ω) − nL(ω)]τm(ω) (2.24)

The thermal conductance between the two reservoirs g = Q̇/∆T is obtained in the
linear response regime assuming that a small temperature difference ∆T is applied on
the system. This allows for writing [nR(ω) − nL(ω)] ≈ ∆T ∂n(ω,T )

∂T , hence we get:

g = 1
2π

∑
m

∫ ∞

0
dωℏω

∂n(ω, T )
∂T

τm(ω) (2.25)
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2 Theoretical background

Thereby, if the transmission probability τ is unity, the above integral depends only on
temperature, and for each channel m we find:

g0 = π2k2
BT

3h
(2.26)

Here, kB is the Boltzmann’s constant and T the absolute temperature. For imperfect
channels, eq. 2.26 becomes:

g = g0
∑

m

τm (2.27)

In the past, given the challenges in measuring tiny heat flux, thermal properties of
organic molecules have been studied mostly theoretically [77–79]. The very few experi-
mental studies investigated the average properties of self assembled monolayers (SAMs)
where, however, the uncertainty on the number of molecule contacted represents one of
the biggest source of error [80]. For this reason in the last decade a lot of researchers
focused on performing experiments at the single molecule level, with two independent
groups succeeding in measuring for the first time the thermal conductance of single
molecules [23, 81]. Given the new experimental capabilities, in the next section the
future directions and applications of phonon engineering in quantum channels will be
discussed, walking the reader through the main theoretical and experimental milestones
that have characterized, so far, phononic transport at the atomic and molecular scale.

2.4 Perspective: Phonon thermal transport through
quantum channels and molecules

This chapter is based on a preliminary version of an article that the author of this thesis,
together with Dr. Bernd Gotsmann and Prof. Dvira Sagal, is preparing for submission
to the Applied Physics Review journal.

AUTHOR CONTRIBUTIONS: BG conceived the paper and wrote the main struc-
ture. AG contributed to the sections involving electronic thermal transport and exper-
iments on quantum point contact and single molecules. AG also prepared the figures.
DS wrote the section about the theoretical insights into conductance quantization, that
however has not been included in the following.
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2.4 Perspective: Phonon thermal transport through quantum channels and molecules

2.4.1 Abstract
Phonon transport is the dominant mechanism of thermal conduction in most solids and
has been studied for decades. A good understanding on many transport regimes in
micro- and nanostructures could be established, including ballistic and diffusive trans-
port, mode softening, or band structure engineering in phononic crystals. On the other
hand, the limit of quantized transport and the engineering of single transport chan-
nels is much less explored, due to the challenges in reaching the necessary experimental
sensitivity and control during the experiments. Recently, however, heat transport mea-
surements through quantum channels and single molecules have become available at
room temperature using break junction techniques. These technique are well estab-
lished in the molecular electronics community and have recently been expanded to the
measurement of heat transport on the single-molecule level. Given the latest results, it
is now inviting to address the rather unexplored area of molecular phonon-engineering,
focusing both on theoretical prediction and experimental open questions.

2.4.2 Quantized and quantum thermal transport
In this perspective, we discuss thermal transport mediated by phonons in quantum
channels, at the atomic and at the molecular scale. To explore the richness of transport
physics in general, it has proven useful to study transport on various length scales and
explore low-dimensional geometries. Small contacts or wires, for example, have been
used to explore charge, heat or mass transport. Phonon transport through contacts is
already a well-known way to explore fundamental transport properties (see for example
[82–88]). A contact between two bodies, such as a mechanical contact between a tip and
a surface, can be experimentally scaled to small dimensions such that different char-
acteristic length scales and thereby transport regimes can be tested. For example, the
transition from diffusive to ballistic transport of charge or heat carriers has been stud-
ied by reaching contact diameters below the mean-free path of carriers [87]. Similarly,
transport in one-dimensional structures such as wires undergoes characteristic changes
when transitioning between these two transport regimes [88].

Reducing the sample dimensions even further leads to quantization effects, a transport
regime well studied for charge transport and much less explored for heat transport. At
those relatively small length, the Landauer-Buttiker picture of transport is very popular,
expressing the transport in terms of conductance through quantized transport channels.
If the channels are perfect (i.e. if it possible to assume perfectly adiabatic contact
between the thermal reservoirs and the sample), one finds:

g0 = π2k2
BT

3h
(2.28)

for each channel.
In a more general case of m imperfect channels, one expresses

g = g0
∑

m

τm (2.29)

with a suitable effective transmission coefficient τm. The number of transmission chan-
nels in crystalline solids at sufficiently low temperature is four, including two transversal,
one longitudinal and one twisting mode [29].
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Figure 2.6 Electrical and thermal conductance signal during a break-junction exper-
iment. Here a gold-contact is gradually broken at room temperature through the dis-
placement of an actuator. a) The electrical conductance values are clustered around
multiples of the conductance quantum, which can be correlated with the thinning of
gold wire down to a single atom diameter (center row). b) The simultaneously-measured
thermal conductance exhibits quantization with multiples of the thermal conductance
quantum. Image from [22]
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2.4 Perspective: Phonon thermal transport through quantum channels and molecules

2.4.3 Experimental evidence for heat conductance quantization
The observation of quantized heat transport based on phonons has only rarely been
claimed. One important reason for this may be the small magnitude: g0 is only ∼600
pW/K at 300 K, and ∼20 pW/K at 10 K. To estimate below which constriction’s
diameter quantization can be expected, one should consider the characteristic dimension
of a phonon wave packet through the thermal wavelength λth = hc/kBT [29], where c
is the phonon velocity. At room temperature this can nearly reach atomic dimensions.
The highly original landmark paper of Schwab et al. [89] has observed a minimum of
g0 for four channels in nano-constrictions of <200 nm in silicon nitride, when T was
lowered to below 1 K. These findings, however, were not experimentally reproduced.
Quantized thermal transport was invoked in so-called nano-asperities of contacts with
atomic roughness to explain the large pressure-dependence of heat transport in nano-
contacts [90]. However, the indications are somewhat indirect and remain controversial
[91, 92].

A recent, and very careful study by Tavakoli et al. [93] tackled the problem also
using micro-fabricated constrictions in silicon nitride. Similar to the study of Schwab
et al. [89], the shape of the constriction was chosen to form an impedance matching
[74], a prerequisite of achieving ideal transmission (τ = 1) in microscale devices. (This
impedance matching is similar and analogous to matching acoustic mismatch between
sound in 3D air and the speaker of a hi-fi sound system). However, quantization ef-
fect through reaching a minimum constant conductance of N · g0 for lowering T was
not observed by Tavakoli et al.. Instead, the conductance reduced further, which was
interpreted as imperfect transmission, in accordance to theoretical predictions [94]. It
therefore remains to be shown to what extend the quantization of heat transport can be
viewed as universal in phonon transport of nanowire systems or can merely be viewed
as a theoretical upper limit.

Quantized heat transport through single-atom contacts: electronic contribution

A somewhat special case for the measurement of quantized transport are so-called quan-
tum point contacts (QPCs) [95, 96]. QPCs are narrow constrictions between two wide
conducting regions. One example is the constriction between electrically conducting
regions in two-dimensional conductors. For sufficiently narrow constrictions, transport
through such constrictions is quantized in electrical and thermal conductance signals
[96]. Experimentally easily accessible is a special kind of QPCs, in which the narrow
constriction is formed through slow and gradual breaking of a mechanical contact of
ductile metals, i.e. so-called break junction experiments. In charge transport, quantized
electrical conductance can be routinely observed in such QPCs. The ability to form
single-atom junctions using break-junction techniques has led to the observation of elec-
trical conductance quantization in gold and several other metals. A particular benefit
in studying break-junction QPCs is the ease to make an atomically-thin constriction,
which exhibits quantization effects up to room temperature. It is conceptually simple
and can be easily reproduced. Such QPC are also referred to as atomic junctions.

Quantized heat transport in atomic junctions of gold was recently measured by one of
the authors and team [22, 97], see Figure 2.6, and independently reproduced by Cui et
al. [92]. Both studies used micro-fabricated heater-sensors, operated in vacuum at room
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temperature. The approach is based on the well-established break-junction technique,
in which a mechanical contact between a gold tip and gold surface is slowly broken such
that conductance steps can be observed in the electrical signal. For this a break-junction
experiment was set up with one of the electrodes being situated on heater/sensor ele-
ment capable of reaching sub-nW/K sensitivity to thermal conductance, when biased
to a few tens of K with respect to the other electrode, a tip remaining at room tem-
perature. During the experiment, the gold tip was repeatedly pushed into and out of
contact with a gold electrode on the MEMS sensor, which was heated to above ambi-
ent temperature. The resulting small change of temperature measured in the MEMS
sensor at constant heating power is then detected and used to calculate the thermal
conductance of the junction by subtracting the much larger conductance of the MEMS
supporting beams. Figure 2.7 shows the experimental arrangement with tip and MEMS
heater/sensor, operated in vacuum. The results showed conductance quantization in
parallel with the electrical conductance quantization, see Figure 2.6. Within the mea-
surement uncertainty (of below 20%), the Wiedemann Franz relationship is confirmed.
This implies that heat is almost entirely carried by electronic excitations and phonon
transport plays a minor role. This is expected because the experiments were performed
at room temperature, and therefore far above the Debye temperature and the realm
of applicability of the above ’derivation’ of quantized thermal transport. Furthermore,
it is consistent with the notion that the electron scattering processes involved are con-
ventional in that they scatter energy and momentum alike. Numerical simulations and
analytical estimations are in agreement with the experimental data.
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Figure 2.7 (a) Schematic of the experimental arrangement measuring quantized elec-
tronic heat transport (not to scale): A silicon nitride MEMS platform comprises both
a platinum thin film heater/sensor and a gold electrode. It is operated in vacuum using
DC electronics circuits to measure electrical conductance (left) and thermal conductance
(right). (b) Scanning electron micrograph of the heater sensor used in previous studies
[22, 23, 97]. The picture is taken from an angled view, which may be misleading. The
length of the four beams is around 250 microns, the membrane thickness is 150 nm.
With these dimensions, a thermal resistance of 2 × 107 K/W was achieved.

Quantized heat transport of phonons: A Challenge

An open question is whether quantized transport of the phonon contribution would be
observable in QPCs at lower temperatures [98], i.e. below the Debye temperature of
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2.4 Perspective: Phonon thermal transport through quantum channels and molecules

gold, at which three or four phononic transport channels would have to be added to the
electronic ones. An experimental study of this regime would require sensitivities on the
order of 1 pW/K, which is certainly a challenge. It is not readily clear how much the
phonons would contribute to heat transport in QPCs at low temperatures. In contrast
to electronic QPCs, phonons are sensitive to an impedance mismatch formed by the spa-
tially varying diameter of the constriction on the atomic scale, as was already predicted
using classical molecular dynamics simulations [99], compare also Panzer et al. [100].
Atomistic quantum mechanical transport calculations in break-junction geometries pre-
dict negligible phonon contribution at room temperature [98, 101] in agreement with
the aforementioned experiments. At reduced temperatures, however, below the Debye
temperature of the bulk metals, the phonon contribution is predicted to appear [98],
albeit staying well below the quantization value. The somewhat idealized system of an
atomic QPC appears ideal to relate experimental to theoretical transmission factors.

2.4.4 Heat transport through molecules
A natural next step from considering single, quantized channels of transporting heat
via phonons is to modify that transport channel, add functionality, and link the trans-
port channel to local degrees of freedom inside the channel. To this end, probably the
most tangible approach is the use of molecular systems. Heat transport through or-
ganic molecules is a fascinating area of research, as it combines unresolved conceptual
questions with slowly increasing availability of experimental data.

To begin with, one needs to distinguish between thermal transport in organic materials
such as amorphous polymers and fibers from molecular junctions, the latter considered
here. In amorphous polymers [102], heat transfer is mainly limited by energy transfer be-
tween the interlaced molecular groups through relatively weak van der Waals interactions
or electrostatic bonds. Therefore, although thermal transport along a single chain, i.e.
intra-molecular transport, can be large and ballistic [102–104], in amorphous media we
typically find diffusive transport and low thermal conductivity. In contrast, in a molec-
ular junction setup, when one or more molecules are individually bonded to two solid
electrodes (or thermal reservoirs), heat transport can be quantum coherent, meaning
that it can be described by coherent quantum mechanical waves [23, 105].(Many people
find the notion useful, in which the waves move as quasi-particles in a ballistic fashion,
applying a Landauer approach based on a scattering picture). In either case, thermal
transport in/along organic molecules is typically dominated by the phonon contribu-
tion while charge transport can be largely neglected. Exceptions comprise carbon-based
structures derived from fullerenes, graphene or nanotubes.

Experimental studies

Ensemble-based method. Turning first to the status of experimental methods to
measure thermal transport across molecular junctions, one should distinguish between
ensemble-based methods [80, 103, 106–109] and recent work using single molecules
[23, 81]. Ensemble based methods typically use self-assembled monolayers (SAMs)
sandwiched between two electrodes [106] or one solid electrode and a liquid counter
electrode [109, 110]. These samples can then be studied using optical techniques, of
which time-domain thermoreflectance has been particularly successful [106]. However,
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the fabrication of such sandwiched structures is challenging, because defects and im-
perfections of the surfaces can influence the transport strongly. Ideally, atomically flat
surfaces and rather perfect films are required over macroscopic areas. A typical un-
certainty for transport measurements of SAMs is therefore the percentage of molecules
of a film that are actually contacted (typically chemisorbed) to both electrodes. For
example, a careful study by Majumdar et al. [80] estimated that by only about 50%.
Despite these inherent difficulties, there are beautiful measurements with high repro-
ducibility studying the effect of molecular length and bonding strength on the transport
(see more details below). To address the limitation of defects on the interpretation, a
small ensemble (tens to hundreds of molecules) has been studied using the contact of a
tip of a scanning thermal microscope to a SAM. A study [111], however, while showing
the potential of the method, reported systematic errors larger than observed for optical
studies. Nevertheless, the community is watching with interest new tip-based studies,
for example at Lancaster University.

Single-molecule measurement A second limitation of using SAMs, relevant to this
study, is that only a small group of molecules actually form well-defined molecular layers,
typically involving simple molecules such as alkane chains, while relevant current ques-
tions are related to more complicated molecular designs. This motivates the use of single
molecule junctions. For this however, the ability to contact individual molecules has to
be combined with sensitive heat flux measurements to reach a sensitivity to detect the
conductance of a single molecule on the order of a few tens of pW/K. Based on the afore-
mentioned experiments on single-atom junctions, two groups have recently succeeded to
measure heat transport across single molecules [23, 81]. Both groups have used essen-
tially the same approach, by combining a break-junction method based on a scanning
tunnelling microscope (STM) with a heater/sensor microfabricated using MEMS (micro
electro-mechanical system) technology. The method combines charge and heat transport
measurements, and the well-understood charge transport properties of single molecules
serve to probe the integrity of single-molecule junctions. The first demonstration of
heat transport on the single molecule level utilized molecules that are well known from
previous charge and thermal transport studies. Oligo(phenylene-ethynylene) (OPE3) is
probably the best characterized molecule in electrical break junctions to date [23], and
alkane chains [23, 81] have been used in numerous experimental and theoretical studies
on thermal transport through SAMs. The two studies [23, 81] agree on the value of
the latter, a first validation of the methodology. The results, shown in figure 2.8 (f),
compare well to simulation results [23, 112], if one assumes coherent phonon transport
across the junction and confirms the negligible contribution of heat transport by charge
carriers. Therefore, experiments could already confirm or falsify certain assumptions
coming from the theoretical studies.

Theoretical description of molecular junction

There is already a large number of studies offering theoretical prediction of heat trans-
port across molecular junctions. Looking from a bird’s eye view, we first notice that
the size of the problem of heat transfer is challenging, because is inherently multiscale.
Phonons contributing to room temperature heat transport have phonon wavelengths
and mean free paths ranging from atomic dimensions to several microns. On the other
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a)

b)

c)

d) f)

e)

Figure 2.8 Schematic and examples of different experimental approaches to the mea-
surement of heat transport across molecular junctions of alkanes. Pump-probe tech-
niques using self-assembled monolayers (a) have been successful for systematically study-
ing the role of end-groups (binding groups) between molecules and electrodes/reservoirs
(b). (From Losego et al. [106]). Scanning thermal microscopy (c) remains a niche
technique so far. An example (d) shows the studied length-dependence of alkane chains
studied [111]. We note that more recent measurements [81] do not agree with these
findings. Single molecule techniques (e) using break-junction techniques or scanning
tunnelling microscopy (shown here in a realistic and idealized arrangement) have been
able to measure thermal transport through octanedithiol [23] (f).
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hand, the calculation of phonon properties on the atomic scale are much less prone than
excited electronic states to systematic errors of first-principle methods like density func-
tional theory (DFT), which result in difficulties in predicting electronic conductance of
molecular junctions.

There are several methods applied to the problem of phononic heat transport along
molecules. There are examples for both classical molecular dynamics [78, 80, 113, 114]
and quantum mechanical calculations [35, 43, 105, 115–120] including density functional
theory and with nonequilibrium greens functions [23, 101, 121]. It is found in almost all
studies, that heat transport is coherent along small molecules of up to a few nanometers
in length. Therefore, the simple picture of an (energy-dependent) scattering coefficient
in a Landauer transport picture is well justified. Otherwise one may revert to classi-
cal molecular dynamics, which can cover also diffusive transport, but is bound to the
classical limit.

Nature of phonon transport along molecules

Some of the main conclusions on the mechanisms of phonon transport in molecular
junctions, based on ongoing theoretical and experimental studies are:

(1) Several studies indicate that it is dangerous to apply simple estimations that have
proven useful for bulk solids. In particular, by applying kinetic theory to phonon gases,
the thermal conductivity should be proportional to the phonon group velocity (as well
as heat capacity and mean free path). This implies that stiffer bonds along a molecule,
which should lead to higher phonon velocities, would lead to better thermal conductance
of a junction. This is not the case and we learn that one needs to take into account the
phonon density of states in relevant energy ranges, which is rich for both stiff and soft
chains.

(2) Coherent transport dominates phonon conduction in relatively short and uniform
molecules. This applies, for example, to the aforementioned experimental studies of
single molecule transport [23, 81], and is well supported by simulations (see above).
One of the direct implications is the length-dependence of thermal transport, saturating
(in accord with ballistic transport) for long chains.

(3) Sensitivity to the coupling strength of the molecular-electrode bond has been
observed using time-domain thermo-reflectance (TDTR) experiments (see [106] as an
example) and it was predicted early on using various methods [105, 113]. In the studied
examples of small and simple molecules like alkane chains, the effect of binding to the
reservoirs appears to be stronger than variations of the molecular length, in accord with
coherent-ballistic conduction mechanism.

(4) Beyond coherent-ballistic transport, anomalous or diffusional heat transport was
exemplified in pump-probe (donor-acceptor type) experiments as well as at the meso-
and microscale, see e.g. [122], yet not in molecular junctions of nanoscale length, see
point (2).

(5) Apart from strong differences for chemically- versus van der Waals-bonded molecules,
the differences in thermal conductance between different molecules are relatively small,
both in experimental and simulation data. The differences roughly stay within the range
of a few to a few tens of pW/K for simple and short molecules as studied in the con-
text of molecular electronics. (Larger differences appear for bucky balls or very long
molecules, of course.) The intuitive reason is the fact that the bosonic nature of phonon
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transport implies integrating over a large range of phonon frequencies, over which the
density of vibrational states of molecular junctions are similar on average.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 2.9 Examples for phonon engineering predicted from transport calculations of
single-molecule junctions. (a) Quantum interference leads to a suppression of phonon
conductance of the meta-connected OPE3 molecule compared to the symmetric para
configuration[44]. The energy-dependent transmission coefficients and the temperature-
dependent thermal conductance are shown in (b) and (c). (d) Replacing hydrogen atoms
on a benzenediamine molecule by the much heavier bromine, leads to transmission coef-
ficients (e) strongly dependent on which pair of hydrogen atoms was replaced [121]. This
leads to strongly varying thermal conductance (f). (g) Also a single but more complex
side group can have a strong effects as shown here for bipyridine connected to thioben-
zene anchor groups [123]. Again, a contrast in transmission coefficient (h) leads to a
difference in the magnitude of thermal conductance (i). The predicted thermoelectric
figure of merit (ZT) is also shown. Figures (a)-(f) adapted from [121] and (g)-(i) from
[123].

Open questions on molecular thermal transport

In conjunction with ongoing developments, there are significant open questions and
research opportunities in the field of heat transport along molecular junctions. These
relate both to conceptual understanding and abstraction, as well as to possibilities of
phonon engineering to increase or reduce thermal conductance. In the following we
list questions already addressed using theory but not yet verified through experiments,
which, given recent experimental progress, should be possible to asses in the near future.

(1) Similarly to what has been discussed in the molecular electronics community for
charge transport, phonon transport could also display quantum interference effects [44,
121]. Figure2.9 (a) gives an example, based on the popular backbone of oligo(phenylene-
ethynylene) (OPE3), in which phonon transmission around the central aromatic ring has
two paths leading to destructive phonon interference in the meta configuration. In the

2

25



2 Theoretical background

para configuration, in contrast, there is no difference in path-length, and therefore no
destructive interference. Through destructive interferences, a reduction of conductivity
by about a factor of two is predicted.

(2) Another proposed mean to reduce thermal conductance is the attachment of pen-
dant side groups to molecules [121, 123–125]. Local vibrational states can induce res-
onances in transport reminiscent of Fano resonances, which are prominent in different
fields of transport. According to predictions, a single side-group can reduce the thermal
conductance of a molecular junction by a factor of up to three, see (figure 2.9 (d-f)) for
an example based on side-groups in benzenediamine. Another example for the predicted
influence of pendant side groups is given in figure 2.9 (g-i), in which a single side group
reduces strongly the conductance of bipyridine connected to thiobenzene anchor groups
[123]. This example shows that extremely low thermal conductance at room tempera-
ture of only a few pW/K may be reached even for relatively short molecule junctions
and with proper chemical binding to metal electrodes. Such a control, and suppression
of thermal conductance has potential applications in thermoelectric energy conversion
or for the use of junctions as thermodynamic machines in general.

(3) Harnessing anharmonic interactions towards functional devices. An-
harmonic effects are expected to be important in flexible molecules made of weakly-
connected and distinct components, where raising the temperature induces, for example,
bond weakening, torsional motion and conformational changes. Asymmetric molecular
junctions with prominent anharmonic couplings can support an anisotropic heat flow
(diode) effect; predictions include [45, 118, 126, 127]. The realization of molecular ther-
mal rectification would be a valuable contribution for two reasons. First, there are some
predictions or demonstrations of thermal diode behaviour [128–133], but mostly with
only modest rectification, in particular when compared to electrical diodes. Therefore,
current technological applications are mostly limited to opening and closing mechanical
contacts and thereby switching thermal conductance. Truly passive and scalable ther-
mal diodes could be an asset for thermal management. Second, a thermal diode would
be an excellent example of true phonon engineering.

(4) Identifying and creating molecular junctions that display quantum thermal trans-
port beyond coherent-ballistic behaviour remains an open challenge. While meso- and
micro-scale junctions show the onset of anomalous and normal diffusive transport, it
is not clear yet what range of transport regimes can molecular junctions support, be-
yond coherent transport. While we do not expect diffusive transport to develop at the
nanoscale, complex mechanisms may arise due to atomic heterogeneity and disorder,
allowing phonon localization and thus the suppression (o more generally, control) of
thermal conductance.

(5) Effect of the environment. In most experimental situations and certainly in
anticipated technological applications, a molecule will not be isolated but surrounded
by solvent, residues, or other molecules. There is a significant experimental challenge to
create a clean and defined experimental environment, even when using nominally-perfect
molecular SAMs [134]. Molecular dynamics simulations indicate a clear influence [80]
when using alkane SAMs. Conceptually, there is a question whether lateral coherence is
large enough to cover two neighbouring molecules. More importantly, however, this is
closely related to defects and technological efforts around the integration of molecular
films.
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(6) Beyond passive control of thermal conductance by modifying the molecular struc-
ture, active control by means of mechanical forces, electric fields and light excitation
is yet to be explored. Particularly exciting is the prospect of building on advances in
molecular electronics, and using electric current to induce mechanical forces thus control
vibrational heat flow at the atomic scale [135].

2.4.5 Outlook and conclusions
Atomic contacts, quantum point contacts (QPCs) and single molecular junctions in gen-
eral may appear far away from any technological relevance at first sight. However, the
research on tribology has shown clearly that interfaces between solids with roughness
oftentimes employ distributed atomic contacts [136] as displayed in Fig. 2.10. That
this has profound implications on the pressure dependence of thermal contacts has al-
ready been hypothesized [137]. Research on thermal QPCs therefore will contribute to
a bottom-up picture of thermal boundary conductance or thermal contact resistance.
Such interface effects are predominant on the sub-micron scales already for reasons of
classical scaling. For the construction and verification of models of thermal contacts,
the independent measurement of heat transport in point contacts is needed. An im-
proved understanding of phonon scattering in atomic-scale structures will also feed into
the engineering of novel devices. For example, memristive devices as used today for
neuromorphic computing, can exhibit current carrying filaments with atomic diameters.
Research on nanoscale phonon transport is anticipated to have technological impact in

a)

b)

c)

Figure 2.10 Atomic simulations of mechanical contacts a)-b), show that the distribu-
tion of pressure c) is distributed over few and oftentimes separated single atom contacts
between the two bodies [136].

the quest for thermal processes at high efficiency, particularly for reducing self-heating
of densely packed nanodevices on modern computer chips. In general, the contrast be-
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tween good and bad thermal conductors (of about four orders of magnitude) is rather
small compared to the control and variability of electrical conductance, spanning over
more than 30 orders of magnitude. Thermal engineering is therefore an increasingly
important topic. On the molecular level, this is already being done empirically by com-
paring e.g. different polymer materials. The technological community would welcome
novel ideas that help with the trade-off between mechanical, processing and thermal
properties. Whether junction geometries will be applied widely is less clear, given the
few examples used today, e.g. in some sensor implementations. An exciting prospect for

Figure 2.11 Heat diode realized in a superconducting circuit. The system consists of
a centrally located superconducting qubit coupled to two superconducting waveguide
resonators of different frequencies, which themselves are coupled to resistors (thermal
baths) [138]. The top diagram displays a simple model of the resonator-qubit-resonator
system.

the field of phonon transport is the growing cross fertilization between different physical
platforms, nanostructures and molecular junctions, optomechanical devices [139] and
superconducting circuit quantum electrodynamics [140] (with studies of photonic heat
transport for the latter). Open question and predictions listed above, e.g. on the real-
ization of a thermal diode by utilizing the vibrational anharmonicity can be tested in
such highly controlled, engineered devices. Fig. 2.11 presents a quantum heat diode
based on a superconducting circuit [138] utilizing principles first proposed in Ref. [45],
albeit in the context of phonon heat transport through molecular junctions. Once the-
oretical predictions on the passive and active control of quantum heat transport are
tested and established in such engineered devices, an exciting prospect is to utilize the
enormous diversity of materials, nanostructures and molecules to build and enrich the
functionality of quantum phonon transport systems.

In conclusion, studies of phonon transport through quantum conductance channels is
a lively field of research. Pioneering original experiments now open research questions
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of fundamental interest and significant technological potential.
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3 Experimental Methods &
Instruments

In this chapter the working principle, the lab and the different instruments and sensors
used to perform the experiments are described in detail. The chapter is split in the
following way: in the first section (3.1) the experimental technique and the mathemati-
cal model employed are presented; in the second section (3.2) the two measuring setups
are introduced, with the variable temperature instrument HIBERNUM being described
accurately in the third section (3.2.3). The fourth section reports the design, fabrication
and calibration steps of the different generations of the micro-electro-mechanical-system
(MEMS) used in the experiments. In the fifth section (3.5), sample and tip preparation
are presented, starting from the necessary cleaning steps applied before any measure-
ment, and then turning to the chemical functionalization of the MEMS with organic
molecules. The fabrication of gold STM tips by electrochemical etching is detail at the
end of the same chapter. Finally, the correct functioning of the new HIBERNUM setup
is assessed by measuring the Wiedemann-Franz relationship for quantum point contacts
(QPCs) at room temperature (sec. 3.6).

3.1 Working Principle
3.1.1 Introduction
Today, the Break Junction technique is an already well established method, that has
allowed in the last decades the measurement of charge transport through single atoms
and molecules [61, 63, 64, 141, 142]. Only recently, however, thanks to the enormous
progress in the field, it has been possible to probe their thermal and thermoelectric
properties as well [23, 81, 143, 144]. The basic idea of a Break Junction (BJ) experiment,
as stated in section 2.1.1, is to gradually form an electrical connection between two
metallic reservoirs and then slowly break it until only a single atom (or a monoatomic
filament) bridges the two electrodes and then eventually breaks. This can be achieved
by mechanically stretching a wire deposited onto a bending substrate (MCBJ) [56, 57],
or by bringing into and out of contact the tip of a Scanning Tunnelling Microscope
(STM) with an electrical conductive substrate (STM-BJ, see section 2.1.1). Indeed,
since its invention in 1981 by Gerd Binnig and Heinrich Rohrer (at IBM Zurich) [145],
the STM, in addition to the imaging capabilities, has offered to the many researchers
around the world a natural way to manipulate precisely atomic filaments and single
molecules [146–148].

As described in section 2.1.1, if the diameter of the filament connecting the two
electrodes reduces below the electronic wavelength, a Quantum Point Contact (QPC) is
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formed and the electrical conductance assumes quantized values. After the breaking of
the last atom connection, sub-nm gaps can be maintained between the two electrodes,
where single molecules can be trapped in and measured. The next section will introduce
a modified version of the STM-Break Junction technique, able to measure not only the
electrical conductance (Gel), but also the thermal conductance (Gth) and the Seebeck
coefficient (S) of QPCs and single molecules.

Due to the mechanical re-arrangement of the junction during the thinning-down pro-
cess and the different configurations that a molecule can assume when binding to the
electrodes, it is necessary to collect a large statistics in order to probe the most recur-
rent properties of the junction [149]. Such results will be presented for QPCs and single
molecules at the and of this chapter and in the next one, respectively.

3.1.2 Thermal STM-Break Junction
To go beyond the measurement of only charge transport and be able to probe heat
transport at the quantum scale, we combined the STM-BJ technique with a highly
thermally insulated heat flux sensor. The sensor is based on a suspended Micro-Electro
Mechanical System (MEMS) with an integrated micro-heater, Figure 3.1

The experiments are performed in high vacuum (1 × 10−6 - 1 × 10−7) mbar, either
at room or variable temperature with one of the two custom-built STM setups located
in the IBM Noise Free Labs [151]. By measuring the electrical conductance of the tip-
MEMS contact it is possible to detect the presence of a single atom or a single molecule
in the junction. The electrical conductance represents, in fact, the reference signal and it
is used to gather information about the structure of the QPC/molecular junctions [152].
The MEMS consists of 4 silicon nitride (SiNx) beams suspending a central platform,
which features a Pt micro-heater, to control and monitor the temperature, and a metallic
pad, to form electrical contacts with the STM tip. A further description of the MEMS
will be given in section 3.4. Thermal equilibrium can be assumed between the pad and
the heater, thanks to larger thermal resistance of the suspension beams. To measure the
thermal conductance of the junction, the MEMS is heated up to a temperature TH by
applying a constant voltage to the Pt-heater and then the heat flux towards the tip is
measured, while forming and breaking the contact. When the tip touches the platform,
heat can travel out both via the suspending beams and the tip-sample junction 3.1d.
The resulting thermal conductance is then equal to:

GT OT = GMEMS + GJ = Q̇

∆T1
(3.1)

where Q̇ is the power provided by Joule dissipation at the heater and ∆T is the resulting
temperature difference. Following to contact breaking, heat can only be transported to
the substrate through the suspending beams of the MEMS, as it happens before contact
formation.In this case we get:

GMEMS = Q̇

∆T2
(3.2)

The thermal conductance of the junction is then obtained by subtracting the value
of GMEMS , measured after the breaking, to the total conductance GT OT measured
previously with the tip still in contact.
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Figure 3.1 a) Schematic diagram of the experiment, adapted from [150]. To monitor
the temperature TH of the gold electrode, the four-probe voltage, V4P , and the heater
current, IH , are measured. Simultaneous measurement of the tunneling current, Istm,
allows us to extract the electrical conductance of the junction. An external resistor Rs

limits the current. b) Scanning electron micrograph of a typical MEMS used in this
work. c) Prior to contact formation, the membrane is heated to TH1. The total thermal
conductance of the system is given only by the contribution of the suspension beams
of the MEMS. d) After contact formation, the temperature of the membrane decreases
to TH2, because of the additional heat path. The total thermal conductance is now
given by the sum of the thermal conductance of the MEMS (GMEMS) and that of the
tip-MEMS junction (Gj)
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To get enough statistics, this procedure is usually repeated few 1000s of times, as in
a standard break-junction experiment. In other words, to capture the thermal conduc-
tance of the junction GJ , a reference value must be subtracted, that in the simplest
case, corresponds to the thermal conductance of the device, GMEMS . This implies that
the amplitude of the measured temperature drop depends on the ratio between GJ and
GMEMS . Thus, to maximize the signal to noise ratio, the MEMS sensors should feature
a thermal resistance as close as possible to GJ . In fact, by using an electronic analogy,
the two conductances GJ and GMEMS , form a parallel, being the tip and the substrate
at the same temperature. Decreasing the thermal conductance of the MEMS to a value
close to GJ means to make the suspending beams thinner and/or longer. On the other
hand, to precisely control the gradual breaking of the junction, the MEMS is required
to be mechanically stiff, posing a severe trade-off between stiffness and temperature sen-
sitivity. Typical values are: GJ ∼ pW/K, GMEMS ∼10 nW/K and effective stiffness
∼10 N/m

3.1.3 Data acquisition and remote operation control
The measurement unit designated for controlling the experiment and acquiring raw sig-
nals is the ADwin Pro II from Jäger Messtechnik. A schematic of the whole system
is depicted in Fig. 3.2. The Adwin unit features an internal processing unit with 300
MHz clock rate, 768 kB local memory and 256 MB RAM, which allows floating point
operations with 40-bit resolution. It is a high-performance, versatile system that can
be customized with different functional modules, e.g. Analog, Digital and Multi-I/O
modules. Our version hosts an analog 8-channels differential input card, with ADC
resolution of 18-bits and a conversion time of 2 ms, an analog output card, with 16-bit
resolution and a settling time of 3 ms, and a digital card with 32 inputs/outputs. The
dynamic range of both input and output analog cards is ±10V. The internal processing
unit of the Adwin Pro II, programmable within the proprietary programming environ-
ment (ADbasic), offers the possibility to handle multiple programs at the same time
with very accurate timing and priority assignment.

The ADwin system is used as voltage source for the thermal and electrical sensing
circuits described in section 3.1.4, to collect analog raw data, and to control the open
loop piezoscanner via a low noise, high voltage amplifier (ANC250 from Attocube). The
positioning of the coarse piezo-elements is instead performed by a separate control unit
(ANC150 from Attocube) directly connected to the computer, but the selection of the
coarse axis is managed by the Adwin digital card. The analog inputs of the ADwin are
connected to the output of a Low Noise / High Stability I to V converter (SP983c from
Basel Precision Instrument) to read the STM current, and to two differential amplifiers
(SR640 Programmable Filters from Standford Research) for the heater resistance and
current. In order to perform a measurement, a specific routine is loaded onto the
ADwin processor and data are read/written by a Matlab® interface. The main benefit of
using this combined approach ADwin+Matlab is the possibility to run fast and accurate
measurements independently from computer load and possible crashes. It also offers the
possibility to remote control the setup. In fact all the instruments and tools, except for
the I to V converter, have been integrated in the Matlab interface and can be easily
controlled from outside the lab by means of several graphical user interfaces (GUIs),
Fig.3.3. Compared to the previously reported version [150], a cryogenic temperature
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ANC250

Switch
Box

SR640
differential
amplifier

IV converter
(Basel Instrument)

SR640
differential
amplifier

STM circuit

Piezo-scanner

Xs

Ys

Zs

Xp Yp Zp

 Coarse positioners
Cryostat

Thermal circuit

ADWin Pro II

USB relais

HV amplifier
ANC150

Figure 3.2 Schematic view of the data acquisition and control system. The red cir-
cuit is used to measure the 4-probe resistance of the heater element integrated on the
MEMS and the dissipated electrical power. The green circuit is used to measure the
tunnelling current between the STM tip and the MEMS platform. The magenta circuit
controls the piezoelectric scanner through the high-voltage amplifier ANC250 and the
coarse positioners through the ANC150 control unit, while the blue circuit controls the
operation of the cryostat.
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controller (LSCI-MODEL 335 from Lakeshore) has been integrated in the controlling
system, together with an USB-relay (Yoctopuce) to turn ON/OFF the cryocooler.

Figure 3.3 Example of interfaces to control remotely the setup.

3.1.4 Sensing circuits and Mathematical model
The mathematical model used to derive the electrical and thermal conductance was
already developed by B. Gotsmann and N. Mosso. Calculation of the Seebeck coeffi-
cient and adaptations for the variable temperature measurements were developed by the
Author with the help of B. Gotsmann.

STM circuit

In order to calculate the electrical conductance of the junction RJ , we use the electrical
circuit shown in Fig. 3.4.

A small constant bias VBias ≤ 90mV is applied to the tip over a series resistor RS ,
and the current between the tip and the MEMS platform is measured by means of the
IV converter, Fig. 3.4. We get:

RJ = Vb

IST M
= Vb · A

VST M − Voff
− Rb − RS (3.3)

Voff being the amplifier offset measured at open circuit and A its gain. Rb is evaluated
by connecting the bias voltage to the platinum line running along the second beam,
instead of the tip and measuring the 2-point resistance. Typical values range from 5
to 15 kΩ depending on the specific design of the MEMS and on the cleaning procedure
that can decrease the thickness of the metallic lines. The external series resistance RS

helps to shunt the current when a large, low-resistance contact is formed with the tip,
avoiding any damage to the MEMS. RS permits also the dynamic range of the amplifier
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Figure 3.4 Schematic of the electric circuit used to measure the electrical conductance
of the junction. RJ is the junction electrical resistance between Tip and MEMS; Rb is
the resistance of the platinum line running along the beam and RS the external series
resistance used to limit the STM current. The amplifier is a current to voltage I-V
converter, whose gain is given by the feedback resistor Rf . VBias and VST M are the
voltage output and input of the data acquisition system, respectively. The shaded region
represents the part of the circuit in vacuum.
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to be increased without switching the gain, allowing measurements of resistance over
different order of magnitude (from 1 kΩ to 10 GΩ) as normally required by STM-Break
junction experiments. The value of RS is usually set to 100 kΩ.

Figure 3.5 Schematic of the electric circuit used to measure the thermal conductance
of the junction. R4P is the (4-probe)resistance of the heater, Rb is the resistance of
the metal line along the beam, RS is the series resistor. Vtot is the voltage bias for
the heater. Vref,1 and Vref,2 are voltage outputs of the ADWin used to increase the
dynamic range of the differential amplifiers indicated with gains A1, A2 and A3. V1
and V2 are the two signals recorded.

Thermal circuit

Figure 3.5 shows a simplified schematic of the thermal circuit involved in our STM-Break
Junction measurement. To extract the thermal conductance of single atoms/molecules,
we start by measuring the 4-probe voltage V4P and the current Ih across the heater.
From the measured signals V1 and V2 we get:

V4P = 1
A1

·
(

V2 − V2off

A2
+ Vref2

)
(3.4)

IH = VS

RS
= 1

RS
·

V1 − V1off

A3
+ Vref1 (3.5)

with V1off and V2off being the voltage offset at the output of the amplifiers, measured
at Vtot = 0. The 4-probe resistance R4P = V4P /Ih can now be calculated and used to
extract the temperature T of the heater by using:

T − Tamb = 1
α

· R4P − R4P amb

R4P amb
(3.6)
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where α is the temperature coefficient of resistance (TCR) of the Platinum thin-film
heater and R4P amb the electrical resistance of the heater at ambient temperature Tamb.
The total power P provided to the central platform, through the MEMS heater, can be
defined as

P = RhI2
h + ruRbI2

h (3.7)

in fact there are two contribution to the total power: the first term stands for the contri-
bution of the integrated heater (RhI2

h), while the second one represents the additional
contribution of the suspended portion of the two metal lines carrying the current to
the heater (each line contributing with 1

2 · ruRbI2
h ). It is possible to demonstrate that

only half of the total electrical power developed across the beams actually increases
the MEMS temperature. The other half is in fact dissipated directly into the silicon
substrate [150]. Furthermore, since only the section of the line that is indeed suspended
has to be taken into account, being the rest well coupled to the substrate, a correction
factor ru must be introduced. Thus, ru represents the fraction of electrical resistance of
the underetched portion of the beam, Figure 3.6.

Figure 3.6 SEM micrograph indicating the suspended portion of the metallic lines (on
beam) and the part that is actually not underetched (on substrate).

Typically ru ∼ 85% and can be directly deduced from the design layout, as it depends
only on geometrical factors.

Rb is extracted then from the value of the 2-probe resistance

R2P = Vtot/Ih = R4P + 2Rb (3.8)

The main interest in using a configuration with two differential amplifiers consist on
having the option to set high gains (A2 and A3) ≥ 60dB by subtracting the reference
voltages Vref1 and Vref2 and so focus only on the small changes around the resistance
and current values. Now, it is possible to use equations 3.2 and 3.1 to calculate the
thermal conductance of the device and the junction, respectively.
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Thermoelectric circuit

A schematic of the circuit used to measure the thermoelectric properties of the junction
is drawn in Fig.3.7a. When a temperature difference is applied, the current flowing
across the junction can have two contributions:

I = −GVBias + GS∆T (3.9)

where G is the electrical conductance of the junction and S the Seebeck coefficient,
also called thermopower (see Section 2.2). The first term is due to the electrical bias
applied to the junction, while the second term ISeeb = GS∆T , is proportional to the
applied temperature difference ∆T through the Seebeck coefficient, Fig.3.7. To extract
experimentally the thermopower of the junction, VBias can be set to 0, so that the first
term in 3.9 is null. For each temperature difference ∆Ti applied to the junction, the
thermoelectric voltage VSeeb is calculated by dividing the thermoelectric current for the
junction electrical conductance:

VSeeb = ISeeb

G
= S · ∆T (3.10)

At this point, by plotting the thermovoltage VSeeb as function of the different ∆Ti, is
possible to extract S as the slope of the linear fit, see Fig. 3.7b.

Figure 3.7 Schematic of a molecular junction under an applied electrical bias VBias

and temperature difference ∆T

Correction to the mathematical model

All the models and circuits presented above provide a first introduction to the sensing
methods used to measure the electrical, thermal and thermoelectric properties of break-
junctions. But several adjustments are needed to be able to reach the required sensitivity
and correct for experimental errors and non-idealities.

Starting from the STM electrical circuit, we note that when using an IV converter
(i.e. a feedback ammeter) the series resistance RS should be higher than the feedback
resistor providing the gain A to the amplifier [153]. In fact voltage offsets and noise
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at the input of the IV converter are amplified by the ratio A/RS . In our experiment
A= 1 × 107 and RS=100 kΩ, meaning that, when metallic contacts (RJ ≤ 12.9 kΩ)
are formed, the bias voltage VBias must be corrected by a voltage VC , which takes
into account the small errors on the bias voltage VBias and internal offsets of the IV
converter. In this way the junction resistance RJ becomes:

RJ = (VBias − VC) · A

VST M − Voff
− Rb − RS (3.11)

To characterize VC , RJ was substituted with resistors calibrated earlier and covering
the whole target resistance range (∼ 1 kΩ - 10 GΩ) [150].

A second correction factor involves the beam resistance Rb. Indeed the metal line
running over the beam is made of platinum and its resistance varies with the average
temperature of the beam itself. Being ru the suspended part of the beam that is not
thermalized, and α the temperature coefficient of resistance, we get:

Rb = ruRb,amb(1 + α
∆T

2 ) + (1 − ru)Rb,amb (3.12)

where ∆T
2 is the average temperature drop on the beam, and ∆T the one at the

heater.
Looking at the thermal circuit, the 1 MΩ input resistance of the differential amplifiers

(SR640 Stanford Research) is only ∼20 times larger than the 2P-resistance of the heater
(∼50 kΩ). This doesn’t allow to neglect the currents flowing into the beams connected
to A1, but it can be corrected by introducing the input impedances of the amplifiers
in Fig. 3.5 and re-calculating the actual currents flowing in each beam. Without this
correction the value of the heater and beam resistances are overestimated by roughly
1%.

Another factor that must be taken into account, deals with the calculation of the
exact power provided to the MEMS. For IST M ̸= 0, additional heat is generated across
the junction resistance RJ and the series resistance of the beam Rb. To compensate for
this effect, the extra heat generated in the STM circuit is calculated:

PST M = 1
2RJI2

ST M + 1
2ruRbI2

ST M (3.13)

This value is then added to the power provided by the heater (3.13) and it is particularly
relevant at low temperature. The second term is equal to the one already used for the
contribution of the heater lines, but for STM measurement only one metal line is in-
volved, contributing 1

2 ruRbI2
ST M (compare eq. 3.7). The first term instead, refers to the

assumption that in QPCs or molecular junctions the power is symmetrically dissipated
(× 1

2 ) in both electrodes, tip and MEMS. It was demonstrated that in 1-dimensional
systems which can be described within the Landauer formalism, there is a direct link
between the transmission function τ(E) of the junction and the power dissipation [154–
156]. Precisely, if τ(E) changes slowly around the Fermi energy (EF ) then the power is
dissipated equally in the two electrodes, as in the case of homogeneous QPCs. On the
other hand, for molecular junction (or heterogeneous 1 QPCs) this assumption is not

1heterogeneous here means a junction made by two different metals as electrodes.
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valid anymore and Peltier effects come into play, making the dissipation asymmetric.
The level of asymmetry is firmly related to the slope of τ(E) at EF and thus to the
Seebeck coefficient. Hence, equation 3.13 can be directly used in case of homogeneous
metallic QPCs, but for molecular junctions the degree of asymmetry has to be estimated
case to case from the reported or measured values of their Seebeck coefficients. Note
that usually, because of the high resistance involved in molecular junctions and the small
voltage applied (<100 mV), these effects are essentially negligible.

For what concerns the thermoelectric measurements there are two main sources of
non-idealities. The first one consist in the DC-offset present at the input of the IV
converter when VBias = 0. This can be easily compensated by measuring the open
circuit signal at the input of the converter, and by checking that its value stays constant
before and after each measurement. The second one is given by the thermoelectric
voltage arising across the copper lead connecting the Au-tip, due to the uncompensated
temperature gradient, see Fig.3.8. This systematic error can be subtracted during the
data analysis.

Rs

Figure 3.8 Electrical circuit (as in 3.4) and equivalent thermal circuit, when Vbias is
set to zero. The junction (marked in green) is electrically equivalent to a conductance G
and a thermovoltage (battery) in series. It is also necessary to include the thermovoltage
that develops across the connecting copper lead (marked in yellow), due to the uncom-
pensated temperature gradient. Adapted from supplementary information of [143].
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3.2 Experimental Setup
In the first part of this section a small description of the ultra low noise laboratory host-
ing the experiments is given. Following that, the two STM-based setups used for Break
Junction experiments will be presented. The first one is devoted to room-temperature
measurements of thermal,electrical and thermoelectric properties of single atoms and
molecules. It has been developed by N. Mosso and B. Gotsmann and for that will be
only described briefly in paragraph 3.2.2. For more details refer to [150]. The second
setup, instead, is devoted to variable-temperature measurements of heat and charge
transport in single atoms and molecules, in the range between 12 K and 400 K. This
new setup, also referred as HIBERNUM, has been designed and developed from scratch
by the Author of the thesis, with valuable help from A. Zulji and B. Gotsmann, 3.2.3.

3.2.1 Noise Free Lab
Our experiments are located inside one of the IBM Noise Free Labs in the basement of
the Binnig and Rohrer Nanotechnology center, right outside Zurich [151]. The design
of the laboratory aims to screen simultaneously all the disturbances relevant for a nan-
otechnology experiment, namely, vibrations, AC and DC magnetic fields, temperature,
humidity and sound. Figure 3.9 shows a cross-section of the lab.

Figure 3.9 Cross-sectional view of the lab including operator room and underground
installations. From [151]

A Noise-Free-Lab consists of an operator room, from where the researcher can control
the setup without disturbing the measurements and an experiment room, where the
setup and the sensitive electronic equipments are placed. Next to the lab there are
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two additional side rooms, in which the noisy equipments (compressors, pumps, etc...)
are installed. An optical table to accommodate for the setup is positioned on top of a
large concrete block of 30 or 68 tons to passively damp the high frequency mechanical
vibrations (above 5 Hz). The concrete slab is further suspended on a combination of
air springs and air cushions to allow for active compensation of the residual vibrations.
With this solution, vibrations of less than 300 nm/s at 1 Hz and less than 10 nm/s
above 100 Hz were achieved. The air flow coming from the conditioning system was
designed to not excite the optical table and the concrete block. The temperature is
maintained constant within ±0.01 °C and the humidity within ±2%. Foamy sound-
absorbing panels decorate the walls of the experiment room to absorb the acoustic noise
generated inside and outside of the lab. A magnetic layer made of conducting NiFe
sheets (80% Ni, 20% Fe), that passively shields from medium and low frequency electro-
magnetic fields (100 Hz – 100 kHz), coats the door, walls and ceiling. An additional
aluminum layer is welded to the magnetic one to form a Faraday cage. Furthermore,
three Helmholtz coils to actively compensate for variations in the DC magnetic field
are installed inside the room. In term of performances, AC-electromagnetic peaks are
contained below 0.3 nT and DC variations are within ±15 nT. The benefits of working in
such a lab, especially in terms of mechanical stability, will be discussed in more details in
Section 3.2.3. As side remark, we note that in spite of the risk to increase the acoustical
and electromagnetic noise, most of the electronic instruments (differential amplifiers, IV
converter and ADWin) are installed inside the experiment room, close to the setup, to
minimize the pick-up noise induced by long coaxial cables.

Figure 3.10 Room temperature setup as used in [23, 97, 143]. The HIBERNUM setup
will be described in Sec. 3.3.
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3.2.2 Room Temperature Setup
The development of the room temperature setup, was initiated by B. Gotsmann and
then finalized by N. Mosso. The original version is described in [150]. The setup was
then modified by the author, with the help of F. Hurtak, to be integrated in a more
complex variable temperature configuration (3.2.3). The room temperature chamber is
placed on the leftmost part of the setup, see Fig.3.10, and features 6 openings connected
via CF160 flanges. A quick access door on the front allows for sample loading and tip
exchange. All the vacuum parts, apart from the door, are UHV compatible. Pressure
sensors are positioned at the back of the chamber. On its side (see Fig.3.10 left) a T-
piece connects it to the turbo pump (HiPace® 300 from Pfeiffer Vacuum, bottom) and
to the variable temperature arrangement HIBERNUM (right). Inside (Fig.3.10 right),
the sample holder is positioned on top of a stack of piezoelectric elements consisting of 2
positioners (Attocube ANPx101) for the coarse motion in-plane and the open loop xyz-
scanner (Attocube ANSxyz100) for STM operation. The sample holder is composed of
a stainless steel base plate on top of which a custom-layout probecard (from SQC AG)
is mounted. The holder is then attached magnetically to the piezo-scanner thanks to
an intermediate plate, screwed on the scanner itself, which contains few tiny but strong
permanent magnets. The copper tip holder, instead, is placed behind the sample on top
of the z-positioner for the coarse out-of-plane motion (Attocube ANPz101). The lower
piezoelectric elements are screwed on an aluminum base plate, which is suspended via
4 Viton® O-rings. The location of the aluminum plate inside the setup is adjusted at
short distance from the front door (∼ cm), to enable optical access and navigation of
the tip via a simple stereo-microscope. Finally, to trade off between the electronic noise
level and the mechanical vibrations reaching the sample stage, short coaxial cables first
go from the probecard to an intermediate series of pins, which are anchored onto the
aluminum baseplate and then connected to the feedthroughs via floppier coaxial cables.

3.2.3 Variable Temperature Setup
To clearly separate and characterize all the different effects and contributions occurring
in transport physics it is often necessary to vary the temperature of the experiment over
a wide range, from above ambient to cryogenic temperatures. In thermal experiments
in fact, temperature plays the same role as the voltage bias in electric measurements,
varying which allows to probe different operating regimes and specific transport mecha-
nisms. For example, at room temperature, the well-known Wiedemann-Franz law (WF)
states the proportionality between the electrical and thermal conductance of a metal.
It can be express as:

κ

σ · T
= L0 = const (3.14)

where κ is the thermal conductivity, σ the electrical conductivity and L0 = π2k2
b

3e2 =
2.44×10−8 WΩK−2 the Lorenz number. Despite being largely approximate, i.e. neglect-
ing phonon contributions, electronic corrections, and inelastic scattering, it is found to
be remarkably robust in ordinary metals, where heat is mainly transported by electrons.
Eq. 3.14 can then be re-written more accurately as:
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L0 = κel

σT
(3.15)

where κel is only the electronic contribution to the thermal conductivity. The impor-
tance of the Wiedemann-Franz law is due to the fact that it manifests the intimate and
indissoluble connection between charge and heat transport inside metal-like materials
at room temperature. But if one looks at the whole picture and considers both the
electronic and phononic contribution to the thermal conductivity, κ = κel + κph, then
eq. 3.15 can be re-written in more general terms as:

L(x) =
(

1 + κph

κel

)
Lel(x) (3.16)

where x= temperature, size, electrical bias, etc... The ratio L(x)/L0 represents the
deviation from the Wiedemann-Franz law. Significant deviations from L0 imply a de-
coupling between the electronic and heat transport [98]. This is essential e.g. for
thermoelectricity, where:

ZT = S2σ↗

κ↙
(3.17)

here S is the Seebeck coefficient and ZT the dimensionless thermoelectric figure-of-
merit, expressing the ability of a material to convert heat into electric power.2 The
arrows in equation 3.17 show the increase(↗) or decrease(↙) needed to improve the
thermoelectric performance of the material. Unfortunately, as already seen in eq. 3.14,
the two conductances cannot be varied in opposite direction, unless a deviation occurs.
Recently, it has been proven that by reducing at room temperature the size of the
metallic electrodes below to just a single atom didn’t bring to any observable violation
of WF [22, 98]. Another interesting way to probe possible deviations is by changing the
temperature (i.e. x = T ). In this case we get:

L(T ) = (1 + κph

κel
)Lel(T ) (3.18)

At low T, in fact, the ratio κph

κel
is supposed to increase, because of the relative larger

contribution of the phononic part to the thermal conductivity below the Debye temper-
ature of the material, see Fig.3.11.

In the following section (3.3), a new setup allowing for variable temperature mea-
surement of single atom junction, from 12 K to 400 K, will be described in details and
results on WF will be presented in section 3.6.

2In literature is possible to find two definitions for the thermoelectric figure of merit: the material
ZT (also called zT and directly linked to the material properties [157]), where S(T ), σ(T ), κ(T )
are functions of temperature; and the device ZT, calculated from the formula for maximum effi-
ciency, where one assumes 1-dimensional transport, constant S, σ, κ and perfect match between
n-type and p-type materials [157]. In this thesis we always refer to ZT as the material-ZT.

46

3



3.2 Experimental Setup

0 50 100 150 200 250 300 350 400
Temperature (K)

0.2

0.4

0.6

0.8

C
on

d
u
ct

an
ce

 (
n
W

/K
)

total thermal conductance
electronic contribution
phonon contribution
Mosso et al. (IBM)

50 100 150 200 250 300
Temperature (K)

0.4

0.6

0.8

1

1.2

1.4

L/
L 0

Figure 3.11 Top: temperature dependence of the different contributions to the thermal
conductance. The green dot refers to [22]. Bottom: Deviation of the Lorentz number
L(T) from L0 as function of temperature in single atom contacts, assuming Wiedemann-
Franz and phononic contribution, with a fixed transmission function T (E) .
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3.3 Ultra-stable dry cryostat for variable temperature
Break Junction (HIBERNUM)

This chapter has been submitted for publication in July 2021 to Review of Scientific
Instruments. The text, figures and references have been re-formatted in the style of this
thesis.

AUTHOR CONTRIBUTION: AG and BG designed the setup with some initial
input from AK. AG, AZ, FH and BG built the setup. AG performed the measurements
and analysed them with input from BG, MC and SF. AG and BG wrote the manuscript
with inputs from all co-authors.

3.3.1 Abstract
We present the design of a variable temperature setup that uses a pulse tube cryocooler
to perform break-junction experiments at variable temperature ranging from 12 K to
room temperature. The use of pulse tube coolers is advantageous because they are easy
to use, can be highly automatized and avoid wasting of the cryogenic fluids. This is
the reason why dry cryostats are conquering more and more fields in cryogenic physics.
However, the main drawback is the level of vibration that can be up to several mi-
crometers at the cold-head. The vibrations make operation of scanning probe-based
microscopes challenging. We implemented vibration-damping techniques that allow to
reduce the vibration level reaching down to 12 pm. With these adaptations, we show
the possibility to perform break junction measurements in a cryogenic environment and
keep in place atomic chains of few nanometers between the two electrodes.

3.3.2 Intro
Transport measurements of heat and charge at atomic and molecular scales have bene-
fited tremendously from scanning probe microscopy and related techniques. For exam-
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ple, to probe quantum transport properties, break junction (BJ) experiments based on
scanning tunneling microscopy (STM) have become a major working horse to charac-
terize atomic and molecular junctions. In STM-BJs, two electrodes, the metal tip and
the metal surface, are brought in contact and then slowly separated. In this way it is
possible to slowly thin down their contact to the atomic level and pull out from the sub-
strate a single atom or even linear chains of atoms, that can be then studied in terms of
their physical properties. In break junctions, quantization effects are routinely used as
models to study electrical, thermal and mechanical properties down to the atomic scale
at different temperatures [22, 23, 143, 148, 158]. Because of a clear quantum nature
and their atomic size, those junctions are often referred as “quantum point contacts”
(QPCs). Transport physics involves various effects, ranging from hopping to tunneling,
quantum interference, magnetic correlations, etc. To clearly separate and characterize
these effects, it is often necessary to vary the temperature of the experiment over a wide
range, from above room temperature to cryogenic temperatures. Bath cryostat setups
allowing variable temperature operation consume considerable amounts of liquid helium,
which is both costly and demanding for the operator. Pulse tube coolers (PTCs), in con-
trast, recycle helium in a closed-cycle operation. PTCs require less handling, are most
cost-efficient and can be remotely controlled compared to standard wet refrigerators. On
the other hand, even though they can be built without moving parts at low tempera-
tures, the main drawback with Pulse Tubes is indeed the level of vibration, that in most
cases is about several micrometers at the cold end. The formation and study of QPCs
by STM-Break Junction techniques require a significant level of mechanical stability
(below 1Å), that is in contrast with the vibration levels of PTCs, for which micrometer
level amplitudes are considered already ambitious [159, 160]. A level prohibitive in case
of sensitive techniques, like scanning probes. The reason is that pulse tubes rely on a
periodic compression of the working gas, usually helium, inside the refrigerator. The
periodic change in pressure causes a periodic elastic deformation (“breathing”) of the
tubes inside the cryostat, that results in mechanical oscillations at the cold end. To
address the issue, mechanical decoupling schemes have been proposed, in which the cold
end of the pulse tube is thermally coupled to the experimental site (such as the STM
head) through compliant springs, minimizing mechanical interaction [161–163]. A com-
pletely different approach is the employment of two pulse tube units that are 180° out
of phase with each other to self-cancel the amplitude of the low-frequency oscillations
[164]. More sophisticated solutions rather rely on the combination of passive damp-
ing methods with active feedback control either directly at the experimental site, e.g.
feedback loop in a AFM system [162], or simply at the cold-head stage [165, 166].

Here we report on the construction of a variable temperature setup that uses a Pulse
Tube refrigerator to reliably perform STM-Break Junction experiments at vibration lev-
els in the picometer regime by solely using passive damping techniques, with a minimum
working temperature of 12 K. The proposed design can be combined with conventional
mechanical shielding such as optical tables or concrete slabs (like in the present case).
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3.3.3 Description of the setup

Setup

The overall schematic of the laboratory and the instrument is shown in Fig.3.12. The
setup involves vibration reduction measures at different scales. First, it is important to
physically decouple the noisy mechanical parts, i.e. the pulse-tube cooler and the helium
pressure valves, from the sensitive parts, i.e. the microscope stage, that is housed inside
the vacuum chamber. This oftentimes necessitates considering the floor of the setup
carrying the vacuum chamber as a sensitive part of the setup, from which pulse tube
should be decoupled. In the present case, the setup is located inside one of the IBM
Noise Free Labs to guarantee a superior isolation from the main sources of mechanical
and electromagnetic noise through the floor[151]. Of particular interest, in this case, is
the vibration isolation, see Fig. 3.12a. The laboratory floor is split in two segments.
The first one is a heavy slab of around 30 t of concrete, that is mechanically decoupled
from the rest of the environment and suspended on active-controlled air pistons. The
concrete slab is used as tool base for the experiment. The second segment instead, is
a wooden platform surrounding the concrete slab and attached to the inner walls of
the laboratory, with no mechanical link to the concrete block. The wooden platform is
walkable by the users and permits to control the experiment without any interference
from close distance. The main idea driving the whole design is to mechanically decouple
the Pulse Tube Cooler (PTD4200, TransMIT GmbH) from the microscope head, while
preserving a good thermal link between the two. In order to do that, first, the rotary
valve is physically separated from the cryocooler head and mounted on a suspended
aluminum frame (Fig. 1, (1)). A sound-absorbing material (ArmaSound) was used to
cover the rotary valve and helium-supplying lines to reduce mechanical and acoustical
noise. Second, the cryocooler itself is suspended to a transversal aluminum crossbar
attached to the sidewalls of the laboratory (2). The suspension is realized through a
linear guide system (Igus, (3)) that connects the cryocooler flange to the aluminum
crossbar and allows to change the height of the cryocooler with respect to the vacuum
chamber where it will be inserted for the experiment. The vacuum chamber, instead,
sits on an optical table (4) standing on the isolated concrete slab (5). Upon insertion,
the only mechanical link connecting the cryocooler flange to the vacuum chamber is a
flexible stainless-steel bellow (6), that provides a first stage of damping. Right below
the bellow there is a flange for the electrical feedthroughs (7) and then a supporting
flange to which an aluminum shield (9) is hung by means of low thermal conductivity
glass-fiber rods (8) (∅ = 6 mm, kth ≃ 0.7 W/(m·K)). The aluminum shields are gold
plated using electroplating to increase reflectivity. The shield is thermally connected to
the first stage of the cryocooler, at 50 K, through flexible copper braids (OFHC grade,
kth ≃ 395 W/(m·K), thickness = 2 mm). Inside the shield, a first copper platform
is attached to the inner part of the shield through another set of the same glass-fiber
rods. The copper platform is then thermally linked to the second stage of the pulse tube
cooler, at 4 K, by means of a second series of copper braids like the ones above. This
stage is used to thermalize all the wires (24x silver-plated copper twisted pair (34-AWG)
plus 4x copper single wires (24-AWG)) before reaching the experiment. Then, a second
copper platform (11), situated below the first one, holds the microscope head and it
is mechanically suspended to the upper platform via a combination of stiff rods and
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custom made Be-Cu springs (10) (spring constant ∼150 N/m). In order to provide an
optimal thermal link, a copper strip (thickness = 0.5 mm), shaped as a floppy spiral,
goes around each spring, connecting the two stiff rods (10). At the scanning stage (11),
a sample carrier (FerroVac SHOMEC13) is placed on a stack of piezoelectric elements
consisting of 2 positioners (Attocube ANPx101) for the coarse motion in the XY-plane
and one open loop xyz-scanner (Attocube ANSxyz100) to guarantee sub-nm resolution
during STM-break junction measurements. The thermalization of the sample carrier
is guaranteed by the attachment of an additional copper wire to the scanning stage.
Finally, to allow for a variable operating temperature of the microscope, a heater (50 Ω
resistor, (12)) is attached to the bottom of the scanning copper stage and regulated via
a temperature controller (Lakeshore 335).

Figure 3.12 Schematic drawing of Variable Temperature STM-Break Junction Setup.
1) Rotary valve separated from the rest of the cryogenic setup; 2) aluminum crossbar; 3)
linear guide system; 4) optical table; 5) concrete slab (5a) and walkable wooden frame
(5b); 6) edge-welded bellow; 7) feedthrough flange; 8) glass-fiber rods; 9) aluminum
radiation shield; 10) springs and copper floppy spirals; 11) scanning stage; 12) heater
for variable temperature operation.
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Cooling operation

The system is designed to reach a temperature of 12 K, mainly limited by the thermal
conduction of the cabling involved and the thermal coupling of the shield to the first
cooling stage. However, in the selection of the cooler, the low level of vibration has been
preferred over cooling capabilities. In the case under consideration, the anticipated
experiments are also rather slow. Therefore, a large copper mass could be used to avoid
thermal fluctuations, leading in return to relatively long cool down times. Usually,
a minimum temperature of 12 K is steadily reached after 9 h of cooling from room
temperature.

Figure 3.13 Picture of the setup with thermal radiation shield. In the box, a close
view of the scanning stage suspended via Be-Cu springs.

Characterization methods

Vibration. Within the system, there is interest to measure the vibration levels at two
locations, at the second stage of the PTC, and at the STM head, to probe the relative
motion of the tip with respect to a sample surface. The vibration levels at the PTC
are measured using accelerometers (Bruel and Kjaer, Type 4506-B-003) mounted di-
rectly to the second stage. Measurements were recorded at room temperature directly
after starting the PTC operation. The measured power spectrum of vibration was then
numerically integrated twice to calculate the displacement spectrum, over a 20 Hz band-
width, see Fig.3.14a). To measure the vibration amplitudes in the microscope head we
make use of the strong distance dependence of a tunneling current between the STM tip
and surface. To this end, we use a gold STM tip and 150 nm-thick gold layer deposited
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on a silicon chip. The tip is chemically etched from a 250 µm pure gold wire (Goodfellow
AU005140), then rinsed in DI water and isopropanol and finally dried under nitrogen
flow. The gold surface of the chip is cleaned by flame annealing, wire-bonded to a chip
carrier and then loaded into the vacuum chamber. The net displacement between the
tip and the sample is calculated inverting the equation:

I(z) ∝ I0e−2kz (3.19)

where z is the distance between the two electrodes, while k is the inverse decay length
specific to the material. As k is sensitive to the exact work function of the sample and
tip, we measure m = 2k each time before and after performing a new measurement
of vibration. Measured values of m range from 0.1 Å−1 to 0.8 Å−1. A schematic of
the measurement technique is depicted in Fig.3.15a). The amplifier used is a low noise
current-to-voltage converter (SP983c from Basel Precision Instruments ) with a gain of
1 × 107 V/A. The acquisition time interval is set to 10 sec with a sampling time of 1
ms, so that the accessible frequency range spans from 0.1 Hz to 500 Hz. In this way
all frequencies relevant to STM-BJ operation, including the low frequencies typical of
Pulse Tube oscillation of 1-2 Hz, can be probed.

Break Junction measurements. Break junction traces are acquired right after vibra-
tion measurements, by approaching the tip of the microscope into contact with the
counter electrode (closing trace) and slowly retracting it apart (opening trace). The
closing trace stops when a conductance of Gel = Istm/VBias = 10G0 is reached. Here
G0 = 2e2

h = 7.75 × 10−5S is the quantum of electrical conductance. The speed for both
approach and retraction from the surface is set to 7 nm/s

3.3.4 Characterization of vibrational noise and its effects
Vibration of the cryocooler

For comparison Fig.3.14 displays measurement of the vibration level of the second stage
of the PTC during operation of the PTC and in the idle stage. Fig.3.14a) shows the
rms-displacement spectrum for the z-axis over a 20 Hz bandwidth. A peak around ∼1.2
Hz, signature of the Pulse Tube Cooler, is clearly visible, together with higher frequency
harmonics. In Fig.3.14b, the mechanical oscillations recorded by the accelerometer are
plotted over a 3 seconds period. For this plot, the low-frequency drift visible in Fig.3.14a
was removed using a high-pass filter to visualize better the vibration level induced by
the operation of the PTC. The peak amplitude of the signal vs. time is equal to ± 72.6
µm and the rms-amplitude to 35.6 µm.

Net displacement

Next, we turn to measurements of the vibration inside the microscope head. A schematic
of the measurement technique is depicted in Fig.3.15a). For the measurements we
chose a temperature of 45 K after a week of cooling operation, which represents a
typical experimental scenario. A vibration trace of 10 sec, with RMS-value as low as
11.8 pm could be recorded and is presented in Fig.3.15b). We note that vibration
levels vary throughout the day but were never worse than 65 pm, see SI. Those levels
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a) b)

Figure 3.14 Vibration specifications of the Pulse Tube cooler measured at the second
stage: a) RMS spectrum (the black arrow indicates the main frequency of vibration at
1.2 Hz); b) Amplitude of displacement at 1.2 Hz.

are manageable for scanning probe measurements and compare well to other systems
using PTCs cryocoolers for sensitive measurements. Our system has vibration levels
lower than other dry-cryostat setups using single stage damping techniques, that feature
rms-values of 65 pm or higher [161, 162], and it is in the same range of vibrations of
other setups utilizing more sophisticated multi-stage methods, showing a cumulated
displacement of 60 pm over almost a 10 kHz bandwidth [163]. We suppose that the
reason for such high stability and small net displacement between tip and sample, can
be attributed, in part, to the stillness of the lab and to the mechanical decoupling of the
cold head from the rest of the setup, but mainly to the series combination of springs,
acting as a “low-pass” filter for vibrations, and the “high-pass” filter, due to the rigid
connection of the tip holder and sample carrier to the scanning stage.
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Figure 3.15 a) Schematic for the measurement of the net tip-surface displacement; b)
raw displacement trace, including low frequency drift, from STM current recorded over
an acquisition period of 10s and its relative RMS-value (σ).
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3.3.5 Break-Junction operation

To demonstrate the capability of the instrument to operate during break-junction ex-
periments at variable temperature, we performed a break junction experiment at 45 K.
During the experiment the tip is repeatedly brought into (closing trace) and out of con-
tact (opening trace) with the sample. The electrical conductance measured during such
break-junction events demonstrates the hallmark of quantization steps and the thinning
down of the junction down to single-atom diameters. An important criterion for the us-
ability of good transport measurements is the temporal stability of the junction. Ideally
a junction plateau (the conductance being on a defined and narrow range of values) is
long enough in time (or pulling distance) to enable detailed measurements [23, 97].
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Figure 3.16 Opening trace of a break junction measurement at 45 K

Because of the great stability of the system, the quantization of the electrical conduc-
tance is observable up to 8 G0, see Fig.3.16. Indeed, each quantization step represents
the number of atoms (or monoatomic filaments) bridging the two electrodes, each one
carrying a single quantum of electrical conductance G0. To check for spurious events we
performed 2300 measurements and combined them in a 1D histogram, see Fig.3.17a).
More than 90% of the traces (2127 out of 2300) show a plateau of at least 5 datapoints
in the range [0.9 ; 1.1] G0. For those selected traces we calculate the length of the
plateau at 1G0, showing how the stability of the system allows for the formation of
long single-atom filaments up to several Ångstrom in length, with a good percentage
of traces (∼ 25%) going above 1 nm, Fig.3.17b). We note that this distance suggests
pulling atomic chains. To estimate the number of atoms in such chains, reported values
for the radius of a gold atom, varying from 1.35 Å to 1.96 Å [167–169], can be consid-
ered, together with a stretched Au-Au bond distance around 3.6 Å [60]. Fig. 3.17b)
doesn’t show obvious peaks at exact multiples of the aforesaid values, but ultimately
illustrates the possibility to uphold nanometric, single-atom wires.
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Figure 3.17 1D histograms showing a) peaks at multiples of the electrical conductance
quantum G0, and b) length of the plateaus at 1G0

3.3.6 Outlook and conclusion
We have designed a system which can passively reduce the vibrations of a pulse tube
cryocooler below 65 pm. We show that in optimal conditions of the lab the system can
achieve a level of vibration as low as 11.8 pm. This allows for measurement of break
junctions at variable temperature with a pulse tube cryostat. Compared to previously
reported systems, the present setup reaches competitive vibration levels with a single
stage damping system and without the need for more elaborated damping solutions
such as cascaded mass-spring systems. Further improvement appears possible using, for
example, an eddy-current damper installed between the bottom of the experiment stage
and the shield to further reduce vibrations. Possible improvements for reaching lower
temperature consist in using more resistive wires for lines that don’t carry the signal
(piezos, temperature sensors, . . . ) and/or reducing the diameter of the same. However,
with the current modifications we already reached a level of vibrations that allows to
run break junction experiment with sub-Å mechanical noise at variable temperatures
and extract, from a gold surface, single-atom filaments stretching over more than 1 nm
before rupture. We hope that the description of our STM Break-Junction experiment in
a pulse tube-driven cryostat, can also help designing other cryogenic setups, especially
with the present trend towards dry systems in cryogenics.

3.3.7 Annex: Optical access
During the first operation of the instrument an issue was immediately clear. The larger
dimension of the vacuum chamber compared to the room-T setup induced a larger
distance (>200mm) between the sample and the optical microscope used for positioning
the tip above the MEMS. Such a long distance made the previous microscope unusable,
forcing a re-design of the whole optical arrangement. For this reason we tested different
combinations of long-distance lenses and digital cameras, but none of them was capable,
at 200 mm distance, to precisely resolve the central platform of the MEMS (∼20µm).
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To solve the problem, we decided to reduce the optical working distance by installing a
re-entrant viewport in the front part of the setup. This allowed using a more standard
long-distance 7:1 zoom lens (OPTEM) in combination with a digital industrial camera
(pixel size 1.55×1.55µm , HAYEAR 4K UDH HY-5299 ). Improvements in the optical
resolution can be seen in Figure 3.18

a) b)

Figure 3.18 Images of tip and MEMS a) before and b) after the installation of the new
optical arrangement.

3.3.8 Annex: Noise performance
The noise on the STM circuit has been characterized in open loop configuration (i.e.
without the tip being in contact). By using the low-noise I-V converter from Basel
Precision Instruments (SP983c), which features an automatic offset compensation and
and a dynamic range of ±10 V, we obtain a noise floor ≤ 1×10−6G0. Figure 3.19 shows
the effect of temperature on the STM noise. The fact that the noise doesn’t change
considerably between 293 K and 15 K indicates that the major contribution comes from
the electronics at ambient temperature (IV converter, ADWin system, cables).

The noise on the thermal conductance signal has been optimized by carefully tuning
all the elements in the thermal circuit, with particular attention to the two differential
amplifiers SR640 (Stanford Research). After the subtraction of suitable offsets provided
by the ADwin system, both the heater voltage (VH) and current (IH) are amplified
with a gain of ×1000. In this way is possible to increase the gain of the two amplifiers
to measure the small heater resistance changes (∆R ∼ Ω) induced by the heat flowing
out through the junction, and at the same time to compensate for the large resistance
variation occurring upon setting a different temperature to the heater (∆R ∼ kΩ), or by
changing the setup base temperature via the cryostat (∆R ∼ 50%). Figure 3.20 shows
the thermal conductance noise for different temperatures. Compared to the previous
setup [150], a new electronic peak related to the cryostat operation is present, but the
overall noise floor has remained unchanged. By integrating the signal for at least 30
ms at 15 K, the noise level reduces to ∼11 pW/K. In the same bandwidth we get a
sensitivity of T = 9 mK, R = 0.5 Ω (over ∼ 17 kΩ) and heat flux P = 8.5 pW in the
same bandwidth. Those numbers compare well with literature, but the improvement
expected by operating the device at reduced temperature was not apparent. This,
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Figure 3.19 Electrical noise on the STM circuit. Red trace refers to noise measurement
at ambient temperature and cryostat off, while the blue trace is measured at 15 K, during
cryostat operation.

together with results in Figure 3.19, suggests again that the main source of noise in the
setup comes mostly from the cables and amplifiers at room temperature. At the moment
we don’t use any lock-in/AC technique, that would possibly result in a higher sensitivity,
below 1 mK [170]. However, the induced temperature fluctuations on the compliant
MEMS structure would negatively affect the mechanical behaviour of the junction, with
a resulting strong decrease in bandwidth, making break junction measurements really
arduous [150]. Future tests with lock-in techniques will confirm this thesis or shed a
new light on the possible resolution limits of the setup.

3.4 MEMS Sensor
To measure tiny thermal signals, like the ones flowing through QPCs and single molecules,
a fundamental requirement is to have sensors with very low thermal coupling to the en-
vironment, so that small heat fluxes can induce a measurable temperature change. This
is a common situation in thermal science: differently from electrical conductivity where
there are more than 26 orders of magnitude between a good insulator (e.g. fused quartz,
electrical resistivity > 1×1018 Ωm) and a good conductor (e.g. silver, electrical resistivity
16 × 10−9 Ωm), in case of thermal conductivity the range narrows down to only 5 orders
between one of the best thermal insulator (e.g. silica aerogels with k ∼ 0.01 W/(mK))
and one of the best thermal conductor (diamond with k ∼ 2200 W/(mK)). To overcome
this issue, people often use vacuum as main way to guarantee thermal insulation, by
suspending the device under test. For this reason suspended micro-electro-mechanical
structures (MEMS) have been widely used for many different thermal applications, from
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Figure 3.20 Standard deviation and spectral density of the thermal conductance mea-
sured at T = 15 K. a) Standard deviation of the thermal conductance at different
integration times (blue) and expected theoretical trend for white noise only. b) Spectral
density of the thermal conductance measured with a sampling time of 1 ms.

industry (production of bolometers and thermal cameras [171–173]) to research (thermal
properties of nanomaterials [174–177], phonon conduction [89] and near field heat trans-
fer [178]). In our case, we use a suspended MEMS with an integrated heater/sensor and
a high thermal resistance (> 1 × 107 K/W) to measure signals on the order of pW/K.
Because of the dynamic nature of Break Junction experiments, where the tip is contin-
uously brought into and out of contact with the suspended platform, the mechanical
stiffness also plays an important role. The two requirements, i.e. high thermal resistance
and sufficient stiffness, are at odds with each other and a trade-off between them must
be found to achieve an optimal MEMS design.

3.4.1 Design
The previous generation of the MEMS featured a thermal sensitivity of ∼ 13 pW/K
and an electrical noise level of ∼ 1 × 10−6 G0 [150]. Those specifications allowed for
the measurement in [22] and 4. During this thesis, improvements on the design were
developed to solve two major issues of the previous generation, namely the rather low
perpendicular mechanical stiffness (<1 N/m), and the difficult optical examination of
the platform due to the large working distance of the camera. In the past, a trick used
to circumvent the first problem was to use the larger in plane stiffness of the platform
(∼ 500 N/m) by approaching/retracting the tip with an angle <90° with respect to
the MEMS surface. Typical values for moving angle were between 20° and 40° and the
resulting stiffness around ∼ 10 N/m, as explained in [22, 23, 150].

To solve the stiffness, a first approach problem was to increase the number of beams
suspending the platform, see Fig.3.21a). An interesting follow-up, to reduce twisting
modes, consisted in connecting the middle point of every beams in a sort of spider-
net, Fig.3.21b). In fact each middle point is at the same temperature, and linking all

3

59



3 Experimental Methods & Instruments

2 𝜇m

a) b)

c) d)

500 nm

40 𝜇m 100 𝜇m

Figure 3.21 Reinforced MEMS design: a) structure with 4 additional supporting
beams; b) structure with supporting spider-net; c-d) micrographs showing patterning
of the gold platform surface, to avoid stiction in structures a) and b), respectively.
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of them together doesn’t decrease the overall thermal resistance. However both the
solutions utilizing additional beams didn’t provide a good trade-off, with the decrease
in thermal resistance not compensated by a significant increase in stiffness.

Another problem that was faced during the same fabrication run, was to reduce stic-
tion between the tip and the sensor surface. For this reason a micrometer roughness was
patterned in the gold surface consisting of differently shaped bumps or a grid (Fig.3.21c-
d)). This allows for the local formation of lateral junctions between the tip and the side
of a bump.

With the next generation of sensors we tackled the stiffness issue by designing a
new version of the sensor that could feature an increased stiffness but maintaining a
similar level of thermal sensitivity. To estimate the thermal resistance ( or equivalently
the thermal conductance of the platform ) we can use the Fourier’s law for thermal
conduction:

Gth = κth
A

L
(3.20)

where κth is the thermal conductivity typical of the material, L and A=w·t the length
and cross-section respectively, Figure 3.22. According to 3.20, to minimize Gth we must
design long supporting beams with a small cross-section and choose a material with
low thermal conductivity. For our sensors the selected material is silicon nitride (SiNx),
with typical thermal conductivity of 3-4 W/(m·K) [72, 73] and a Young modulus E ∼
260 GPa[74] for thin films. In terms of geometry, the length of the beams L remains
the main design parameter since the width w of the beams is constrained to 4µm by the
resolution of the optical lithography (∼ 2µm) and to compensate for possible misplacing
of the metallic lines on top. A thickness of 150nm has been optimized for the release
process and it is usually not varied. Additional attention must be paid to the thermal
conductance coming from the Pt lines used to contact the heater and the gold platform.
Thin films of Pt have a thermal conductivity of ∼ 30 W/(m·K) at room temperature.
Therefore, to keep their contribution to the overall thermal conductance below 10%,
metallic lines are designed with a thickness of 25 nm and width varying from 100 to
200 nm. With typical values of length ranging from L= 250 µm to L= 500 µm we
reached a measured thermal conductance Gmems between 4 and 2 × 10−8 W/K at room
temperature and around 3×10−9 W/K at 15 K. Usually, because of a greater mechanical
stability and easier tip-landing, the beams length L = 250 µm is preferred.

To model the mechanical stiffness of the MEMS is instead quite challenging. It de-
pends in fact on many different parameters that are usually not easily accessible and
that change with the operating temperature. A list of such parameters would include
the post-fabrication stress between the layers, the torsional and flexural bending modes,
the thermal stress caused by the different thermal expansion coefficient of the SiNx and
the metallic layers. However, to have a rough idea of the out-of-plane stiffness, we can
use the equation derived for double-clamped beams under stress within the linear elastic
continuum theory [75, 76]

k⊥ = 16Ewt3

L3 + 24σwt

5L
(3.21)

where E is the Young’s modulus and σ represents the tensile uniaxial stress along the
silicon nitride beams.
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Figure 3.22 False-color SEM micrograph of a typical MEMS structure. L is the length,
w the width and t the thickness of the silicon nitride beams. The yellow color highlights
the gold platform, while the light blue the platinum heater and lines. Adapted from
[150]

Pla�num lines SiNx beams

Si wafer

Step Step

Figure 3.23 Schematic (left) and SEM micrograph (right) of a new MEMS generation,
introducing a step along the beam thickness to increase stiffness of the suspended mem-
brane.
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By looking at equation 3.20 is clearly visible that to get a low thermal conductivity,
the cross section of the suspending beams must be reduced, while their length increased.
From 3.21, on the other hand, follows that to increase the stiffness thicker beams are
required. A way to combine the two equation is presented in figure 3.23. The T-shape of
the beams aims to increase the thickness of the beam without changing drastically the
cross-sectional area, with the new equivalent thickness given by the height of the step
in the SiNx layer. Typical values for the step height are between 0.5 and 1.5 µm, with
different solutions currently being tested. The new structures required the design of an
additional optical mask for the definition of the new beam layout, and a precise and
uniform deposition of the SiNx layer. Together with the new design, a novel approach
strategy for the tip has been developed and it is described in figure 3.27. The possibility
to now operate the measurement with a 90° angle between tip and sample, thanks to
the new, reinforced design, is confirmed by Fig. 3.24, where a 1D histogram collects
more than 1700 traces showing quantization plateaus at 1,2,3 and 4 G0, validating the
ability of the system to modulate the size and number of atoms in the junction. In fact,
to gradually break contacts down to a single atom without mechanical backlash requires
the MEMS having a stiffness larger than the one of the gold-gold bond (∼ 1 N/m).

1 2 3 4 5 6 7 8 9 10
Conductance (G0)

1

2

3

4

5

6

7

8

9

10

C
ou

n
ts

x 10
4

90°

Figure 3.24 1D Histogram collecting more than 1700 break-junction traces showing
stable plateaus at multiples of the quantum of electrical conductance 1G0.

Another key consideration about the design of the MEMS sensor is the assumption
of homogeneous temperature across the platform. This is valid only if the thermal
resistance of the beams is much larger than the one between the Pt-heater and the
platform itself. In fact, the heat, spreading from the MEMS-heater towards the silicon
substrate, sees on one side a thermal resistance of Rth = 2Rbeam, while on the opposite
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side a series of 2 thermal resistances Rth = Rplat + 2Rbeam. Hence, the temperature
difference over the platform can be calculated as

∆Tplat = Rplat/(Rplat + 2Rbeam) × ∆T (3.22)

where ∆T is the temperature difference between the heater and the substrate. If we
assume a thermal conductivity of gold kAu = 125 W/mK [150] and neglect the boundary
thermal resistance between gold and silicon nitride, we obtain Rplat = 3 to 4.5 × 105

K/W. With a typical beam thermal resistance Rbeam = 9×107 K/W, we get ∆Tplat/∆T
< 1%, small enough to safely consider the central platform in thermal equilibrium with
the heater.

Looking at the dynamic response of the system, the reaction time of the tempera-
ture measurement needs to be fast enough to follow the breaking events. This can be
described by a thermal time constant τ = RmemsCmems, where Rmems is the thermal
resistance of the MEMS and Cmems the effective heat capacity. To optimize τ , MEMS
platforms with different dimensions have been devised, with the lower limit given by the
size required to optically align the tip onto the MEMS. The smallest fabricated MEMS
platforms are 62 µm × 17 µm including heater and gold platform, with a time constant
around τ ∼ 20 ms [150]. We note that at low temperature Cmems drops significantly,
allowing the design of larger MEMS structures without sacrificing the reaction time.

Design for improved optical resolution

To improve the positioning of the MEMS under the tip during the approach phase,
some modifications were implemented also at the MEMS level. To mitigate for the poor
optical resolution due to the limited depth of view of the optical unit, we changed the
orientation of the platform to have the longer axis aligned with the direction where the
resolution is lower (y-axis), see Fig 3.25

Old design

y

x

New designa) b)

Figure 3.25 a) MEMS design used in previous studies [22, 23]; b) new design with
90° rotation. The colors in figure indicate the different optical masks required for the
patterning of the relative layer: orange for SiNx, green for gold, blue and red stripes for
fine and corse platinum layers, respectively.
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In this way the user benefits of an increase probability to land directly on the platform
on the first try, reducing drastically the approaching time and the number of attempts
needed, that could damage and/or dirty either the tip or the MEMS in case of wrong
landing, see fig. 3.26. A second modification consists in the presence of two alignment
pads, connected to the STM lines and visible in Fig.3.25b) at the left and right side of
the platform. Those pads serve as first landing sites to check electrical connection, but
also to align the tip with the platform. In fact along the y-axis they have the same size
of the suspended platform, so that, once aligned, the movements required to bring the
tip above the platform are only along the x-axis. The new approaching procedure is
depicted in Fig.3.27

Figure 3.26 MEMS damaged during a wrong landing onto one of the beams.

On the materials selection

We selected silicon nitride (SiNx) to fabricate the supporting structure of the MEMS,
platinum (Pt) for the heater/ thermometer and gold (Au) as platform electrode to
perform STM-BJ measurement. SiNx offers, in our case, a good combination of large
Young modulus (260 GPa) and low thermal conductivity, making it ideal for optimizing
the trade-off between mechanical stiffness and thermal sensitivity. Thanks to the uni-
form deposition achievable by low-power chemical vapor deposition (LPCVD) process,
high quality films can be produce with minimum stress. This makes SiNx one of the
most popular materials to build suspended membranes on silicon. Platinum, instead, is
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Figure 3.27 Alignment protocol shown using the same long distance camera as de-
scribed in section 3.3.7. Left: as first step the tip is aligned on top of the gold pad
having the same size of the membrane along y-axis. Contact can be verified by STM
measurement. Center: after the tip has been aligned in the y-direction, it is moved on
top of the suspended platform. Right: a computer-guided approach routine lets the tip
slowly land on the membrane.

one of the most used metals for fabricating precision thermometers (as the commercial
standards Pt-100 and Pt-1000), because of its resistance linearity over a wide range of
temperatures, its inertness and durability. Another important aspect is the capability
to sustain large current densities (up to 1 × 107 A/cm2 [79]) before electro-migration
failure. The reason for which Gold was selected as platform electrode is mainly because
of its affinity to different molecules and anchoring groups. It also shows a relative simple
electronic configuration that makes it one of the most understood and well studied ma-
terial with the STM-BJ technique in terms of conductance quantization[27, 15], atomic
chain manipulation [26, 15] and formation of molecular junctions [31]. However, in lit-
erature, other metals like palladium[81], silver [82, 83], nickel [84, 85] or even graphene
[86, 87] are currently studied as alternative electrode materials for molecular electronics
applications.

3.4.2 Fabrication process
For the fabrication of the MEMS devices we started from the process already estab-
lished by our colleague Ute Drechsler in our IBM cleanroom at the Binnig and Rohrer
Nanotechnology center. During the PhD different generation of MEMS structures were
designed and tested. In Figure 3.28 the last version of the fabrication process is shown.

In its most complete version, the process consists of 4 lithographic steps: 2 electron-
beam lithography (EBL) and 2 optical lithography, see Fig.3.28. The first part of the
fabrication (1-4 in Fig.3.28) is carried out in collaboration with the Technical Research
Centre of Finland (VTT). In VTT’s cleanroom, trenches for the beams steps with a
depth varying from 1 µm to 1.5 µm are defined into the Si substrate by EBL (1-2),
subsequently etched (3) and coated with 150 nm low-stress LPCVD SiNx (4). Next
steps are carried out in the cleanroom at IBM Research Lab in Rüschlikon. A first
step of metallization (5) consists in the deposition of 25 nm of Pt with 2 nm of Cr as
adhesion layer. Then we pattern the Pt layer with another step of e-beam lithography
to fabricate the heater and the suspended metal lines (6) that are etched by an Ion
Milling process (7). Before the release, we perform a second metallization step (8) with
75 nm of Au to define the platform electrode and the contact pads by using optical

66

3



3.4 MEMS Sensor

2. SiO2 mask + EBL

3. Trench etching

1. Si substrate 5. Pt metalliza�on

6. EBL

7. Ion Mill etch

VTT IBM

CUT 1 CUT 2

8. Au metalliza�on

9. Au lithography

10. Wet etching

CUT 1

CUT 2

Si Pt

HSQSiNx

Au

Resist

4. Membrane deposi�on

11 . SiNx lithography +TMAH release

CUT 1 CUT 2

Figure 3.28 Fabrication process of the MEMS structure with beam steps for improved
mechanical stiffness. CUT 1 shows the cross-section for the new T-shape beam, featuring
a larger effective height. CUT 2 shows the cross-section perpendicular to the short edges
of the membrane. Step 1-4, performed at VTT, are common to the whole wafer and
are used to pattern the substrate before the definition of the beams and the central
platform. Steps from 5 to 7 are used to delineate the beams layout, while steps from
8 to 10 outline the central platform. Finally, step 11 is used to pattern the SiNx layer
and suspend the beams and the platform altogether.
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lithography in combination with wet etch process (9-10). Finally, we perform an optical
lithography step to define and release the MEMS by underetching the SiNx layer in
tetramethylammonium hydroxide (25% concentration for 30 min at 80 °C). To clean
from the etchant and safely suspend the MEMS, we remove the solvent from the previous
step by immersing the wafer in isopropanol, which is then quickly dried to avoid stiction
with an N2-gun on top of a hotplate. The resulting MEMS are then cleaned before any
measurement via a combination of O2 plasma (400W, 5min) and a further gentle Ion
Milling step (150 mA, 20 s). The resulting structures consist of (typically) four SiNx
beams of lengths ranging from 250 µm to 500 µm, according to the design, a thickness
of t = 150 nm (as defined by the SiNx layer) and width w = 4 µm. Usually, the Pt lines
connecting to the heater element have widths between 100 and 200 nm, while the STM
lines to the Au platform are designed with a larger width of about 400 nm to lower their
electrical resistance.

Figure 3.29 shows a MEMS perfectly fabricated a) and two images were the process
failed because of a not successful release b) or optical misalignment c).

Figure 3.29 a) MEMS device after successful fabrication. b) Broken device due to
failed under etching of the suspended membrane. c) Example of optical misalignment
during fabrication.

3.4.3 MEMS characterization and thermometer calibration

The calibration procedure and the thermal characterization steps follow the ones de-
scribed in [150]. Corrections for the cryogenic regime were implemented by Femke
Hurtak during her master thesis project at IBM Research [179], under the supervision
of B. Gotsmann and myself.

Before starting any new measurement, it is necessary to precisely calibrate the elec-
trical and thermal properties of the MEMS. The essential parameters are the electrical
resistance of the Pt lines connecting the gold platform for the STM, and the heater resis-
tance RH and its thermal coefficient of resistivity α for the temperature measurement.
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Electrical characterization First of all, we characterize the STM electrical circuit. To
obtain the value for the STM beams resistance we can measure the device directly
inside our setup, by letting a current flow through the two Pt lines connecting the gold
platform and then plotting the current-to-voltage characteristic, see Figure 3.30. The
inverse of the slope of such a curve will provide a measurement of Rbeam = 1

2 × RST M ,
with the series resistance in front of the IV converter (Rs = 1 × 105 Ω) already taken
into account, see Figure 3.4.
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Figure 3.30 a) Current to voltage (IV) curve recorded through the STM circuit at 15 K.
R2P indicates the 2-probe resistance of the series beam+platform+beam. b) Scanning
electron micrograph of MEMS structure with STM circuit highlighted in green.

Thermal characterization. To be able to anticipate the behaviour of the heater at
low temperatures and use it as a sensitive thermometer, a more precise knowledge
of the heater resistance vs. temperature RH(T ) is necessary. The calibration of the
thermometer is performed in a commercial tool (Dynacool by Quantum Design) usually
on two different devices coming from the same wafer, with the same heater but different
beams design (to have similar R4H but different Gth,dev). We start the calibration by
monitoring the behaviour of the electrical resistance R4H as a function of temperature,
with a probing current small enough such that no self-heating occurs. Results are shown
in figure 3.31, labelled as ’Raw data’. We can distinguish three different temperature
ranges labelled as low ([4; 80] K), intermediate ([40; 120] K) and high ([80; 350] K).
An overlap of approximately 40 K, has been set between adjacent ranges to avoid gaps
in the crossing regions. This is possible thanks to the smoothness of the signal when
transitioning from a range to another.

For each range we can define a peculiar model:

• Low Temperature([4; 80] K): As we can see from the leftmost graph of Figure 3.31
the resistance profile is approximately constant at very low temperature (≲ 20K),
as typical for metals where defect scattering dominates [51]. At higher temperature
([15; 60] K) the resistance curve can be fitted with a high order polynomial with
contributions from electron-electron scattering (RH ∝ T 2), and possible Umklapp
electron-phonon scattering [180].
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• Intermediate Temperature([40; 120] K): In the intermediate temperature range
an almost perfect linear relationship between RH and T can be observed, despite
the range is well below the Debye temperature of platinum (ΘD = 234K). The be-
haviour of the curve can be explained as a transition linear region between a convex
curve at lower temperatures and a slightly concave curve at higher temperatures.

• High Temperature: In this region the curve is mostly linear, with a small second
order correction. For T ≫ ΘD = 234K we observe a linear dependence of the
resistance vs. temperature, as one would expect when the resistivity is dominated
by electron-phonon scattering at high temperature. The transition trough a high
order polynomial dependence, with RH ∝ T when T ≫ ΘD to RH ∝ T 5 when T ≪
ΘD, could then explain the observed small concavity of the correction. [CHECK!!]

Thermometer calibration Because of the different fitting regimes due to diverse kind of
scattering that take place in the platinum heater when varying the temperature, there
is no straightforward analytic equation to describe the dependence of RH(T ). Also,
there is a requirement of simplicity coming from the fact that the formula RH(T ) must
be inverted to use the Pt-heater as thermometer. For this reason a maximum order of
n=2 has been selected for the polynomial fit in all the three temperature ranges, with
a relative error on RH being less than 1%. Starting from the well known Callendar-
Van Dusen equation [70] for platinum at room temperature and by using linear Taylor
expansion, we can write the following equations for RH(T ):

RH(T ) = RH(T0) × [1 + α(T0)(T − T0)] (3.23)

RH(T ) = RH(T0) × [1 + α(T0)(T − T0) + β(T0)(T − T0)2] (3.24)

where T0 is a reference temperature (that can be different from T=0 °C) and RH(T0)
the electrical resistance of the heater at T0. In our setup, T0 is the operating temperature
given by the cryostat. For different devices coming from the same wafer, we assume that
the coefficients α (and β) don’t vary from device to device, since they depend only on the
shape and quality of the Pt thin film. This means that, just one calibration procedure
performed on one or two devices (as in figure 3.31) is needed to calibrate all the devices
sharing the same design and coming from the same wafer to be calibrated. Then, to
start a new measurement with a device, the only thing needed is to determine RH(T0)
from an IV measurement at the cryostat temperature T0, see Fig. 3.32. This practically
translates into the following steps:

1. For each wafer and each design we take a device and we perform the calibration
as in figure 3.31, obtaining α (and β for second order);

2. before starting a new experiment we measure the temperature of the cryostat T0
and RH(T0)). Depending on the value of T0 we chose the suited model, selecting
the range the gives more temperature span in case of ambiguity.

3. to use the heater as thermometer we calculate the temperature difference by in-
verting eq.3.23 (or eq.3.24).
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According to the degree of the polynomial fit, we get:

∆T = ∆R

R0 · α(T0) (3.25)

∆T =
−α(T0) +

√
α2(T0) + 4β(T0) · ∆R/R0

2β(T0) (3.26)

The solution to the second order fit is well determined, as the MEMS can only be
heated up by the heater, meaning that ∆R and ∆T can only assume strictly positive
values.

Thermal conductance. To measure the thermal conductance of the MEMS device as
function of temperature Gth,dev(T ), for each target temperature we run four-probe IV
measurements at large bias, so that self-heating is visible. We combine the IV curves
with low-power resistance measurements in four-probe and two-probe configurations in
order to determine the electrical resistance of the beams Rb and heater resistance RH , as
explained in sec.3.1.4). A typical IV curve is shown in Figure 3.32. We can distinguish
two regions: linear at low bias and non-linear (self-heating) at high bias. From the first
order fit of the linear region we get the resistance, and thus the temperature. Then for
each point in the non-linear regime we compute the ratio:

RP = VP

IP
(3.27)

From the obtained values we deduce the temperature increase on the platform ∆TP ,
as well as the effective power:

PH = VH · IH + 1
2 · 2 · Rb(T0) · I2

H (3.28)

where the first term stands for the contribution of the integrated heater (VH ·IH), while
the second one represents the additional contribution of the two metal lines carrying the
current to the heater (each line contributing with 1

2 · RbI2
h ).

Then from the ratio between the effective power PH and the temperature difference
∆TP it easily follows:

Gth,dev = PH

∆TP
= 1

Rth,dev
(3.29)

Figure 3.33 shows a typical ∆TP (PH) curve. The inverse of the slope gives the Gth,dev

of the MEMS.

Thermal time constant The thermal time constant of the MEMS device τdev indicates
the minimum amount of time required to the Pt thermometer to equilibrate with the
rest of the device. All signals that are faster than the time constant (or response
time) τdev are low-pass filtered, as can be predicted by a lumped capacitance model.
Assuming that in vacuum our suspended platform is a ’thermally thin’ object (the
ratio Rth,plat/Rth,beam ≃ 0.005) we can calculate τdev = RthCth, where Cth is the
heat capacity of the MEMS platform. To experimentally estimate the thermal time
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Figure 3.31 Electrical resistance of the heater RH as a function of temperature. The
curve is divided in three overlapping temperature ranges. Each curve is modelled with
polynomial fits. Left: at low temperatures, a third order fit is accurate within 0.2%,
but a quadratic fit allows already to reach relative errors below 1%; Middle: at inter-
mediate temperatures, a linear fit is accurate up to 0.5%. Right: at high temperatures,
a quadratic fit gives a relative error below 0.3%. Adapted from [179]
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Figure 3.32 a) Current to voltage (IV) curve recorded through the thermal circuit at
15 K. b) MEMS structure with thermal circuit highlighted in red.
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Figure 3.33 a) Temperature difference as function of ramping up power for positive
voltage (and current), recorded at 15 K. The slope is a measurement of Rth,dev. For
simplicity, the symmetrical negative voltage range and ramping down curve are not
shown.

constant, we have two methods. With the first one, we apply a voltage step to the
heater in vacuum, provoking a fast transition of the input power, and measuring the
transient in resistance change. τdev can then be extracted by fitting the resistance RH

vs. time, with the low-pass filter response of an equivalent electrical RC-circuit

R(t) = Ae−t/τ + Rinf

where Rinf is the value at the saturation after the transient.
The second method instead uses two successive calibration-IV curves (with increasing

and decreasing power, respectively). If we plot the resistance (RH = V/I) as a function
of the heater power (P = I · V ) we observe a hysteresis of constant width in the graph.
This is again coherent with the fact that our system can be modelled as a first order
RC. By measuring the horizontal offset in the central part of the RH(P ) graph, i.e.
in the stationary part, away from the turning-points, we can deduce the reaction time
of the device, by translating the power offset into time offset via the speed of the
power ramping. In order to minimize the time constant, different design with a smaller
platform (and so smaller Cth ) have been tested , with a minimum size limited by the
optical access to the MEMS. For this reason, the smallest tested platform allowing for a
quick and safe tip alignment is 17 × 62 µm with a time constant τdev = 19 ms at room
temperature[150]. Because at lower temperatures, thermal capacitance gets smaller,
also larger pad (62 x 67 µm) have been devised in order to facilitate the tip approach,
but to date their thermal time constant has not been tested yet. The fact that the
thermal signal is not as fast as the electrical one (that is only limited by the bandwidth
of the I-V converter) induces a time delay in the observed events between the electrical
conductance trace and the corresponding thermal one. This is taken into account in
the analysis when comparing the two signals, by applying a LP-filter with appropriate
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τ = τdev to the electrical trace. On the experimental side, the delay translates into the
need of keeping the atomic or molecular junction stable for at least one time constant,
in order to measure an accurate thermal conductance signal.

3.5 Sample Preparation
To be measured, a sample requires some preparation steps that will be discussed in the
following sections, starting from the cleaning of the platform electrode surface, to the
deposition of organic molecules. Furthermore, the fabrication process, needed to realize
a good tip suited for STM-Break junction measurements, will be discussed in section
3.5.4

3.5.1 Cleaning steps
Measuring the transport properties of quantum point contacts and single molecules with
STM-BJ requires clean metal surfaces. However, the idea of ’cleanliness’ can be very
different from a research field to another one. For example in surface science, a typical
cleaning process may consists of several sputtering cycles with noble gases (He, Ar,...)
followed by an annealing step at high temperature (>500°C) to retrieve an atomically
flat surface of the electrodes. In case of imaging/measurement of molecules, those are
usually deposited in-situ by thermal evaporation or electro-spray deposition. Besides,
those experiments are typically conducted in UHV and at cryogenic temperature to
always keep the system under controlled conditions [181, 182]. In case of Break Junction
experiments, cleaning conditions are a bit more relaxed, in fact a discrete number of
different experimental conditions have been used in literature especially to study charge
transport in QPCs and single molecule junctions, from UHV [39, 103] to solution [37,
104] and even ambient conditions [105, 106]. In any case, the cleanliness of the electrodes
has to be adequate to enable deposition of molecules and a clear breaking process of
the junction. Our procedure starts by dicing the chip from the main wafer. Then a
first electrical test, to determine whether there are short-cuts, broken connections or
resistances out from the expected range, is performed. In case of anomalies we proceed
to an optical inspection under the optical microscope. After the testing procedure,
devices are cleaned with a combination of O2 plasma exposure (400 W, 5 min) and Ion
Milling with an Ar+ gun (150 mA, 20 s). After the cleaning, devices are again tested to
verify if they survive the process and to check the increase in electrical resistance due
to the thinning down of the films occurring during the ion sputtering.

3.5.2 Functionalization
Once the devices are cleaned, they can be deposited with the molecules under study.
The deposition is done by dip coating, i.e. the whole chip is immersed in a molecular
solution containing a variable mixture of ethanol (EtOH) and dichloromethane (DCM)
as a solvent. Afterwards, the chip is rinsed in a bath of the same solvent mixture to
remove any not-bound molecule, and quickly dried under nitrogen flow to avoid stiction
of the suspended membrane. By varying the molecular concentration in the solution
and the deposition time, it is possible to control the amount of molecules at the MEMS
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surface. Different molecules are in general bonded to the surface via different anchoring
groups, that may require a slight modification of the deposition concentration/time.
Typically, we use solutions with concentrations of 0.1 to 1 mM and deposition times
between few seconds to 2 hours.

3.5.3 Mounting
When the device is functionalized the only step missing is the sample mounting inside
the vacuum chamber. To do that, we first attach the chip to a sample holder by means
of a drop of silver paste or high-vacuum grease. Once in position, the chip is then wire
bonded to the electrical lines patterned in the holder. Finally the sample is connected
to the rest of the experiment chamber by pressing the holder against the conductive
spring-loaded pins inside the vacuum receiver. A device ready to be tested is shown In
Figure 3.34

Figure 3.34 A device cleaned, deposited, bonded and ready to be measured (left). The
sample holder drawing (right) refers to the adopted commercial solution from Ferrovac
AG.

3.5.4 Tip etching
Figure 3.35 shows a schematic of the electrochemical etching setup used for the fab-
rication of the STM-BJ tips. The complete process has been adapted from Boyle et
al. [183] by N. Mosso and A. Prasmusinto [97, 150]. A small piece of gold wire (⊘
= 0.25 mm, 99.99+% purity, GoodFellow) is dipped by ∼ 1 mm in a 2 M solution of
CaCl2. A 8 V peak-to-peak alternating voltage (300 Hz) with a positive 4.5 V DC offset
is then applied between the Au wire (1st electrode) and a 99.99+% pure graphite rod
(2nd electrode), also immersed in the solution. While etching, the current flowing in
the electrochemical cell is monitored by measuring the voltage Vetch dropping over a
small series resistance RS = 50 Ω. The process is finished when no current is observable
between the two electrodes. In this way tip with radius of about 20 to 50 nm can be
fabricated in a single etching step. The final step consists in rinsing the tip in DI water
to remove residues formed during the process. The full recipe proceeds as follow:
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Figure 3.35 Schematic of the etching setup used to fabricate STM-BJ gold tips.

1. cut about 1 cm of 0.25 mm gold wire and fix it to the tip holder;

2. (optional) flame anneal the tip of the wire for 1-2 s using a flame torch until a gold
sphere forms at the tip (this allows for a smother tip surface with visible crystalline
planes);

3. (optional) coat the apex (1-2 mm) with varnish, to protect it during the etching
as in a drop-off method.

4. immerse the electrically connected graphite rod inside the electrolyte solution;

5. dip the wire by about 1-2 mm into the electrolyte (make sure that the coated
portion of the wire is fully immersed into the solution);

6. apply an AC voltage V = 8 V peak-to-peak at 300 Hz with a DC offset of 4.5 V.
The etching takes about 1-2 min;

7. rinse the tip in deionized water;

8. dry tip with N2 gun.

The main benefit of this process is that tips are fabricated with a good yield (80%) in
a relatively short time, without the necessity for a feedback circuit to stop the current
at the end of the etching procedure.

3.6 Results on Quantum Point Contacts
This section aims at testing whether our new variable temperature setup could reproduce
two already confirmed predictions: the exact quantization of the electrical conductance
in mono-atomic gold junctions, and the validity of the Wiedemann-Franz law at room
temperature, as reported in [22, 92]. The experimental results presented in the following
were obtained in collaboration with Femke Hurtak, during her master thesis project at
IBM Research [179], under the supervision of B. Gotsmann and myself.
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3.6.1 Experimental verification of Wiedemann-Franz law at room
temperature

To test the new setup, we recorded the electrical (Gel) and thermal (DGth) conductance
of gold quantum point contacts at room temperature and high vacuum (1×10−6 mbar).
A temperature bias of 20 K was set between the MEMS and the tip, producing an
effective temperature variation on the MEMS of about 3 K during breaking events.
Results are presented in figures 3.36.

a) b)

Figure 3.36 Au-Au break junctions experiments at room temperature. Adapted from
[179]. a) Single retraction trace with the electrical conductance Gel vs. displacement
on the top, and the thermal conductance DGth (red) vs. displacement on the bot-
tom. The black line indicates the electronic thermal conductance obtained by applying
Wiedemann-Franz to Gel. b) 1D histogram of Gel obtained by averaging 1800 retraction
measurements. The curve labelled ’G0 selection’ was drawn after selecting only traces
showing a plateau of more than 5 points in the range Gel ∈ [0.5, 1.5] · G0.

For this study, 2300 break-junction traces have been measured, out of which 1800
were considered to be physically relevant, and 825 displayed a plateau (of at least 5
datapoints) at G0. We note that ∼ 30% of the retraction traces show a plateau at
Gel = G0. In Fig. 3.36 b), the peaks at multiples of G0 show the quantization of the
electrical conductance. These peaks are robust against trace-selection in the G0 region:
including or not the traces that don’t display a plateau in the range Gel ∈ [0.5, 1.5] · G0,
doesn’t shift the position of the peaks. This confirms that the over fitting due to data
selection is actually limited.

Figure 3.36a) shows a single trace with good agreement between the electrical conduc-
tance (Gel) and the junction thermal conductance (DGth), as stated by the Wiedemann-
Franz law. The relation between DGth and Gel is further analysed in figure 3.37. The
results confirm the validity of the Wiedmann-Franz law in quantum point contacts with
a large peak at L = L0, as expected from theory. By looking at the quantization of
Gel, Fig. 3.36b) and the observation of the Wiedmann-Franz law, Fig. 3.37 b), we have
strong evidence that the setup works as per design at room temperature. Additionally,
L/L0 and Gel/G0 now show peaks exactly at 1, simultaneously. This is an improvement
compared to previous measurements [22], where the authors found a slightly shifted elec-
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trical signal, with peaks at ∼ 0.4 · G0 and ∼ 1.3 · G0, attributed to contamination by
CO molecules. At the moment is hard to tell if the improvement comes from a better
cleaning procedure or because of a higher accuracy in the electrical measurements. On
the other hand, the spread of the thermal signal is now ∼ 4× higher than in [22], which
could initially compromise the measurements at low temperature. The increased spread
of the thermal data is visible in the histogram of Fig. 3.37 a) and from the width of the
L curve in Fig. 3.37b).

Figure 3.37 Au-Au junctions at room temperature. Data from 1800 retraction traces.
Left: 2D histogram of DGth versus Gel. Right: 1D histogram of the Lorentz ratio
calculated from raw signals in the range where Gel ∈ [0.9, 3] · G0. The few negative
points of L are outliers due to an ill-defined parasitic device conductance Gth,dev for
some traces, and should be disregarded.
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Junctions

In the following, the main results on single molecules are shown. At the beginning of the
chapter, the first ever measurements of the thermal conductance at the single molecule
level are presented for two selected molecules, namely the oligo(phenyleneethynylene)
(OPE3) and octan-dithiol (ODT). In the second part instead, results on the thermo-
electric properties of three OPE3-derivatives are given. Finally, in the last part of the
chapter, a full experimental thermoelectric characterization of the OPE3-Anthracene
molecule is provided, together with the calculation of its thermoelectric figure of merit
ZT.

4.1 Thermal Transport through Single-Molecule
Junctions1

This chapter has been published in 2019 in the September issue of the ACS Nano
Letters Journal. The text, figures and references have been re-formatted in the style of
this thesis. Supporting Information available online:

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02089/suppl_file

AUTHOR CONTRIBUTIONS: NM led the experiment. AG measured the ODT
samples. NM carried out the data analysis with inputs from BG and AG. HS developed
the theory with help from SS. UD fabricated the measuring devices. NM wrote the
manuscript with contributions from all the co-authors.

1Adapted with permission from Ref.[23]. Copyright (2021) American Chemical Society.
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4 Results on Single Molecule Junctions

4.1.1 Abstract
Molecular junctions exhibit a rich and tunable set of thermal transport phenomena.
However, the predicted high thermoelectric efficiencies, phonon quantum interference
effects, rectification, and nonlinear heat transport properties of organic molecules are yet
to be verified because suitable experimental techniques have been missing. Here, by com-
bining the break junction technique with suspended heat-flux sensors with picowatt per
Kelvin sensitivity, we measured the thermal and electrical conductance of single organic
molecules at room temperature simultaneously. We used this method to study the ther-
mal transport properties of two model systems, namely, dithiol-oligo(phenylene ethyny-
lene) and octane dithiol junctions with gold electrodes. In agreement with our density
functional theory and phase-coherent transport calculations, we show that heat trans-
port across these systems is governed by the phonon mismatch between the molecules
and the metallic electrodes. This work represents the first measurement of thermal
transport through single molecules and opens new opportunities for studying heat man-
agement at the nanoscale level.

4.1.2 Introduction
Heat transport through molecular systems takes place through a wealth of transport
mechanisms. When the heat is carried by vibrations, these include ballistic and hopping
transport, phonon interference[44, 113, 184], rectification [45] and localization [105], and
extend beyond equilibrium-based thermodynamic transport [185]. Molecular junctions
represent an ideal platform to probe quantum transport phenomena at the nanoscale,
and investigation of charge transport in these systems have led to numerous fundamen-
tal discoveries in the last 20 years [63]. Tuning the thermal properties of such molec-
ular devices would underpin numerous technologies based on heat management at the
nanoscale. However, the thermal characterization of molecular junctions has not been
experimentally accessible yet. Both experimental and theoretical analyses of molecular
heat transport face severe challenges. To simulate phononic heat transport in molecular
junctions, different length scales of heat carrying phonons have to be taken into account,
ranging from Ångstroms to microns at ambient temperature. Molecular dynamics sim-
ulations have been utilised in the classical or high temperature limit to identify the
role of binding groups and interference effects [113]. More recently, significant progress
was made describing junctions as Landauer systems with an energy-dependent phonon
transmission coefficient calculated using Green’s functions and density functional theory
[105, 184, 186], or approaches beyond the harmonic approximation [185]. The Green’s
function method has also been employed to compute the electronic contribution to heat
transport. However, numerous predictions of interference phenomena [43, 125, 184] and
non-linear effects [45] await experimental verification. The thermal conductance of a
single molecular junction is typically well below a thermal conductance quantum (284
pW/K at room temperature) and therefore difficult to measure. For example, alkanes
chemically bound to two metal thermal reservoirs, have measured and predicted ther-
mal conductance values on the order of tens of picowatts per Kelvin [117, 185]. As
these systems form self-assembled monolayers of high quality, they can be measured us-
ing spatially averaging methods like time/frequency-domain thermoreflectance [77, 106]
or scanning thermal microscopy[111]. However, for most molecular systems, ordered
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films cannot readily be made and uncertainties in the actual percentage of molecules
bridging the reservoirs still remain[77, 111]. Even though single molecule measurements
are prone to difficulties, due to the experimentally inaccessibility of the atomic-scale
environment of an individual molecular junction, they would enable systematic studies
of the relationship between chemical structure and energy transport properties. In-
deed recently, experiments using break-junction techniques have been used to probe
the thermal conductance of atomic point contacts [22, 92]. Here, for the first time, we
demonstrate how a combination of a break junction with a suspended microfabricated
heat flux sensor can be used to probe the thermal conductance of molecular junctions.
As model molecular systems, we have chosen oligo(phenylene ethynylene)dithiol (OPE3)
and octaneditiol (ODT) contacted by gold electrodes. OPE3 is probably the best stud-
ied molecule for electrical transport, with widespread agreement reached by different
groups for its electrical conductance [67, 187–189], using both mechanically controlled
break-junctions[184] (MCBJ) and break junctions based on scanning tunneling micro-
scopes (STM-BJ). However, heat transport through OPE3 with thiolate end groups has
neither been studied experimentally nor theoretically. On the other hand, ODT is a
member of the alkane family, whose thermal transport properties have been intensively
studied both theoretically and experimentally. Nevertheless, the many possible junction
configurations recognized in the charge transport experiments [56, 152, 190, 191], make
it a challenging system to test the limits of our new method.

4.1.3 Methods
A detailed description of the setup is given in Sec.3.2.2. A schematic of it is represented
in Fig.4.1a). In order to combine heat and charge transport measurements at the single-
molecule level, we devised suspended micro-electro-mechanical systems (MEMS)15 char-
acterized by a low thermal conductance GMEMS ranging from 3.5 to 4.5 × 10−8 W K−1.
These devices consist of a central membrane with a Pt heater/thermometer and a gold
platform that can be used to form electrical contacts with the tip of a scanning tunneling
microscope (STM). The membrane is suspended via four silicon nitride beams, which
are usually oriented at 45° with respect to its axis to reduce the torsional degrees of
freedom. The MEMS are cleaned by a combination of oxygen plasma and ion milling
to remove contaminants postfabrication and retrieve a fresh gold surface. OPE3 or
ODT are deposited on the gold platform by immersing the entire MEMS in solutions of
dichloromethane or ethanol, respectively, with concentrations ranging from 0.1 to 1 mM
for 30 s to 2 h. After the deposition, the samples are rinsed several times in clean sol-
vent to eliminate physically adsorbed molecules. For a detailed description of the sample
preparation procedure, see the Supporting Information. We would like to stress that
depositing molecules from solution poses severe challenges on the cleanliness of the gold
surface, but it extends considerably the variety of molecules that can be investigated.
All the measurements are performed at room temperature and in high vacuum (1×10−7

mbar) within a custom-built STM, located in a low-noise environment.[151] The exper-
iment consists in performing STM-Break Junction (STM-BJ) measurements with an
electrochemically etched gold tip (typical tip radius around 50 nm) on the gold plat-
form of the suspended MEMS. Measuring the electrical conductance Gel upon breaking
the tip-MEMS contact allows us to detect the formation of a molecular junction. Prior
to contact formation, the membrane is heated to a temperature TH ∼ 350 K by applying
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a constant voltage to the Pt-heater, which corresponds to few µW of dissipated power.
The temperature TH is continuously monitored by measuring the four-probe resistance
of the heater and using the previously calibrated temperature coefficient of resistivity
α = 1.37 × 10−3 K−1, which is in the expected range for Pt thin films. The thermal
conductance kth of the MEMS is calculated by dividing the total power provided to the
heater and the ∆T = TH − TAMB generated with respect to the substrate. When the
tip, also at room temperature TAMB , is brought into contact with the MEMS, the total
thermal conductance increases because of the additional heat flux to the tip. The dif-
ference between these two values corresponds to the thermal conductance of the contact
formed. Fig.4.1b) shows an example of a single opening trace measured by retracting
the tip at 25° with respect to the MEMS surface in order to take advantage of the
greater in-plane stiffness [22] at a speed of 2 nm/s. Lower angles led to irreproducible
results indicating that including roughness the local angle between tip and surface is
smaller. We calculate the stiffness normal to the MEMS surface about 0.7 N/m and
the in-plane stiffness 540 N/m, resulting in an effective stiffness on the order of 10s of
N/m. Note that the plotted thermal conductance includes both the contributions of the
MEMS (∼ 45 nW/K) and the contact with the tip. We can distinguish three different
transport regimes within the trace: (I) Au-Au, (II) Au-molecule-Au, (III) Au-tunnelling-
Au. During the thinning of an Au-Au point contact (I), the thermal conductance of the
junction is proportional to the electrical one, decreasing in a step-like fashion because
of the quantized availability of electron channels. Hereby, the last few channel changes
coincide with the number of atoms bridging the contacts after rearrangement. Most
of the heat is transported by electrons following the Wiedemann-Franz law [22, 192].
Some traces exhibit a second regime (II), in which Gel shows a plateau indicating the
formation of a molecular junction [71]. Finally, in the last regime (III), the molecular
junction is broken. The thermal conductance of the molecule can then be obtained from
the signal change around the breaking point of the junction. A similar plateau might
be expected for the thermal conductance in the second regime (II). However, a linear
decrease is usually observed versus tip displacement, with slopes ranging between 0.5
and 3 nW/K/nm. This is caused by additional thermal conductance paths around the
actual molecular junction. These paths have relatively long-range and can be attributed
to three effects. First, even clean gold surfaces can show significant heat transfer of this
magnitude due to thermal near-field radiation.27,28 The magnitude of the near- field
contribution is under debate [193, 194]. Second, despite the cleaning processes described
above, there may be residues and spurious molecules present on the surface from pro-
cessing and chemically bound to both surfaces, but they can carry significant heat via
the van der Waals bonds [105, 106, 111]; they form a strong mechanical contact between
tip and MEMS, with a typical thermal conductance of about 10-30 nW/K that depends
on their relative distance. The reproducibility and the slope of the background signal are
more important than its magnitude. We note that even in nominally clean experiments
[22, 92, 193, 194] in the near-field radiation regime exhibit background slopes between 0.5
and 8 nW/K/nm, similar to the range reported here. Upon retracting the tip, the con-
tact area with the adsorbate layer and the influence of radiation are gradually reduced,
giving rise to the thermal background observed in the opening traces. Notably, ther-
mal conductance variations versus tip-surface distance with similar slopes were recently
measured in near-field heat transport measurements between nominally clean surfaces
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in UHV, even after thorough in situ cleaning procedures. This indicates that the con-
tribution of radiation to the distance-dependent thermal conductance at nm distances
cannot be excluded and most likely cannot be avoided experimentally[193, 194]. Under
our experimental conditions, the thermal background is stable and does not significantly
change during repeated opening and closing of the break-junction contact, remaining
approximately linear in the region of analysis described below.

Figure 4.1 Schematic of the measurement technique. (a) Schematic diagram of the
experiment with the different transport regimes I-II-III upon breaking the tip-MEMS
contact. The green meniscus represents the thermal contact with adsorbates on the
MEMS. The thermal conductance of the junction is obtained by measuring the four-
probe resistance of the platinum heater (R = V4P /IH), which is directly related to its
temperature TH , and the total electrical power dissipated. Simultaneously, the electrical
conductance is calculated from the tunnelling current, IST M , measured at a fixed bias
voltage, Vbias. (b) Example of a typical opening trace showing the variation of the
electrical conductance of the junction Gel normalized by the conductance quantum
G0 = 2e2/h and the overall thermal conductance of the Tip-MEMS system versus
the tip displacement. (I) Au-Au contact. (II) Formation of a single-molecule junction
indicated by the electrical conductance plateau. The variation in thermal conductance
can be due to a modulation of the contact area with the adsorbates. (III) Breaking of
the molecular junction, resulting in a small decrease of the overall thermal conductance,
on the scale of a few tens of pW/K.

4.1.4 Results and Discussion
Fig.4.2 illustrates the experimental procedure to extract the thermal conductance of the
OPE3 molecule, using the electrical signal to verify the formation of molecular junctions.
As in a standard break junction measurement, we collect typically 2000-5000 traces per
data set and construct 1D and 2D histograms for the electrical (Fig.4.2a) and thermal
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(Fig.4.2b) conductance opening traces. We then rescale the displacement and the ther-
mal conductance axis by shifting their origin to the breaking point of the molecular
junction. This means that for every trace that has a defined molecular signature in the
electrical signal, we locate the breaking point of the molecular plateau in the electrical
conductance trace and use this to rescale the distance and thermal conductance traces.
Rescaling here refers only to shifting the origin of the displacement axis to the breaking
point of the molecular plateau signal in each curve (no stretching factor was introduced).
In the literature [56, 191, 195] such shifts are made with respect to the conductance sig-
nal falling below the conductance quantum, i.e., the breaking of the metal-metal contact.
In any case, the rescaling helps to accommodate for drift and statistical variations of
the breaking process. In this way, we can construct 2D histograms of the thermal con-
ductance versus the displacement and average over the changes occurring in every trace
when the junction breaks. To extract the thermal conductance of the molecule, we take
the difference of the linear fits of the mean of the thermal background before and after
the breaking point, see Figure 4.2b.

The variation of the slopes extracted from the fitting of different data sets appears
random and is included in the reported uncertainty. On the small fitting range of few
Ångstroms, non-linear fits did not yield better results. On a larger length scale, however,
there is no prior assumption on the linearity of the background signal. Applying this
method to dithiol-OPE3s, Figure 4.2a,b, we first note that the observed single peak
in the electrical conductance histogram at 2.7 × 10−4 G0 (where G0 = 2e2/h is the
electrical conductance quantum), is in excellent agreement with several independent
reports in different environmental conditions [187, 195, 196] indicating single-molecule
OPE3 junctions. The mean of the 2D thermal histogram shows a clear step in the
thermal background at the breaking point of the molecular junction (d = 0 nm), Figure
4.2b. The difference at 0 between the linear fits of the mean gives a molecular thermal
conductance k = (20 ± 6)pW/K. To construct a theoretical description of thermal
transport, we use density functional theory (DFT) to obtain the optimized geometry of
each junction. We then use the harmonic approximation to calculate forces on each atom
in order to study the vibrational properties of the junctions. Using these force matrices,
we obtain a dynamical matrix and combine it with the Green’s function method to
calculate the transmission coefficient Tph(ℏω) of phase-coherent phonons with energy ℏω
traversing from one electrode to the other. The thermal conductance due to phonons is
then obtained from Tph(ℏω) using a Landauer-like formula [52, 186]. Figure 4.2c shows
the phonon transmission coefficient Tph of OPE3. Due to the low Debye frequency of
gold electrodes (∼ 20 meV)[186], phonons with energies higher than 20 meV are filtered
(Figure 4.2c) and the phonon thermal conductance for temperatures higher than ∼ 200
K (Figure 4.2e) saturates to 19 pW/K in excellent agreement with the experimental
data. In order to calculate the electrical properties of the junctions, we combine DFT
mean-field Hamiltonians of each junction with the Green’s function method to calculate
transmission coefficient Tel(E) for electrons traversing from the hot electrode to the
cold one (Figure 4.2d) through the molecules. The electron transmission through OPE3
is dominated by their highest occupied molecular orbitals (HOMO) in agreement with
previous reports [67]. The electrical conductance is then obtained using the Landauer
formula. At low temperatures, the conductance G = G0Tel(EF ) where EF is the Fermi
energy of electrodes [52]. In addition, the room temperature thermal conductance due

84

4



4.1 Thermal Transport through Single-Molecule Junctions

Figure 4.2 Experimental (a, b) and theoretical (c-e) results for OPE3-dithiol. (a)
Electrical 2D and 1D histograms constructed with 411 traces measured at a fixed voltage
of 50 mV and a pulling speed v = 3 nm/s at an angle of 40° with respect to the MEMS
surface. From the histograms, we can extract the molecular electrical conductance of
about 2.7 × 10−4 G0. The orange 1D histogram indicates the electrical conductance of
the junction before breaking, reconstructed from the 2D histogram in the displacement
range between -0.5 and 0.2 nm. (b) 2D Thermal conductance histogram for OPE3.
The width of the mean line (light blue) includes the total uncertainty of the extracted
thermal conductance and shows a clear step around 0 (breaking point of the molecular
junction). The black lines represent the linear fits of the mean before and after the
step, giving a thermal conductance k = (20 ± 6) pW/K. (c) Transmission coefficient
Tph of phonons with energy ℏω. (d) Transmission coefficient Tel of electrons with energy
E. (e) Calculated thermal conductance kph due to phonons versus temperature T. The
inset shows the thermal conductance due to electrons versus the Fermi energy at room
temperature.
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to electrons can be calculated from the electron transmission Tel as a function of the
electrodes Fermi energy EF , as shown in the inset of Figure 4.2e. At the DFT predicted
Fermi energy (EF = 0), the thermal conductance due to electrons is <0.1 pW/K, which is
much smaller than the phonon contribution. In addition, for a wide energy range around
EF = 0, the contribution of electrons to the total thermal conductance is negligible. The
same experimental and theoretical methods were then applied to study the thermal
transport properties of ODT (Figure 4.3).

In contrast to OPE3, the junction dynamics of ODT show stronger variation in inde-
pendent reports. Different conductance values observed are attributed to various binding
configurations of the S-Au bond [152, 197] gauche defects [191, 198] and a higher like-
liness to observe multiple-molecules in a single junction [56, 199]. Nevertheless, there
is some consensus about the frequently observed electrical conductance of 5 × 10−5 G0
relating to the atop-atop configuration of a single stretched ODT the molecule[56]. Most
of the histograms show a prominent peak at 5-7 × 10−5 G0, which we attribute to the
atop-atop configuration. With lower probability, we observe plateaus at 1 × 10−5 G0
and at about 1 × 10−4 G0, in agreement with a recent robust statistical approach [191].
Therefore, to simplify the analysis of the thermal signal, we focus on the atop-atop junc-
tion configuration considering molecular traces with plateaus between 2 and 8 × 10−5

G0. For this junction geometry, we obtain a thermal conductance k = (29 ± 8) pW/K.
Simulations were based on the atop-atop configuration (inset of Figure 4.3a) resulting in
a thermal conductance value of 22 pW/K at room temperature (Figure 4.3e) in reason-
able agreement. When the tip is pulled from the electrode surface even with an angle,
there may be a backlash because the system has a limited mechanical compliance [22].
This backlash can translate into a modification of the thermal signal due to the distance-
dependent thermal background. In what follows, our aim is to demonstrate that the
effect of a backlash is not significant in our case. First, for a given stiffness of the MEMS
and the stiffness of a molecular bond, the backlash should lead to a certain backlash
distance. Then, for different slopes of the thermal background signal, we should have an
apparent step in the thermal conductance trace in proportion to the slope of the back-
ground signal. To test this, we repeated the experiment for both OPE3 and ODT on
the same respective sample on different spots and on different samples (Figure 4.4). We
found the slope of the background varying from measurement to measurement within
certain limits, while the MEMS stiffness should be approximately constant. Within our
uncertainty, we do not observe any significant dependence of the thermal conductance
of OPE3 and ODT on the background slope (Figure 4.4). Therefore, we can argue that
the backlash cannot be significant. By taking the weighted average of the different data
points, we obtain k = (23 ± 5) pW/K for OPE3 and k = (37 ± 5) pW/K for ODT. We
note, the same method was applied to gold-gold junctions leading to the results reported
by two independent studies [22, 92]. In particular, we obtain a thermal conductance of
540 pW/K for a single gold atom contact (or atomic chain), which is very close to the
value predicted by the Wiedemann-Franz law of 577 pW/K, for one electrical conduc-
tance quantum at T = 305 K. A second independent argument that a backlash cannot
be responsible for the observed step-change in thermal conductance comes from per-
forming a test using closing traces. The junction formation yield is typically smaller for
closing traces. Nevertheless, we were able to collect sufficient traces in the case of ODT
with a clear molecular signature. We obtained similar values of thermal conductance
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Figure 4.3 Experimental (a, b) and theoretical (c-e) results for octane-dithiol (ODT).
(a) Electrical 2D and 1D histograms constructed with 615 traces measured at a fixed
voltage of 90 mV and a pulling speed v = 3 nm/s at an angle of 40° with respect to
the MEMS surface. From the histograms, we can extract the most probable molecular
electrical conductance of about 7 × 10−5 G0. Note that the peak shifts to 5 × 10−5

G0 before breaking (orange 1D histogram). (b) 2D Thermal conductance histogram.
The width of the mean line (light blue) includes the total uncertainty of the extracted
thermal conductance and shows a clear step around 0 (breaking point of the molecular
junction), giving a thermal conductance k = (29±8) pW/K. (c) Transmission coefficient
Tph of phonons with energy ℏω. (d) Transmission coefficient Tel of electrons with energy
E. (e) Calculated thermal conductance kph due to phonons versus temperature T. The
inset shows the thermal conductance due to electrons versus the Fermi energy at room
temperature.
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upon forming molecular junctions within closing traces (k = 35 ± 7 pW/K from 440
traces). The mechanics of a loaded spring is very different for a closing trace, in which
a junction can be formed with a much reduced or even insignificant backlash. We esti-
mate that a sensor stiffness of >20 N/m is required to produce this result. Finally, it is
well-known that bond breaking is a thermally activated process that can be accelerated
exponentially by an applied pulling force. Spontaneous, and therefore backlash-free,
bond breaking is favoured if sufficient time is given. Huang et al.[200] reported spon-
taneous bond breaking of ODT junctions at pulling velocities below 7 nm/s using an
STM tip. Nef et al.[201] observed only a minority of breaking processes accompanied
by measurable backlash using a sensor of 3-4 N/m pulling at 15 nm/s. Increasing the
pulling velocity to 18 and 40 nm/s (with stiffer sensors) finally resulted in appreciable
backlash according to other reports [202, 203]. In contrast, our experiments use the
pulling speed of 2-3 nm/s. Therefore, we expect no backlash, taking into account these
literature items. A further contributing effect to the absence of a backlash is that the
non-chemically bound molecules were contributing to the thermal background, which
also stabilize the junction mechanically. This, when combined with the contribution
of the in-plane stiffness of the MEMS, can lead to an effective stiffness larger than the
chemical bonds of the molecular junction. Evidence for this is the fact that we can
controllably break a gradually thinning metal-metal contact. The stiffness of an initial
multi atom-wide contact is much larger than a single molecular bond. Therefore, either
the restoring force reduces significantly with pulling distance, or, otherwise, the contact
would directly rupture from a larger contact area instead of going through the gradual
changes. In fact, the latter is what we observe, if we perform experiments at a vertical
pulling angle with only the smaller normal stiffness of the MEMS. One confirmation that
either the spring constant must be larger than ∼ 10 N/m or the breaking force must be
smaller than 0.1 nN can also be concluded from the fact that the Au-Au contact can be
gradually broken. As seen in the individual sample traces, breaking from a 2 G0 or 3
G0 plateau to a 1 G0 plateau can be observed in many traces. If the break force was
in the force-driven regime, then the tip would apply a force of 2-3 nN to the 2-3 G0
contact. The backlash after breaking of this would have to be efficient enough to reduce
the force to below 1 nN as to not immediately break the 1 G0 bond during the same
breaking event. However, the maximum backlash would be the length of stretching of
a single atom gold wire, and at room temperature, the average plateau length is below
0.1 nm. In contrast, a spring constant of only 1 N/m combined with a breaking force
of 1 nN needs a minimum of 2 nm to relieve a force related to the transition from 3 G0
to 1 G0. The Supporting Information comprises a detailed discussion on the potential
error induced by the backlash issues based on the above arguments. From studies of
thermal transport across self-assembled monolayers,41 we learn that the environment
of a molecule can influence its vibrational freedom and therefore the transport char-
acteristic. In break junction experiments, however, the molecule is not in a densely
packed configuration such as in self-assembled monolayers. Therefore, the environment
has no significant influence on the thermal conductance other than providing a slowly
varying background. The expected mobility of unbound molecules and the immobility
of molecules bound to one of the electrodes leads us to believe that molecular rearrange-
ment cannot be a source of major influence on the observed step change. The relatively
slow measurement (compared to the molecular rearrangements time scale) and statisti-
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cal analysis is expected to average out different configurations of surrounding molecules
and the probed junction. We not only find good agreement between theory and exper-
imental data but also note that our data agrees with expected bounds from reference
data on similar systems. While heat transport of the thiol-bound OPE3 system has
not been studied before, there are simulations (based on a similar approach to ours) for
Au-OPE3-Au junction using amine anchor groups [204] yielding ∼ 24 pW/K, suggesting
a very similar bonding strength of the respective anchor groups. Simulations of OPE3
bound to silicon [205] predicting ∼ 60 pW/K highlights the role of a higher Debye
temperature of Si compared to Au electrodes, which allows higher frequency phonon
transport leading to higher thermal conductance. Thermal transport through SAMs of
alkanethiols between different materials, in contrast, have been studied using different
methods, demonstrating that the thermal conductance is independent of the molecular
length with more than 8 C atoms [106, 206, 207]. Interesting phonon filtering effects
were instead simulated and probed for shorter chains [111]. Thermal conductance values
up to a maximum of 14 pW/K were reported for C10S2 and C11S2 with gold electrodes
[77, 80], in contrast with the usually higher values predicted by molecular dynamics
(MD) simulations ranging between 25 pW/K [77, 117] and 45 pW/K [78, 79]. This
discrepancy is attributed to uncertainty in the number of molecules in contact with the
electrodes because of roughness. Interestingly, our experimental and theoretical results
fit well with the available MD simulations. Another ab initio study [112] predicts k = 35
pW/K for ODT between gold electrodes. We attribute this variation in the predictions
and experimental results to the complex behaviour of the molecule in the junction, which
includes not only bonding geometries but also the ability of the ODT to form gauche de-
fects. This needs further systematic investigations in future studies. Thermal transport
in both OPE3 and ODT is dominated by phonons with negligible contributions from
electronic transport channels. The electrical conductance of OPE3 is higher than that
of ODT for a wide range of energies around the DFT Fermi energy (EF = 0), as shown
in Figures 4.2d and 4.3d. Consequently, the room temperature thermal conductance of
ODT due to electrons is lower than that of OPE3 for a wide range of Fermi energies,
in agreement with the Wiedemann-Franz law (inset of Figures 4.2 and 4.3e). At the
DFT Fermi energy EF = 0, the electronic thermal conductance of OPE3 and ODT are
0.07 pW/K and 0.01 pW/K, respectively. Although the electronic contribution to heat
transport is found negligible in these systems, it is interesting to discuss, why a devia-
tion from the Wiedemann-Franz law could lead to a more appreciable contribution. The
Wiedemann-Franz law holds only when electron transmission coefficient T(E)is linear in
the scale of kBT. In both OPE3 and ODT, T(E)is linear in the scale of kBT (25 meV at
room temperature) in the vicinity of Fermi energy (Figures 4.2d and 4.3d). Therefore,
the Wiedemann-Franz law holds, and kel = αTG, where α is the Lorenz number, T is
temperature, and G is electrical conductance It is worth to mention that we have chosen
two molecular backbones, which by chemical design are different. The OPE3 molecule
has double and triple bonds and is very stiff compared to the more compliant and flexi-
ble alkane backbone. A stiffer material has in general higher phonon propagation speed
(or velocities of sound) leading to larger thermal conductance. However, we observe
that ODT is the better thermal conductor. This can be explained within the phonon
mismatch picture. The frequencies of heat-carrying phonons in the gold electrodes are
relatively low due to the large mass of the gold nuclei. To quantify, we have to remember
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Figure 4.4 Summary of the experimental results obtained for OPE3 (a) and ODT (b).
By performing the weighted average of the different experimental data points for each
molecule, we obtain k = (23 ± 5) pW/K for OPE3 and k = (37 ± 5) pW/K for ODT.
The experimental uncertainty is represented by the shaded region around the mean
value (blue line). 1D and 2D histograms relative to the data points in panels a and b
are provided in the Supporting Information available online here.

that a sum over all phonon frequencies needs to be made to account for all heat trans-
port, which reaches 20 meV. The phonon transmission spectra of Figures 4.2c (OPE3)
and 4.3c (ODT) show transmitting modes in this range. The videos in the Supporting
Information show the motion of both OPE3 and ODT due to different phononic modes
below the Debye frequency of gold. While modes are found in both, the width of the
phonon transmission resonances overall is greater in ODT (Figure 4.3c) compared with
OPE3 (Figure 4.2c), which implies a higher density of phonon states at the connec-
tion point to electrodes in ODT. Nevertheless, the difference in thermal conductance
between the two systems is less than a factor of 2 in the experiments. This underpins
the more general notion that the variation in thermal conductivity between solid ma-
terials is rather limited when compared to the tunability of charge or photon transport
in matter. In order to manipulate thermal transport, we, therefore, need to employ
strategies based on phonon engineering in molecular systems carefully. These include,
for example, placing Fano-resonances in the integration window of frequencies offered by
the electrodes to reduce thermal conduction [43, 125]. Furthermore, phonon interference
of two conduction paths along a molecule is another interesting candidate mechanism.
The proposed mechanisms, in general, rely on a specific transport regime. One of the
main aspects of the theoretical description allied here is the phase coherence nature of
transport. Through the quantitative agreement between experiment and theory, one of
our main results is the confirmation of the phonon transport being phase-coherent along
these junctions.
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4.1.5 Conclusion
We demonstrated the first measurement of the thermal conductance of single-molecule
junctions. We applied this method to the two benchmark molecules OPE3 and ODT
and found good agreement with our ab initio simulations, based on phase-coherent heat
transport at the single-molecule level. Given the versatility of the approach, we expect
this work to enable systematic investigations of molecular-scale heat transport, opening
new possibilities for engineering materials with tailored thermal transport properties.
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4.2 Thermoelectric properties of Single-Molecule
Junctions2

This chapter has been first published on 9th September 2020 in the 12th issue of
Nanoscale. The text, figures and references have been re-formatted in the style of this
thesis. Supporting Information (ESI) available online:

https://www.rsc.org/suppdata/d0/nr/d0nr04413j

AUTHOR CONTRIBUTIONS: AG performed all the experimental work and data
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by FT, TN and AB. HD and AG wrote the manuscript with contribution from all the
other co-authors.

2Adapted with permission from Ref.[143]. Copyright (2021) The Royal Society of Chemistry.
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4.2 Thermoelectric properties of Single-Molecule Junctions

4.2.1 Abstract
We report the synthesis and the single-molecule transport properties of three new
oligo(phenylene-ethynylene) (OPE3) derivatives possessing terminal dihydrobenzo[b]-
thiophene (DHBT) anchoring groups and various core substituents (phenylene, 2,5-
dimethoxy-phenylene and 9,10-anthracenyl). Their electronic conductance and their
Seebeck coefficient have been determined using scanning tunnelling microscopy-based
break junction (STM-BJ) experiments between gold electrodes. The transport pro-
perties of the molecular junctions have been modelled using DFT-based computational
methods which reveal a specific binding of the sulfur atom of the DHBT anchor to the
electrodes. The experimentally determined Seebeck coefficient varies between -7.9 and
-11.4 µV K−1 in the series and the negative sign is consistent with charge transport
through the LUMO levels of the molecules.

4.2.2 Introduction

Figure 4.5 Synthesis of the OPE3 deriva-
tives.

Over the last decade molecular-scale elec-
tronics has progressed rapidly with in-
creased understanding of the structure-
function relationships of devices that
comprise a single molecule or assemblies
of molecules bridging two metallic elec-
trodes [63, 64, 208]. The interplay of elec-
trical, thermal and thermoelectric trans-
port in molecular junctions is a key as-
pect in the design and operation of en-
ergy conversion devices in the quest for
new energy-saving technologies [23, 209–
211]. The continuous downsizing of the
components used in everyday electronic
devices such as computers, smartphones
and other screen-based apparatus, is ac-
companied by an increase of the heat-
ing/power ratio. Being able to man-
age that extra heat would then enable
reduced electricity consumption and in-
creased efficiency of the whole system.
Therefore, there is keen interest in the
thermoelectric properties of conductive
materials [212]. However, the thermal characterisation of molecular junctions is a chal-
lenging topic [36, 154]. The energy conversion efficiency of a specific thermoelectric
material is determined by the figure of merit ZT given by the ratio

ZT = S2σelectric

σthermal
(4.1)

where S is the Seebeck coefficient (or thermopower), σelectric is the electrical conduc-
tance, and σthermal is the thermal conductance. For energy harvesting, a value of ZT ≥
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1 is required to be technologically interesting. For cooling applications, a large power
factor, S2σelectric, is needed. To date the best intrinsic efficiency has been obtained for
bulk materials, typically metallic (nano)composites [213, 214].However the drawback of
these materials is that they are usually quite expensive and/or necessitate complicated
manufacturing processes and therefore cannot easily be employed in small-scale junc-
tions. Recently, the idea of using single molecules in thermoelectric junctions, and more
specifically organic molecular wires, has emerged [215]. These molecules possess an ap-
propriately conductive delocalised π-electronic system, they can be produced on a large
scale and their properties and dimensions can be finely tuned by chemical synthesis.
Importantly, high Seebeck coefficient values have been predicted for some of them, such
as -56 µVK−1 for a fullerene pair [216] or the impressive range of -280 µVK−1 to 230
µVK−1 for selected metalloporphyrins [217]. Therefore, organic molecules are perfect
candidates for applications in thermoelectric devices [218]. The electrical conductance
of single molecules is now well understood and can be measured by using various tech-
niques such as Scanning Tunnelling Microscopy (STM) based or mechanically controlled
(MC) break-junction (BJ) experiments [219]. On the other hand, the experimental [220]
and theoretical characterisation [21] of thermal conductivity in those systems is still in
its infancy and only recently thermal conductance of single molecules has been mea-
sured experimentally [23, 211]. The measurement of the Seebeck coefficient involves
performing BJ experiments at variable temperature bias between the two metal elec-
trodes [209, 220]. The main issue of thermoelectric materials for the use in thermoelectric
converters is the low energy conversion efficiency. The requirements for high efficiency,
i.e. a high value of ZT, need careful tuning of the material to optimize the mutually
related properties: electrical, S and thermal. In addition, there is a need for stable
molecular films with high integrity. A prerequisite is the availability of a stable and
versatile molecular platform. Such a platform would have favourable anchor groups and
the ability to host side-groups. Ideally, these groups would not interfere with the elec-
trical transport and therefore allow reduction of phonon transport [43]. As a first step
in this direction, there is need to demonstrate that thermoelectric transport through a
promising molecular backbone can be maintained despite chemical modification through
anchor points for side-group chemistry. The present work explores the single-molecule
conductance and thermoelectric properties of new oligo(phenyleneethynylene) (OPE3)
derivatives (3 denotes the number of phenylene rings in the backbone) using STM-BJ
experiments. Extensive computational calculations using DFT and DFTB were then
performed to support the results obtained. OPE3 derivatives were chosen as they are
synthetically-versatile, highly-conjugated, robust molecules and they have been widely
studied in molecular electronics [221, 222]. OPE3 systems, in particular, can be conve-
niently assembled and measured in metal-molecule-metal junctions[189, 223, 224]. The
wide agreement between conductance data obtained for OPE3 junctions in different re-
search groups, makes this an excellent candidate for a systematic study on the influence
of side and end-groups. We chose the very stable dihydrobenzo[b]thiophene (DHBT)
anchor as this group is known to bind efficiently to metal electrodes, with high junction
formation probability [68, 225, 226],and without the problems associated with thiol an-
chors, such as oxidation and formation of metal-thiolate clusters [227]. We demonstrate
that these molecules possess the highly versatile structural features that are required
for thermal conductance studies.
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4.2.3 Experimental
Synthesis and characterisation of the molecules

Reagents were purchased commercially and used as received unless otherwise stated.
THF was dried using an Innovative Technology solvent purification system and stored
in ampoules under argon. Thin-layer chromatography (TLC) analysis was carried out
using Merck silica gel 60 F254TLC plates and spots were visualised using a UV lamp
emitting at 365 or 254 nm. Column chromatography was performed using silica gel 60A
(40-63 µm) purchased from Fluorochem. 1H and 13C NMR spectroscopy was carried
out on a Bruker AV400 NMR spectrometer. For 1H NMR spectra, chemical shifts are
reported relative to the residual solvent peak (7.26 ppm for CHCl3) and for 13C NMR
spectra, chemical shifts are reported relative to the solvent peak (77.16 ppm for CDCl3).
All NMR spectra were processed using MestReNova V12. ASAP mass spectrometry was
carried out using an LCT Premier XE mass spectrometer (Waters Ltd, UK) using TOF
detection. X-ray single crystal data were collected on a Bruker 3-circle D8 Venture
diffractometer with a Photon100 CMOS detector, using Mo-Kα radiation (λ = 0.71073
Å) from a I µS-microsource with focusing mirrors. The crystals were cooled with a
Cryostream (Oxford Cryosystems) open-flow N2 cryostat. UV-Vis absorption spectra
were obtained using a Thermo Scientific Evolution 220 spectr-photometer. 4-Acetynyl-
dihydrobenzo[b]thiophene was prepared according to the procedure described previously
[68]. 2,5-dimethoxy-1,4-diiodobenzene and 9,10-diiodoanthracene were obtained starting
from p-methoxyanisole and anthracene using known methods [228, 229]. Detailed ex-
perimental procedures for the preparation of the compounds and their characterisation
data are provided in the ESI.

STM-BJ experiments

Gold tips were prepared by electrochemical etching of gold wires with a diameter of
0.25 mm with 99.99+% purity (GoodFellow) in CaCl2, using the procedure reported
by Boyle et al. [183]. A typical tip radius obtained with this etching procedure is 50-
100 nm. The counter-electrode consists of a 5 × 5 × 1 mm chip of silicon, whose top
surface has been fully covered with pure sputtered gold. After fabrication, to eventually
remove contaminants and recover a fresh gold surface, prior to use, every chip is cleaned
either via flame-annealing or with a combination of Oxygen Plasma + Ion Milling. After
cleaning the gold substrate, it was then immersed in the solution of the target molecules.
Three different solutions were prepared with a concentration c = 0.25 mM to 0.3 mM
in a mixture of dichloromethane (DCM) and ethanol (EtOH), 1 : 1 v/v ratio. Samples
were immersed for 5 min and then rinsed for 1 min in a fresh mixture of DCM and
ethanol. Immediately after rinsing, samples were carefully dried under N2 flow in a
chemical fume hood. To combine electrical and thermoelectrical measurements the tip
of the STM was equipped with two platinum resistors, one acting as heating element
and the other acting as a thermometer. The temperature of the system was maintained
at the desired value using a temperature controller (Meerstetter TEC 10-91) with an
accuracy and stability better than 0.01°C. All the measurements were performed in
vacuum (∼ 1 × 10−7 mbar) and at room temperature (22°C) with a custom-built STM,
located in a low-noise laboratory [151].
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Theoretical calculations

Binding energies of OPE3-Ph on Au(111) were computed using Density Functional The-
ory (DFT) as implemented in the plane wave code Quantum ESPRESSO [230, 231]. We
used the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [232]and PAW
pseudopotentials from the pslibrary 1.0.0. [233]. Energy cutoffs of 70 Ry and 280 Ry
were used for the plane wave expansion of wave functions and electron density, respec-
tively. A 4-layer slab model of the (5 × 6) surface supercell of Au(111) was relaxed at
the Γ point with a convergence criterion of 0.001 a.u. for the forces. The two topmost
layers were allowed to move and a vacuum thickness of about 20 Å was applied in the
dimension orthogonal to the surface to avoid artificial interactions. The same settings
were applied to model the adsorption of OPE3-Ph on the surface. Binding energies Eads

were finally computed as Eads = Ecmp − Emol − EAu(111), where Ecmp denotes the total
energy of the OPE3-Ph-Au(111) complex, Emol the total energy of OPE3-Ph relaxed
in the gas phase (modelled in the same simulation cell as the complex), and EAu(111)
the total energy of the relaxed surface. Electronic transport properties of the OPE3
derivatives were computed using Non-Equilibrium Green’s Function Theory based on
the Density Functional Based Tight-Binding Method (DFTB) [234–236] as implemented
in DFTB+ version 19.1[237]. DFTB is an approximate DFT method with an appealing
cost/accuracy ratio and has been successfully used in a variety of applications in the
field of molecular electronics [238–240]. Here we employed the auorg-0-1 Slater-Koster
set [241, 242] with orbital dependent Hubbard parameters and used a periodic setup,
where the device is replicated perpendicular to the transport direction along the surface.
This entails a solution of the Poisson equation under periodic boundary conditions to
obtain the charge density in the device region. The actual device model was created
in several steps. We first optimised the target molecule attached to two Au20 clusters
in the gas phase using the atomic orbital NWCHEM code [243]. The calculations were
performed with the PBE functional and a 6-31G* basis set for C, H, S and a lanl2dz_ecp
basis set and corresponding core potentials for Au. The defaults for energy and force
convergence were kept. With the help of the simulation environment ASE,[244] the
Au20-molecule-Au20 complex was then embedded between two identical Au(111) sur-
faces, each containing three atomic layers with 30 atoms per layer, to form a full device
as shown later in the manuscript in the theory section. Note that in this process the
Au-S-C binding angles (found in the gas-phase relaxations) were conserved, such that
the molecular tilting with respect to the surface was correctly captured. This device
was then coupled to gold electrodes, consisting of three additional gold layers that were
periodically replicated in the transport direction.

4.2.4 Results and Discussion
The new OPE3 molecules bearing the DHBT anchoring group were synthesised by react-
ing a corresponding diiodo-aryl derivative with a small excess of 4-acetynyl-benzo[b]thiophene
in a two-fold Sonogashira cross-coupling reaction conditions (Fig. 4.5). Starting from
1,4-diiodobenzene, 2,5-dimethoxy-1,4-iodobenzene and 9,10-diiodoanthracene, OPE3-
Ph, OPE3-Ph (OMe)2 and OPE3-An were respectively obtained in about 50% yield.
After purification by column chromatography, the compounds were fully characterised
by 1H and 13C NMR spectroscopy and high-resolution mass spectrometry (HRMS)
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(as shown in the ESI). The presence of the DHBT anchoring group in the molecules
was notably confirmed by the observation of symmetrical signals in the 7.59-7.18 ppm
and 3.44-3.27 ppm windows in the 1H NMR spectra, corresponding to the aromatic
and CH2 protons, respectively [68].Single crystals suitable for X-ray diffraction analysis
were obtained for OPE3-Ph and OPE3-An by slow exchange of methanol and hexane
vapours respectively into a CH2Cl2 solution of the compounds. OPE3-Ph lies at a crys-
tallographic inversion centre. Thus, arene ring A and its axis X are parallel to their
equivalents (A’ and X’), while inclined to the central ring (Ph) by 18.7° and 10.7° re-
spectively (Fig. 4.6a). OPE3-An has no crystallographic symmetry. Rings A1 and
A2 are inclined to the planar anthracene moiety (An) by 26.9° and 38.4°, respectively,
their axes X1 and X2 by 3.3° and 19.5°. The A1/A2 dihedral angle is 21.7°, the X1/X2
angle 22.9° (Fig. 4.6b). In both molecules, the heterocycles adopt envelope conforma-
tions, with the CH2 group adjacent to the S atom, tilting out of this (and the fused
arene) ring plane. In OPE3-An, both heterocycles are disordered between two envelope
conformations with opposite tilt, in 4:1 and 10:1 ratios. Overall, the OPE3 backbone
is essentially planar in each case, suggesting a good π-electron delocalisation in these
molecules. Moreover, a highly organised extended network was observed in the case of
OPE3-Ph. The molecules stack together and arrange in a 2D fashion, resembling what
could be expected for a self-assembled monolayer (SAM) on a surface. In contrast, a
dimeric arrangement, rather than continuous stacks, was observed for OPE3-An (see
ESI for figures).

Figure 4.6 X-ray molecular structures. (a)
Projection on the central phenylene plane
(Ph) of OPE3-Ph, inversion-related entities
are primed, thermal ellipsoids are drawn at
50% probability level and (b) major con-
former of OPE3-An, projection on the an-
thracene (An) plane, and side-view showing
the disorder (H atoms omitted).

The electrical conductance and See-
beck coefficient for the three synthesised
molecules have been measured via STM
Break Junction techniques. The experi-
mental setup is represented schematically
in Fig. 4.7a. The chips were coated
with the material following the proce-
dure described in the Experimental sec-
tion. Applying the two cleaning meth-
ods (flame annealing or oxygen plasma +
ion milling) resulted in comparable, high-
quality histograms without obvious signs
of contamination, such as seen sometimes
at intermediate conductance. The ex-
periment is based on a modified version
of the STM-Break Junction technique,
where the current between the two elec-
trodes is recorded as a function of the sep-
aration distance, at different temperature
difference between the electrodes.

A typical experiment runs as follows.
First, the temperature bias between the
two electrodes is set using the resistive
elements present in the tip holder. The

substrate is maintained at room temperature, while the overall temperature difference,
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Figure 4.7 (a) STM break junction setup for the electric and thermoelectric character-
ization of single molecules; (b) typical example of opening trace: I(t) and Vbias(t) for a
single-molecule junction.

∆T, ranges from room temperature up to 60 K. The temperatures in the setup are then
allowed to settle to a steady state for more than 1 h at each temperature, before starting
a new measurement. After the thermal equilibrium has been reached, the tip is moved
closer to the gold substrate where molecules have been deposited (closing trace) with
a speed of 5 nm/s. Then, after a good electrical contact has been established (>5 G0,
where G0 denotes the electrical conductance quantum), the two electrodes are slowly
moved apart (opening trace), at speeds of 3 nm/s. For the sake of simplicity, we will con-
sider only the closing traces, since statistically they show a larger number of molecules
trapped in the junction. During the trace the current is measured at constant bias of
∆V = 9 mV. This is a value over the junction plus a series resistance, that is added
in front of the current-to-voltage converter to prevent it from saturation. In fact, the
resistance of the junction usually varies from few ohms ∼ Ω, when the two electrodes
are in contact, to ∼GΩ, when the electrodes are separated by a single molecule. A
typical trace is shown in Fig. 4.7b. Three different regions can be distinguished: (I) At
low resistance (1 to 10 G0), the conductance is dominated through a metal junction be-
tween the gold electrodes (Au-Au). During the thinning down of the Au-Au junction (I),
the electrical conductance and consequently the current decreases in a step-like fashion,
because of the quantized availability of electron channels in 1D systems. In this frame-
work, the last few channels correspond to the last atoms bridging the contact, down to
a single atom, immediately before the rupture [22]. (II) After breaking the metal junc-
tion, some opening traces also show a second regime (II), where the electrical current
exhibits a plateau with a constant value of current (and therefore a constant value of
conductance), implying the formation of a molecular junction (Au-molecule-Au). Since
for the OPE3 derivatives, the molecular plateau has been theoretically predicted to
have a conductance around 1 × 10−4 G0, as confirmed by the conductance histograms,
we define a molecular region as the interval of conductance between 1 × 10−3 G0 and
1 × 10−5 G0. In this region the speed of the piezo-scanner is lowered to 1 nm/s. (III)
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Figure 4.8 (Break-junction conductance histograms (a, d, and g) with a logarithmic
color bar (log(counts)), 1D single-molecule conductance traces obtained as a function of
the temperature (b, e and h) and Seebeck voltage vs. ∆T graphs (c, f and i) respectively,
obtained for OPE3-Ph, OPE3-Ph(OMe)2 and OPE3-An.

After the molecular junction is broken, a much smaller tunnelling current is measured
(Au-tunnelling-Au) and the current signal falls into the noise level of the setup. To
measure the Seebeck coefficient, we proceeded as follows. When a molecular plateau is
found within the molecular region, the following steps were performed while continuing
to retract the tip (i) The conductance Gbefore of the first 50 points of the plateau is
analysed. If the conductance value stays between set thresholds (1 × 10−3 G0 - 1 × 10−5

G0), then it is assumed a molecular junction is still present; (ii) Then, the bias is turned
off for a window of 80 data-points, and the thermoelectrical current ISeeb is measured;
(iii) Subsequently, the bias is restored and the conductance Gafter of the following 50
data-points is compared to the value before the switching. If both values of conductance,
before and after the bias switching, are found to be within the bounds of the molecular
region and Gafter = Gbefore ± 20%, the switching is repeated until the conditions of
Gbefore, Gafter are not fulfilled anymore. This technique enables the determination of
the electrical conductance and thermoelectric current within one single measurement,
and therefore for the simultaneous determination of Gel and S for each molecule. Fig.
4.8 shows the results for the series of three OPE3 derivatives.
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The first column shows the 2-dimensional histograms for the electrical conductance at
room temperature for the different molecules. The colour bar gives the number of counts
in a logarithmic scale. The second column compares the 1-dimensional conductance
histograms, obtained during the Seebeck measurements, for four different temperature
gradients applied to the junction. Here the maximum of each distribution represents
the most probable value of the electrical conductance, during the bias switching, at each
given ∆T.In the third column the Seebeck voltage is plotted for different value of ∆T.
The thermovoltage is calculated from the measured thermocurrent using the following
equation:

∆VSeebeck = IVbias

Gavg
= S∆T (4.2)

where Gavg is the average between Gbefore and Gafter. The slope of the line fitting
the data-points, represents the experimental Seebeck coefficient. Every data-point has
been obtained as the average of at least ∼500 measurements and the error bar of each
point indicates the width of the relative distributions. Note, that the measurement noise
is smaller than the width of the distribution, which is expected to arise due to varia-
tions of the atomic configurations during the experiments. The experiments probe many
configurations and are performed on different areas of the sample. The mean value is
a measure of the most frequent, and thereby expected to be the most likely, molecular
configuration. The measurements are typically repeatable for up to one week, by when
signs of degradation are observed, which we assign to oxidation of the molecules. How-
ever, the systematic unknown parameters in the experimental configuration add to the
difficulties of comparing experimental data with theoretical predictions. For example, in
these experiments the Seebeck voltage distribution is large, implying that the chemical
potential could be substantially varied among the many different configurations that
are probed. All the molecules show a negative Seebeck coefficient, indicating LUMO-
dominated conductance. Also, the introduction of the side-groups in OPE3-Ph(OMe)2
and OPE3-An slightly decreased the absolute value of the Seebeck coefficient compared
to OPE3-Ph, while the overall electrical properties were not greatly affected. As a
side-remark, for OPE3-An a higher thermal stability is observed, that allowed a dou-
bling of the temperature difference range compared to the other molecules (Fig. 4.8h
and i). The mechanical arrangement of a molecular junction can be thermally unstable,
which is visible at higher temperatures through a reduced yield of measuring a molecular
plateau in individual opening traces. Such thermal instability of the junction will leave
the molecule intact and is different from thermal decomposition of the molecules, which
is found to be higher than 250°C in measurements of the molecular crystals. To support
the experimental results, first principles calculations were performed as detailed in the
method section. The metal-molecule binding configuration is not directly accessible in
the measurements and will also strongly depend on the electrode distance. We therefore
investigated the binding of OPE3-Ph to ideal gold surfaces without adatoms and defects.
This allows us to get a first impression of the relevant binding motifs that should also
be of relevance for the rough surfaces in break junctions. Geometry relaxations have
been performed for OPE-Ph attached to the Au(111) surface using periodic plane wave
DFT calculations. The sulfur atom of the DHBT anchoring group was positioned at the
top, bridge, fcc and hcp positions of the surface. Configurations that differ by rotations
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Figure 4.9 Optimal binding configurations of OPE3-Ph on Au(111) from periodic DFT
simulations. (a)-(c) Side views for top, bridge and fcc initial structures, (d)–(f) same
structures viewed from the top (darker colour of Au atoms indicates larger distance to
the surface). Bond angles are shown for covalently bonded configurations.

of the molecular backbone around the surface normal have not been considered. This
task remains for a later and more complete study. The size of the periodic unit cell was
chosen such that the distance between molecular images is around 9 Å, so that a low
surface coverage is effectively simulated.

As shown in Fig. 4.9 the most stable binding configuration is the top position with
an Au-S bond length of 2.55 Å. The bonding angles indicate a pyramidalisation of
sulfur, consistent with a dative bond where one of the S lone pairs interacts with Au
d-orbitals. We also found stable conformations in which the OPE3 backbone is oriented
perpendicular to the surface (see ESI). These are 1.1-1.4 eV higher in energy than
the tilted conformers and will not be discussed in detail. The adsorption energy of
Eads = −0.51 eV for the most stable conformer shows that the DHBT group provides
an effective anchor. Moreno-Garcia and coworkers [68] investigated the binding energy
of several aurophilic functional groups. Specifically, they looked at cyano (CN), amino
(NH2), thiol (SH), 4-pyridyl (PY) and the present DHBT and found the energetical
ordering NH2 < DHBT ≈ CN ≈ PY < SH, where NH2 denotes the least stable anchor
group. Although the OPE3 molecular wire was coupled to an Au pyramid in the Moreno-
Garcia study, the reported binding energy of Eads = −0.41 eV is close to our result for
the top position. Considering the other configurations in Fig. 4.9, we find that binding
at hollow sites of the Au(111) surface is not likely: the hcp starting structure relaxes
into a top configuration (and is therefore not shown), while the fcc structure shows a
low adsorption energy of Eads = −0.16 eV and a very long Au-S distance of 3.45 Å.
Optimisation of the bridge configuration leads to a structure where the DHBT sulfur
is nearly at a top position. In summary, we find very little conformational flexibility.
In contrast to the more common thiol anchor groups, DHBT features a sulfur lone pair
with fixed orientation with respect to the molecular plane, and this reduces the available
conformational space. As also proposed in other studies [64, 245] this feature might
explain the rather narrow conductance histograms seen above. Next, we investigated
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Figure 4.10 Device geometry for DFTB transport simulations. Shown is OPE3-
Ph(OMe)2 connected to semi-infinite gold leads.

the transport properties of the various OPE3 derivatives by means of Non-Equilibrium
Green’s Function theory. Molecular Green’s function, molecule-surface coupling and
surface Green’s function are all evaluated at the DFTB level, which is an approximate
and numerically efficient DFT method. Similar to previous studies [68], the electrodes
are modelled as multiple layers of the Au(111) surface connected to Au20 clusters that
are finally attached to the anchor groups (Fig. 4.10).

As detailed in the ESI, binding to the surface leaves the OPE3 backbone largely
unchanged with respect to the experimentally determined X-ray crystal structure. The
calculations provide the energy dependent transmission function t(E), which is directly
related to the electrical conductance G : G = t(EF ) × G0, where EF denotes the
Fermi energy of the junction and G0 is the quantum of conductance [63]. As Fig. 4.11
shows, the side groups at the central OPE3 ring have an important effect on the HOMO
energy. The electron-donating OMe groups in OPE3-Ph(OMe)2 lead to an upward shift
of approximately 0.15 eV, while the extension of the π-system in OPE3-An has an even
stronger effect with a shift of 0.75 eV with respect to OPE3-Ph. The LUMO energies
exhibit a much weaker variation. Since conduction at low bias occurs through the tails
of the frontier orbital that is situated closer to EF , the small differences in conductance
found for both experiment and theory (see Table 4.1) become understandable. While the
LUMO transmission for OPE3-An reaches the maximal value of 1.0 (indicating perfect
transmission), both OPE3-Ph(OMe)2 and OPE3-Ph show reduced values below 0.04.
This could be related to an asymmetric coupling to the left and right contacts, but since
our models are symmetric, we attribute this fact to partial destructive interference of
transmission paths through energetically close lying molecular orbitals. Similarly, the
dip in transmission just below EF could be of similar nature. The computed transmission
can also be used to estimate the temperature dependent Seebeck coefficients S(T) for
the OPE3 derivatives:

S = −
π2κ2

bT t′(EF )
3e t(EF ) (4.3)

The theoretical values obtained are reported in Table 4.1 and compared to the mea-
sured values. As mentioned above, the experimentally measured negative values for S
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Figure 4.11 DFTB transmission function t(E) for three OPE3 derivatives. For illustra-
tive purposes the HOMO and LUMO energies of the isolated molecules in the gas phase
are given at the top of the figure. To account for the Fermi level alignment upon contact
formation, the gas phase energies have been shifted by ∆ = Md–Mg, where Md and Mg
denote the HOMO/LUMO mid gap energies for the device and gas phase, respectively.
We obtain ∆OPE3-Ph = -1.45 eV, ∆OPE3-Ph(OMe)2 = -1.44 eV and ∆OPE3-An =
-1.00 eV. The sign of these shifts is consistent with a charge transfer of electrons from
the molecule to the electrode through formation of dative bonds.

Gexp Gtheo Sexp Stheo

[G0] [G0] [µVK−1] [µVK−1]

OPE3-Ph 0.92 × 10−4 1.60 × 10−4 -11.4±0.5 -25.6

OPE3-
Ph(OMe)2

2.03 × 10−4 3.86 × 10−4 -7.9±1.3 -27.0

OPE3-An 1.82 × 10−4 3.642 × 10−4 -8.7±1.6 -37.1

Table 4.1 Experimental and theoretical values for the conductance G and Seebeck
coefficients S at room temperature (T=295 K) for different OPE3 derivatives obtained
in this study. For each molecule, Gexp is the peak-value of the distribution used to build
the 2D histogram (first column of Fig. 4.8). From the experimental value of S, the
contribution of the copper leads (1.8 µVK−1) was subtracted (see ESI)
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indicate a LUMO based transport mechanism, which is in agreement with the theoret-
ical findings. Additional exploratory calculations for different plausible metal-molecule
binding scenarios indicate that the Fermi level positioning is influenced by sulfur pyra-
midalisation and the bonding to undercoordinated Au atoms (see ESI), both factors
favouring a negative Seebeck coefficient. In general, rather small variations for the
different OPE3 derivatives are observed. Experimentally, OPE3-Ph has the largest con-
ductance and the largest (in absolute value) Seebeck coefficient. Since the transmission
derivative is usually dominating over the transmission in the denominator of Eq.(4.3),
this is consistent with a LUMO position of OPE3-Ph that is slightly closer to EF than
for OPE3-Ph(OMe)2 or OPE3-An. The theoretical simulations do not reproduce these
subtle differences for the investigated junction models and generally overestimate the
Seebeck coefficients. To a certain extent this might be related to known difficulties of
DFT and DFTB to accurately predict the transport gap and level alignment [246, 247].In
addition, it would be desirable to sample a larger space of metal-molecule geometries to
approach the experimental conditions, but already at this stage, the theoretical simula-
tions confirm the main transport mechanism and small variability in the thermopower.
In this context, we mention a recent review that highlights challenges in theory and
experiment as well as the currently achievable agreement between the two [248].

4.2.5 Conclusion

Understanding and mastering the interplay of charge and heat transport in single-
molecule junctions is of crucial importance for the development of modern molecular
electronics technologies. From this perspective we have synthesised three new OPE3
derivatives possessing DHBT anchoring groups and different core units, and measured
their single-molecule conductance and Seebeck coefficient by STM-BJ experiments us-
ing a custom-built temperature sensitive setup. The lateral substituents on the central
ring have a negligible effect on the transport properties. The Seebeck coefficient was
found to vary between -7.9 and -11.4 µV K−1 and the negative sign is consistent with
charge transport through the LUMO levels of the molecules. Thermoelectric transport
through OPE3-backbone can be maintained despite the introduction of anchor points
for side-group chemistry, and shows values in good consensus with the ones reported
in literature for different anchoring groups [154, 249]. The results obtained from de-
tailed simulations based on density functional theory were in good agreement with the
experimental data. Both experimental and theoretical results suggest that the sulfur
atom of the DHBT anchoring group coordinates to the electrode gold atoms in a very
particular fashion. We conclude that the sharp break-junction histograms obtained in
STM-BJ experiments and the very specific transmission function calculated for these
molecules originate from that binding specificity. The molecules presented here are
ideal candidates for nanoscale thermal conductivity studies. In the future, new lateral
substituents on the OPE3 backbone will be implemented to influence the electrical con-
ductance, the Seebeck coefficient and/or the thermal conductivity, and to enhance the
overall thermoelectric efficiency in molecular junctions. On the theoretical side, future
improvements are expected by enhanced conformational sampling as well as a more
accurate determination of the transport gap at the DFTB level [246, 250].
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4.3 Complete thermoelectric characterization of
OPE3-Anthracene

Given the proven ability of the system to measure the electrical, thermal and thermoelec-
tric properties of a single molecule, we carried out a full thermoelectric characterization
of a single oligo(phenyleneethynylene)derivative with 9,10-anthracenyl group as core
substituent (OPE3-An). By combining the measured electrical conductance (Gel), ther-
mal conductance (Gth) and the Seebeck coefficient (S), in fact, it is possible to obtain
the experimental thermoelectric figure-of-merit, i.e.:

ZT = S2 · Gel

Gth
(4.4)

The figure of merit describes how a system is close to the theoretical maximum effi-
ciency represented by a Carnot machine working between the same temperature differ-
ence. The optimum condition for maximum efficiency in indeed [251]:

ηmax = TH − TC

TH
·

√
1 + ZT − 1

√
1 + ZT + TC

TH

(4.5)

where TH and TC are the hot- and cold-side temperatures, respectively. The ther-
moelectric conversion efficiency in 4.5 is the product of the Carnot efficiency ( TH −TC

TH
)

and a reduction factor as a function of the material’s figure of merit ZT, taken at
T = Tavg = Tamb + ∆T

2 , where ∆T = TH − TC

Figure 4.12 Experimental thermoelectric value for a single OPE3-An obtained at room
temperature. (a) Electrical conductance Gel. (b) Thermal conductance Gth, measured
at room temperature with ∆T = 20 K. (c) Seebeck coefficient (also called thermopower).

Figure 4.12 shows, together with [252], the first ever complete measurement of the
thermoelectric figure-of-merit for a single molecule. Break junction traces in the his-
tograms have been aligned at the rupture point of the molecular plateau, in order to
extract the thermal conductance of the single molecule as explained in Sec. 3.1.2.

Compared to [252] results here are obtained at room temperature. By feeding the
measured experimental values into equation 4.5, we get:

ZT ≃ 1 × 10−5 (4.6)
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that still falls short for what is actually needed to realize a viable molecular thermo-
electric converter (compare [253, 254]). However, this result shows the capability of
our method to characterize new chemically-engineered organic materials at the single
molecule level, opening up the possibility for chemists to perform data-driven synthesis
of new materials based on experimental evidence.
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analysis of single molecules

In this chapter, we present the use of new machine learning tools for the analysis of the
thermoelectric properties of four selected molecules. The clustering algorithm employed
in this study, was conceived by Dr. Mickael Perrin at EMPA, Dübendorf. Results
have been obtained in collaboration with the MSc. student Elisa-Vidal Revel, from
EPFL, during her master thesis project at IBM, under my supervision and of Dr. Bernd
Gotsmann.

5.1 Clustering tool
5.1.1 Motivation
The 1D and 2D conductance histograms seen so far in chapters Ch. 3.6 and Ch. 4 are
usually straightforward to interpret: a high conductance metallic contact, a tunnelling
part and a molecular plateau. But this is not always the case. Depending on the kind
of molecule, histograms can look like the ones in Fig. 5.1. In fact, some molecules are
prone to stick together and form clusters of different conductance, they can move inside
the junction adopting different configurations and leave solvent residues during their
deposition. However, most of the times, a molecular footprint is hidden inside those
dirty histograms. To just not throw away the entire dataset, traces containing apparent
artefacts or with no molecular footprint are discarded from the dataset, which is then
further analysed. The standard method to do this selection is, in our case, to embed
in a MATLAB script filters that discard traces that don’t show enough datapoints in
a certain range of conductance where the molecular plateau is expected to be present
(tunnelling traces), or without a clear breaking of the junction (dirty traces) or traces
that show plateaus longer than at least 4x the length of the molecule (long traces). This
will be referred as standard method for the rest of this chapter. Figure 5.2 shows, as an
example, the histograms obtained after selecting only traces that contains enough points
in the molecular range [1 × 10−5 , 8 × 10−4]G0 and eliminating the ones that present
excessive long plateaus (>4 nm). Under those conditions, a clear molecular peak appears
on the 1D histogram, together with a plateau on the 2D histogram (respectively figure
5.2 a) and b). However, this method, although effective, is not general and it needs an a
priori knowledge of the molecular region. Additionally, different behaviours of the traces
can be hidden inside a single peak/plateau, corresponding to different configurations of
the molecule inside the junction. For these reasons, the implementation of a machine
learning tool (clustering method) to analyse the conductance traces would be of great
advantage: trace-selection would require less a priori knowledge and the tool will help
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a) b)
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Figure 5.1 Example of 1D and 2D histograms for the OPE3-dimer-C10 obtained from an
entire raw dataset with no trace selection. 1D histogram built from 10000 breaking traces
a) and relative 2D histogram b). The black circles indicate the molecular footprint.
Traces were recorded in vacuum, using two gold electrodes.

a) b)

Figure 5.2 Histograms built from Fig. 5.1 after eliminating spurious traces. a) 1D
histograms built on 800 traces out of 10000. b) relative 2D histogram.
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highlighting the different behaviours of molecular junctions. During this work, however,
some previous knowledge about the value of conductance plateaus was still used. In
fact, differently from the study this work is based on [255], we couldn’t test different
cross-validation indexes for assessing the suitability of the number of clusters used by
the machine learning algorithm, but we flanked the Davies-Bouldin validation criterion,
explained in the next section, by visual inspection and compared the results with the
ones obtained through a our standard analysis method.

5.1.2 Clustering principles
Today, machine learning techniques and artificial intelligence are changing the way to
process data and information coming from many different fields, from health care [256]
to automotive [257], from pharmaceuticals [258] to information technology [259]. They
can be used for several task including image and speech recognition, text understanding
and autonomous driving [257, 260–265]. Their success is based on the ability to recog-
nize patterns thanks to previous training/experience (supervised techniques) or without
any prior knowledge of the system (unsupervised techniques). Clustering is part of the
second category, i.e. a technique able to gather similar data together, without super-
vision and so effectively reducing issues linked to conformation bias. By clustering, it
is possible to highlight features that usually are hidden among big datasets, which be-
come apparent once only a sub-population is considered. The attribution of particular
physical phenomena to the traces contained in a specific cluster, however, still requires
a detailed understanding of the microscopic picture of the system under study.

Figure 5.3 Schematic representation of the working principle of the clustering technique
developed by Dr. Mickael Perrin [266] to perform clustering on univariate data. Image
from [255].

There are multiple ways to cluster data and a lot of different algorithms exist, based
on different principles. Our study is based on the work of Dr. Mickael Perrin Benchmark
and application of unsupervised classification approaches for univariate data, and on its
clustering tool [255, 266]. A schematic representation of the working principle of Perrin’s
code is given in Fig. 5.3. Briefly, before applying the clustering algorithm, a feature
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space is created starting from the raw data. Starting from a dataset consisting of N
univariate and discrete measurement curves fi(x), with i ∈ [1, N ], each measurement
is transformed into an M-dimensional feature vector fi(xm), m ∈ [1, M ], generating a
feature space comprising M × N data points. In case the feature space is too large, a
dimensionality reduction technique is used to avoid the so called curse of dimensionality
[267]. Then, the clustering algorithm is finally applied to the feature space for a different
range of clusters. The most suitable number of clusters for the given algorithm is then
selected by means of clustering validation indices, as explained in [255]. In this study,
all the algorithms proposed by Dr. Perrin were tested on several real datasets, with the
number of clusters ranging from 2 to 10, when the whole feature space was taken into
consideration, and extended to 15 when the feature space was restricted to a region-of-
interest (ROI) of G < 1 × 10−3 G0. The suitability of the number of clusters has been
checked by visual inspection and by means of the MATLAB built-in Davies-Bouldin
evaluation criterion. The criterion is based on an evaluation index called Davies-Bouldin
index, whose minimization indicates the optimal number of natural partitions for a given
datasets. The index does not depend on either the method used for the partition of the
data, nor the number of clusters analysed, and thus it can be used to guide a cluster
seeking algorithm [268]. An example is shown in Figure 5.4 for the analysis of the
OPE3-tetramethyl molecule.

Figure 5.4 Results of the Davies-Bouldin criterion applied to the feature space built
with the 28×28+T −SNE method to check the suitability of the number of clusters for
the analysis of an OPE3-tetramethyl molecule with the clustering method developed by
Perrin. The black arrow indicates the minimum of the Davies-Bouldin index, occurring
for 9 clusters.

In order to have consistency throughout this work, the 28×28 + T-SNE feature space
method, and the OPTICS algorithm for data clustering were selected among the best
methods cited in [255]. For more details about all the other feature space methods, the
different possible validation indices (∼ 30) and the several clustering algorithms included
in Perrin’s code, please refer to the reference [255]. Here, a preliminary beta-version of
the aforesaid code was used by Elisa Vidal-Revel during her Master thesis project, under
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the supervision of Dr. Gotsmann and me, to perform the clustering analysis of some
selected molecular data. A MATLAB GUI of the code is shown in figure 5.5, while
results are discussed in the following section. We note that this work doesn’t aim to
validate and benchmark different algorithms for molecular data clustering, as in [255],
but it wants to offer a two-folded perspective on previously measured conductance traces,
where the typical standard method for data analysis is flanked by a clustering tool to
possibly get new insights on the electrical and thermoelectric properties of some selected
molecules.

Figure 5.5 Screenshot of the GUI developed by Dr. Mickael Perrrin [255, 266] to
perform clustering on univariate data

5.2 Results
Along this study, the electrical and thermoelectric properties of four different molecules,
three derivatives of oligo-phenyleneethynylene(OPE3) and one based on the paracyclo-
phane (pcp) compound, are investigated at the single molecule level. All the molecules
posses interesting features from a technological point of view. The first three molecules
are OPE3-derivatives, i.e. molecules derived from the same pristine OPE3, but featuring
different side groups attached to the central molecular backbone as a strategy to both
enhance cross-linkability and thermoelectric performance. The para-pcp3 molecule, in-
stead, features a mechanosenstive π−stack at its core, that could allow for the decrease
of phononic thermal transport along the molecule, hence increasing its thermoelectric
performance. The results are analysed both with a MATLAB script (standard method)
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and with the machine learning tools developed by Dr. Perrin (clustering method).

5.2.1 OPE3-tetramethyl
The first studied molecule is the OPE3-tetramethyl (OPE3-4Met), synthesized by Dr.
Dekkiche in the group of Prof. Bryce at Durham University. Figure 5.6 shows the
structural formula of the molecule.

Figure 5.6 Structural formula for the OPE3-Tetramethyl molecule with thiophene
ending groups.

Compared to the standard OPE3, the OPE3-4Met presents four -methyl groups added
to the central ring of the backbone.

Sample preparation. The sample was prepared as described in section 3.5, by im-
mersing the device in a molecular solution with a concentration of 0.3 mM/L for 30
min, rinsed in the same solvent, for 1 min, to wash away eventual residues, and then
blow-dried under nitrogen flow.

Conductance measurement. To compute the conductance of the OPE3-4Met, 10000
breaking traces were recorded using a constant bias of 90 mV over a 100 kΩ series resis-
tor, and a gain of 1 × 107 V/A. Figure 5.7 shows the results obtained with the standard
approach. Out of 10000 traces, 800 were actually selected containing a molecular sig-
nature. Two different molecular conductance plateaus are visible. The first one is a
plateau with high molecular conductance Ghigh = (1.3±0.8) ·10−4 G0, while the second
one has a lower conductance of Glow = (3.5 ± 2.5) · 10−6 G0.

The same dataset was further investigated with the clustering method. In Fig 5.8
it is possible to observe three different representative clusters obtained from the same
measurement. The first cluster is shown in Fig 5.8a) containing a large amount of
tunnelling traces (i.e. no molecular signature). The other clusters, not presented in
5.8, show also different variations of tunnelling traces but with a reduced statistics.
In Fig 5.8b) instead, the low conductance plateau is presented, while c) displays the
high conductance plateau. To analyse in a more quantitative way the level of the low
conductance plateau, the 1D histogram is presented in Fig. 5.8d). The value obtained
from the fitting curve is Glow = (4.4 ± 2.8) · 10−6 G0, close to the one attained with the
standard approach. In Fig. 5.8e) the 1D histogram of the high conductance cluster is
shown. The peak value for the cluster is Ghigh = (1.3 ± 0.5) · 10−4 G0 same as the one
from the standard approach, but with a slightly narrower distribution. Interestingly, this
value corresponds, within the distribution limits, to the one of a standard OPE3 with the
same anchoring group (see OPE3-Ph in table 4.1), suggesting that the methyl groups do
not affect substantially the electrical properties of the molecule. The interpretation of
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Figure 5.7 Results obtained with the standard analysis method for the OPE3-4Met
molecule. Both in the 2D histogram a) and in the 1D histogram b) two distinctive
molecular signatures are present. Values for the scale bar in the 2D histogram were
normalized to the maximum number of counts.

the low conductance plateau is less straightforward, given the proximity of the signal to
the noise level (∼ 1×10−6 G0). A first possible explanation is that the junction captures
two or more molecules that are stuck together through the central π − π stacking.
Tunnelling through such a stuck has a lower conductance compared to a single molecule.
A second possibility could be that at least one of the two electrodes is not connected to
the sulphur ending group, but rather to the central benzene ring. This forms a tunnelling
barrier that has a larger resistance than through the gold-sulphur bond. In this case, if
one of the electrode was attached to the central ring instead of the sulphur bond, the
connection would be weaker and the link would break sooner. However, by looking at
Fig. 5.8, it is possible to notice that the low conductance plateau is a bit longer than
the high conductance plateau, endorsing the π − π stacking hypothesis.

Seebeck measurement. The Seebeck coefficient for the OPE3-4Met has been mea-
sured using a bias voltage of 90 mV over a 100 kΩ series resistor, and a gain of 1 × 107

V/A. Following the same protocol as described in Sec. 3.1.4, the Seebeck voltage has
been recorded for ∆T = 0, 5, 15, 20 K. For each measurement the median of the Seebeck
voltage distribution is plotted versus the temperature difference, as shown in Fig. 5.9.
The Seebeck coefficient is then extracted from the linear fit of the curve, and is equal
to Sfit = −3.7 ± 0.7 µV/K. As described in Sec. 3.1.4, a correction factor that takes
into account the uncompensated thermoelectric voltage arising across the copper lead
connecting the Au-tip must be subtracted from the the fit coefficient, leading to a value
of S = −5.5 ± 0.7 µV/K.

Each datapoint in Fig. 5.9 represents the mean of the Seebeck voltage distribution
obtained at that temperature, unless otherwise stated. An example is shown in Fig.
5.10 for the OPE3-4Met at ∆T = 20 K.
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Figure 5.8 Results obtained using the clustering tool (ML method) for the conductance
of the OPE3-4Met molecule. a) 2D histogram of cluster 1 showing pure tunnelling
traces. b) 2D histogram of cluster 3 showing the low conductance molecular plateau. c)
2D histogram of cluster 9 showing the high conductance plateau. d) 1D histogram of
cluster 3 showing a peak at Glow = (4.4 ± 2.8) · 10−6 G0 and e) 1D histogram of cluster
9 showing a peak at Ghigh = (1.3 ± 0.5) · 10−4 G0. Values for the scale bar in the 2D
histogram were normalized to the maximum number of counts. Adapted from [269].

114

5



5.2 Results

Figure 5.9 Seebeck voltage versus temperature difference for four different applied
temperatures for the OPE3-4Met molecule. The coefficient from the fit is Sfit = −3.7±
0.7 µV/K.
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Figure 5.10 Seebeck voltage distribution for the setpoint ∆T = 20 K, recorded over
4000 traces. The peak is at ∆Vseeb = (−0.62 ± 0.26)mV
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The comparison between the Seebeck coefficient of the OPE3-4Met with the reference
molecule OPE3-Ph (S = −11.4 ± 0.5 µV/K, table 4.1) indicates that the addition of
methyl groups decreases roughly by two the thermopower of the molecule.

5.2.2 OPE3-dimer-C1 & OPE3-dimer-C10

The second and third molecule under study are two OPE3-derived dimers: OPE3-
dimer-C1 and OPE3-dimer-C10. The first one, depicted in Fig. 5.11 a), has only one
carbon atom connecting the two OPE3 branches, while the second one features ten
carbon atoms in the linking chain, Fig. 5.11 b). The two dimers represent a first step
towards the fabrication of engineered cross-linked molecular films, which constitute one
of the strategies envisioned by the molecular electronics community to build functional
molecular device (see Sec. 6.1 and [253]). The two molecules have been synthesized by

Figure 5.11 a) OPE3-dimer-C1 molecule featuring a single carbon atom linking the two
molecular branches. b) OPE3-dimer-C10 molecule possessing ten carbon atoms in the
linking chain. c) Basic unit for the dimers: OPE3-dimethoxy molecule with thiophene
ending groups and two methoxy groups attached to the central ring.

Dr. Herve Dekkiche and Prof. Martin Bryce, and posses the same thiophene ending
groups as the OPE3-4Met. The different length in the connecting chains make the
two dimers completely different from a mechanical point of view, with the dimer-C1
being much stiffer thanks to the shorter distance between the two branches. Besides,
each branch of the two dimers is not a standard OPE3, featuring two methoxy groups
attached to the central benzene ring. For this reason, the reference molecule in this
case will be the OPE3-dimethoxy (OPE3-Ph(OMe)2) already described in Sec. 4.2 and
visible in Fig. 5.11 c). Measurements of conductance and Seebeck coefficient for the
OPE3-Ph(OMe)2 are given in table 4.1.

Sample preparation. To study the properties of the OPE3-dimer-C1 a solution with
a concentration of 0.25 mM was prepared. Samples were immersed for 7 min in the
molecular solution and then rinsed for 2 min in pure solvent. For the OPE3-dimer-C10
instead, a solution with a concentration of 0.3 mM was used, with samples immersed
for only 2.5 min and then rinsed for 45 sec in pure solvent and finally dried.
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OPE3-dimer-C1: conductance measurement. In order to evaluate the conductance
of the OPE3-dimer-C1, 10000 breaking traces were recorded using a constant bias of 90
mV over a 100 kΩ series resistor, and a gain of 1 × 107 V/A. Results obtained with the
standard method are shown in Fig. 5.12. The 2D histogram of Fig. 5.12 a) highlights a
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Figure 5.12 Results obtained with the standard analysis method for the OPE3-dimer-
C1 molecule. Values for the scale bar in the 2D histogram were normalized to the
maximum number of counts

molecular plateau between 1 and 1.5 nm, with a conductance of G = (2.3±1.5)·10−4 G0.
By using the clustering GUI, we obtain, out of nine clusters, the 2D histogram in

Fig 5.13. An additional behaviour, previously not visible in Fig. 5.12 emerges. Hidden
among the other traces there is a plateau of ∼0.5 nm with a slope. The corresponding
1D histogram in Fig. 5.13b) points out a value for the conductance of this cluster of
G = (1.9 ± 1.2) · 10−4 G0.

The 2D histogram of Fig. 5.13 seems to contain different types of traces. To further
investigate that, a region-of-interest (ROI) of G < 1 × 10−3 was applied to the feature
space and a larger number of clusters was created. Three selected new sub-clusters, out
of fifteen, can be seen in Figure 5.14.

Cluster 4 (figure 5.14a)) features a short plateau (<0.5 nm) at 1 × 10−4 G0, with a
relative large slope and no clear breaking of the junction. The conductance reaches the
noise level after 0.75 nm. The 1D histogram indicates a peak for the conductance at
G = (1.7 ± 1.3) · 10−4 G0. Cluster number 6, figure 5.14b), exhibits a similar behaviour
but on a longer distance. The plateau extends for about 0.5 nm and then it falls
into the noise level at 1 nm. From the 1D histogram, the conductance is equal to
G = (1.9 ± 0.9) · 10−4 G0. Finally, traces in cluster 7 (figure 5.14c)) show a more
standard molecular plateau, with a clear break of the junction at ∼1 nm. The peak
conductance, as visible in the 1D histogram of Fig. 5.14c), is G = (2.5 ± 1.5) · 10−4 G0.
The value is a bit larger than the one for the reference OPE3-Ph(OMe)2, but still in the
uncertainty range.

The different conductance behaviours expressed by this molecule are not easy to
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Figure 5.13 Results for a selected cluster, out of nine, obtained using the clustering
method for the OPE3-dimer-C1 molecule. Values for the scale bar in the 2D histogram
were normalized to the maximum number of counts. Adapted from [269].
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Figure 5.14 Results obtained for the conductance of OPE3-dimer-C1 using the cluster-
ing tool as in fig. 5.13, but restricting the feature space to a ROI G < 1 × 10−3. a) 2D
and 1D histogram of cluster 4 featuring a short plateau with a slope in the conductance.
b) 2D and 1D histogram of cluster 6 featuring a longer plateau and the same type of
slope in the conductance. c) 2D and 1D histogram of cluster 7 showing a standard
molecular plateau. Values for the scale bar in the 2D histogram were normalized to the
maximum number of counts. Adapted from [269].
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interpret, due to the large uncertainties and the many configurations the two branches
can assume inside the junction. For example, due to the close distance between the two
sides of the dimer, it would be easy to imagine a configuration where the two branches are
contacted by the electrodes at the same time. This would translate into a conductance
that is double the one of a single OPE3-Ph(OMe)2. This value has not been observed
during any of the experiments, indicating that likely the two branches don’t remain
parallel inside the junction. A second imaginable configuration considers each of the
electrode attaching singularly to a different branch of the dimer. It is difficult to predict
the conductance for such a configuration, except that the value must be lower than
the OPE3-Ph(OMe)2, due to the increased path length for the charges. Additionally,
if this kind of connection occurs, pulling on different branches of the dimer can create
instabilities inside the junction, that would explain the broadening of the conductance
peak and the slope in the plateau.

OPE3-dimer-C1: Seebeck measurement. To measure the Seebeck coefficient of the
OPE3-dimer-C1, a bias voltage of 9 mV over a 100 kΩ series resistor, and a gain of 1×108

V/A has been used. The Seebeck voltage has been recorded at ∆T = 0, 2, 10, 15, 20 K.
For each temperature two measurements of 4000 traces were performed. For the two
measurements, the median of the corresponding distribution was extracted and averaged
to get a single datapoint for each ∆T . Results are plotted in Fig. 5.15.

Figure 5.15 Seebeck voltage versus temperature difference for four different applied
temperatures. The coefficient from the fit is Sfit = −4.6 ± 3.0 µV/K.

The Seebeck coefficient extracted from the fit is Sfit = −4.6 ± 3.0 µV/K. As before,
the correction factor for the copper lead has to be subtracted, giving a final Seebeck
coefficient of S = −6.4 ± 3.0 µV/K.

The dimerization of the molecule appears to affect negatively the thermoelectric per-
formance, since the Seebeck coefficient for the OPE3-dimer-C1 is lower than the one
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of the reference molecule (S = −7.9 ± 1.3 µV/K). Also, by looking at Fig. 5.16, the
Seebeck voltage as function of temperature difference does not follow exactly the linear
trend, and this is visible in the large error in the calculation of the Seebeck coefficient.
It is possible to speculate that the stiff, non-contacted, branch of the molecule dandling
aside the one being measured might have a huge impact on the junction mechanics,
yielding to a not univocal coefficient.

OPE3-dimer-C10: conductance measurement. In order to compute the conductance
of the OPE3-dimer-C10 molecule, 10000 break junction traces have been collected using
a bias of 90 mV over a 100 kΩ series resistor, and a gain of 1×107 V/A. Results obtained
with the standard method are plotted in Fig. 5.16.
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Figure 5.16 Results obtained with the standard analysis method for the OPE3-dimer-
C10 molecule. Values for the scale bar in the 2D histogram were normalized to the
maximum number of counts.

On the 2D histogram one can observe a wide molecular plateau around 1 × 10−4 G0
of about 1.5 nm. From the fit in the 1D histogram the conductance peak has a value of
G = (1.6 ± 1.2) · 10−4 G0. In figure 5.17, instead, the main cluster, out of four, obtained
with the machine learning tool is shown.

The plateau in Fig. 5.17a) now seems to contain a lot of different kind of traces, with
different length and slope. To extract more details about the different configurations
inside the plateau, a region-of-interest (ROI) of G < 1 × 10−3 G0 was selected and the
number of clusters has been increased to 15. Three non-trivial selected clusters are
shown in Figure 5.18.

Cluster 1 shows a clear molecular plateau with a length between 1.5 and 2 nm. The
value for the plateau conductance is G = (2.1 ± 1.1) · 10−4 G0. The longer molecular
plateau compared to the one of the OPE3-dimer-C1 suggests that the junction is more
stable with this dimer. On the other hand, in Fig. 5.18b) the 2D histogram shows,
similarly to the OPE3-dimer-C1 molecule, a tilted plateau that reaches the noise level
at 1.5 nm. The 1D histogram indicates a conductance of G = (1.1 ± 1.0) · 10−4 G0.
Finally, cluster 8 is observable in Fig. 5.18c). A 2D histogram featuring a tilted and
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Figure 5.17 Results for a selected cluster, out of four, obtained using the machine
learning tool for the OPE3-dimer-C10 molecule. Values for the scale bar in the 2D
histogram were normalized to the maximum number of counts. Adapted from [269].

shorter plateau breaks between 1 and 1.5 nm. Superimposed to a flat plateau, there
are some parasitic traces that the algorithm couldn’t decouple. Those traces widen the
peak in the 1D histogram, which has a peak value of G = (1.7 ± 1.8) · 10−4 G0.

Similar to the case of the OPE3-dimer-C1, cluster 1, showing a clear and stable
plateau, can be interpreted as related to a molecular configuration where one of the
OPE3-branch is firmly trapped between the two electrodes. The length of the plateau
indicates that the second OPE3-branch, now almost ten times further away compared
to the case of the OPE3-dimer-C1, has a negligible influence on the stability of the
junction.

OPE3-dimer-C10: Seebeck measurement. The coefficient for the OPE3-dimer-C10
has been measured using a bias voltage of 9 mV over a 100 kΩ series resistor, and a
gain of 1 × 108 V/A. The Seebeck voltage has been recorded for ∆T = 0, 10, 20, 30
K. Two measurements of 5000 traces were collected for each temperature and then
averaged to get a single value for each ∆T . The Seebeck result for the C10-dimer is
plotted in Figure 5.19. The value of the coefficient extracted from the fit is equal to
Sfit = −8.5 ± 1.3 µV/K. When corrected for the uncompensated copper lead it gives
S = −10.3±1.3 µV/K. This value is larger than the one of the C1-dimer and the spread
in the data is lower, suggesting once more the higher mechanical stability of the longer
C10-dimer.

5.2.3 para-pcp3
The last molecule in this study is the para- connected version of a paracyclophane
compound, para-pcp3. The structural formula of the molecule can be observed in Figure
5.20.
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Figure 5.18 Results obtained for the conductance of OPE3-dimer-C10 using the clus-
tering tool as in 5.17 but restricting the feature space to a ROI G < 1 × 10−3. a) 2D
and 1D histogram of cluster 1 featuring a long plateau and a clear break break of the
junction. b) 2D and 1D histogram of cluster 2 featuring a long plateau and at the same
time a slope in the conductance. c) 2D and 1D histogram of cluster 8 showing the
superposition of a standard molecular plateau and some spurious traces. Adapted from
[269].

Figure 5.19 Seebeck voltage versus temperature difference for the OPE3-dimer-C10
molecule for four different applied temperatures. The coefficient from the fit is Sfit =
−8.5 ± 1.3 µV/K.
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Figure 5.20 Structural formula for the para-pcp3 molecule with a π−stack in the
middle of the backbone.

The para-pcp3 consists of two branches featuring two benzene rings linked by a carbon
triple bond. The two branches are connected by the π−stacking of the two central
benzene rings. The molecule, synthesized by the group of Prof. Marcel Mayor in
Basel, possesses acethyl-protected thiol anding groups. The π−stacking configuration
is particularly interesting to study in vision of thermoelectric applications. Indeed, in
order to fabricate efficient thermoelectric devices, it is necessary to maximize the ZT
coefficient, also called thermoelectric figure of merit1:

ZT = S2GT

κ
(5.1)

where S is the Seebeck coefficient, G is the electric conductance, T the absolute tem-
perature, and κ = κe + κph is the thermal conductance with both the contribution of
electrons (κe) and phonons (κph). One way to increase ZT is to lower the thermal
conductance by reducing the phononic term κph. A study of Li et al. has shown that,
in various molecular junctions, the introduction of π−stacking bonds could results in a
significant decrease of phonon transport [270].

A second interesting aspect of the para-pcp3 molecule is its mechanosensitivity. In
fact, the strength of the π−stacking between the two stems of the molecule can be modu-
lated by applying a force on it. For this reason, the molecule and its electrical properties
have already been studied by Stefani et al. [271]. They measured a main conductance
value for the molecular plateau of G = 3.7 × 10−6 G0. They also observed oscillations
in the conductance when pulling and compressing the molecule back and forth between
the two gold electrodes of a mechanical-controllable break junction (MCBJ) setup [271].
Their observation are reported in Fig. 5.21 .

Sample preparation. Para-pcp3 samples were deposited from a solution with a con-
centration of 0.3 mM. Samples were immersed for 15 min in the molecular solution, for
1 min in the pure solvent, and then dried under the flow of a nitrogen gun.

Conductance measurement. In out study, to perform the conductance measurements
on the para-pcp3 molecule, 2 amplifiers were used in a cascade-configuration: the first
with a gain of 1×107 V/A and the second with a gain of 10. The bias voltage was equal
to 90 mV over a 100 kΩ series resistor. The measurement included over 20000 traces.
Traces showing at least 50 points in the range [1 × 10−6, 8 × 10−4] were selected to form
the histogram in Fig. 5.21. The 2D histogram (Fig. 5.21 a) ) shows a high conductance

1Here with ZT we refer to the material-ZT (also called zT). For more details about different
definitions of ZT please refer to the footnote linked to equation 3.17 or [157].
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Figure 5.21 a) Para-pcp3 molecule trapped between two gold electrodes. b) Predicted
electrical response of the para-pcp3 molecule under applied tensile/compressive stress,
obtained by DFT calculations. c) 2D histogram of the electrical conductance traces
collected using the the MCBJ technique; a single trace is depicted in black. Figures
adapted from [271].

plateau with few traces and a more crowded low conductance plateau. This behaviour is
confirmed by the 1D histogram in Fig. 5.21 b), where it is possible to observe a smaller
peak at G = (1.1 ± 1.1) · 10−4 G0 and a taller one at G = (4.7 ± 2.7) · 10−4 G0. The low
conductance peak is close to the one obtained by Stefani et al. (G = 3.7 · 10−6 G0).

The same measurement was then further analysed using the clustering method. Re-
sults are shown in Figure 5.23. In Fig. 5.23 a) , cluster 1 displays a tilted molecular
plateau until ∼0.5 nm. The conductance drops quickly from above 1 × 10−3 down to
the noise level (∼ 1 × 10−6) at ∼0.75 nm. Those traces are not pure tunnelling traces,
as highlighted by the 1D histogram showing a peak at G = (3.2 ± 2.7) · 10−4 G0. In Fig.
5.23 b), cluster 3 shows a high conductance plateau of ca. 1 nm. The conductance value
provided by the fit of the 1D histogram is G = (1.1 ± 0.7) · 10−4 G0, same as without
the clustering tool. Finally, in cluster 4 of Fig. 5.23 c) a low conductance plateau, in
the range [0.5,1.25] nm is visible. The cut-off between the molecular footprint and the
noise level is not very prominent in the 2D histogram, but a distinct peak in the 1D
histogram gives a value of conductance of G = (4.1 ± 1.7) · 10−4 G0, a bit smaller than
the one obtained with the standard analysis method, but closer to the one reported by
Stefani et al. [271].

Seebeck measurement. The Seebeck coefficient of the para-pcp3 was measured using
the same cascade amplifiers configuration as for the conductance measurements. A 90
mV bias was applied to the junction with in series a 100 kΩ resistor. The Seebeck
voltage was recorded at ∆T = 0, 10, 20, 30 K. Results are presented in Fig. 5.24. The
Seebeck coefficient extracted from the fit is Sfit = −19.6 ± 5.7 µV/K, that becomes
Sfit = −21.4 ± 5.7 µV/K by subtracting the correction factor for the copper lead. We
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Figure 5.22 a) 2D histogram for the measurement of para-pcp3 conductance traces
using the standard method for the analysis. b) relative 1D histogram. Values for the
scale bar in the 2D histogram were normalized to the maximum number of counts.
Adapted from [269].
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Figure 5.23 Results obtained for the parapa-pcp3 molecule analysed with the clustering
method. a) 2D and 1D histogram for cluster 1, featuring a high conductance plateau with
a relative steep slope. b) 2D and 1D histogram for cluster 3, showing a high conductance
plateau superimposed onto some left spurious traces. c) 2D and 1D histogram for cluster
4 showing the low conductance plateau. Values for the scale bar in the 2D histogram
were normalized to the maximum number of counts. Adapted from [269].
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5 Machine learning tools for the analysis of single molecules

note that the Seebeck coefficient for the para-pcp3 was only measured relatively to
the high conductance plateau. Due to the close proximity of the noise level to the
low conductance molecular plateau, in fact, it proved impossible to carry out reliable
measurements for the Seebeck coefficient on the low conductance configuration.

Figure 5.24 Seebeck voltage versus temperature difference for four different applied
temperatures for the para-pcp3 molecule. The coefficient from the fit is Sfit = −19.6 ±
5.7 µV/K.

Mechanosensitivity. As in the work of Stefani et al., also in this study conductance
oscillations were observed. Two single traces for the para-pcp3 molecule can be seen in
Fig. 5.25. In figure 5.25 a) the low conductance plateau is highlighted in green and, as
for Stefani et al., it features large oscillations in the electrical conductance of more than
one order of magnitude. A slightly different behaviour is instead observed in figure 5.25
b). This trace shows first a high conductance plateau, followed by a low conductance
plateau (highlighted in green) before reaching the noise level. The oscillations in the
second plateau are similar in amplitude and periodicity to the ones present in Fig. 5.25
a), but interestingly the high conductance plateau observed in this trace doesn’t display
any oscillation. This corroborates the hypothesis that the high conductance plateau
doesn’t involve the π−stacking connection inside the molecule, and thus does not show
any mechanosensitive behaviour.

5.2.4 Conclusions & Outlook
The results obtained in this study are summarized in the table 5.1.

All the molecules in this study show a conductance value that is close to the one of the
molecule of origin, suggesting that the addition of side groups to the central electrical
backbone doesn’t affect largely the electrical properties of the molecules, for which the
electrical conductance stays in the range around G = (1 − 2) · 10−4 G0.
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Figure 5.25 Conductance vs. displacement traces for the para-pcp3 molecule. a)
Single break junction trace showing oscillations (green) in the electrical conductance. b)
Single break junction trace showing a high conductance plateau, and a lower molecular
footprint with oscillation in the electrical conductance (green).

Furthermore, the study of the two dimers provides interesting insights in the mechan-
ical stability of two closely coupled OPE3 molecules. As the results from the OPE3-
dimer-C1 suggests, a too short link between the two branches might create instability
inside the junction, leading to precarious molecular configurations, whose electrical con-
ductance depends on the electrodes separation (molecular plateaus with a slope). For
those kind of configurations the thermoelectric properties are also not well defined (see
OPE3-dimer-C1 ). This issue is mitigated when a longer link is present between the
two stems of a dimer, like in the case of the OPE3-dimer-C10. We the dimer-C10, in
fact, we observed more stable junctions, with a higher yield of formation, that reflects
on smaller variations in the Seebeck data. Those information are fundamental from a
technological point of view, since dimers represent one of the strategies, currently under
study, to form stable molecular carpets in vision of commercial molecular devices [253].

From a thermoelectric point of view is also interesting to notice that all the molecules
featuring side-groups attached to the central backbone show, in general, a lower Seebeck
coefficient compared to the straight OPE3 with the same anchoring group (compare
OPE3-Ph and OPE3-An in Table 4.1). This will provide useful indication to chemists
for the design and synthesis of new, improved molecules for thermoelectric applications.

Another useful outcome of this study is also the measurement of the Seebeck coefficient
for the para-pcp3 molecule. Indeed, this molecule possess the highest Seebeck coefficient
among all the molecules in this study, with its coefficient being at least double compared
to the one of the OPE3-derivatives. The relative high Seebeck value, together with the
hope for a reduced phononic thermal conductance provided by the internal π−stacking
bond, puts this molecule on the list of good prospects for molecular thermoelectricity,
and definitely makes it one of the most fascinating candidate for thermal conductance
measurements at the single molecule level.
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Molecule Gclassic Gcluster S
(G0) (G0) (µVK−1)

OPE3-4Met (1.3 ± 0.8) · 10−4 (1.3 ± 0.5) · 10−4 -5.5±0.7

(3.5 ± 2.5) · 10−6 (4.4 ± 2.8) · 10−6

OPE3-dimer-C1 (2.3 ± 1.5) · 10−4 (1.9 ± 1.2) · 10−4 -6.4±3.0

(2.5 ± 1.5) · 10−4

OPE3-dimer-C10 (1.6 ± 1.2) · 10−4 (1.6 ± 1.5) · 10−4 -10.3±1.3

(2.1 ± 1.1) · 10−4

Para-pcp3 (1.1 ± 1.1) · 10−4 (1.1 ± 0.7) · 10−4 -21.4±5.7

(3.2 ± 2.7) · 10−4

(4.7 ± 2.7) · 10−6 (4.1 ± 1.7) · 10−6

Table 5.1 Table summarizing the experimental results obtained in this study. Gclassic is
the conductance calculated with the standard analysis method, Gcluster the one obtained
through the clustering algorithm and S the Seebeck coefficient. Distinct molecular
plateaus are separated by a larger vertical space.
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6 Towards applications

6.1 A roadmap for molecular thermoelectricity1

This chapter has been reviewed and submitted for publication in June 2021 to Nature
Nanotechnology, and will be in press for the issue of October 2021. The text, figures
and references have been re-formatted in the style of this thesis.

6.1.1 Abstract
Molecules have the potential to act as sharp energy filters for electrical currents and
could thereby outperform other materials considered for thermoelectric energy conver-
sion. Based on this vision, a considerable amount of research is being performed world-
wide. However, there is a large discrepancy between predictions and actual demonstra-
tions in the literature, and a research roadmap is needed to highlight necessary steps to
transition from fundamental research into a viable technology. Considering both scien-
tific and technological challenges, we propose eight milestones on the way yet to go for
technological applications. The multi-disciplinary knowledge, generated while address-
ing the technological challenges, can yield to novel applications and answer unresolved
fundamental science questions, which are of interest far beyond mere energy conversion.

1This document reflects the opinion of the authors and not necessarily the opinion of the IBM
corporation, the EU commission or the QuIET and EFINED consortium members.

129



6 Towards applications

6.1.2 Introduction

A molecular junction is a device, in which one or several molecules are contacted in-
dividually by conducting electrodes. Typically, one employs small organic molecules
with delocalized π-electron system along the molecular backbone, into which and out of
which charge carriers tunnel to and from metallic electrodes. The electrodes also act as
thermal reservoirs, see Fig.6.1.
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Figure 6.1 (a) Schematic of a molecular junction acting as energy harvester using the
Seebeck effect. A temperature difference applied to the junction results in a charge
current through a temperature-dependent Fermi energy (or chemical potential). (b)
The reason for a high efficiency is the occurrence of the sharp energy levels in molecular
junctions denoted here as HOMO and LUMO. (c) In cooling circuit using the Peltier
effect an applied charge current induces a heat current between the electrodes. (d)
Again, the sharp molecular energy levels lead to a highly efficient process due to energy
filtering. In this example only the hot electrons can pass the junction (through LUMO)
while cold electrons are reflected. (e) Efficiency vs. temperature difference for different
figure of merit (ZT). (f) The energy band diagram for the transmission coefficient as a
function of energy, exhibit sharp, energy-filtering capabilities. The challenge is to place
the energy level at a steep part of the Energy-transmission diagram.

After the first claimed single-molecule transport measurements in the 1990s [272], the
field rapidly grew, focusing initially on logic applications [273, 274]. Today, molecules
are only rarely mentioned any more as replacement technology for highly-scaled semicon-
ductor electronics. New research directions have emerged to study both the fundamental
physics characterizing them, especially for transport phenomena, and possible commer-
cial applications, among which energy conversion appears to be particularly popular.
The energy filtering properties of molecular energy levels motivate their use in thermo-
electric energy conversion, as shown and explained in Fig.6.1.

130

6



6.1 A roadmap for molecular thermoelectricity

The Molecular expectation for thermoelectricity

Several recent and ongoing research projects receiving significant government funding
are based on the notion that molecular junctions are potentially good energy converters
with high thermoelectric conversion efficiency near equilibrium, as expressed using the
figure of merit ZT = G ·S2 ·T/k, through thermal conductance k, electrical conductance
G and Seebeck coefficient S. A value of ZT ∼ 1 can be achieved with solid materials
such as BiTex , SnSe or Heusler alloys, at room temperature, but the energy conversion
efficiency stays well below 20% even at large temperature differences. The highest up-
to-date laboratory reported values are around ZT = 3 [275], with ZT=2.5 for optimized
Bi2Te3 nanowires [276], a predicted ZT=4.6 for “star-like” nanotubes of SnSe [277] and
ZT=4.8 for the carbon allotrope Graphdiyne [278]. However, most of the materials
showing the highest ZT values are measured at high temperatures (>500 K), and they
are often doped with expensive metals or toxic elements. The ambition is that molecular
junctions can reach similar or higher values of ZT, for novel and more efficient thermo-
electric devices. Experimental demonstrations of thermoelectric efficiency of molecular
junctions are typically difficult to achieve, because of the challenges in measuring their
thermal properties. So far, the only demonstration of ZT ∼ 0.7 required 2 K absolute
temperature and the external gating of a planar configuration [252]. Therefore, it is
fair to wonder where this expectation comes from, and what it would take to turn it
into reality. This commentary seeks, in the first part, to shed light on the necessary
milestones to possibly push molecules out from research labs and turn them into a vi-
able technology. In the second part, potential use and viability in some popular areas
of application are discussed. For exhaustive information on the materials and methods,
we refer to exhaustive reviews of molecular systems [211] and other candidate materials
including composites and polymers [275]. Furthermore, we stress that the basic research
involved, even if not successful in producing a viable technology has been giving and will
continue to give us insight into understanding and even controlling molecular systems
in unprecedented manner.

6.1.3 The Roadmap: 8 technological milestones

M1. Competitive cooling power: demonstrate a molecular junction with a power
factor of GS2 > 1 × 10−14 W/K2.

Both Seebeck coefficient and electrical conductance play a role in thermoelectric applica-
tions in an interrelated manner. Therefore, it is useful to consider the power factor GS2.
In cooling applications where the maximum power is more important than efficiency, the
power factor is an equally relevant quantity to ZT [279, 280]. Our first Milestone is set
by the competition, the technological reference material Bismuth Telluride. Milestone
1, reaching 1 × 10−13 W/K2, translates, for example, to a molecular junction with a
Seebeck coefficient of 360 µV/K at low bias and an electrical conductance of 1×10−3 G0.
Best reported power factors in junctions are ∼ 3×10−15 W/K2 for C60 molecules [211].
To compare with BiTex bulk materials, which have a power factor σS2 ∼ 30 mW/(K2m)
[281] a molecule would have to reach GS2 = 6 × 10−13 W/K2 for a molecular length
of 3 nm and an area of 5 × 10−19 m2. Milestone 1, although ambitious in combining
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high S and high G, does not yet compete with existing technology for cooling power,
but would place molecules on the map.

M2. Minimized intrinsic thermal losses: achieve phonon thermal conductance
below 10 pW/K with electrical conductance of at least 1 × 10−3 G0.

In molecular systems the thermal conductance K is typically dominated by phonons
as heat carriers. For a single molecule, K, is typically on the order of a few 10s of
pW/K [186, 282], the electrical thermal conductance, in contrast, is expected to con-
tribute sub-pW/K. This is rather problematic in view of reaching a high ZT, especially
when comparing to good bulk thermoelectric materials in which the phonon thermal
conduction can be avoided or reduced. There are several strategies to reduce ther-
mal conductivity in molecular junctions to reach Milestone M2. First, the molecule
may comprise side-groups that are electrically inactive but reducing phonon conduc-
tion [43, 123]. In fact, the interaction of those side chains with the molecule, generates
Fano-like resonances in the phononic spectrum, reducing the number of modes available
for transport. Secondly, intra-molecular interference effects may be exploited [119, 121].
Variations of the position of substituents might induce destructive interference effects
and decrease the thermal conductance compared to the unaltered molecules. Thirdly,
a variation of vibration frequencies along the molecular backbone may be achieved for
lower phonon transmission [125]. Similar to guitar strings, where waves with specific
frequencies are suppressed by pressing the string, modifying the mass of substituents
can suppress phonons with certain frequencies. The needed control over thermal phonon
transport along molecules would also be welcome in other domains, such as quantum
sensing and thermal management.

M3. Competitive efficiency: experimentally demonstrate a figure of merit ZT > 3.

Milestones 1 and 2 combined would correspond to a ZT of 0.3 at ambient temperatures,
which would be encouraging although still falling short of the state of the art. To
estimate an attainable ZT value for a material class, it is dangerous to combine individual
best values for S, G and K. Indeed, not only G and S are highly interdependent, also K
and S are. Maybe due to the lack of experiments and predictions of K, it has become a
custom in the molecular electronics community literature to report an “electronic ZT”,
or ZTe. For ZTe, only the thermal conductance through charge carriers is considered
and the phonon contribution neglected. In this way very large efficiencies can be implied.
Furthermore, the validity of the Wiedemann Franz relationship is often assumed, which
may not be valid in all molecular junctions, even if phonon transport would be neglected.
In this context it is interesting to note that assuming the Wiedemann Franz law (K = L0·
T ·G), the efficiency only depends on the Seebeck coefficient, ZT = S2/L0, which would
reach 0.4 for S = 100 µV/K. Here L0 is the Sommerfeld value. It is safe to conclude,
that there is still a huge discrepancy between predictions for molecular efficiency and
what has been demonstrated. However, in order for a molecular prototype to enter the
industrial market, a demonstration is required of at least on the order of 10% energy
conversion efficiency for waste heat, which translates to ZT > 3 (M3).
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M4. Arrays and defects: measure charge and thermoelectric transport across arrays
of molecular junctions, maintaining or improving thermoelectric properties of single
molecule junctions.

An application based on a single molecule is currently not realistic. However, a device
using an ensemble of molecular junctions in an array to allow integration into solid-state
electronics is clearly envisioned, using molecular monolayer films. From regarding single
molecule junctions, however, it is not obvious that films of molecular junctions will
maintain the advantageous properties of single-molecule junctions. The conformational
and vibrational freedom of molecules can be influenced by neighbours and various film
defects [134], that could take influence on both phonon and charge transport [207].
These correlation effects are scientifically highly interesting and are already under study
in the scientific community, with research groups trying for example to add side groups
to the molecular backbone as anchor points to promote ordered crosslinking without
altering the thermoelectric properties and preserve quantum features [249].

M5. Thermal radiation: quantify the role of radiative thermal transport in the
presence of organic molecules for nanometric electrode gaps.

Currently, thermal radiation in the so-called extreme near-field across gaps of only few
nanometers is highly debated in the community [193, 194]. Experimental data suggests
that the presence of molecular systems may have significant influence and could reach
similar orders of magnitude as the phonon conduction across the molecules (∼nW/K
for a sharp tip a few nanometers far from a surface)[193]. Fundamental studies are
required to address this (M5), so that we can consider engineering the near field through
patterning or layering electrodes. This may open doors to other technologies, such as
solar energy conversion, electronic device integration, or radiation sensors [283, 284].

M6. Contacts to molecular junctions: engineer electrodes for thin film / monolayer.

In quest for improved efficiency, it is worth mentioning the already existing efforts on
replacing the rather resistive coupling of the molecules via the gold-thiol bond. Quite
interesting appears to be the use of graphene electrodes with pi-stacked anchor groups
[285]. The planar geometry requiring a carrying substrate, however, is not suited for
harvesting applications and limits cooling application scenarios. The research on these
and other alternative anchor groups [9], as well as contact geometries, can be leveraged
to reach milestone M6 and solve the thin film issue (M8, see below).

M7. Endurance: determine and predict the endurance and cyclability in view of a
10-year operation.

The next step after a successful thermoelectric demonstration of power factor or ZT in a
molecular film will be to measure and understand endurance issues. A film will need to
be temperature-cycled many times during an anticipated ten-year lifetime. Numerous
methods for predictive testing of materials for life-time analysis are ready to be applied
to molecular junctions [286, 287]. Typically, at the stage of evaluating device endurance,
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physicists and chemists pass the ball on to engineers and materials scientists to solve
these “remaining details”. This creates a gap and ignores the fact that the endurance
mechanisms often reach deep into the fundamental sciences and needs to be addressed
using basic science methods (M7). For example, accelerated testing may require op-
eration at elevated temperature or increased current, which, in turn, pose interesting
fundamental questions.

M8. Contact resistance in molecular monolayers: demonstrate basic concepts of
thermal impedance matching of molecular systems.

Having discussed the development of functional prototypes above, we now turn to en-
gineering aspects of molecular films. The most pressing issue foreseen by the authors
is related to the augmented influence that contact resistances have for molecularly thin
layers. Even if bulk materials are used, roughly half of the efficiency given by ZT is
lost in the functional thermoelectric converters due electrical and thermal impedance
matching issues. First, for electrical impedance matching, one uses a series of miniature
Seebeck (or Peltier) elements operated electrically in series and thermally in parallel.
Both p- and n-type materials are used, requiring a certain complexity of contacts and
wiring. Secondly, the thermal contacts between active materials and the thermal reser-
voirs induce a temperature drop across the contacts, which is lost to energy conversion.
The thinner the thermoelectric layer, the more relative weight is carried by series ther-
mal resistances. We can obtain a rough estimation of the effect considering a typical
thermal conductance of 30 pW/K per molecule. This would translate to ∼ 1 × 107

W/K/m2 (assuming a packing density of 0.21 nm−2), which is a typical value for (good)
thermal interfaces. This needs to be compared to the other thermal resistances involved,
namely across the electrodes contacting the molecules Rcontact, at the electrical isola-
tion layer Risolation and the thermal interface Rinterface to the thermal reservoirs. A
metal contact of 100 nm thickness has a negligible value of about Rcontact = 5 × 10−10

Km2/W. However, a 100 nm silicon oxide insulator already has Risolation = 7 × 10−8

Km2/W, and we need to consider at least four thermal interfaces (between electrical
contacts and insulator and between insulator and electrical reservoirs), all of which are
at best on the order of 1 × 10−8 to 1 × 10−7 Km2/W. Consequently, the temperature
drop across the molecular layer will therefore be only few % to a few 10s % compared to
the one originally available between the thermal reservoirs. To address this issue, one
could reduce the packing density of the molecular film, which would require exploring
ways to stabilize two closely separated electrodes. A second important approach is to
use literally or effectively a multilayer of molecular junction carpets. Another beautiful
approach is the use of nanoparticle assembly [288, 289]. Being able to engineer molecu-
lar films in such ways will enable other technologies as well, such as drug delivery from
implants or integrated sensing elements.

6.1.4 Technological use cases: It is not only about the figure of
merit ZT

Assuming we have reached these milestones, what would be possible thermoelectric ap-
plications? We will turn to a list of candidate applications for thermoelectric energy
conversion, mainly focused on thermoelectric generators (TEG). While it is important
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to be frank about the limited promise in certain technological areas, we find several
applications with significant potential. For thermoelectric converters, as well as solar
cells and many others, there are several parameters governing the technological viability
of a product besides efficiency. These include the cost of fabrication, the lifetime, the
robustness, the weight of the module, and many more. A decisive factor is always the
availability of other competing technological solutions. While lower cost is a motivation
to introduce solution-processable organic thermoelectrics and other inexpensive mate-
rials, molecular junctions may be more promising for high performance, which justifies
higher cost.

Mass energy production from primary heat sources

The potential of thermoelectrics as replacement technology of gas turbines in large power
plants or in solar energy (either photovoltaics or solar thermal) have been controversially
discussed already [254, 290]. In any case, the existing technology is well-established and,
so far, thermoelectrics have not been implemented. In addition to not yet demonstrated
efficiency, organic or molecular thermoelectrics will not stand the high temperatures of
the hot reservoir. A possible workaround for such large temperature differences, could
be to cascade thermoelectric converters, such that a certain temperature range is seen
by a particular material. In such a scenario, organics could play the role of a near-room
temperature component of such a stack.

Automotive

Automotive waste heat recovery is a popular special case of waste heat recovery. An
engine burning fossil fuel has a large exhaust temperature and a comfortable 20 to
200 kW engine power. In a car the usable electricity can be on the order of 600 W.
A relevant metric here is the Watt per kilogram of installation. The additional power
needed to accelerate the additional weight of a thermoelectric converter can be estimated
to be about 60 W per kg. A second important aspect is that the heat needs to be
removed relatively quickly with the exhaust gas from the engine. This necessitates a
heat exchanger of significant weight. If we assume 10 kg for a heat exchanger, then
the first 600 W of conversion power is lost to the additional need to accelerate weight.
Additionally, the industry has a focus in developing electric cars, in which not sufficient
waste heat will be produced. It appears this application is not particularly promising,
and molecular systems may not be applicable.

Mobile devices

Another popular vision for thermoelectric conversion is the direct use of body heat to
charge mobile devices such as sensors or even smartphones. To give a reference, the
stand-by power of a smartphone is on the order of 70 mW, which is an interesting target
[291]. A human body dissipates roughly 50 mW per 10 cm2 of the body surface (up to
a point the person feels cold). With an efficiency of 1.6 % (ZT = 3 and ∆T = 15 K)
this would translate into about 1 mW of power. However, this assumes that the full
temperature difference between body and ambient of about 15 K can be used. But,
considering the cascade of thermal resistances in series (Milestone 8) and the thermal
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interface to the cold reservoir, i.e. the ambient air, which couples by convection about 20
W/K/m2, the situation is even worse. Without dedicated and bulky cooling structures
[292], there will be a more realistic temperature drop over the thermoelectric around
0.1 - 1 K . Considering that a ZT = 3 is hard to achieve outside the laboratory, even
for a basic optimized design, results are not much better, with a temperature drop of ∼
5 K and an output power of ∼1µW [293]. It appears, the energy harvesting application
from body-heat is not realistic.

Sensing nodes for the IoT

Turning to more promising use cases, a new interesting possible domain of application
for thermoelectric materials, used as generators, could arise from the field of distributed,
intercommunicating sensing networks (the so-called internet of things, IoT). Albeit from
a theoretical point-of-view the amount of power converted by thermoelectric devices
could be adequate to replace or at least flank ordinary storage solutions (e.g. batteries)
for small sensing nodes (SNs), some more practical reason can explain the inertia of
the industry to exploit and further develop thermoelectric solutions for the IoT. In
case of a thermoelectric power supply, the overall sensor design must be re-optimized
in order to improve the heat uptake and, considerably increasing production time and
final price. Also, the overall price of a SN network is, in the first place, fixed by
the capital cost (electronics, installation. . . ). Thus, the impact of TEGs can be from
both an energetic point-of-view and for reduced servicing cost [294]. Already today,
thermoelectric generators represent a convenient solution in case of forbidding locations,
or when parts substitution/repair plays a major role.

Chip or device cooling

Although there is little motivation to propose thermoelectrics as an alternative for house-
hold refrigeration for food or air conditioning, a more interesting application involves
solid-state refrigeration for device cooling. Today an increasing amount of electronics
and sensors are operated at cryogenic temperatures, in particular with the emerge of
quantum computers. To reach these, one typically uses liquid cryogens, which implies
a certain minimum size and price of installation. A solid-state solution, even with low
overall efficiency would enable additional applications. As a target, consider, for ex-
ample, a cooling device of 1 liter volume, operated using 1 A, that can cool a 1 cm3

body to 10 K in a room temperature environment. Such a cooler may be of interest
in various context. For comparison, cascades of Peltier coolers today have been shown
to exceed 100 K below an ambient environment. This constitutes a possible sweet spot
for molecular devices, with a clear collocation in the market, that although represents a
niche lacks the presence of already well-established solutions and ferocious competitors.

6.1.5 Conclusions
Figure 6.2 summarizes applications discussed here. For both energy harvesting and
cooling applications, there are different possible implementations and constraints, here
simplified to temperature range and power output (or scalability), which pose the clear-
est limitations of molecular systems, namely limited thermal stability and strong com-
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Figure 6.2 Simple depiction of the use areas and challenges for harvesting (left) and
cooling (right) applications.

petition, respectively. Therefore, we are less enthusiastic for applications for large scale
conversion (MW). However, energy harvesting at moderate power(mW to kW) and tem-
perature (ambient to few hundred degrees C) is potentially interesting, especially in cases
where maintenance and repair play a major role or for remote sensing. We consider the
cooling space even more exciting. There is potential for device cooling near or below
ambient temperatures. Despite the large amount of research done in the area, significant
break-through still needs to come. Reaching a prototype in few years would necessitate
dedicated engineering research efforts after the current focus on physics and chemistry.
It is therefore likely that the milestones which are still interesting for academic research
(Milestones 1 to 6) will have to yield results, before integration issues (Milestones 7 to
8) will be seriously started. The resulting long time scales from science to technology
is a known dilemma [295]. On the other hand, from an academic point of view (that
falls outside the scope of this roadmap) there are key advantages to keep investigating
molecular junctions. For example, charge transport in molecules can be precisely tuned,
and various quantum-mechanical transport effects are directly accessible and testable
at room temperature, with first experimental studies reporting evidence that quantum
interference does exist in single molecules [296, 297]. Also, the knowledge produced
while addressing the different Milestones can yield to other applications, such as solar
energy conversion (M5) or novel engineered thermal paste (M2).
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7 Conclusion and Outlook

The thesis describes the design, development and validation of a novel experimental
setup for the variable temperature measurement of the electrical and thermal transport
properties of single atom and single molecule junctions. The new setup, familiarly known
as Hibernum, is, to our knowledge, the first tool combining the STM-Break Junction
technique, notably requiring high level of stability (below 1 Å), with the use of a pulse-
tube cryocooler (featuring a vibration level of tens of microns). The extraordinary
mechanical stability of the setup, with a relative vibration level as low as 11.8 pm,
enables a very long junction lifetime at different temperatures, as confirmed by the
recording of electrical quantization steps at room and low temperatures (Sec. 3.3) and
by the verification of the Wiedemann-Franz law (Sec. 3.6). Besides, the use of a pulse-
tube cooler avoids wasting of cryogenic fluids, making break-junction experiments at
variable temperature more affordable in terms of costs and impact on the environment.

The setup allows using the same measurement technique already used at room tem-
perature. The technique is based on the highly sensitive measurement of tiny heat
fluxes flowing through the tip of a modified STM microscope, to record simultaneously
the thermal and electrical conductance of quantum scale contacts. This is made possible
by the use of MEMS devices which are suspended to guarantee high thermal insulation,
and which feature an integrated heater/thermometer as sensing element. The design of
the MEMS structure posed rather extreme trade-offs. The first trade-off was between
thermal sensitivity and mechanical stiffness. In fact, a good decoupling from the en-
vironment, i.e. a large thermal resistance (Rth ∼ 1 × 108 K/W), is required for high
thermal sensitivity, but makes the suspended sensor floppy and fragile, and so not suit-
able for break junction measurements, requiring a mechanical stiffness larger than the
one needed to break the mechanical contacts (an atomic contact of gold has about 1
N/m stiffness [47]) . To solve this trade-off a new fabrication process has been devel-
oped. Starting from a non-planar carrier layer, u-shaped suspending beams have been
designed for an increased stiffness via a larger effective thickness, while at the same time
the cross-section was maintained rather small to maximize the thermal resistance. The
second trade off instead, involved the response time and optical access to the sensor. In-
deed, a fast thermal sensor (τ ∼ ms) requires a low thermal capacitance, hence reduced
area (< 400 µm2). This is in contrast with the requirement of minimum visibility from
a large working distance (> 100 mm), given by the optical arrangement.

Thanks to the quietness of the instrument, the high sensitivity of the MEMS device
and the low noise laboratory environment, it was possible to measure the charge trans-
port properties of atomic gold contacts at reduced temperature (Sec. 3.3), to validate
at ambient temperature the measurement of the Wiedemann-Franz law for single atom
contacts (Sec. 3.6), and to measure the thermal transport properties of a single ODT
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7 Conclusion and Outlook

molecule. This measurement, together with the one of a single OPE3 molecule, repre-
sents the first ever room-temperature measurement of thermal conductance at the single
molecule level (Sec. 4.1). Through the quantitative agreement between the experimental
conductance results and the theory, it was possible to verify the phase-coherent nature
of thermal transport across such molecular junctions.

The measurement protocol was then further optimized and developed to characterize
the thermoelectric power (or Seebeck coefficient) of three OPE3 derivatives and study
the role of substituents in the cross-linking of the same three molecules (Sec. 4.2).
The tiny signals involved in the measurements required an accurate data analysis, a
comprehensive statistical averaging, and a careful compensation of the electronic noise.
Indeed, different noise sources were present at the same time. Among those, first 50
Hz noise from the power line was mitigated by accurate shielding and grounding of
all the metallic parts in the setup. Second, amplifiers offsets were adjusted and then
kept constant by continuously monitoring the temperature and humidity in the lab.
And third, the mechanical stability of the setup was kept to a level such that a bias
voltage could be switched on/off for several times, while keeping a molecule firmly in the
junction. By combining measurements of electrical conductance, thermal conductance
and Seebeck coefficient, it was possible to obtain, to our knowledge, the first complete
experimental measurement of the ZT of a single molecule at room temperature (Sec.
4.3).

Furthermore, new machine learning tools for the analysis of single molecule data were
tested and implemented in our data-analysis code (Ch. 5).

In the end, thanks to the knowledge acquired in the field, it was possible to write a
critical technological roadmap, towards applications of molecular thermoelectricity (Ch.
6). In fact, after an initial period when the molecular-electronics community focused
mainly on logic applications for the replacement of silicon electronics, today the big
hope is that molecules could outperform other materials considered for thermoelectric
energy conversion. This is due to to their potential to act as sharp energy filters for
electrical currents. However, there is still a large discrepancy between predictions and
actual demonstrations in the literature, for this reason the aim of the roadmap is to
highlight necessary steps to actually transition molecules from fundamental research
into a viable technology.

Outlook Given the new possibilities opened by the novel Hibernum setup, I believe that
the first natural follow-up of the work done so far would be continuing the investigation
on the quantization of phononic thermal conductance in quantum point contacts and on
the validity of Wiedemann-Franz law at reduced temperature. This will give the chance
to understand better the role and amount of the phononic contribution to the thermal
conductance in metals and so definitely proving (or disproving) Wiedemann-Franz law
at low temperature. Eventual violations of such a law, in fact, could provide a handle
for understanding how to decouple the electrical and thermal properties in engineered
materials, in view of higher thermoelectric efficiencies. Due to the extreme sensitivity
required for such an experiment, a new generation of suspended MEMS structures with
improved performance at low temperature needs to be developed, together with new
measurement protocols. So far only once the measurement of the phononic thermal
conductance quantum has been claimed [89], but still remain controversial [93], and it is
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not clear if it represents a universal value or just an upper limit for perfect conduction
through 1D channels. The research in this field would therefore contribute to a bottom-
up picture of the phonon scattering processes happening in atomic-scale conductors. An
immediate consequence could be in the field of neuromorphic computing, for which most
of the hardware solutions investigated today rely on the formation of current-carrying
filaments with atomic diameters, or in the thermal-driven phase change of nano-domains
in memristive materials.

Another valuable experiment would be the screening of the thermal properties of
molecules at low and intermediate temperatures. In this way it could be possible to not
only observe quantum interference effects, but also to validate theory models for phonon-
transport that usually fail at intermediate ranges of temperature. Indeed, in thermal
experiments, temperature plays the same role as voltage bias for electrical measurements.
For this reason, it is often necessary to let the temperature of an experiment span over
a wide range, from above room temperature to the cryogenic regime, in order to clearly
separate all the different contributions and mechanism arising in thermal transport.

This experiment could also be flanked by measurements of the Seebeck coefficient
of such molecules, allowing for their classification in terms of thermoelectric efficiency
(ZT ), putting in numbers the expectation on their use as thermoelectric generators. In
this context, the roadmap in Ch. 6 can already provide technological guidance.

Even though I see little hope for single molecules, to revolutionize soon the energy
conversion sector, I believe that the knowledge we can gather from their study will shape
a new path for the scientific research at the nanoscale, where the boundaries between
different disciplines, like biology, chemistry and physics, become blurry. In the future,
an even more pronounced integration between different research areas will be required
to understand the founding principles necessary to develop novel molecule-based tech-
nologies. For this to happen, research efforts should focus not only on measuring the
conductance properties of single molecules, but especially on the stability of molecular
devices. New paradigms have to be found to couple (multiple) molecules to the elec-
trodes, directly or by means of nanosized intermediates. Single molecules will clearly
remain important from a fundamental point-of-view, but most likely, future devices
will be multi-molecular. Only after having achieved basic, reliable device functionality,
molecules will unlock their true potential. Not as mere beyond-silicon technology, but
as main actors in a realm where their unique properties (e.g. chemical tunability, self-
assembling, intrinsic quantum nature) can be crucial. In this context, the first molecular
devices I foresee are hybrid sensors (CMOS + molecules), with custom sensing prop-
erties and improved efficiency, able to react in an unprecedented manner to external
physical stimuli.

In a longer term, I think that the knowledge acquired through the study of thermal
transport in molecules and QPCs should be used by researchers to advance in observing,
controlling and eventually fabricating structures that could support anisotropic heat
flow, i.e. a diode-like behaviour against energy transport. This has represented so far
one of the most desired goal for the entire thermal community, and has the potential to
truly unlock countless applications based on the control and rectification of energy flows.
One example of those applications, would be the realization of solid-state cooling devices
operating at cryogenic temperature, which will impact all those emerging technologies
operating at low temperatures, such as the recent quantum computers.
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