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When you can measure what you are speaking about. . . you know
something about it.

- Lord Kelvin, 1883
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Chapter 1

Introduction

Heat dissipation has been widely recognized as one of the main limiting factors of the
performances of nanoscale electronics devices [Il, 2]. Apart from these challenges,
engineering the thermal transport properties of materials is highly desirable for
thermoelectric, cooling [3] and more in general thermal management applications.
Heat transport in molecular junctions is very rich in terms of physics phenomena and
offers novel opportunities by tailoring the chemical structure to obtain the desired
properties. For instance an experimental study performed recently in our group
showed that the length dependence of the thermal conductance of short alkane
chains (from 2 to 18 carbon atoms) does not follow either pure ballistic or diffusive
transport exhibiting a non-monotonic behavior with a maximum at 4 carbon atoms
[4]. This trend may result from a combination between the number of modes
available in the molecule (which might change significantly with length especially
for short molecules) and the degree of localization of some of the vibrational modes
[5, 6]. The concept of localization (which can be thought as the extension of a mode
on the molecule) and its effects on transport has still been largely unexplored.

Another interesting concept that was proposed recently is based on phonon
quantum interference [7]. Attaching side chains with different lengths to the
molecular backbone forming a sort of ”Christmas tree” structure was suggested as
a strategy to reduce the phonon contribution to thermal conductance. Indeed, the
interaction of such side chains with the molecule, generates Fano-like resonances in
the phonon transmission function of the molecular junction, depleting the number
of modes available for transport. By tuning the length of the side groups, it is then
possible to change the frequency of the Fano resonance. The interplay between
the phonon density of states in the electrodes, the coupling to the molecule, the
molecular vibrational spectra, the degree of localization offer a wide range of
tunability that needs to be systematically investigated.

The measurement of heat conduction in molecular junctions has remained
elusive, mainly because of the lack of suitable experimental techniques. Measuring
thermal resistances is in many ways more challenging than the electrical counterpart
from the experimental point of view. The main reason lies in the fact that the
range of thermal conductivities of available materials spans over only 6 orders of
magnitudes, compared to more than 26 for electrical conductivity. This means,
that the only good thermal insulator is vacuum, if one neglects the contribution
of radiation and that simple techniques like the electrical 4-probe measurement of
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resistance are not possible in thermal transport.

The experimental investigation of the thermal properties of molecular systems
has been focused on self assembled monolayers (SAMs) of alkane chains, because
of their property of assembling in high quality films. Typical techniques include
optical pump/probe methods like Time Domain Thermoreflectance (TDTR) [§] and
Frequency Domain Thermoreflectance (FDTR) [9], Scanning Thermal Microscopy
(SThM) [4] and 3-w resistance measurement [10]. All of these methods require the
formation of SAMs of good quality in order to avoid measurement artifacts and
compare with the theoretical predictions. Even for the case of alkane-dithiols on
gold surfaces (which is probably the most understood system in terms of assembly
properties [I1]), big uncertainties in the number of investigated molecules during the
experiment remain, because of the surface roughness of the electrodes, defects in the
SAMs etc. Moreover, the choice of molecules forming nice films on surfaces is quite
small, limiting the range of phenomena that can be studied with these approaches.

For these reasons, we developed a novel experimental technique based on single
molecule measurements that, similar to what has been done for charge transport, can
provide a better route to explore the structure-property relationship in these systems
and understand the basic concepts underlying phonon transport at the molecular
and atomic scale.

Even if experimental data have been lacking so far, numerous theoretical studies
have been published, predicting effects from quantum phonon interference [12] [7]
to thermal rectification [I3] and high thermoelectric conversion efficiencies [14],
which need verification. Experimental data is needed also to verify the underlying
assumptions of the models used for transport. The theoretical problem of heat
transfer in molecular junctions presents many challenges related to the many-body
interactions and quantum effects occurring in an intrinsic non-equilibrium situation
[6]. Common theoretical frameworks include classical Molecular Dynamics (MD)
and quantum ab-initio methods based on Equilibrium or Non-Equilibrium Green’s
Function approach. In the linear regime (small AT), harmonic approximation of the
force fields is typically assumed and phonon transport is described within the single
particle picture of ballistic and elastic phonon transport. Many questions about
the type of transport regime, the role of many-body interactions, the conditions to
obtain thermal rectifications or transport beyond the linear regime still remain open.
With the technique developed in this work, we would like to provide further insights
into these research questions and to spur new theoretical investigations to support
for instance unexpected experimental data.

As the title suggests, this thesis presents the measurement of the thermal
transport properties of atomic and molecular junctions, from development of the
experimental setup and methods to the results.

1.1 Outline

This thesis is organized in 4 main chapters. In chapter [2] we briefly review the
theoretical background to support the experimental data and the conclusions drawn
from them. In particular, we discuss charge transport in metallic atomic contacts and
molecular junctions, presenting as well the experimental break junction technique
employed in this thesis to measure the electrical conductance of these systems. We
turn to with thermal and thermoelectric properties of electrons in the Landauer
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formalism. Finally, we introduce phonon transport in molecular junctions.

In chapter (3] we present the experimental setup and technique developed during
this PhD project, starting from the working principle to the description of the setup
and measurement method. We then describe in detail the Micro Electro Mechanical
Systems at the heart of the measurement technique, which have been used to measure
the thermal conductance of atomic and molecular junctions. Finally, the procedure
to clean and functionalize the MEMS surface and the tip preparation is described.

Chapter [4] describes the measurements of heat transport across atomic contacts,
from the main results to the details of the experiments and variants with respect to
the basic system of gold-gold junctions.

In chapter |5, we show the results obtained for heat transport in single molecule
junctions. In particular, we start from the development of the experimental method
and we then discussed the measurements on the thermal conductance of two
model systems in molecular electronics, namely dithiol-oligo(phenylene ethynylene)
(OPE3) and octane dithiol (ODT).

The final chapter includes a summary of the main measurements results and an
outlook for future works.



Chapter 2

Background

In this chapter, the theoretical principles related to charge and phonon transport in
atomic and molecular junctions are presented. First, charge transport in atomically
sized metal-metal contacts and molecular junctions is explained, in connection to
the break-junction technique. Then phonon transport in these nanoscopic systems
is described within the Landauer formalism, presenting the concepts of thermal
conductance quantization and phonon transmission.

2.1 Charge Transport

According to the system size, different charge transport regimes take place. In a
macroscopic conductor, the electrical conductance can be calculated from the well-
known Ohm’s law and it is linked to its physical properties through the relation:

G=o- T (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 o
its conductivity, dependent only on the material properties. This formula assumes
diffusive transport and is valid when the current density inside the conductor is
homogeneous. When the sizes of the conductor shrunk below certain limits, Ohm’s
law is no longer valid, and the wave-character of electrons can come into play.

To discriminate between the different conduction regimes, three main
characteristic lengths can be identified:

1. Electron mean free path \,,: average distance which an electron travels before
losing its initial momentum. In most cases, it measures the distance between
two successive scattering events.

2. Phase coherence length Ay: average distance in which the electron preserves
its initial phase and comes into play in electron interference phenomena.

3. Fermi wavelength Ap: De Broglie wavelength of the electrons at the Fermi
energy, namely the electrons participating to the conduction.
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Figure 2.1: Schematic of the Landauer scattering approach. The leads
represent two electron reservoirs connected by a 1D conductor, in which a scatterer
(S) has been inserted. Transport across the system is ballistic and electrons can be
elastically scattered at S. f indicates the Fermi distribution, u = chemical potential and
T the temperature of the leads.

The relation connecting the Fermi wavelength Ar to the Fermi energy Er for an
electron in crystalline solids is:

h
vV 2m*EF

where h is the Planck constant and m* is the effective mass of the electron. Both
Er and m* are parameters characteristic of the material. If the size of the system
is lower than the electron mean free path, charge transport is ballistic. Moreover, if
one of system’s dimensions is comparable to the Fermi wavelength Ar, confinement
effects take place. Atomic junctions are quantum one dimensional ballistic systems
as the typical transversal size of about few atoms is on the order of the Fermi
wavelength of the electrodes (Ap ~ 0.5 nm in metals [I5]) and the length (up to few
nm) is well below the electron mean free path (10-100 nm) at room temperature
[15, [16]. In this regime, charge transport is usually described within the Landauer-
Biittiker formalism, introduced in 1957 [17], which connects the electrical properties
of a mesoscopic conductor with the quantum mechanical transmission and reflection
probabilities of the propagation modes (electron wavefunctions). Let’s consider a
1D ballistic channel, connected to macroscopic leads acting as electron reservoirs,
that contains a scatterer S, Figure Since the electrons are transversally confined
in the conductor, the associated energy spectrum is quantized. The corresponding
dispersion relation is:

Ap = (2.2)

h2k?
2m*
where h is the reduced Planck constant, m* the effective mass of the electron and the
integer n accounts for the mode number. This means that in the reciprocal space,
several parabolic sub-bands are formed, with vertices placed respectively at ¢, for
integer values of n. The corresponding electron wave-functions ¥,, are constituted by
the product of a propagating plane-wave in the x-direction times a transverse wave-
function x,(y, z), calculated by solving the Sherédinger equation in the confining
potential introduced by the 1D wire:

En(ky) = en + (2.3)

W, oc eTRaTy (y, 2) (2.4)
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In other words, these are the only propagating modes that can travel into the
1D conductor, namely the only conduction channels available. Depending on the
position of the Fermi energy{l] one or more sub-bands can be filled with electrons.
The number of accessible sub-bands is equivalent to the number of conduction
channel at disposal.

If a positive voltage is applied to the right reservoir (with T, = Tg), the electrons
from the left contact will be attracted to the right one, since ur < pr. The current
contribution I, for one conductive channel, can be written as:

e [t

1= =5 [ rR)plk)oh) (f (B un) — F(Er p)dk (25)
—o0

where 7(k) is the transmission probability describing the scattering at S, p(k)

represents the density of states in 1D, v(k) the velocity and f(FEj,p) the Fermi

distributionﬂ In 1D it can be demonstrated that the electron density of states is

equal to:

4 1
E)=— —— 2.6
Therefore, by passing to the energy domain, equation [2.5| can be rewritten as:
2e [
1==3 [ A BB ) = (B ) B 2.7

We would like to stress that this equation is very general and typically used
to simulate charge transport in both atomic and molecular junctions. Indeed,
the properties of the system under study (our scatterer) are all included in the
transmission function 7(FE), which can be calculated with ab-initio methods
based on Density Functional Theory (DFT) in combination with Green’s function
scattering theory or simple tight-binding models [I8] [19].

Let’s now assume to have a perfect 1D conductor with 7(E) = 1. At T = 0 K,
the Fermi distribution is a step function equal to 1 for E < p and 0 for E > y. Thus
the difference (f(F, ur) — f(E, ugr)) is equal to 1 for energy values p, < E < p; and
it is null outside this window. The integral of equation simplifies to:

2e [HL 2e
1=- [Tap =T - ) (23)
1R
The chemical potential difference is linked to the voltage difference by the electron
charge, i.e. (ur — pr) = —e(Vg — V). The current contribution of a single channel
is equal to:
2¢?

This shows that the conductance of a single electron channel in the ballistic regime is
2
constant and equal to the conductance quantum Gy = 2% ~ 77.5 uS corresponding

to a resistance quantum Rg = % = 12.9 kQ.

'In this work, the Fermi energy will be used as synonym of chemical potential, even though this
is formally true only at T = 0 K. For the purposes of the thesis, this distinction is not relevant.

2The difference between the Fermi distribution in the integral derives from the fact that only the
net flow of electrons contributes to the current. At equilibrium there is a continuous electron flow
from left to right and vice versa and the resulting current is zero. Indeed, at equilibrium pr = pr
and the difference of the Fermi distributions in the integral would be null.
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Figure 2.2: Charge transport through gold atomic contacts. a) Single
opening/closing trace. b) 1D electrical histograms showing peaks at multiples of the
electrical conductance quantum Gg.

If more than one channel is available, all with transmission probability equal
to unity, the overall conductance will be given by adding the contributions of each

channel, namely G:

22
G:%~N:N-G0 (2.10)

where N is the number of conducting modes. Therefore, the conductance of a perfect
ballistic conductor is quantized in multiples of Gg. This represents a simplified
version of the Landauer-Biittiker formula, because it assumes that all the conductive
channels have perfect transmission. A more general formulation is found by inserting
the scatterer in the 1D conductor, i.e. by supposing that some electrons can be
backscattered or lose energy:

2¢2 X
G =" > Ty (2.11)
i

where Tj; represents the probability that an electron passes from the i;;, mode of the
left reservoir to the jy, mode of the right reservoir [15].

2.1.1 Conductance Quantization in Metallic Quantum Point
Contacts

Conductance quantization can be measured by controlling the number of channels
available for the electrical conduction in a 1D system. This can be achieved by
shifting the Fermi level Ep of the system with the help of a gate voltage, or by
tuning the system size, in order to change the energy spacing between the sub-bands.
Experimental demonstrations of conductance quantization have been reported on
several systems from 2D electron gases in semiconductor heterostructures [20], InAs
nanowires [2I] and metallic quantum point contacts.

The energy splitting between the channels is linked to the Fermi wavelength by
the following relation:

2h?

AE =
2m* A\ p

(2.12)
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Since, in semiconductors Ap can be of several tens of nanometers, the energy
difference between the modes is on the order of few meV and conductance
quantization is not observable at room temperatureﬂ Therefore, cryogenic
temperatures are usually needed to visualize the effects of quantum confinement in
2D electron gases. On the other hand, for metals A is much smaller (< 1 nm) and
AFE can be of the order of 1 eV. Thus, conductance quantization can be measured
also at room temperature in atom-size metallic contacts [22] 23].

Charge transport in metallic quantum point contacts has been mainly studied
via the so called break junction techniques, namely Mechanically Controlled Break
Junction (MCBJ) and Scanning Tunneling Microscope-Break Junction (STM-BJ)
[15, 24]. The latter will be briefly introduced in this section, as one of the main
building blocks of the experimental technique developed during the PhD project
and described in chapter

The STM-Break Junction method consists in the repeated formation and
breaking of contacts between the tip of a STM microscope and a metallic surface.
The electrical conductance of atom sized contacts of many different metals has been
studied since the nineties with this technique [25] 22, [15], with gold being the most
characterized and understood material. Also for this reason, gold was selected as
the material of choice in most of the experiments reported in this work, 5] and [4]

Figure shows a typical closing and opening trace obtained by moving the
gold STM tip into contact with a gold surface while measuring the electrical current
at a small fixed bias (V ~ 100 mV)ﬂ During the approaching cycle (red curve), when
the tip is few A away from the surface, tunneling of electrons is recorded showing
a typical exponential decay. For convenience, the electrical conductance has been
plotted on a logarithmic scale and normalized with the conductance quantum Gg.
The tip is then approached until a Au-Au contact is formed. While opening of
the junction (blue curve) the electrical conductance decreases in a step-like fashion
because of conductance quantization. Right before going into the tunneling regime,
a plateau at 1 Gq is typically observed, indicating the formation of a single atom
contact. In fact, a single gold atom provides one electron channel for conduction with
perfect transmission (T = 1). This phenomenon is very well established and it has
been confirmed both experimentally and theoretically by several independent groups
[15]. Especially at low temperature, long (> 0.3 nm) plateaus at Go can be measured,
corresponding to the formation of monoatomic chains [26], 27]. As the dynamics of
the breaking process is not under experimental control, it is common practice to
build one dimensional (1D) electrical histograms of few thousands opening tracesﬂ
to obtain statistically relevant information about the charge transport properties, as
shown in Figure . In the contact regime (G > 1 Gy), sharp peaks at multiples of
the quantum of conductance appear, indicating the availability of an integer number
of electronic channels and confirming that conductance quantization comes into play.
In fact, the measurement of plateaus or peaks in the histograms may be related to
the plastic stages of deformation of the atomic contacts and not to conductance
quantization. In gold contacts, conductance quantization typically occurs up to 3

3At T = 300 K, the average thermal energy KT is about 26 meV, larger than the energy
distance between the modes.

4Note that similar traces can be measured both at room and cryogenic temperatures.

5Closing traces are rarely used, because the high diffusivity of gold at room temperature typically
hinders the formation of stable single atom contacts; typically a jump to contact is observed, as

shown in Figure .

10
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Figure 2.3: Charge transport through a single molecule. a) Energy diagram
of a molecule between two metal leads, in which a positive voltage V has been
applied to the right electrode. The molecular energy levels (HOMO and LUMO) are
broadened because of the coupling with the metals electrodes. b) Example of electronic
transmission function of HOMO dominated charge transport through a single molecule.
As a common practice, the origin of the energy scale is placed at the predicted Fermi
energy Er of the junction.

Go. At larger contact sizes, multiple channels with transmissions lower than one
participate to transport, breaking the quantization regime [28§].

One interesting feature of the electrical conductance of atomic contacts is that
the number of available channels for transport depends on the outer chemical orbitals
[29]. For instance, monovalent metals like Au exhibit a single electronic channel with
perfect transmission, while 5d metals like Pt feature up to 5 channels in single atom

contacts, with transmission than unity giving a total electrical conductance between
1.5 and 2 G [30].

2.1.2 Molecular Junctions

Charge transport through molecular junctions has been widely studied in the past
20 years in the field of molecular electronics. In this section, we would like to

11
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briefly review the main concepts of charge transport which serves to understand the
experiments presented in chapter To get more insights into the topic, one can
refer to the many books and reviews available in the literature [31], B2, 24, 33}, [34].

An isolated molecule can be thought as a quantum dot, characterized by discrete
energy levels and a certain HOMO-LUMO gap (representing respectively the Highest
Occupied Molecular Orbital and the Lowest Unoccupied Molecular Orbital)lﬂ When
the metal-molecule-metal junction is formed, the energy levels of the molecule are
broadened by the coupling with the metal electrodes, as schematically shown in
Figure [2.3h. This coupling derives from the hybridization of the molecular orbitals
with the continuous energy bands of the metal electrode [32]. The higher the
coupling, the larger the broadening of the energy levels, and so the ability to
inject charges into the molecule. Moreover, to reach the equilibrium state (constant
Fermi level throughout the junction), charge transfer from the molecule to the metal
electrodes or vice versa occurs, introducing a shift in the energy levels because of
the additional charging energy.

The electrical conductance of the molecular junctions can be calculated from the
Landauer current formula dependent on the transmission function 7(E). A typical
electronic transmission curve is presented in Figure [2.3. This can be obtained with
Non Equilibrium Green’s Function (NEGF) methods applied to the hamiltonian of
the junction, which is previously relaxed with Density Functional Theory (DFT) [1§].
The peaks in the transmission are located at the energies of the molecular orbitals
and their width is proportional to the coupling to the electrodes. If electrons in the
contacts have energies corresponding to one of the molecular orbitals, then resonant
tunneling takes place with 7 = 1. This condition is hard to achieve in experiments
without electrical gating of the molecular junction. Typically, the Fermi energy
of the system lies in the HOMO-LUMO gap and off-resonant elastic tunneling is
the main transport mechanism in short molecules (< 3 nm). For longer molecular
chains instead, the tunneling contribution becomes negligible and inelastic hopping,
in which electron transport is mediated via thermal vibrations, takes over [35].

As one can see from the transmission function in Figure 2:3p, the position of the
Fermi energy determines the charge transport properties of the molecular junction.
In fact, in the case T = 0 K, from equation 2.7] we can calculate the electrical

conductance
262

where 7(EF) represents the value of the transmission function at the Fermi energy.
This stems from the fact that at T = 0 K and at small voltages the difference
between the Fermi distributions of the leads can be approximated as a delta
function. However, the position of the Fermi energy in the junction is typically
unknown and cannot be precisely predicted with DFT methods. This results in
general in bad agreement between theory and experiments on the exact value of the
electrical conductance of the molecule and it is a well-known limitation of DFT.
Moreover, good agreement is usually achieved in the inter-comparison between
similar molecular systems. Finally, we would like to point out that the anchoring
group of the molecule (atomic group binding to the metal electrodes) usually
determines if the junction is HOMO or LUMO conducting (Er closer to the HOMO

5The HOMO can be thought as the maximum of the valence band and the LUMO as the
minimum of the conduction band of an equivalent semiconductor.

12
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Figure 2.4: Charge transport through a single molecule with the BJ
technique. a) Example of single opening trace, showing a conductance plateau at
about 1074 Gy, indicating the formation of a molecular junction. b) Elongation stages
of a molecular junctions. ¢) 1D electrical histogram built with 5000 traces showing a
clear molecular peak at 2x10™% Gg. d) 2D histogram of the electrical versus distance
curves, showing that most of the opening traces exhibit molecular conductance plateaus
of about 0.5 nm in the conductance region between 1073 and 10~* G.

or LUMO respectively). For instance S based binding groups generally show a
HOMO conducting character, corresponding to hole transport, while pyridine
anchors are LUMO conducting [36, 37]. As we shall see, this determines the sign of
the Seebeck coefficient of the molecular junction.

Break-Junction technique

Similar to what described for the case of gold atomic contacts in 2.1.1] charge
transport in single molecule junctions has been largely studied with break-junction
techniques [24]. The main advantage of this technique is that experimentally is
relatively simple (in case of STM-BJ, it basically only requires a piezoelectric scanner
to move the tip perpendicularly to the substrate) and it can be adapted to almost
any environment from solvents [38] to UHV at cryogenic temperatures [39].

In a typical STM-BJ measurement, molecules are deposited on a metallic surface
(usually gold) to form a sparse monolayer. The STM tip is then used to form and
break metallic contacts with the substrate repeatedly to collect statistics. While

13
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opening the metallic junction decorated with molecules, there is a certain probability
that tunneling through the molecule is measured, giving a very different signature
with respect to tunneling through the empty gap. Figure 2.4h-b show a typical
opening trace of the electrical conductance versus tip displacement exhibiting a
plateau in correspondence to the sliding motion of the molecule in between the two
gold electrodes [40]. After collecting few thousands opening traces, 1D electrical
histograms can be built to extract the most probable conductance of the molecule
as indicated by the peak at G < 1 Go, Figure 2.4c. Note that in the case of bare
Au-Au junctions, the histogram shown in Figure did not show any particular
feature in the tunneling regimeﬂ Another important tool, is the 2D histogram of the
electrical conductance versus displacement, Figure 2.4d. To build this graphs, every
opening trace is rescaled according to the breaking point of the Au-Au contacts
(end of the 1 Gg plateau), so that traces with different lengths can be analyzed.
Therefore, the Au-Au contact and molecular regimes will appear at respectively
negative and positive displacements. The results plotted in the 2D histograms are
generally more robust against unexpected variations of the tip-surface contact. In
fact, peaks in the 1D electrical histograms can also arise from contaminated opening
traces (continuous traces showing long range instabilities), which could hide the
characteristic signature of the molecule. Typically, the size of the accumulation
region in the 2D histogram is proportional to the length of the molecule, but usually
shorter because of the so called snap-back of the electrodes (plastic relaxation of the
tip-shaped electrodes after breaking the Au-Au contact).

2.1.3 Electronic thermal transport and thermoelectric effects

The electronic contribution to the thermal conductance in atomic and molecular
junctions can also be described within the Landauer formalism [I8]. In particular,
if a temperature difference AT is imposed to the leads (T, > Ty in Figure ,
thermal transport and thermoelectric effects come into play. In the linear regime,
the current I and heat flux @ are related to the temperature difference AT and the
voltage difference AV by the following relation [41], [42]:

(o) =0 &) (57) w10

One can then define the Seebeck coefficient S as

AV
— (=22 —— 2.1
5=(37),, =10 215)
and the thermal conductance k
k=— Q =K - S°GT (2.16)
AT -0

where the minus sign in the definition of the thermal conductance takes into account
the heat flux direction. Within the Landauer-Biittiker formalism, these coeflicients
depend on the transmission function 7(F) in the form:

7 As the histograms are built with logarithmically sized bins, one expects a flat distribution for
pure exponential tunneling decay
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2.2 Phonon Transport

G=-— 22 i TaE gg (E) (2.17)

L:—Qhezkf/o dEgl‘]; (E)(E — Er)/kpT (2.18)
62 2

F =2 () [T amglem)iE - By (219)

where kp is the Boltzmann constant. These integrals can be simplified with the
Sommerfeld expansion if the transmission function 7(F) varies slowly on the scale
of kpT around the Fermi energy Er. In this case one finds

2
K~ —%TLOT(EF) (2.20)
and
2
~ %T(EF) (2.21)

where T is the temperature of the system and Ly = (kB) T =244 V2/K?

the Lorenz number. Therefore, if S? << Lg the electronic thermal conductance is
proportional to the electrical conductance via the Wiedemann-Franz law

k~ LoTG (2.22)

Finally, the Seebeck coeflicient S is proportional to the slope of the transmission
function 7(E) with the relation

S~ —LoeT <W> (2.23)

From these equations, we can expect that in metallic contact, the electronic
contribution to the thermal conductance will be proportional to the electrical
conductance, since the transmission function 7(E) is usually flat for a wide energy
range around Er. This however does not take into account the phonon contribution,
which in the case of coherent ballistic transport may increase its relative weight
compared to the bulk metal. In the case of molecular junctions, we can expect
the validity of the Wiedemann-Franz law, only if the Fermi energy sits far from
resonances.

2.2 Phonon Transport

Thermal transport across molecular junctions is typically dominated by phonons
because of their poor thermal conductance. To date, because of the lack of suitable
experimental techniques, the heat transport properties of organic molecules have
been mostly studied theoretically. The few experimental studies available have been
focused on the properties of self assembled monolayers (SAMs) of alkane chains,
because of the need of forming high quality films. A comparison between the
theoretical results obtained with Molecular Dynamics (MD) simulations and ab-
initio methods and the experimental results on SAMs is provided in section [5.5
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Figure 2.5: Phonon transport through a single molecule. a) Schematic diagram
of the vibrational modes of a molecule in between two gold electrodes at different
temperatures, characterized by their respective phonon density of states and Bose-
Einstein distribution at temperature Ty, g. b) Phononic transmission function. The
energy is cut off at about 20 meV, in correspondence with the Debye frequency of the
gold electrodes.

The discussion about the phonon contribution to the thermal conductance of gold
atomic contacts can be found in section[.1.1} Here, we would like to outline the main
features of phonon transport across single molecule junctions within the Landauer
formalism.

Figure [2.5] depicts the transport model for a molecule in contact with two
electrodes at different temperatures. The thermal conductance kyj, of this junction
can be expressed with a Landauer-type of formula

kon(T) = % /0 ™ o (@) de (2.24)
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2.2 Phonon Transport

where fpp (w,T) = (eM/kBT _ 1)_1 is Bose—Einstein distribution function, h is
reduced Planck’s constant, kp is Boltzmann’s constant and 7, (w) is the generalized
phonon transmission function, containing also the coupling to the leads and the
density of states of the leads. In analogy with the charge transport model presented
above, the molecular junction can be viewed as a scatterer that filters the vibrational
modes of the leads. The main difference from electron transport is set by the Bose-
Einstein statistics: transport properties are not determined by the position of the
Fermi energy (which does not exist for bosons), but all the occupied modes in the
energy spectrum participate to transport and have to be considered in the calculation
of the thermal conductance. Figure shows an example of phonon transmission
for a molecule between gold electrodes, calculated with a combination of DFT and
Green’s function scattering methods [14], [I8]. The peaks in the transmission can
go above unity because they consider the 3 phonon polarization in the 3D space.
Moreover, the transmission goes to zero at about 20 meV, as this corresponds to the
limit of phonon density of states in the gold electrodes. All the molecular modes
at higher energies are filtered by the leads and cannot contribute to the transport
properties. Therefore, the measured thermal conductance strongly depends on the
choice of the leads. In general, the lighter the metal used, the higher the Debye
frequency and hence the higher the thermal conductance of the junction. It is also
possible to play with the mismatch in the phonon frequencies of the electrodes by
using different metals to reduce the overall thermal conductance, as demonstrated
in a recent experiment [9].

Another important factor influencing the heat transport properties of molecular
junctions is the coupling strength to the electrodes. This is probably the most
studied and understood phenomenon in these systems. By changing the binding
chemistry of the molecule to the electrodes from covalent to van der Waals,
reductions up to a factor of 2 have been reported [8, [43], [44]. These results stress
even further the influence of interfaces in determining the heat transport properties
of these nanoscale systems.

One of the most universal results that was obtained from the Landauer formula
is thermal conductance quantization [45] 46], 47, [48]. In the linear regime with AT
< T and if we assume perfect coupling of the phonon modes in the electrodes with
the 1D system, equation simplifies to

2 k%T

k=
3h

(2.25)

This quantum of thermal conductance represents the maximum energy that
each phonon mode can carry and interestingly, it was demonstrated that it is
not dependent on the particle statistics and it is valid for both bosons and
fermions[49]. Quantization of thermal conductance for phonons was proved only
once experimentally[50], mainly due to technical challenges involved in such heat
transport measurements.
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Chapter 3

Experimental Setup

In this chapter the experimental setup developed to measure the thermal properties
of atomic and molecular junctions will be presented. The first section introduces the
experimental technique and the basic measurement procedure. It continues with the
description of the setup, the laboratory environment, the data acquisition system and
the mathematical model used to calculate the thermal and electrical conductance of
the junctions from the measured signals. The following section describes the design,
fabrication and characterization of the MEMS sensors. Finally, the sample and tip
preparation are presented in detail, starting from the surface cleaning methods of
the MEMS to its surface functionalization with organic molecules and fabrication
of STM tips by electrochemical etching. The fabrication of the MEMS structures is
performed by our collaborator Ute Drechsler in the cleanroom at IBM Ziirich.

3.1 Experimental Setup

3.1.1 Introduction

Since the invention of the Scanning Tunneling Microscope (STM) in 1981 by Gerd
Binnig and Heinrich Rohrer (at IBM Ziirich)[51], many research groups started
investigating the physical properties of organic molecules on metallic and insulating
surfaces. In addition to the imaging capabilities with atomic resolution, STM
provided a way to probe charge transport in single molecules. In the late nineties,
researchers started to explore systematically such charge transport phenomena,
giving rise to the field of molecular electronics. The original idea of using a
single molecule as electronic device is often attributed to Aviram and Ratner in
1974 [52], who proposed a molecular diode consisting of a donor and an acceptor
m-system separated by a sigma-bonded tunneling bridge, predicting its rectifying
characteristics. The experimental challenge of contacting a single molecule was
solved by the introduction of two techniques, namely the STM-Break Junction
(STM-BJ) and the Mechanically Controlled Break Junction (MCBJ)[24], see
section The basic idea of both techniques consists in dynamically forming
a sub-nm gap between two metal electrodes on which the target molecules are
previously deposited. While opening/closing the gap between the electrodes in
the tunneling regime, there is a certain probability for one or few molecules to
bridge this gap. Since the molecule can bind in many different configurations to
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Figure 3.1: Working principle of the measurement technique. a) Schematic
diagram of the experiment. To monitor the temperature Ty of the gold electrode,
the four-probe voltage, V4p, and the heater current, Iy, are measured. Simultaneous
measurement of the tunneling current, Iy, allows us to extract the electrical
conductance of the junction. An external resistor Ry limits the current. b) Scanning
electron micrograph of a typical MEMS used in this work. ¢) Prior to contact formation,
the membrane is heated to Ty;. 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 Tys, 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).

the metal electrodes, it is necessary to collect many of these conductance versus
distance traces in order to get the most probable electrical conductance [53].
This break-junction method demonstrated to be very powerful to study charge
transport in single molecule junctions and it was then further adapted to investigate
the mechanical, optoelectronic and thermolectric properties [54]. However, heat
transport in molecular systems has still been largely unexplored because of the
lack of suitable experimental techniques [6]. In the following sections, I am going
to explain how we combined the break junction technique with MEMS heat flux
sensors to measure heat transport in single atomic and molecular junctions.

3.1.2 Working principle

In order to measure heat transport at the atomic and molecular scale, we combined
the STM-BJ technique with highly thermally insulated heat flux sensors consisting
of a suspended Micro-Electro Mechanical System (MEMS) with an integrated micro-
heater, Figure The experiments are performed in high vacuum (10~7 mbar) and
at room temperature with a custom-built STM setup located in the IBM Noise Free
Labs [55]. With the STM-BJ technique, we can measure the electrical conductance
of the tip-MEMS contact and understand whether we have a single atom or a single
molecule in the junction. The electrical conductance represents our reference signal,
and thanks to the progress made in the molecular electronics field, we can use it to
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3.1 Experimental Setup

get information about the structure of the molecular/atomic junctions [56].

The MEMS consists of 4 SiNx suspension beams connected to a central part,
which features a Pt micro-heater, to control and monitor the temperature, and a
metallic platform, to form electrical contacts with the STM tip. Thermal equilibrium
is assumed between the platform and the heater, due to larger thermal resistance
of the suspension beams.The tip and the metallic platform are usually made out of
gold, as one of the most commonly used metal in molecular electronics. To obtain
the thermal conductance of the junction, we heat the MEMS to a temperature Tp
by applying a constant voltage to the heater and then measure the heat flux to the
tip, at room temperature, while forming and breaking contacts. Prior to contact
formation, heat can be transported from the MEMS to the substrate only through
the suspension beamgl] We can then calculate the thermal conductance of the
MEMS, defined as )

Gmems = % (3.1)
where Q is the total power provided by Joule dissipation and AT is the resulting
temperature difference. Once a contact between the tip and the gold platform is
formed, the AT decreases because of the additional heat path. In the electronic
analogy, one can translate this scenario to the parallel of two conductances, as
tip and substrate are at the same temperature. The thermal conductance of the
junction is then obtained by subtracting the previously measured Gpems. Typically,
this procedure is repeated few 1000s times to collect statistics as in a standard
break-junction measurement.

From this brief explanation, 2 important aspects of the measurement can already
be understood:

1. To obtain the thermal conductance of the tip-MEMS contact we have to
subtract a reference value, which, in the simplest case, corresponds to the
thermal conductance of the MEMS, Gyems. This means that the amplitude of
the measured temperature change depends on the ratio between Gems and Gj;
hence to have a good signal to noise ratio, the MEMS sensors should feature
a thermal resistance as close as possible to G;.

2. To finely control the breaking process of the junction, the MEMS has to be
mechanically stiff, setting a trade-off between mechanical stability and heat
flux sensitivity.

In the following sections, these aspects will be addressed in some detail, as they
provide the guidelines to design the experiment.

3.1.3 The setup

The development of the experimental setup, was initiated by Dr. Bernd Gotsmann.
When I joined IBM in 2014, I started by optimizing, programming and developing
the system further to reach the sensitivity needed for measuring the thermal
conductance of single molecular junctions. The setup consists fundamentally of

!Note that in high vacuum there is no heat conduction through air. Moreover, the contribution
of radiation to the thermal conductance of the MEMS is negligible for the temperature differences
(<100 K) set during the experiment.

20



3.1 Experimental Setup

Pressure Gauges '%5
- b High-vacuum

-
chamber
= -

v
"(

Figure 3.2: Picture of the experimental setup in the Noise Free Labs at
IBM Zurich. On the left, one can see most of the setup and the sensitive electronic
instruments. On the right, a view of the interior of the vacuum chamber with the
piezo-scanner and positioners is shown. The inset displays a MEMS sensor (5 x 5 mm)
electrically connected to the probecard on the sample holder.

a custom-built scanning tunneling microscope (STM) in high-vacuum, Figure
It is placed on an optical table, which is fixed on the concrete block of the
anti-vibration system of the lab. The turbo pump (HiPace® 300 from Pfeiffer
Vacuum) is connected to the main vacuum chamber from the bottom through a
flexible hose to damp the vibrations generated by the rotation of the pump blades.
The exhaust of the turbo pump is connected to the rotary pump located in the
auxiliary room of the lab to reduce the noise. A pneumatic gate valve (VAT) can be
used to isolate the vacuum chamber, so that the turbo pump can be switched-off. In
this case, to maintain the low pressure inside the chamber, the ion pump (TiTan®
from Gamma Vacuum) connected to the left side of the chamber is turned on. This
combination allows us to minimize the mechanical vibrations induced on the setup
while performing an experiment. We can reach a vacuum level below 1076 mbar
within an hour, if the chamber was not left to ambient pressure for more than a
couple of hours. To increase the lifetime of the ion pump, we typically wait for the
pressure to be around 10~7 mbar, which can take up to 12 hours. The chamber
features 6 openings connected via CF160 flanges. A quick access door on the front
allows us to load the sample and exchange tips. All the vacuum parts, apart from
the door, are UHV compatible to allow more flexibility for the future developments
of the setup. Inside the chamber (Figure , the sample holder is placed on 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) to
perform STM-break junction measurements or STM imaging. The holder consists
of a stainless steel base plate on top of which a probecard (from SQC AG) with
pins arranged in a fixed layout is mounted. The MEMS samples are designed with
the same contact layout, so that samples can be quickly exchanged without the
need of wafer bonding. The holder is then magnetically fixed on the scanner thanks
an intermediate plate screwed on the scanner itself which contains few strong
permanent magnets. The tip holder is placed in front of the piezo-stack on the
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3.1 Experimental Setup

Figure 3.3: SEM image of a MEMS sample On the right side, the Au pad used
to perform break junction tests is visible. On the left side, the MEMS is indicated by
two arrow-like structures that serve for the optical positioning of the tip onto the gold
platform.

positioner for the out-of-plane motion (Attocube ANPz101), which is used to coarse
approach the tip to the sample surface. The lower piezoelectric elements are screwed
on an aluminum base plate, which is suspended via 4 Viton® O-rings to damp the
mechanical vibrations coming especially from the turbo pump. This simple solution
is quite effective and it allows us to perform the break junction experiments with
the pump running. In fact, it is very convenient to start measurements and perform
preliminary tests on new samples while the turbo pump is still running, as one can
save 5-10 hours of pumping time. The position of the aluminum plate inside the
setup is adjusted at few cm distance from the front door, to enable optical access
to the sample via the stereo-microscope. This is aspect is very important, because
it allows us to reposition the tip on the MEMS anytime during the experiment or
to move it to the substrate. It is in fact normal practice in the STM community to
clean or reshape the tip, by gently crashing it onto a metallic surface with a high
voltage applied (> 5 V). As this step cannot be performed directly on the MEMS,
mainly because of induced overheating, we typically move the tip to the substrate
and do such tests on a predefined gold pad, as shown in Figure |3.3

One last important aspect of the setup is the cabling inside the vacuum chamber.
To minimize the electronic noise level of the measured signals, it is better to use short
coaxial cables directly from the probecard to the feedthroughs. At the same time,
the cables mechanically link the piezo-scanner with the chamber, and thus their
stiffness must be also minimized. Therefore, we decided to connect the probecard
to an intermediate series of pins, which are fixed on the aluminum baseplate and
connected to the feedthroughs via longer coaxial cables.

3.1.4 Noise Free Labs

The setup is located in the Binnig-Roher Nanotechnology center in Zurich inside
one of the Noise Free Labs. These laboratories were devised in order to reduce the
influence of external noise sources so that almost any kind of experiment would profit
from such an environment. The laboratory consists of an experiment room where
the setup and the sensitive electronic equipments are placed, one operator room,
from where the researcher can control the setup and two additional side rooms,
containing the noisy equipments like the scroll pump for the pre-vacuum and the PC
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Figure 3.4: Schematic of the laboratory concept. The laboratory combines
air conditioning system for the humidity and temperature control, shields and active
compensation to screen external electromagnetic fields and vibration isolation, achieving
unprecedented low levels for the main noise sources (reproduced from [57],[55]).

itself. Figure [3.4] shows a cross-section of the lab with the operator and experiment
room. The setup is placed on a large concrete block of 30 to 68 tons to passively
damp the high frequency mechanical vibrations (above 5 Hz). This main base is
further suspended on a combination of air springs and air cushions to allow for active
compensation of the remaining vibrations. With this implementation, vibrations of
less than 300 nm/s at 1 Hz and less than 10 nm/s above 100 Hz were achieved. The
air conditioning system was designed in a way that the air flow does not excite the
concrete block. In this way, the temperature is kept constant within +0.01 °C and
the humidity within +2%. Sound-absorbing panels cover the walls of the experiment
room to absorb the acoustic noise generated inside and outside of the laboratory.
Isotropically conducting NiFe sheets (80% Ni, 20% Fe) were used to coat the door,
walls and ceiling, forming a magnetic cage that shields from mid and low frequency
electro-magnetic fields (100 Hz — 100 kHz). An aluminum top layer was welded to
the magnetic layer forming a Faraday cage. Moreover, three Helmholtz coils were
installed inside the room to actively compensate for variations in the DC magnetic
field. In terms of performances, electromagnetic fields with AC peaks of less than
0.3 nT at 50 Hz and 250 Hz and DC variations of less than +15 nT' were achieved.
Working in such a special environment, particular care has to be taken in order to not
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Figure 3.5: Schematic view of the data acquisition and control circuitry.
The red circuit is used to measure the tunneling current between the STM tip and
the MEMS platform. The green circuit controls the piezoelectric scanner through the
high-voltage amplifier ANC250 and the coarse positioners through the ANC150 control
unit. Finally, the blue circuit is used to measure the 4-probe resistance of the heater
element integrated on the MEMS and the dissipated electrical power.

degrade the performances of the laboratory and profit the most from it. For instance,
we tried to damp the vibrations coming from the vacuum pumps by using flexible
vacuum connectors to the the main chamber. Despite of generating electric noise,
we placed most of the electronic instruments (differential amplifiers and ADC/DAC
cards) inside the laboratory close to the experiments, to minimize the pick-up noise
induced in long coaxial cables and the input capacitances to the amplifiers. Even
if we cannot directly measure the benefits of being in this controlled environment
for our experiment, we definitely observe great advantages, compared to a standard
laboratory. First of all, thanks to the vibration damping system and the temperature
stabilization, mechanical drifts of the piezoelectric positioners/scanner are greatly
minimized. Moreover, keeping continuously a constant temperature greatly reduces
the variations in the electronic offsets and gains of the amplifiers. For instance the
voltage offsets at open circuit that we measure before starting every experiment
show very small variations from month to month.

3.1.5 Data acquisition and system control

The data acquisition system is depicted in Figure The measurement unit is the
ADwin Pro II, featuring an internal processing unit with 300 MHz clock rate, 768
kB local memory and 256 MB RAM which allows floating point operations with
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40-bit resolution. It is a flexible system that can be personalized with different
functional modules, e.g. Analog, Digital and Counter modules. In our case, we
installed an analog input card with 8 differential channels, and ADC resolution of
18-bits and a conversion time of 2 s, an analog output card, with 16-bit resolution
and a settling time of 3 us, and a digital card with 32 inputs/outputs. Both
analog cards have a dynamic voltage range of +£10 V. The ADwin has its own
programming environment (ADbasic) and, thanks to the internal processing unit,
it can handle multiple programs at once with very precise timing, giving us high
flexibility. We use the ADwin to control the open loop piezoscanner via a low
noise, high voltage amplifier (ANC250 from Attocube) and as voltage source for the
thermal and electrical circuits. The coarse positioning is instead performed with a
separate control unit (ANC150 from Attocube) directly connected to the computer.
The analog inputs of the ADwin are connected to the IV converter for the STM
current and to the differential amplifiers (SR640 from Standford Research) for the
heater resistance and current. In order to perform a measurement, we load a specific
routine on the ADwin processor and read/write data by using a Matlab® interface.
The main advantages of this approach are the precise and fast acquisition rates
(independent of the computer load) and large flexibility in terms of functions that can
be implemented with a combination of Matlab and ADbasic scripts. For instance,
the speed of the main routine performing the STM-BJ measurements was optimized
to 300 kHz. However, the ADwin system is designed to maximize the speed of
operation and special care has to be taken to obtain low-noise levels. Providing a
good ground to the experiment can be considered as an art.

3.1.6 The electrical circuits

In this section the details of the mathematical model used to calculate the thermal
and electrical conductance of the junction are presented. Figure [3.6p shows a
simplified schematic of the thermal circuit, to measure the 4-probe voltage Vyp
and the heater current I,. From the measured signals V; and Vo we can define

1 (VQ—V20ff)

_ 2
Vip 1 L + Vees2 (3.2)
Ve 1T (Vi —Viggy)

I, = R. " R A + Viep1 (3.3)

where Viopp and Vo, rr are the offset measured at Vioy = 0. From these values we
can readily calculate the 4-probe resistance of the heater Ryp = Vyp/I} and extract
its temperature 7' by using

1 —
ToT, =" Ryp — Rypam (3.4)

« R4Pamb

where « is the temperature coefficient of resistance of the Pt-heater and R4pgmp the
electrical resistance of the heater at ambient temperature Ty,,;,. The total power P
provided to the MEMS central platform is defined as

P = RyI} + ruRyI} (3.5)

where first term represents the contribution of the heater and the second term the
one of the suspended portion of two metal lines carrying the current (each metal
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Figure 3.6: Schematic of the electric circuits used to measure the thermal
conductance of the junction. Ryp is the 4-probe resistance of the heater, R}, the
resistance of the metal line along the beam, Rg is the series resistance. Viot, Vyefi
and Vi, are voltage outputs of the data acquisition system while V; and Vo are the
2 signals measured. Differential amplifiers indicated with gains A;, Ao and Az are
used to filter and amplify the 4-probe voltage V4p and the voltage drop over the series
resistance V.

line contributes with a power 0.5 x r, Ryl ,ZL) Ry, is obtained from the value of the
2-probe resistance Rop = Vit /I, = Ryp + 2Ryp. It can be demonstrated that half of
the total electrical power generated in the metallic line over the beam is effectively
increasing the mems temperature whereas the other half is directly dissipated into
the silicon substrate. Moreover, as only the portion of the line that is suspended has
to be considered, we can introduce a correction factor r, representing the fraction
of electrical resistance of the underetched portion, Figure ry ~ 85% can be
directly estimated from the design layout, as it depends only on geometrical factors.
Note also that the heater current flows mostly in the outermost metal lines as the
inner ones are connected to the high-input impedance of the differential amplifiers.
At this point, we can use equation to calculate the thermal conductance of the
device. The advantage of using this configuration of differential amplifiers is that we
can set high gains Ay and Az (> 1000) by subtracting the reference voltages Vief
and Ve and focus on the small resistance and current changes occurring during
the STM-BJ measurement.

To measure the electrical resistance R of the junction we normally apply a small
constant bias V}, < 100 mV to the tip and measure the current with an IV converter
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Figure 3.7: SEM image of the contact layout of the MEMS sample (a)
showing the portion of the metal lines which is not underetched (b).
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Figure 3.8: Schematic of the electric circuits used to measure the electrical
conductance of the junction. Rj is the electrical resistance of the Tip-MEMS
junction, Ry, is the resistance of the electrical line along the beam and Ry the external
series resistance used to limit the STM current. The amplifier is a current to voltage
(IV) converter. Vy, and Vg, are the voltage output and input of the data acquisition
system, respectively.

connected to the metallic platform on the MEMS, Figure [3.8] Then we can use

Vb Vp x A
Ry = = — Ry — R; 3.6
! Istm Vstm - ‘/off ’ ( )

with V, ;s being the offset measured at open circuit and A the gain of the IV
converter. Ry was obtained previously by connecting the bias voltage to the second
metallic line going to the platform and measuring the 2-probe resistance. Typical
values for the designs used in this project go from 30 to 4 k{2 depending on the
width of the metal. The external series resistance Ry serves to limit the stm current
and avoid damaging the MEMS when a large metal contact is formed with the tip.
Moreover, without switching the gain of the IV converter, we can measure resistances
with a larger dynamic range, as required for STM-BJ (from 1 k2 to 10 GS2). The
value of the series resistance is usually set to 10-100 k2.
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Corrections to the mathematical model

The model presented above collects the main parameters used in the analysis but
it is not complete. In fact, to increase the accuracy of the measurement several
corrections have to be taken in account for both the thermal and electrical circuit.
In the first case, the 4-probe resistance measurement is not ideal, as the input
impedance of the amplifiers (SR640 Stanford Research) is equal to 1 MS, which is
only 25 times larger than the 2P-resistance of the heater (~ 40 k2). Therefore, if we
modify the circuit in Figure[3.6]introducing the input impedance of the amplifiers, we
can correct for this effect and compute also the values of the actual currents flowing
in each beam. Without correction, the value of the heater and beam resistances is
overestimated by roughly 1%. Another factor that has to be considered concerns the
calculation of the power provided to the MEMS. When the STM current g, # 0,
additional heat is generated at the junction resistance R; and in the series resistance
on the beam Rp. To correct for this effect, we can calculate the heat generated in
the STM circuit

1 1
&mzﬁﬁﬁ%+§m&@m (3.7)

and add it to the power provided by the heater in equation [3.5] The second term
is analogous to the formula used for the contribution of the heater lines. The first
term instead, comes from the assumption that in atomic or molecular junctions the
power is dissipated symmetrically in the electrodes, tip and MEMS. It was recently
demonstrated that in systems that can be described with the Landauer formalism,
it exists a direct relationship between the transmission function T(E) of the junction
and the power dissipation [58, 59, [60]. Specifically, if T(E) varies slowly around the
Fermi energy of the electrodes (Er) then the power is dissipated symmetrically in
the electrodes, as in the case of gold atomic contacts. However, if this is not the case,
as it is usually for molecular junctions, then Peltier effects come into play and the
dissipation is asymmetric. The degree of asymmetry is strictly related to the slope of
T(E) at Er and hence to the Seebeck coefficient. Thus, we can use equation for
the case of metallic contacts and for molecular junctions we can estimate the order of
magnitude of the asymmetry from the reported values of Seebeck coefficients. Note
that because of the high resistance of single molecule junctions and small voltage
applied V;, < 100 mV, these effects are mostly negligible.

Further corrections are needed also for the calculation of the junction resistance.
The first comes from the measurement configuration: when using an IV converter
(i.e. feedback ammeter) the series resistance Rg should be higher than the gain of
the amplifier A [61], as voltage offsets and noise sources at the input of the ammeter
are amplified by A/R;. In our case we usually set A = 10" and Ry = 100 k. This
means that for metallic contacts (R; < 12.9 k) we must introduce an additional
correction factor V. that takes into account the small errors in the voltage bias V,
and internal offsets of the IV-converter. We can then modify equation [3.6] to

(V= Vo) x A
Ry= —— Ry, — R, (3.8)
For characterizing V., we substituted Rj; with previously calibrated resistors
spanning the target resistance range. Without this correction factor, the values
measured can be off by 50% in the resistance range below Rs. Typical value for V,
is 0.9 mV and it is slightly dependent on the voltage bias applied V;. After this
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calibration procedure, the junction resistance can be measured with an accuracy
< 2% from 1 k) to 10 GQ.

The second correction factor which has to be taken into account deals with the
resistance of the metallic line along the beam R;. While, in the case of the thermal
circuit the beam resistances are continuously monitored, for the STM circuit, the
value of Ry is taken only once before starting the STM-BJ measurement. The line is
usually made out of platinum and varies with the average temperature of the beam,
having the same temperature coefficient of resistance a of the heater. Therefore, the
suspended part of Ry is temperature dependent and we can insert in equation

Ry = ry Ry amp (1 + OéAQT) + (1 = 7ru) Rp,amb (3.9)
with AT being the temperature difference measured with the heater and Ry, 4y, the
value of the resistance at ambient temperature. The magnitude of this correction
depends on the value of Ry, and it has a substantial influence only for metallic
contacts. Combining equation [3.9 with [3.7, we can also be more accurate in the
estimation of the power dissipated.

3.2 MEMS design, fabrication and characterization

Suspended micro-structures with integrated heaters have been widely used for many
different thermal transport applications, from the characterization of the thermal
properties of nanostructured materials [62, [63, [64) [65] to the measurement of the
phononic thermal conductance quantum[50], near field heat transfer[66]. The main
reason for this is the lack of very good thermal insulators. If we consider the
range of electrical conductivities in standard materials, there is a difference of more
than 26 orders of magnitude between fused quartz (one of the best insulators) and
silver (one of the best conductors). On the other hand, if we look at the thermal
conductivity range, there are only 5 orders of magnitude between the best thermal
insulators (e.g. silica aerogels with k ~ 0.01 W/(mK)) and the best conductor
(diamond with k ~ 2200 W/(mK)). This means that experimentally is very hard
to control or to confine heat fluxes along guidelines, as one can do with charge.
One ways of measuring the thermal conductivity at the micro- and nano-scale
consists in using vacuum as thermal insulator by suspending the structure under
test between two MEMS platforms and measure the temperature rise in one of them
while the other one is heated. Usually, the only requirement for such applications is
having MEMS characterized by high thermal resistance, so that small heat fluxes can
induce a measurable temperature change. The stiffness of these MEMS platforms
becomes really important in experiments probing near field radiation between two
surfaces at nm distances, as the attraction forces between them tend to pull them
together. In our case, we use a suspended MEMS with an integrated heater/sensor
with a high thermal resistance (~ 2 x 107 K/W) as one reservoir and then we
connect it to the STM tip by forming contacts composed of few metallic atoms or
organic molecules. Similar to near field experiments, stiffness, thermal insulation
and mechanical stability are fundamental aspects that have to be optimized.
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Figure 3.9: Standard deviation and spectral density of the thermal
conductance measured at AT = 50 K. a) Standard deviation of the thermal
conductance at different integration times (blue) and expected trend for white noise
only. b) Spectral density of the thermal conductance measured with a sampling time
of 1 ms.

3.2.1 Noise performance

For the STM circuit several options were tested during the PhD project in order
to minimize the noise level. In fact, STM-BJ measurements require large dynamic
range (from pA to pA) and bandwidth (~ 1 kHz). Several solutions were proposed
in the field of molecular electronics from logarithmic amplifiers to combinations
of 2 linear amplifiers with different gains [67]. By simply measuring the voltage
drop over a 100 k2 resistance in series with the junction, we could obtain a noise
level of G~ 107® Gg at V,, = 50 mV and a voltage amplifier (SR640) with gain
x100. With the transconductance amplifier DLPCA-200 (FEMTO) with gain x10°
and an additional voltage amplifier stage with gain x10 we decreased the noise to
G~ 5 x 107% Go with V =50 mV. The main drawback of the FEMTO amplifier is
the limited dynamic output range of 1V for a 50 2 load, which is not matched
with input range of the ADwin (£ 10 V). The best results were obtained with
the low-noise I-V converter from the University of Basel (SP 983), featuring an
automatic offset compensation and and a dynamic range of £10 V giving a noise
level of G~ 1076 G¢ at V}, = 90 mV. Most of the interesting molecules for molecular
electronics applications have an electrical conductance above ~ 107¢ G, within our
measurement range. However, in the future, it might be interesting to extend this
even further, to probe the thermal conductance of long molecular backbones [35] or
bridges created through = — 7 interaction [68].

The noise level of the thermal conductance signal was optimized by using the 2
differential amplifiers SR640 (Stanford Research). In particular, the 4-probe voltage
drop over the heater and the heater current are amplified with a gain of x1000
after the subtraction of a suitable voltage offset coming from the ADwin. In this
configuration, we can easily compensate for the large changes in resistance occurring
when setting a different temperature to the heater (~ 2 k) and increase the gain
of the amplifier to measure the small variations induced by the heat flowing to the
tip (~ 1 Q). Figure shows the thermal conductance noise spectrum measured
at AT = 50 K. The peaks at multiples of 50 Hz appearing in the spectrum may
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Figure 3.10: Fabrication process flow of the MEMS. a) The Pt heater and
leads are patterned by e-beam lithography on the SiNx layer. b) Au is deposited and
patterned by lift-off. ¢) SiNx is removed to define the shape of the MEMS, which is
then released by etching the Si substrate underneath with TMAH.

come from several sources and it is very challenging to remove them completely. By
integrating the signal for at least 20 ms the noise level reduces to 13 pW /K as shown
in Figure 3.9k, which is the best resolution reported up to date in a bandwidth of
50 Hz[69) [70]. This corresponds to a sensitivity of T = 20 mK, R = 0.6  (over
25 k) and heat flux P = 650 pW in the same bandwidth. We would like to
stress that we don’t employ any modulation scheme to measure the temperature
of the heater, which would result in a higher sensitivity, well below 1 uK regime
[71]. However, temperature fluctuations of the compliant MEMS structures would
detrimentally affect the mechanical stability of the junction and strongly decrease
the bandwidth, making the STM-BJ measurement very challenging. Future tests
with AC techniques are planned to explore the resolution limits of the setup and
investigate these experimental issues.

3.2.2 Fabrication Process

For the fabrication of the MEMS devices we follow a process similar to the one
outlined by Karg et al.[62]. In the most simple version, it consists of 3 lithographic
steps: 1 electron-beam lithography (EBL) and 2 optical lithographies. The whole
fabrication process is carried out in the cleanroom at IBM in Riischlikon by our

31



3.2 MEMS design, fabrication and characterization

colleague Ute Drechsler, apart from the initial wafer stack, which is bought from
SiMat in Germany. We start from a 4-inch silicon wafer coated with 150 nm Low-
Stress SiNx (SiMat, Germany). We then thermally evaporate 25 nm of Pt with 2 nm
of Cr as adhesion layer. We pattern the Pt layer by e-beam lithography to fabricate
the heater and the suspended metal lines, Fig. [3.10h. Afterwards, we sputter 50 nm
of Au and we define the platform on the MEMS and the contact pads by using optical
lithography in combination with a lift-off process, Fig. [3.10p. 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)
with subsequent replacement of solvent using isopropanol, which is then removed in
a critical point dryer, Fig. [3.10c. The resulting MEMS structure consists of four
SiNx beams of lengths ranging from 250 ym to 500 um, according to the design,
thickness t = 150 nm (as defined by the SiNx layer) and width w = 4 pm. Typically,
the Pt lines connecting to the heater element have widths between 100 and 200
nm, while the lines to the Au platform are designed with a larger width of about
400 nm to minimize the electrical resistance. Several variations of this process were
tested during the course of the PhD project. For instance, the lift-off process to
pattern the gold layer, was substituted by chemical etching. Although increasing
the edge roughness, this solution allowed to reduce the number of short-circuited
devices because of lift-off residues peeling-off the borders of the gold lines. Another
interesting approach that was tested, consisted in substituting the Pt-lines used
to contact the the Au-platform on the MEMS with Au-lines patterned by e-beam
lithography. This is particularly useful in experiments, as the Pt-Au junction on the
MEMS contributes with a Seebeck voltage when the MEMS is heated that introduces
uncertainty in determining the electrical resistance of the junction. The effect of not
having a metallic heterojunction in the STM circuit was successfully tested, however,
introducing two additional e-beam patterning steps (as one is needed to pattern the
e-beam alignment marks, preferably made out of tungsten) makes the fabrication
process more time consuming.

3.2.3 MEMS design

In order to probe heat transport through atomic and molecular junctions, we need to
measure thermal conductance variations on the order of 10 pW /K while repeatedly
forming and breaking of such junctions at room temperature. So in the ideal case, we
would like to fabricate MEMS sensors featuring a low thermal conductance (Gy, ~
1078 W/K), high bending stiffness (k > 100 N/m) and fast response time (7 ~ 1
ms). However, optimizing these parameters at the same time is very challenging,
as the thermal and mechanical properties of the MEMS sensors are fundamentally
linked together. The thermal conductance Gy, of a beam is defined from Fourier’s
law for heat conduction as

A
Gun = kun 7 (3.10)

were k:h is the thermal conductivity, A and L are the cross-section and the
length of the beam, respectively, Figure According to this formula, we can
readily see that in order to minimize Gy, we must choose a material with low
thermal conductivity and design long supporting beams with a small cross-section.

The material of choice is silicon nitride with typical thermal conductivity of 3-4
W/mKJ[72], [73] and a Young modulus E ~ 260 GPa[74] in thin films. The low
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Figure 3.11: SEM picture of a typical MEMS design. The silicon nitride beams
are characterized by a thickness t, width w and length L, as indicated in the figure.

thermal conductivity value together with a high Young modulus and established
fabrication procedures to build suspended membranes on silicon makes it suitable
for our application. In terms of geometry, we decided to focus on low-stress silicon
nitride films on silicon with a thickness ¢ =150 nm (purchased from SiMat in
Germany). As the width w of the beams is constrained by the optical lithography
resolution and alignment step to 2 um, the length of the beams L remains the main
design parameter. In practice, the usual width of the silicon nitride beams is 4 ym,
to compensate for misalignments with respect to the metallic lines, see 3.2.2] An
important contribution to the thermal conductance may come from the Pt lines
used to contact the heater and the gold platform. Evaporated Pt thin films have a
thermal conductivity of about 30 W/mK at room temperature. For this reason, we
usually design lines with a thickness of 25 nm and width of 100 to 200 nm, so that
their contribution to the overall thermal conductance stays below 10%. During the
PhD project, we fabricated several MEMS structures having beams with different
lengths from 250 ym to 500 ym and a measured thermal conductance Gems ~
4 and 2x107® W/K, respectively. However, because of the greater mechanical
stability, the beams with L ~ 250pm are usually preferred.

Modeling the mechanical stiffness of the MEMS is quite challenging, as it depends
on many parameters that are not easily accessible, like the residual stress in the
layers after fabrication, the torsional and flexural bending modes, the thermal stress
induced during operation because of the thermal expansion of the SiNx and metallic
layers. However, to give an estimate of the out-of-plane stiffness, we can use linear
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Figure 3.12: SEM pictures of several MEMS designs. a) One of the first MEMS
designs. The central platform features some openings to facilitate the releasing process
by exposing the silicon underneath to the etching solution. In the next generations, this
feature was dropped as no issues during the release were observed. b) MEMS design
with tilted beams with an angle of 10° with respect to the MEMS longitudinal axis. c)
MEMS with beams at 45° with respect to the MEMS longitudinal axis. d) MEMS with
4 additional SiNx beams to improve the mechanical stability along every direction.

elastic continuum theory expressions for double-clamped beams under stress |75, [76],

Ewt® 24cwt
ki =16——— + ———
L =107+ =7

(3.11)
where o represents the tensile uniaxial stress along the silicon nitride beams. By
modeling the MEMS as two SiNx beams of length L = 600um (equal to the length
of the two beams plus the central platform), thickness t = 150 nm, width w = 4
um, Young’s modulus £ = 260 GPa and tensile stress o ~ 75 MPa, we obtain a
stiffness of ~ 0.7 N/m, strongly dominated by the stress term. Note that additional
contributions to the stress may come from the deposition of Pt and Au and from
the thermal stress induced upon heating of the MEMS. Compared to the stiffness of
Au-Au contacts (~ 5N/m [77]), this is clearly not enough for achieving a controlled
breaking process. From the fabrication point of view, we did not find many solutions
to increase the bending stiffness without affecting the thermal conductance. One
way, for instance, would be to design T-shaped beams [78] or reverse the entire
geometry of the experiment by placing the sensor on the tip side |70}, [69]. However,
by performing the first experiments, we found out that by simply moving the STM
tip at an angle with respect to the MEMS surface, we can take advantage of the
larger in-plane stiffness and achieve a controlled breaking process, without changing
the fabrication process. In particular, if the beams are designed at an angle § with
respect to the axis of the MEMS, we can reduce the torsional degrees of freedom
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and exploit the uniaxial stiffness of the beams
t
Ry = wa sin(B) (3.12)

with values of about 135 N/m for a single beam. In fact, if the applied force is not
perpendicular to the beam axis, we have to consider the contribution of the bending
given by and of the elongation along the axis with We would like to point
out that the estimations given here carry significant uncertainties since we consider
only a very simplified model of the MEMS structure. Nevertheless, they serve to
explain the empirical finding of a very different in-plane and out-of-plane stiffness
resulting, for example, in different spring-loading distances in the two directions.

Figure [3.12] shows few examples of MEMS structures fabricated during the PhD
project. Empirically, the best design (out of 20 basic structures) for the break
junction experiment is the one with beams at 45° with respect to the longitudinal
axis of the MEMS, Figure 3.12k. Other designs with additional supporting beams
did not show particular improvements in the experiment, Figure [3.12d.

Another important aspect concerning the design of the beams, comes from the
assumption that the temperature on the MEMS is homogeneous and corresponds
to the one of the Pt heater. This assumption holds only if the thermal resistance
of the beams is much larger than the one of the central platform. Indeed, going
from the heater to the substrate, the MEMS can be modeled as the series of 2
thermal resistances Ry, = Rpigt + 2Rpeam (note that in the opposite direction
Rip, = 2Rpeam). Therefore, the temperature difference over the platform can be
calculated with ATyt = Rpiat/ (Rpiat +2Rbeam) X AT, where AT is the temperature
difference between the heater and the substrate. Using equation with a thermal
conductivity of Au kg, = 125 W/mK (extracted from the electrical conductivity of
the gold lines) and neglecting the interfacial thermal resistance between gold and
silicon nitride, we obtain R, = 3 to 4.5 x 10° K /W for the different MEMS designs,
corresponding to a maximum ratio AT} /AT < 1%, with a typical beam thermal
resistance Rpeqm = 9 x 107 K /W. Thus, we can safely consider the central platform
in thermal equilibrium with the heater.

Finally, the response time of the temperature measurement has to be fast enough
to follow the dynamics of the breaking process. This is characterized by the thermal
time constant 7 = RpemsCmems, where Rpems is the thermal resistance of the
MEMS and Cipems the effective heat capacity. To minimize 7, we designed MEMS
platforms with different dimensions, reducing it to the minimum size required to
optically align the tip onto the MEMS. The smaller fabricated MEMS platforms are
62 ym x17 ym including heater and gold platform, with a calibrated time constant
7 = 20 ms.

On the materials selection

As already mentioned, we chose low-stress SiNx to fabricate the supporting structure
of the MEMS, Pt for the heater/thermometer and Au as metallic electrode to
perform the STM-BJ measurement. SiNx is one of the most popular materials
to build thin film mechanical resonators and in general suspended membranes on
silicon. In our case, the combination of a large Young modulus (260 GPa) and low
thermal conductivity makes it ideal to optimize the trade-off between mechanical
stiffness and thermal insulation.
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Platinum is also the most used metal to make high-precision thermometers (like
the commercial standards Pt-100 and Pt-1000), because of the linearity of the
electrical resistance over a wide temperature range, its inertness and durability.
Another important characteristic of Pt thin films is the ability to sustain large
current density up to 107 A/cm? [79] before electromigration sets in, and show
high temperature stability of the electrical R(T) characteristic. On the contrary Au
interconnects start to suffer from electromigration at current densities between 10°
and 10% A/cm? [80]. To achieve heater temperatures of about 100 °C, we work at
current densities ~ 2 x 105 A /cm?, and thus Pt seemed the optimum choice.

Gold was selected as the starting material for the metallic platform on the MEMS
for several reasons. It is one of the most understood and well studied material
with the STM-BJ technique in terms of conductance quantization[27, [15], atomic
chain manipulation [26, [15] and formation of molecular junctions [31], thanks to its
high bonding affinity with many organic molecules and different anchoring groups.
Moreover, it is also very common in the fabrication of metal leads for micro and
nanostructures, as it does not readily oxidize and has one of the highest electrical
conductivity. However, the gold layer on the MEMS can be easily replaced by
other metals. MEMS structures with Pt platforms were fabricated and tested in
preliminary experiments during the PhD project. Other metals like palladium[8T],
silver [82] [83], nickel [84, [85] or even graphene [86] [87] had been already studied
as suitable electrode materials for molecular electronics applications. Thus, it will
be very interesting in the future to study the heat transport properties of atomic
contacts and molecular junctions formed with different metals.

3.2.4 MEMS characterization

Before starting an experiment, the thermal and electrical properties of the MEMS
samples have to be carefully characterized. Important parameters are the heater
resistance at ambient temperature Rypgmp and thermal coefficient of resistivity of
Pt, for the temperature measurement, and the resistance of the metal line connecting
the gold platform, for the electrical conductance measurement. Other parameters
like the thermal time constant and the thermal resistance are important features
but they do not enter in the data analysisﬂ

The temperature coefficient of resistance for metallic thin films are generally
lower than the value for bulk metals (e.g. for platinum o = 3.72 x 1073 K™! in bulk
and 1.7x 1073 K1 in thin films [88,[65]). This stems from the fact that the electrical
resistivity increases when the film thickness reduces because of the additional surface
scattering, defect density, etc. It was shown that « varies as a function of the
thickness to electron mean free path ratio ¢/A and of the degree of specularity of
the scattering at the surface [89) 00]. It also depends on the impurity level, defect
density and grain size of the polycrystalline film [91]. For this reasons, we usually
measure the temperature coefficient of resistance for at least one MEMS device for
every fabricated wafer, as we expect the Pt-film quality to be very similar for MEMS
devices on the same wafer. To characterize «, we measure the electrical resistance
of the heater as a function of temperature with a temperature calibrated setup.
For this purpose, we place the sample on a copper plate in good thermal contact

2The thermal resistance of the MEMS, enters in the analysis only if the tip and the substrate
are at different temperatures.
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Figure 3.13: Calibration of the temperature coefficient of resistivity a of the
Pt-heater. a = (1.26+0.01) x 1073 K! is determined from the slope of the resistance
of the heater (in this case measured in a 2-probe configuration) versus temperature.

with a Peltier element, which is glued on a copper heat spreader. A silicone based
thermal paste (HTSP, Electrolube) ensures a good thermal contact between the
sample and the copper plate. A Pt100 (Class 1/3 B) is used as temperature sensor
and it is glued on the copper plate holding the device. A temperature controller unit
(Meerstetter TEC-1901) is then used to change and monitor the temperature of the
sample, while measuring the electrical resistance of the heater with a 6 1/2 digits
digital multimeter (Keithley2100). To reduce heating effects that may arise from
the probing current of the multimeter, we perform the measurement at atmospheric
pressure and use the 1 M2 range of the multimeter with I = 5 uA. Figure [3.13|shows
a typical resistance versus temperature curve between 25 °C and 50 °C. A waiting
time of 5 min was used to let the temperature settle after the change in the PID
controller and for every temperature the resistance was measured during both the
heating and cooling cycle. Excellent match between the 2 curves is found (~ 0.1
2), confirming the accuracy in the temperature control. To extract the temperature
coefficient of resistance we take a linear fit of the measured R(T) curve and use

1 AR

where Ry is the resistance intercept at AT = 0 and the second term is the slope of the
curve. In this way we obtain o = (1.26+0.01) K~!. To calculate the uncertainty we
used the script distributed by the Swiss Federal Institute of Metrology (METAS) [92]
for the linear propagation of errors calculated from the datasheets of the instruments.
However, because of variations from sample to sample we estimate an accuracy of
about 1%. Among the different fabricated wafers, we observed variations of about
10%, by keeping the same nominal thickness and material quality. Interestingly,
the ratio opuir/ofitm is usually very similar to the ratio in electrical resistivity
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Pulk/ P fitm = 2.5 to 3, as they are closely related [89].
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Figure 3.14: IV characteristics of several MEMS in different conditions. a)
IV measured in high-vacuum (P ~ 10~7 mbar) by ramping the voltage at 0.018V/s.
From the linear fit we obtain a thermal resistance Ry, = 2.9x 107 K/W. b) IV measured
in air for a similar MEMS design. Because of air conduction, only negligible heating
is observable over a power range similar to a). From the linear fit we obtain thermal
resistance Ry, = 2.8 x 10° K/W. ¢) IV measured in vacuum. The speed of the voltage
ramp is 0.18 V/s, 10 times faster with respect to a). Because of the thermal time
constant, the MEMS cannot thermally equilibrate during the voltage ramp and a small
hysteresis between ramp-up and ramp-down is visible. d) Thermal conductance of the
MEMS versus AT measured with the heater.

Once the temperature coefficient of resistance is calibrated, we still need to
measure the 4-probe resistance of the heater at room temperature R4pgmp to obtain
a functional thermometer. This can be readily achieved by measuring the IV
characteristic of the heater in air or in vacuum. Figure According to

Ryp — Rypamp = a X (T — Tymp) = a X Ry X P (3.14)

from the linear fit of the Ryp(P) curve we can obtain Rypgms and Ry, from
the intercept at 0 and the slope, respectively. Many interesting features can be
understood from this analysis. First, the thermal resistance of the MEMS drops by
2 orders of magnitude when measured in air, Figure [3.14p, showing the importance
of performing the measurement in vacuum. Second, the thermal time constant
of the MEMS sets a limit on the maximum speed of the voltage ramp. If the
voltage ramp is too fast, the heater cannot thermally equilibrate, reaching a lower
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temperature with respect to equilibrium during ramp-up and a higher temperature
during ramp-down, Figure . By using equation we assume that o and
Ry, are temperature independent. This holds well for « in the temperature range
between 300 K and 380 K as confirmed with the independent calibration procedure.
However, the thermal resistance presents a small temperature variation, which gives
rise to a non-linearity of the IV characteristic. Figure shows the thermal
conductance calculated by dividing the power provided to the MEMS and the
resulting AT, with a total increase of InW/K over a AT = 80 K. The thermal
conductance of the MEMS Gpems is given by 3 main contributions: conduction
through the silicon nitride beams, conduction through the Pt-lines on the beams
and thermal radiation. The thermal conductivity of thin silicon nitride membranes
depends on the deposition method used but it usually reaches a plateau around
300K [93), 94, 95], showing a very small temperature dependence. On the other
hand, metals like platinum follow Wiedemann-Franz law [96], which states that
electrical and thermal conductivity are proportional to each other

kyn = LoTo (3.15)

where L is the Lorenz number and it is usually close to 2.44 x 1078 V2/Q? and
o is the electrical conductivity. From the measured electrical conductivity of the
platinum lines at room temperature (~ 3.8 x 10% S) we can estimate the contribution
of Pt to the thermal conductance of a single beam to be on the order of 1 nW/K
and the one of SiNx around TaW /K, with a corresponding thermal conductivity of
3.5 W/mK in agreement with previous reports [62], [73]. By assuming an average
temperature of the beams Ty, = Ty, + AT/2 (strictly valid only for a linear
temperature gradient) we can estimate an increase in thermal conductance of 13%
at AT = 80 K with respect to room temperature, corresponding to 0.5 nW/K.
This does not explain the overall increase observed in Figure [3.14] Note also that
a Lorenz number of 1.8x1078V2/Q? was reported for Pt-nanowires [96] and that
we did not consider the decrease in electrical conductivity with temperature; so an
even lower value might be expected. As we will demonstrate in the next section, the
contribution of the far field thermal radiation can be of a similar order of magnitude
at AT = 80K. Apart from the interpretation of the temperature dependence of
Gumems, it is noteworthy to mention that during the STM-BJ experiment on the
MEMS, the total AT varies by only few degrees, from closed to open contact.
Therefore, within a small temperature range we can safely consider that Guems
remains constant.

In practice, we perform these IV measurements regularly before and after
the experiment. This allows us to keep track of the heater resistance at room
temperature Rypgmp and correct for small drifts that may appear by continuously
heating the MEMS.

Radiation contribution

To estimate the net power P emitted by radiation when the MEMS is heated to a
certain temperature Ty, we can use the Stefan-Boltzmann law valid in the far field
limit [97, O8]

P = Aeo(Ts — T2 ) (3.16)

where o ~ 5.67 x 1078 Wm™2K~* is the Stefan-Boltzmann constant, A is the
surface area of the MEMS, e is the emissivity, which depends on the material and
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Figure 3.15: MEMS designs with different sizes. a) Area = 112 x32um?, with
a measured thermal time constant 7 = 43 ms and a thermal resistance Ry, = 2.9 x 107
K/W. b) Area = 62 x 22u?, 7 = 22ms, Ry, = 2.9 x 107 K/W.

wavelength radiation A\, and Ty, is room temperature. The emissivity of silicon
nitride membranes decreases with thickness while for metals like gold the opposite
trend is generally observed. In our case, for tginy =~ 150 nm and ta, ~ 50 nm,
we can estimate the emissivity for both materials to be € ~ 0.02 [99]. Similar
values can used for Pt [I00], so that the MEMS can be treated as an homogeneous
medium with emissivity € ~ 0.02. For an estimation of the order of magnitude,
we can consider only the contribution of the central part of the MEMS, which
is the one at a higher temperature, with an area A = 2728 um? for the MEMS
designs used in Figure In this way we obtain an emitted power P ~ 38 nW for
Ty = 375 K and Ty,,,, = 295 K, corresponding to an increase in thermal conductance
Grad = P/(Trg — Tymp) = 0.45nW/ K. Compared to the total thermal conductance
of the MEMS G ems =~ 33 nW/K, we can conclude that, in the temperature range
we are interested (T'y < 400K), heat conduction through the suspension beams
dominates. However, G,,q contributes partially to the temperature dependence of
Gimems observed in the IV-characteristics measured in vacuum. Note that the MEMS
is suspended by at least 20 um above the substrate after the underetching process,
which is greater than the peak wavelength A4 =~ 10 um of a blackbody at T = 300
K. In fact, near field enhancement of heat transfer comes into play only at distances
below Ajar [78]. For this reason, we can exclude near-field effects contributing to
the thermal conductance of the MEMS.

Thermal time constant

The thermal time constant of the MEMS 7 defines the minimum time required for
the Pt thermometer to equilibrate. All the events occurring on a shorter time scale
are low-pass filtered by the response of the heater. Using a lumped capacitance
model, we can estimate 7 = Ry, Cy,, where C is the heat capacity of the MEMS
platform. Following this criterion, we fabricated different designs reducing the size of
the central platform and keeping the same thermal resistance, Figure In order
to characterize the thermal time constant, we apply a voltage step to the heater in
vacuum, which translates in a fast transition of the input power, and measure the
temperature/resistance transient. The time constant can then be extracted by fitting
the resistance versus time curve with the low-pass filter response of an equivalent
electrical RC-circuit

R(t) = A7) 4 Ry (3.17)
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Figure 3.16: Measurement of the thermal time constant of the MEMS by
applying a voltage step to the Pt-heater. a) Power step (blue) and resistance
transient (red) versus time. The inset, shows the small transient in the power step
because of the resistance change. b) Exponential fit of the resistance transient to extract
the thermal time constant 7 = 23 ms.

where Rj.¢ is the saturating value of the resistance after the transient, Figure @
With this method we could experimentally verify that the time constant scales with
the area of the MEMS platform with smaller steps with respect to the predictions
of the simple lumped model. In particular, for size ratios of 2.6 and 3.4 we obtain a
time constant ratio of 2 and 2.2, showing that at small dimensions (20x60 ym ), the
contribution of the supporting beams to the total heat capacity start to be relevant.
The minimum size that we can actually use is limited by the optical access to the
setup. At the moment, before starting the experiment we coarse align the tip to
the MEMS by looking at a grazing angle with a stereo microscope placed outside
of the vacuum chamber with a maximum magnification of 150. For this reason, the
smallest MEMS that permits a fast and reliable tip alignment is 17 x 62 ym with
a time constant 7 = 19 ms. The inset of Figure shows a zoomed view of the
power step applied. As the resistance of the heater changes with temperature, the
power provided to the MEMS slightly adjusts with it. However, such overshoot is
less than 1% of the power step applied and therefore negligible. The fact that the
thermometer is not as fast as the electrical signal (limited only by the bandwidth
of the transconductance amplifier) results in a time delay between the observed
events in electrical conductance and the corresponding features in the thermal. More
importantly, the atomic or molecular junction has to be kept stable for at least one
time constant, in order to measure an accurate thermal conductance.

3.3 Sample preparation

Measuring the charge transport properties of single molecules with STM-BJ requires
clean metal surfaces (usually gold), deposition of sub-monolayers of the target
molecules and clean measurement environment. In this section, the tip and sample
preparation procedures are explained, starting from the cleaning of the gold surface,
to the deposition of organic molecules and electrochemical etching of metallic tips.
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Figure 3.17: SEM pictures of MEMS devices damaged during the cleaning
process. a) After flame annealing with butane flame. b) After strong Hy plasma.

3.3.1 Cleanliness of the gold platform on the MEMS

The concept of “clean surface” can take several meanings depending on the research
field. In surface science, single crystal metallic substrates are usually employed
to perform imaging with sub-atomic resolution of organic molecules deposited
on the surface. Moreover, experiments are carried out in UHV and at cryogenic
temperatures to maintain the system in a controlled environment [I01, 102]. A
typical cleaning procedure consists of several sputtering cycles with noble gases
followed by an annealing step at high temperature (600 °C) to form an atomically
flat surface. After this preparation process, molecules are deposited in-situ by
thermal evaporation or electro-spray deposition.

For break junction experiments such ultra-clean conditions are not strictly
necessary. A large variety of different experimental conditions were used to study
charge transport in single molecular junctions, from UHV [39, [103] to solution
[37, T04] and even ambient conditions [I05, 106]. However, the cleanliness of
the metallic electrodes has to be optimized to enable the efficient deposition of
molecules. Standard procedures involve the use of freshly deposited metallic thin
films on different substrates (e.g. glass, mica, silicon), which can then be further
cleaned by flame annealing with an hydrogen or butane flame before deposition
[107].

In our case, the MEMS have undergone a series of patterning steps during
fabrication in the cleanroom and resist residues and other forms of organic
contaminants can be present on the gold platform. We were also looking for a
cleaning process to use devices which have been stored in ambient conditions for
several months, in order to maximize the number of available samples after each
fabrication run. The cleaning of suspended MEMS structures is very challenging.
Standard cleaning procedures cannot be readily applied as overheating and surface
tension of solvents may irreversibly damage the samples. Figure shows two
MEMS devices that were overheated during flame annealing (a) and Hs plasma (b)
cleaning, presenting a deformed central platform.

Several cleaning procedures were tested during the PhD project. To test the
efficacy of a cleaning step, we normally performed STM-BJ measurements on the
MEMS and look at the thermal signal. In fact, adsorbates on the surface of the
MEMS or of the tip provide an additional heat path which results in a thermal jump
to contact when approaching the tip. Although, this is practically unavoidable in
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high vacuum and without in-situ sample preparation capabilities, the magnitude
of the thermal conductance of such parasitic contact is directly connected to the
cleanliness of the junction formed. As next step, we could then deposit the target
molecules and perform standard STM-BJ to verify the occurrence of molecular
plateaus in the electrical conductance traces.These tests were carried out on a
patterned gold pad on the substrate close to the underetched region, to exclude
the influence of the MEMS mechanics.

At the very beginning, we tried to improve the cleanliness of the gold platform by
heating the MEMS under high-vacuum above 100 °C, but in most cases it was not
effective. For measurements with Au-Au contacts, good cleanliness conditions were
achieved with both UV-Ozone and Os-plasma. In the first case, the samples were
exposed to UV-Ozone for 5 to 30 minutes [I08] 109]. The main advantage is that,
being a dry process performed at atmospheric pressure, the problems of stiction and
overheating can be avoided. UV excitation converts molecular oxygen to ozone and
atomic oxygen. These are strong oxidizing agents and can decompose UV excited
organic contaminants to volatile groups such as CO, CO3,Ns, etc. that can desorb.
O2-plasma cleaning is another very common technique used in microfabrication to
remove organic residues [I10] or even covalently bonded self-assembled monolayers
[T11]. During the process, the chemical action of free radicals and metastable oxygen
species (O; , O3, O3, O, etc.) and the generated UV radiation adds to the physical
ablation by energetic electrons and ion bombardment. Usually, it requires low
pressure (1 mbar) and it can result in substantial heating of the substrate because
of the absorbed power. During the tests carried out, we did not observe visible
overheating effects of MEMS samples up to plasma powers of 600 W for several
minutes. Indeed, thanks to the small size of the chip (5x5 mm) and the MEMS (~
few 1000 um), only a negligible fraction of the plasma power is absorbed. Typically
we set 400 W for 5 minutes as standard recipe.

It is well known that gold oxides form after the exposure to a strong oxidizing
atmosphere like UV-Ozone [I09] or Og-plasma [I12]. This can be easily observed
by checking the hydrophilicity of the gold surface: aged gold is usually hydrophobic
because of the carbon based contaminants, while gold oxide is hydrophilic. Gold
oxide is intrinsically unstable and decomposes spontaneously under ambient
conditions but it can also be reduced by ethanol oxidation. For Au-Au break
junction measurements on the MEMS, we did not observe any particular influence
of this rinsing step. However, these two simple methods were found to be insufficient
for the self assembly of organic molecules, even with thiol anchoring groups. After
several attempts, we decided to utilize an ion milling process to take advantage
of the physical action of the ion bombardment and remove any contaminants
independently of the chemistry. Typically, we use Ar-ion milling with a beam
current of 150 mA (with beam diameter of 30 cm) for 20s at an angle of 20°C with
respect to the perpendicular to the beam direction. With these conditions we etch
about 5 nm of Au and 3 nm of Pt, corresponding to an increase of ~ 10% in heater
resistance. With a typical beam energy of 500 eV we can estimate that a power
of about 1 uW is released to the MEMS resulting only in moderate heating. This
additional cleaning step revealed to be very critical for the reproducible formation
of molecular junctions on the MEMS.
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Figure 3.18: SEM picture of a collapsed MEMS because of stiction.

3.3.2 Gold surface functionalization

The most common methods to functionalize metallic surfaces with organic molecules
is by direct deposition from solution or by drop casting. In the first case, the sample
is immersed into a liquid solution containing the target molecules for a specific time
interval while in the second, a droplet of solution is casted onto the sample and
let to spontaneously evaporate. Deposition from solution is widely spread also in
the community of molecular electronics, mainly because of its ease and versatility.
However, suspended MEMS structures like the ones used in this work are very
sensitive to external forces and in particular, capillary forces developing during
the drying of the solvents. This well known problem in surface micromachining
is called stiction [IT3],[114]. To avoid this issue, we typically use critical point drying
during fabrication to release the MEMS, which is not applicable for the molecular
deposition. Figure shows an example of MEMS device that collapsed after drop
casting the molecular solution. Even if electrically these devices can still function,
detaching the platform from the bottom of the cavity with a micro-manipulator is
possible but tedious and with a high probability of irreversibly damaging the MEMS.

A better option is to reduce the size of the droplet to fit the MEMS platform
by using a glass capillary. Such capillaries can be manually fabricated by pulling
around an heated region until the glass breaks. Hollow tips with few tens of pum
in diameter are then filled with the target solution and mounted onto a modified
tip holder. After aligning the capillary onto the MEMS with the piezo-positioners,
a droplet of solution can be deposited by gently touching the gold surface. As the
droplet does not wet the back side of the membrane, stiction cannot occur during
the evaporation of the solvent. This method was successfully tested on few samples
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Counter

Au wire electrode

Figure 3.19: Schematic of the etching setup used to fabricate gold tips.

and the first electrical measurements of molecular junctions could be done. However,
direct evaporation of the solution leaves residues on the MEMS surface, which can
completely dominate the heat transport to the tip.

Finally, immersion in solution turned out to be the best approach. Since stiction
occurs during the evaporation of the solvent, as long as the chip surface is covered
by liquid the MEMS is safe. Therefore, we can dip the sample in solution and
rinse it several times in clean solvent to remove physically adsorbed molecules. By
carefully drying the sample with the No gun we can then avoid stiction and reduce
the amount of residues. The drying process remains a critical step, but MEMS
designs with angled beams demonstrated to be robust in this respect. The best
way to obtain clean samples after the deposition process consists of mixing the
molecular and rinsing solutions with low vapor pressure solvents (e.g. ethanol),
to slow down the spontaneous evaporation. This deposition method allows us to
follow the standard protocols for the formation of self assembled monolayers on gold
[115] [I1] and to be flexible in terms of molecules that can be studied. Typically, we
use solutions with concentrations of 0.1 to 1 mM and deposition times between few
seconds to 2 hours, to have a good probability of contacting molecules during the
break junction experiments.

3.3.3 STM tip preparation

Since the invention of the STM, sharp metallic tips with radius on the order of few
tens of nm were prepared by electrochemical etching [I16]. Typically, stiff metals
like tungsten or alloys of platinum-iridium (e.g. Pt90%-Ir10%) are used to ensure
high endurance and mechanical stability of the tip. Gold, even though less stable,
is often the material of choice for tip enhanced raman spectroscopy because of their
strong plasmonic resonances and resistance to oxidation in ambient conditions.

For STM-BJ measurements, manually cut tips made out of gold are typically
used. Taking advantage of the ductility of gold, atom size contacts can be formed by
repeatedly crashing the tip into the substrate, without the need of special fabrication
steps. However, for heat transport measurements, the size of the tip apex determines
the magnitude of the parasitic contact formed with the adsorbates on the MEMS
surface. To reduce the contribution of the adsorbates to the thermal conductance of
the junction, nanometer size tips with a well defined shape are necessary. For this
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Figure 3.20: SEM images of electrochemically etched gold tips. a) Au wire
flame annealed before etching. b) Au wire not flame annealed. c¢) Bent tip because of
the high aspect ratio.

reason, we usually fabricate tips by electrochemical etching. This section focuses on
the fabrication of gold tips, which are used in for the experiments in chapter [ and
Recipes with other metals (Pt, Pt-Ir and W) are described in the appendix

Among all the different methods described in literature [116], 117, 118, 119], we
decided to adopt the method described by Boyle et al. [120] as they could achieve
minimum tip radius of about 10 nm with a chemically safe two step etching method.
Figure [3.19] shows a schematic of the electrochemical etching setup used. A piece of
gold wire of 0.25 mm diameter with 99.994+% purity (GoodFellow) is immersed by
1-2 mm in a 2 M solution of CaCly. An alternating voltage with a tuned DC offset
is then applied between the Au wire and the counter electrode to start the etching
process. Typically, the counter electrode is made out of Au or Pt with 1 mm diameter
arranged in a loop around the tip wire. Good results can also be obtained by using
graphite rods with 99.99+% purity. The alternating voltage source, consisting of
a custom-built signal generator, is set to 6-8 V peak-to-peak with a frequency of
300 Hz and a suitable DC offset of 3.5-4.5 V ensures that the tip wire remains at
a positive polarity. To observe the evolution of the etching, we usually check the
current flowing in the electrochemical cell by measuring the voltage dropping over a
small series resistance Ry = 50 (2. With these parameters, tip with radius of about
20 to 50 nm can be fabricated in a single etching step without drop-off within 3
minutes, Figure [3.:20] As a final step, the tip is rinsed in DI water in an ultrasonic
bath to remove residues formed during the process. If the gold wire is flame annealed
until the melting point before the etching, crystalline planes are visible along the
tip cone presenting a smoother surface, Figure 3.20h. Tips with a long tapered
structure are usually discarded, as they result mechanically unstable and easily
bendable, Figure [3.20c. The electrochemical etching is quite sensitive to different
parameters. As described in [120], the frequency of the alternating voltage influences
the final tip shape and the etching speed. In particular, we observe a net decrease in
current when the frequency overcomes a threshold (around few kHz), which results
in etching rates greater than 15 minutes with the formation of a truncated tip cone.
Another important aspect is the current flowing between the tip and the counter
electrode. This depends on the external circuitry, which should not have intrinsic
current limits, and the amount of ions present in the solution, which changes over
time. So typically, a fresh CaClsy solution is used to fabricate 5 tips with good
reproducibility.

The main advantage of this procedure is that tips with a good yield (80%) can be
fabricated in a relatively short time without the need of feedback circuit to switch-off
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the current at the end of the etching step or a 2 steps process involving the coating
of the final part of the Au wire with varnish. Modifications of this process have often
given less reliable results and lower yields. However, further investigations to reduce
the bubbling at tip interface and tune the angle of the tip cone may be beneficial.
The detailed etching recipe is presented below. Back electrode: Gold loop

Electrolyte: 2M CaCly (dihydrate, 99% purity, Sigma Aldrich) in deionized water

1.

2.

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

(Optional) Flame anneal the tip of the wire for 1-2 s using a flame torch until
a gold sphere forms at the tip.

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

Place the gold loop just below the surface of the electrolyte around the gold
wire.

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

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 3min.

Rinse tip in DI water and ultrasonic bath for 30 s

Dry tip with No
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Chapter 4

Metallic Quantum Point Contacts

Single atom junctions pose the ultimate limit to the scaling of electrical contacts[31].
They serve as model systems to probe electrical and thermal transport at the atomic
level and investigate quantum effects occurring in one-dimensional systems[I5].
Charge transport in atomic junctions has been studied intensively in the last two
decades [I5), 26, 23] 27]. However, heat transport remains poorly characterized
because of significant experimental challenges. Specifically the combination of high
sensitivity to small heat fluxes and the formation of stable atomic contacts has
been a major hurdle for the development of this field. This chapter collects the
experimental results on the heat transport properties of atomic contacts. Thanks
to the simultaneous measurement of charge and heat transport we could observe for
the first time that the direct proportionality of electrical and thermal conductance,
quantized with the respective conductance quanta [50]. These measurements
constitute an atomic scale verification of the well-known Wiedemann-Franz law
[121] and are summarized in our recent publication [I122]. Few weeks after the article
was released, the results were independently confirmed by Cui et al. [69]. In this
chapter, we extend the content of the publication showing recent measurements with
improved accuracy and explore the effects of different tip materials and adsorbed
molecules on the gold surface. The experiments with different tip materials on
gold were performed by Alyssa Prasmusinto during her master thesis, under the
supervision of Dr. Bernd Gotsmann and myself.

4.1 Gold-gold contacts

Atomic quantum point contacts represent an ideal platform to investigate heat
transport in which quantum confinement effects cannot be neglected. The
development of experimental techniques, such as scanning tunneling microscopy
(STM) and mechanically controlled break junction (MCBJ) enabled the formation
and manipulation of monoatomic metallic chains [15, 26l 23, 27]. More recently,
Joule dissipation [60, 58] and thermoelectric effects [123], 124] have been successfully
probed. Heat dissipation was measured in current-carrying single gold-gold contacts
by means of STM with an integrated micro thermocouple in the tip [568]. It
was shown that heat dissipates symmetrically into the two contacts, confirming
that the electron transmission function T(E) of the junction element around the
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Fermi energy Ep of the metallic contacts governs this phenomenon[59]. In fact,
these current induced heating effects are directly related to the thermopower S of
the junction, which is proportional to the derivative of T(E) at Er. For atomic
gold contacts S was determined to be very close to zero (S ~ -1 pV/K) [124],
in agreement with the relatively energy independent transmission function T(E)
calculated with DFT methods.

As already introduced in chapter[2] the electrical conductance in atomic junctions
is quantized. A single gold atom contact has a conductance equal to the quantum
Go = 2¢%/h, where e is the electron charge and h Planck’s constant. The Landauer
approach used to describe charge transport can also be applied to heat transport
[41], and predicts the validity of the Wiedemann-Franz (WF) law, which states that
the thermal conductance Gy, and the electrical conductance G¢; are proportional to

each other,
Gin = LTGy (4.1)

where T is the absolute temperature of the contact and the proportionality factor L,
called the Lorenz number, assumes the universal Sommerfeld value Ly = 2.44 x 1078
V2/Kj. The WF law applies to systems in which heat is predominantly transported
by electrons and holds to a good approximation when the relaxation times for
momentum and energy are the same (the scattering mechanism affects both
momentum and energy transport at the same way) [125], [126]. This is largely valid
for bulk metals at high and low temperature with variations of the Lorenz number
lower than 10% with respect to the Sommerfeld value [127]. Verification of the
WF law for metallic nanostructures, however, has proved to be difficult. Both
enhancements [128), [129] and reductions [96], [I30] have been reported for different
metals (Au, Pt, Ni, Si..) in thin films and nanowires by using different experimental
techniques, debating its general validity. Marked deviations from WF law can occur
when electrons are physically confined in 1D systems, in which the Fermi-liquid state
is replaced by a Tomonaga-Luttinger liquid state [I31]. Owing to 1D confinement
of electrons, spin-charge separation occurs, enabling scattering mechanisms to
affect charge and heat transport independently. It has been experimentally
demonstrated recently that isolated monoatomic gold chains on surfaces host such a
Tomonaga-Luttinger liquid state[I32]. Although atomic junctions are well described
by the Fermi-liquid theory, no experimental demonstration on the validity of WF
at this scale was reported at the time of the experiment. Most heat transport
measurements in metallic ballistic systems came from 1D channels defined in 2D
electron gases at low temperature [133] 134]. Metallic quantum point contacts allow
similar phenomena to be studied at room temperature, because of the larger energy
spacing between the available conductance channels.

Using the experimental technique explained in chapter we measured
simultaneously the thermal and electrical conductance of atomic gold junctions at
room temperature. Figure shows an example of an opening trace, measured
at V. = 50 mV. In Figure we observe that the initial gold-gold contact is
made of few atoms with an electrical conductance of about 6 Gg. When increasing
the separation distance between tip and MEMS, the gold contact shrinks and the
electrical conductance decreases in a typical step-like fashion characteristic of the
1D ballistic transport regime. In particular, the plateau at around 1 G indicates
the formation of a single atom contact. After breaking the contact (at about 4.5
nm), the tunneling regime sets in. In Figure the thermal conductance follows
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Figure 4.1: Thermal and electrical conductance of Au-Au contact during
the breaking process. a) Schematic of the junction breaking on the MEMS. b)
The black line has been calculated by digitally low-pass filtering the electrical signal
(blue) with the thermal time constant value 7 = 30 ms from calibration. ¢) Thermal
conductance and Wiedemann-Franz law. The sampling time was set to 10 ms and the
tip was retracted with an angle of about 25 deg with respect to the gold surface and a
speed of 3nm/s. AT ranges from 41.5 K to 43.6 K, from closed (6 Go to open contact,
respectively).
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the same trend of the electrical conductance trace showing quantized steps with
amplitude proportional to the number of atoms in the junction and characteristic
delay given by the thermal time constant of the MEMS (7 = 30 ms for this design).
Indeed, by applying a digital low-pass filter to the electrical signal with a similar 7
we can recover the thermal time response to step features. Using Wiedemann-Franz
law with an average junction temperature of T' = (T + Tomp) /2, we can convert the
electrical into thermal conductance and compare with the measured data finding
an excellent agreement, Figure [4.1p.
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Figure 4.2: Single opening traces for Au-Au junctions measured on a
different MEMS sample. Traces measured at V = 40 mV with Ry = 12.7 kQ,
average temperature difference is AT = 40 K. The sampling time was set to 2 ms
and the thermal time constant of the MEMS was calibrated to be 20 ms. The sample
was moved at 30° with respect to the tip axis at a speed of 4 nmm/s along the pulling
direction.

Further examples of single traces measured on a different MEMS sample are

presented in Figure[£.2] Interestingly, the agreement between electrical and thermal
conductance according to the Wiedemann-Franz law does not seem to depend on the
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Figure 4.3: 2D histogram of thermal versus electrical conductance with
respective projections onto 1D histograms. The thermal conductance has been
normalized by the thermal conductance quantum Gg= LO TGgy. The thermal and
electrical 1D histograms are built with a linear binning and a bin size of 0.025 Ggand
0.025 Gy, respectively.

microscopic details of the junction, as gradual or more step-like necking processes
show very similar results. Moreover, single atom plateaus with lengths greater than
0.5 nm (Figure —c) along the motion direction are observed in 10% of the traces
in the best datasets, which may indicate the formation of monoatomic chains [27].
Experiments at low temperature would enhance the thermal and mechanical stability
of the junctions so that histograms of the Gy plateau lengths could confirm the
formation of atomic chains [26].

To study the evolution of the thermal versus electrical conductance, we repeat the
break-junction experiment and collect few thousands traces to build two-dimensional
(2D) histograms, correlating the thermal with the charge transport data as shown in
Figure The 2D histogram has been built from 2000 traces (examples in Figure
4.2)) without trace selection. The sample was cleaned with oxygen plasma (400 W
for 3 min) before the release of the MEMS and stored under argon atmosphere for
about a month. In order to more easily compare the result with the Wiedemann-
Franz law, we normalized the thermal conductance by the quantum corresponding
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Figure 4.4: Comparison between experimental results and theoretical
predictions. The thermal conductance signal has been normalized by the thermal
conductance quantum for a single electron channel Gg= L¢TGg, where T =
(Tamb+TH)/2 is the average contact temperature. The dashed black line represents
the electron contribution as predicted by the WF law, where the red continuous line
takes also the phonon contribution to heat transport through the quantum point contact
into account. The shaded areas represent the uncertainty regions.

to a single open electron channel

w2 k5T
3h

GQ = LOTGO =2 X (42)
where kp is Boltzmann constant, A Planck constant and T the average temperature.
The second term can be readily obtained from the definitions of the Lorenz number
Lo = ﬂ;gB and the electrical quantum of conductance Gy = % and corresponds
to the double of the thermal conductance quantum [48] [135], because of the
spin degeneracy of an electron channel, see section While the 2D histogram
confirms the validity of the Wiedemann-Franz law for a single and a few gold atoms
contacts, the corresponding 1D histograms demonstrate that thermal and electrical
conductance are quantized. In particular, a prominent peak at one conductance
quantum appears in both plots.

In Figure we plot the thermal versus the electrical conductance extracted
from the median of the 2D histogram. Experimental uncertainties and systematic
errors are included, taking into account the offsets of the analog-to-digital
and digital-to-analog converters, the amplifier gains, Seebeck voltages and the
temperature dependence of the series resistance. The measured thermal conductance
comprises the contribution of all heat carriers including electrons, phonons and
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radiation: Gay = Gelectrons + Gphonons + Gradiation- The contribution of radiation
between two gold surfaces [136, 137, [70, 138] is weak and it is expected to be
negligible. However, this may still reach non negligible values depending on the
exact local geometry of the tip and surface around the junction, appearing as a
distance dependent thermal conductance signal in the tunneling regime, see [£.1.4]

The phonon contribution to thermal conductance Gphonons can be estimated
from existing models for both single atomic contacts and larger Sharvin-type
contacts, albeit with significant uncertainty. = The scaling with contact size
should be proportional to the electrical conductance in a situation where both
charge and phonon transport is in the ballistic regime. We take into account
phonon contribution between the bounds 2 and 22% of the WF law (see [1.1.1)).
Comparing now the prediction of the WF law and the phonon contribution with
our experimental data, we find quantitative agreement within the respective
uncertainties. While the experimental sensitivity in principle falls within the range
of the expected phonon contributions, the overall uncertainty of the total Ga, does
not allow an accurate investigation of the phonon transport. Taking into account
the scatter of the data and the systematic errors, we can obtain an upper bound
for the phonon contribution of 10% for a single atom contact. This results indicate
that even by changing from diffusive to coherent ballistic transport, the phonon
contribution to the thermal conductance remains similar to the bulk case [16].
As the phonon thermal conductance is expected to be constant above the Debye
temperature of gold (Tp = 165 K [127]), experiments at variable temperatures may
be an interesting tool for disentangling phonon and electron heat transport. More
details about the estimation of the phonon contribution to the thermal conductance
are provided in the next section.

4.1.1 Phonon contribution to the thermal conductance

In Figure [£.4] we plot the phonon contribution to heat transport for different values
of the electrical conductance. Although the contribution of phonons falls within
the experimental uncertainty, it is valuable to provide an estimate according to
the theories and models available. While in bulk metals, the phonon thermal
conductivity reaches values of only 1% of the electron counterpart, in thin films this
can be enhanced up to ~10% because the mean free path of electrons (g ~ 20 —40
nm) is an order of magnitude larger than the one for phonons at room temperature
(\pn) 161,

At temperatures greater than room temperature we do not expect reliable
formation of monoatomic chains when breaking the metallic contact at Gog=1 Gy,
but rather single atomic constrictions. In this limit we can describe heat transport
within the 1D ballistic regime by using the Landauer-type approach for phonons
[139, [48], because both the thermal wavelength [140] and the phonon mean free
path [16] are larger than the size of a single gold atom:

kBZ o0 1,2696
Gip = — / de—=T (KT /h 4.3
w=" 3 [ e S Tl KT/ (13)

Here, the summation is over the phonon polarization modes m, T}, are the
transmission coefficients of the modes, z,, = wn(k = 0)/kpT, assuming a small
temperature difference A T across the junction, kp is the Boltzmann constant, h
the Planck constant, and T the absolute temperature.
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4.1 Gold-gold contacts

An upper bound for the thermal conductance Gy, can be calculated with perfect
adiabatic coupling of the thermal reservoirs to the ballistic contact, i.e. Tp, = 1,
although in the case of atomic contacts, a large influence of the microscopic structure
of the constriction is expected [I41]. To first approximation we can set the upper
limit of the integral equal to the Debye frequency of gold wp = kpTp/h with Tp=
165 K and take into account the 3 acoustic modes of the junction considered as a 1D
system [142] (neglecting the torsional degree of freedom). With these approximations
equation reduces to:

k,BZ Tp xQBx

Gtn =3 h Jo x(e””—l)?
where zp = hwp/kpT. At an average temperature T= 320 K we find that
Ginph = 0.22Gyp 0 at G¢ = 1 Go. However, depending on the microscopic details
of the junction, in particular to the shape of the electrodes, a decrease of Gy, pi, by
about an order of magnitude with respect to the case of an ideal geometry can be
expected [I4I]. Therefore, we can assume a minimum contribution of phonons to
heat transport of Gy, pn = 0.02 Gy e

To extend this range to higher values of electrical conductance, we can consider
that the number of both electron and phonon channels involved in transport
increases in proportion to the area of the contact, A, at least for sufficiently
large contacts. Then the ratio Gip,pn/Gine Will be constant with the electrical
conductance. Note that this assumption doe not hold strictly: for contacts of few
conductance channels different atomic configuration with different cross-sections
might show the same electrical conductance value [I43]. Nevertheless, the range
Ginph = (0.02 — 0.22) Gy ¢ from the above considerations should account for these
uncertainties and approximations.

To find a medium value for the phonon contribution to the thermal conductance
(red line in Figure we can modify equation as

A, kg? [eo x2e”
A b Jo Ter 1)
where N is the number of electron channels available for conduction, and, A,; and
App, denote the area occupied by an electron and phonon channel, respectively. It
is possible to estimate Ay = )\% /mand Ay, = )\fh /7 where Ap is the electron Fermi
wavelength and A;; the dominant phonon wavelength when considering thermal
conductance [144]. For gold Ap = 0.52 nm and Ay, = 209 = 0.83 nm where )\
represents the smallest allowed phonon wavelength as indicated by Dames [140].

Interestingly, we can obtain similar results if we apply kinetic theory to treat
ballistic heat transport through point contacts [145][146], i.e. by extending a classical
theory to the range of our experiments. To estimate the area A we use the corrected
Sharvin’s formula for electron transport

Gs = Go(TA/N% — P/2)F) (4.6)

where A = T7R?, P = 2wR, with R being the contact radius [I47]. By calculating
R we can then apply Wexler’s formula in the ballistic limit to describe phonon
conduction: Gy, = 37R%k /4Aph, where k is the bulk phonon thermal conductivity
and App, the phonon mean free path. From [16] we estimate A,, = 2 nm and k = 2
W/mK for gold obtaining Gy pn, = 0.14Gyp ¢ at G¢; = 8G, in good agreement with
the range calculated above.

(4.4)
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Figure 4.5: 2D histogram of the thermal versus electrical conductance of
gold contacts with shifted single atom peak.. The histogram was built with 2000
over 5000 traces selected by setting the temperature range AT = (35-50) K between
tip and MEMS. Thermal and electrical conductance have been normalized with the
respective quanta and the 1D histograms built with a linear binning and a bin size of
0.025 Ggand 0.025 Gy, respectively.

4.1.2 Heat transport properties of gold contacts with small organic
molecules

Interestingly, tunneling through small molecules may still recover the Wiedemann-
Franz signature. Figure [4.5] shows the 2D histogram of thermal and electrical
conductance measured on a different MEMS sample that was cleaned by thermal
annealing in high vacuum. In this measurement, we note that the mean position of
the single atom peak (usually at 1 Gg) is shifted to higher values both in the electrical
(~1.3 Go) and thermal (~1.3 Gg) conductance histograms. According to literature,
the absorption of CO molecules on gold electrodes introduces an additional peak
at 0.2-0.3 Go [148| 149] or at 0.7 Go [149, 150] depending on the experimental
conditions. In particular den Boer et al. [I48] reported a shift of the Gy peak to
larger conductance values in their study of Au-CO-Au junctions at room temperature
in liquids. This shift can be attributed to the trapping of a single CO molecule in
parallel with a single atom junction for some of the opening traces. In our case, we
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Figure 4.6: Position of the single atom peak influenced by the molecular
junction. a) 2D histogram built with 576 traces showing plateaus between 0.8 and 1.2
Gg. b) 2D histogram built with 728 traces showing plateaus between 0.2 and 0.6 Gy.
¢) 1D electrical histogram for the 2 subsets of traces. d) 1D thermal histograms. Only
the portion of trace with G¢; > 0.1 Gy was used to build the histograms, to avoid the
artifact in the first bin.

can expect CO molecules to be present on the Au surface even after wet chemical and
heat cleaning, probably because of the several processing steps needed for fabricating
the MEMS [I51), 112]. We can therefore interpret the increased conductance value as
an electrical path through the CO molecules in parallel to the gold atomic contact.
This is confirmed by the presence of a sharp peak at around 0.4 Gg, which can be
assigned to the conduction through the molecule alone. We note, however, that also
other small molecular species such as HyO, or hydrogen have been related to similar
sub-Gg conductance features in the literature. Therefore, further studies are needed
to systematically investigate these molecular junctions.

As an important evidence, we find that the measurement is composed by mainly
2 subsets of traces. By selecting traces that exhibit plateaus in the region 0.8 to 1.2
Go (assigned to a single atom contact in the absence of a molecule), the molecular
peak at 0.4 Gq is drastically reduced and the 1.3 Gy peak moves towards its original
value in both the electrical and thermal 1D histograms, Figure [f.6c and d. On the
other hand, traces showing plateaus between 0.2 and 0.6 Gg exhibit at the same time
a peak at 1.3 Gg. This confirms the interpretation that the molecular specie with
electrical conductance of 0.4 Gg participates to charge and heat conduction before

o7



4.1 Gold-gold contacts

a) 10 b) 10

9 40 9 100

2 s 35 Q s

g 7 : 30 8 7 80

© & ©

S 6 f 25 G 6 60
2, =]

° 5 i S 5

c e 20 c

B4l 8 4 40

— + 15 -

T 3 % g 3

£ 2 L 10 =N :

2 i 8 : 20
0 =y @ @0 @@ 0
12 3 4 5 6 7 8 9 10 12 3 4 5 6 7 8 9 10
Electrical conductance (GO) Electrical conductance (GO)

Figure 4.7: High power dissipation in atomic junctions. a) 2D histogram built
with 2500 traces (without selection) measured at a voltage V = -300 mV without taking
into account the power dissipated in the junction. b) Same dataset considering that
half of the power dissipated in the junction contributes to the MEMS heating.

breaking the single atom contact. Moreover, all of the junction configurations (single
molecule, single Au atom, single molecule and Au atom) satisfy the Wiedemann-
Franz law as shown in 2D histograms Figure and b. For molecular junctions
this means that the electron contribution to the thermal conductance dominates
and charge transport occurs via non-resonant coherent tunneling [I52]. Similar
results are predicted for highly conducting molecules like Cgg [44] and indeed phonon
thermal conductance of molecular junctions between gold electrodes is usually on
the order of few tens of pW/K, thus negligible in this case[14] [43] 153]. Violations
of the Wiedemann-Franz law are expected for junctions in which the Fermi energy
of the electrodes lies close to one of the resonances in the transmission function. Far
from resonance, if the Fermi liquid model holds, the Sommerfeld expansion of the
thermal conductance integral leads to the Wiedemann-Franz law [45], as in the case
of gold atomic junctions.

4.1.3 Power dissipation in atomic contacts

To verify that the analysis taking into account Joule dissipation is accurate and that
the correlation between thermal and electrical transport signals is not affected by
other effects than considered, we repeated the measurements using different voltage
bias values and sign, reaching values of up to V = -300 mV. Under such high bias
conditions, the contribution of the electronic dissipation at the junction is significant
and must be taken into account, Figure [£.7] Furthermore, the temperature of the
MEMS platform is strongly affected by the Joule dissipation in the junction and
suspended STM line, which can even lead to a net increase of temperature in the
platform instead of a net cooling through the atomic contact. The results confirm
our interpretation, and the underlying assumption that heat dissipation in atomic
scale gold contacts occurs symmetrically in the electrodes, as shown recently [58].

4.1.4 Thermal background

Similar to other scanning probe techniques, artifacts in the data may arise
from undesired interactions between the tip and the sample. STM-BJ is not
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Figure 4.8: Opening traces showing a thermal conductance dominated by
the thermal background.

different in this respect and selection rules are sometimes needed to analyze the
measured data. However, data selection in statistical evaluation of break junction
experiments requires clear criteria to avoid arbitrary influencing the outcome. In
these experiments, reconfiguration of tip and MEMS surface can lead to situations
in which parasitic coupling through molecular contaminants and near field radiation
dominate heat transport, decreasing the sensitivity of the measurement. These
situations are very clear in the data and have to be excluded from the analysis
to avoid misinterpretations. Such “thermal background” has three main effects,
of which either can be used as a criterion for data selection. First, the parasitic
contact can be so large that the temperature of the MEMS sensor drops to below
10 °Cabove ambient as shown in Figure [£.8h. Note that the thermal conductance
signal includes all the contributions: MEMS, parasitic contact and atomic junction.
In the out contact (for displacements greater than 13 nm) Gy reaches a value
of 290 nW/K, which is almost 9 times larger than the thermal conductance (34
nW/K) of the isolated MEMS as measured with the IV characteristic. This means
that a large thermal contact with the tip has been formed and it is reflected in the
trend versus displacement, completely uncorrelated with the electrical conductance
signal Gg. Interestingly, Go does not seem to be influenced by the formation of
such parasitic contact and indeed in some cases the electrical histograms built with
these type of traces do not show any artifact.

Secondly, the thermal background can present a significant slope in the thermal
signal in the non-contact (tunneling) region, Figure 4.8b. Typically, background
slopes up to 2-3 nWK'nm~! do not induce artifacts in the 2D histograms provided
that the slope stays stable during the measurement (or at least few hundred traces).
Thirdly, the trace length between the predefined turn-around points (e.g. Geg = 5
Go and 1072 Gg) can be unnaturally large, up to few tens of nm. Typically, all these
three effects occur simultaneously.

The criterion based on the AT range has been applied to the dataset in Figure
In Figure we present, for comparison, the 2D-histograms before (a) and
after (b) data selection, showing that the data omitted did not appear to have any
correlated nature. This does not mean that for the histograms showed there is no
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Figure 4.9: Effect of the thermal background on the conductance
measurement of Au-Au contacts. a) 2D histogram obtained from 5000 traces
(no selection) including the ones with unstable thermal background. b) 2D Histogram
obtained selecting the 2000 traces within the temperature range AT = (35-50) K.

thermal background. The formation of a thermal contact (typically few tens of
nW/K) between the MEMS and the tip is intrinsic to the experimental technique
and cannot be easily avoided. Moreover, it provides mechanical steadiness to the
junction, which is fundamental to perform STM-BJ on such compliant structures.
The key aspect is the stability of the thermal background during the measurement.
More details are provided in chapter

4.1.5 Uncertainty calculation

Possible sources of errors can be divided into systematic errors affecting all the data
in the same manner, and random scatter represented by the spread of points in the
2D histograms around the median. The overall systematic error has been included
as shaded region around the distribution median in Figure [£.4] The main sources of
error in the measurements are the uncertainty in the resistance value of the heater
Ripamp at room temperature extracted from the I-V calibration and the accuracy in
the electrical resistance measurement. Errors related on the underetched ratios (see
, temperature variation of the beam resistance connecting the gold pad have
also been considered even if having a smaller influence. Let f denote the measured
quantity, in our case the median f of the 2D histogram. The absolute uncertainty
0f can be defined as function of the errors df,; induced by the single parameters i
according to:

where 0f; = fi(Ggr) — f(GEL) represents the distance between the median f; and
the reference f at every electrical conductance point Gg;. Following this approach,
we could propagate the uncertainty on the single parameters to the corresponding
median of the histogram. We therefore considered the extremes of the uncertainty
range of the parameters listed above and we built the respective 2D histograms.
From the medians f; of the obtained distributions we calculated the errors Jf;

relative to the median f of the reference histogram. Finally, we used equation
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[47] to assess the total absolute error, §f. Specifically, we considered: Rypamp =
(16120 + 30) €2, 5% error on the estimation of the underetched ratios for the heater
and stm lines, 1% on the beam resistance in the STM circuit, and 2% on the
measurement of the junction resistance (after calibration of the correction factors,
amplifier gains and offsets). The resulting medians define a positive and negative
error (lying above or below the reference) for every G¢; value that can be separately
inserted into equation to obtain the lower and upper limits of the uncertainty
range.

It is noteworthy, that for the dataset presented in Figure [4.4] we didn’t have
to consider as a correction factor the Seebeck voltage generated at the connection
between the gold platform and the metal line, because made out of gold. For the
sample used in Figure [£.5] instead, Pt lines were used to contact the gold platform
forming effectively a thermocouple which adds a series voltage Vgeep to the junction
that depends on the temperature T of the membrane. If a positive voltage bias is
applied to the tip then Vgeep(T) = AS(T — Tomp) with AS = (Spy — Sayu). The
experimental characterization of this effect is a challenging task because it involves
the disentanglement of the Seebeck effect from the temperature dependent series
resistance Rp(7"). For bulk Au-Pt wire thermocouples AS values of 7 puV/K are
reported [154]. The film quality can affect the value of the Seebeck coefficient but it
is hard to find a direct comparison in literature. Au-Pt [137] and Au-Cr [58] micro-
thermocouples integrated in AFM tips are reported to have AS values that are very
similar to the bulk counterparts. Using AS = 7.5 uV /K with an estimated accuracy
of 10% gives an offset Vgeep = 280 uV at AT = 40 K. This may appear negligible
with respect to the voltage applied (~ 50 mV), but we should take into account that
most of it drops over the external series resistance (Rs = 100 k€2 in this case) when
the junction is closed (R; < 12.9 k). Therefore, the correction becomes important
especially for electrical contacts with conductance above 5 Gy.

The compensation for the Seebeck voltage still carries significant uncertainty,
which is reflected in the curvature of the 2D histogram observed in Figure @.5
Notably, this bending of the 2D histogram for Au-Au contacts was no longer observed
for samples with gold lines connecting to the MEMS platform, confirming the
influence of the Seebeck voltage in the electrical conductance measurement.

4.1.6 Angled approach

As described in section the approach/retraction motion of the tip is usually
performed at an angle between 25 to 40 deg with respect to the in-plane direction
of the membrane. When the tip is moved without such an angle, i.e. simply
perpendicular to the surface, in most of the cases the pulling motion leads to strong
spring loading of the MEMS. As a result, the electrical conductance typically jumps
directly from the values of fully closed junctions (e.g. 10 Gg or more) to the tunneling
regime (below 1073 Gy), effectively omitting the atomic-scale contact sizes. If, in
contrast, the angled approach is used, then the spring loading of the MEMS sample
can be significantly reduced. A remaining small amount of spring loading occurred
potentially ensuring that the opened junction does not immediately close again
due to long-range attractive forces through a jump-to-contact procedure. More
importantly, however, the pulling procedure resulted in a higher yield in producing
junctions with conductance values associated with atomic scale contacts between 1
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Figure 4.10: SEM image of a MEMS sample with a rough gold surface. Gold
nanoclusters with an average size of 50x50 x 50 nm are randomly distributed on the
surface.

and 10 Gy.

The observation that a rupture, or decohesion process is eased by a lateral motion
is well known from tribology studies. However, the downside of this approach is a
greater sensitivity of the measurement to variations in the thermal background. A
significant influence of the roughness of the sputtered gold surface on the observed
decohesion process is also expected, translating on the atomic scale into significantly
different local angles with respect to an idealized flat surface and influencing the
stretching of bonds during the opening traces. The estimations of the in-plane
(~ 100 N/m) and out-of-plane (~ 1 N/m) spring constants of the MEMS device
support this reasoning. To quantify the effect, however, would not only require
quantitative determination of the effective spring constants along xyz, but it would
also require knowledge on the roughness and geometry of both tip and surface that
goes beyond the scope of this work.

4.1.7 Gold surface roughness

The role of surface roughness in the STM-BJ experiments performed on the MEMS
is still under experimental investigation. Usually, the gold film on the fabricated
samples features an rms roughness of 2.5 nm measured over an area of 1 x 1pm?
using atomic force microscopy (tips from nanosensors PPP-NCHR-W, guaranteed
radius of curvature below 10 nm taken fresh from the wafer). Figure shows an
example of a fabrication run in which the gold film underwent substantial heating
after the oxygen plasma treatment before releasing. Even though the causes are still
somewhat unclear, the samples represented an ideal test case to probe the effects
of surface roughness. Having an atomically flat metallic surface is fundamental
for performing STM imaging or to create high quality self assembled monolayers,
but it is not reported to influence break junction measurements, as the process
requires only the formation of electrical contacts between tip and MEMS. In fact,
several molecules were deposited on these surfaces and their electrical conductance
successfully measured. On the other hand, the roughness showed a quite striking
effect concerning thermal conductance measurements. In fact, atomic and molecular
junctions could be formed on these samples with high yield and reliability. The
histogram showed in figure is an example. The reason of this beneficial effect
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of roughness may be explained by taking into account that the tip is moved at an
angle with respect to the MEMS surface to take advantage of its larger in-plane
stiffness; thus, the uneven topography of the gold film might help the breaking of
the junction. Moreover, the size of the thermal contact formed between tip and
MEMS can be reduced by the presence of irregularities on the surface, decreasing
the parasitic heat conduction through adsorbates. Even if the gold surface roughness
seem to have a influence on the experiment, it is not a requirement, as good datasets
were regularly measured on standard samples, as shown in Figure These effects
on the junction mechanics and cleanliness need further investigations, and attempts
to fabricate samples with specific topographic features on the MEMS are currently
under test.

4.1.8 Tip temperature

During the break junction experiment, we assume that the gold tip is at room
temperature near the apex, that is at a distance from the atomic junction consistent
with the ballistic nature of transport, i.e. comparable to the mean free path of
electrons, which can was estimated to 5 nm [146, 155, [I56] in similar junctions
(significantly lower than the 20 nm estimated in bulk [16]). If the thermal resistance
along the Au wire is not negligible, i. e. between the junction and the base of
our microscope, there could possibly be a temperature difference between the two
positions. For an order of magnitude estimation of the effect we can calculate
the thermal resistance of a wire shaped as a truncated cone with base and tip
radius of Ry =0.125 mm and Ro =25 nm, respectively and a length L = 0.5 mm
as estimated from electron microscopy images of our tips. From Fourier’s law of
(diffusive) thermal transport one can demonstrate that the thermal resistance R of
the tip is

B L

-~ TRy Rok

where p is the thermal conductivity of gold. Assuming k£ = 315 WK™ 1m™1 we
obtain resistance of about 2 x 10> K/W. As this is orders of magnitude smaller than
the thermal resistance of the atomic contacts (Rgp, = 1.76 x 108 K/W for a 10 Gy
contact at 300 K), we may safely neglect the effect of a series thermal resistance in
the tip within the accuracy of our experiment.

The temperature of the base plate of the microscope is the reference for both
tip and MEMS. This affects the value of the average temperature of the junction
used to verify the Wiedemann-Franz but not the electrical conductance which
is temperature independent. The temperature of the lab is controlled to 295 K
within 0.01 K [55] and the microscopes base plate is thermally well coupled to the
environment. The uncertainty in the base temperature can therefore be neglected
for the purpose of this experiment. The position of the Gg-peak in the electrical
conductance histogram should not depend on the T of the tip. This is not true
for the thermal conductance quantum which by definition depends linearly on the
junction temperature. However, the results obtained at high electrical voltage
confirm that a large temperature change at the tip can be excluded.

Ryp, (4.8)
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Figure 4.11: 2D histogram of thermal versus electrical conductance. a)
Electrical conductance traces digitally low-pass filtered to build the histogram. The
black continuous line corresponds to the median of the histogram. b) Unfiltered
electrical conductance traces.

4.1.9 Data analysis procedure

The electrical and thermal conductance traces showed in this chapter are calculated
according to the mathematical model presented in All the data analysis is
performed in Matlab with own written codes. To build the 2D histograms, the
out-of-contact value is subtracted to the thermal conductance signal trace by trace,
to compensate for variations in the thermal background. For this purpose, the
electrical conductance G is used as reference and the out-of-contact defined when
Gel < 5x 1072 with an additional delay of few ms, to take into account the slow step
response of the thermal conductance. Since the temperature of the MEMS changes
continuously during the measurement and within each single trace, the quantum of
thermal conductance is calculated according to the average junction temperature
obtained for every datapoint. Typically, to build the 2D histograms in the contact
regime, the points in the electrical and thermal traces below Gg = 0.1 Gg are
excluded to avoid the high number of counts in the first bins.

Figure shows the effect of using a low-pass filtered electrical signal with the
thermal time constant. As this is usually higher (20 to 40 ms) than the sampling time
set to capture the dynamics of the breaking process (typically 1 to 10 ms), at the
sharp transition between 2 electrical plateaus the thermal conductance responds with
its intrinsic delay. This can be clearly observed in the 2D histograms as deviations
from the Wiedemann-Franz law with apparent higher Lorenz numbers, e.g. in the
transition between 1 and 2 Gy, Figure [{.11b. For this reason, the digitally filtered
electrical traces are usually employed to build the 2D histograms.

4.2 Pt-Pt contacts

Platinum is also one of the most investigated metals to contact single organic
molecules and to study charge transport in atomic junctions [I5]. Differently from
gold, breaking platinum point contacts does not show conductance quantization and
the 1D histograms measured at low temperature (4 K) are usually characterized by
one peak between 1.5 and 2 Gg, which is attributed to the formation of a single atom
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Figure 4.12: Heat transport measurements across Pt atomic contacts. a) 2D
histogram built with 1024 traces measured at V = 50 mV and average AT ~ 48 K. b)
Example of single opening trace showing correlated electrical and thermal conductance.

constriction [I57, 158, [159]. The fact that single atoms have a conductance higher
than a quantum G stems from the electrical conduction through the anisotropic d
orbitals, which can allow up to 5 conduction channels with transmissions lower than
1 and strongly dependent on the coupling to the neighbouring atoms in the leads
[15, B0]. It was shown that platinum can also form monoatomic chains during break
junction experiments, a feature of 5d metals that present surface reconstruction
(Au Pt and Ir) [I60, 158]. Moreover, contrary to gold, Pt atomic contacts are
stable at room temperature and therefore interesting for molecular electronics
applications[I61].

To investigate heat transport properties of Pt atomic contacts, we fabricated
MEMS with platinum platforms, keeping the same design with angled beams, and
electrochemically etched Pt-tips as explained in the appendix [B] Figure [£.12h shows
the 2D histogram of the thermal versus electrical conductance built with 1024 traces
showing at least 25 ms long traces in the conductance region between 0.8 and 2 Gy
(to exclude fast breaking traces). Both thermal and electrical conductance have
been normalized with the respective quanta. As in the case for gold, we find a very
good agreement with the Wiedemann-Franz law, demonstrating that most of the
heat is transported by electrons. As expected for room temperature experiments,
the electrical and thermal 1D histograms do not show particular features [124], and
single opening traces exhibit a rather continuous breaking behavior without clear
steps, Figure [f.12b. It was indeed reported that the electrical conductance of Pt
contacts is sensitive to the presence of adsorbates on the surface, reflected in the
non-reproducible structure in the histograms measured at room temperature. For
instance, the introduction of hydrogen molecules at 4 K shifts the characteristic
peak from 1.5 to 0.9 Gy [I57], similarly to nominally clean experiments at room
temperature [162]. As reported in literature, also in our experiments we find
it more challenging to obtain reproducible electrical and thermal histograms in
comparison with gold contacts. These results for Pt-atomic contacts were also
confirmed in recent experiments [69] and theoretical studies [I63]. Interestingly,
similar experimental challenges are reflected in the lower statistics (100 traces
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compared to 2000 for gold contact) reported in Ref. [69].

In the future, it will be interesting to explore the heat transport properties of
different metals at low and high temperature, to gain further insights into the phonon
dynamics, which so far has remained experimentally inaccessible. For measurements
with molecular junctions, it is especially appealing to extend the measurement
technique to metals with higher Debye temperatures like Ni (Tp = 345 K) or
aluminum (Tp = 390 K) [164], to minimize phonon filtering of the electrodes and
investigate the contribution to the thermal conductance of the vibration modes of
the molecules at different energies.

4.3 Metallic hetero-junctions

In the early indentation experiments of a stiff STM tip (e.g. W, Pt-Ir, Ni...) into a
soft substrate like gold, it was found that a thin gold layer can adhere to the surface
of the tip [15, I65]. Such coated tips were used to study electrical conductance
quantization of gold [I66] and other metals (Pt, Cu and Ni) [22]. Atomically
thin metallic tip coatings fabricated via electrochemical methods were also used
to perform BJ experiments [167]. Using tips fabricated with metals like Pt-Ir
and W is quite attractive because of the high-durability and mechanical stability
demonstrated by these materials and indeed it is very common for STM imaging
in different environment conditions from UHV to ambient (only for Pt-Ir as W
oxidizes).

To investigate the effects of different tip materials in the heat transport
measurements, we fabricated Pt, Pt-Ir (10% Ir) and W tips by electrochemical
etching achieving tip radius on the order of 50 nm, for Pt and Pt-Ir, and 25
nm, for W. Prior to start the measurement on the MEMS, the freshly fabricated
tips were indented on a gold pad on the substrate to avoid the influence of the
MEMS mechanics during tip formation. Few hundred break-junction traces were
then collected to test the gold coating of the tips. Indeed, after few indentation
cycles electrical histograms showed quantized conductance peaks at multiples of
Gy, as typically observed with Au tips. Figure shows the results obtained
with Pt and Pt-Ir tips on the MEMS. As expected, W tips demonstrated to be
harder to clean especially because of oxidation and gave inconclusive results. Single
opening traces (b-d) exhibit quantization steps and plateaus at 1 Go, indicating
the formation of single gold atom contacts. The thermal conductance follows a
similar trend in good agreement with the Wiedemann-Franz law. To confirm this
finding, we built 2D histograms (a-c) with respectively 878 and 795 traces (out
of 2000) showing 1Gq plateaus of at least 10 ms long. This selection was done to
underline the single atom peak in the thermal histogram, which otherwise would be
hidden by the fast breaking traces. Note that this does not affect the slope of the
2D histogram. The histograms were built with the unfiltered electrical traces to
avoid the smearing of the 1 Gg peak. Interestingly, we obtain very good agreement
with the Wiedemann-Franz law also with these coated tips, within the uncertainty
of the experiment. This means that the interface thermal resistance between the
tip metal and the gold layer is negligible and it does not influence the average
temperature of the junction. The samples used for these experiments feature a gold
line connecting to the platform on the MEMS. We could therefore expect seebeck
voltages generated by the metallic hetero-junction when the MEMS is heated, but
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Figure 4.13: Heat transport measurements of Au-Au contacts with Pt-Ir
and Pt tips. a-b) 2D histogram and example of opening trace with Pt-Ir tip measured

at V.= 40 mV. c-d) 2D histogram and example opening trace with Pt tip measured at
V =40 mV.

the effects are negligible considering the small series resistance (Rs = 16 k{2 taking
into account the external and beam resistance) and AT = 30 K.

Moreover, the plateaus at 1 conductance quantum appear to be longer than
the ones usually measured with gold tips. This effect seems to be enhanced when
performing the experiments on the MEMS. While on the substrate, different tip
materials yield on average 2-3 data points at 1 Gg per trace, on the MEMS with
Pt and Pt-Ir tips we can reliably obtain 3 to 5 points compared to 1-2 with Au
tips. This corresponds to an average greater plateau length, while the maximum
one stays unvaried. Only with in rare occasions, we can obtain quantized peaks
with intensities as showed in Figure [{.:3] This phenomenon is of course extremely
beneficial for heat transport measurements, as longer plateaus allow the thermal
signal to reach equilibrium, compensating for the thermal time constant.
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These results were confirmed on MEMS designs with different angles of the
beams, and do not depend on the approaching angle of the tip (20° to 40°). This
can be understood, by considering that the breakdown mechanism of the junction
is thermally activated, and independent on the force applied with the typical
experimental conditions. It is known that the atomic/molecular junction lifetime
and breaking force depends on the force loading rate [168, 169, [170]. In particular,
stretching the contact lowers the energy barrier required to break the bond and
below a stretching rate of about 2600 nN /s for gold at room temperature [168], the
breaking is mainly thermally activated. With typical closing/opening speeds of 1
to 4 nm/s and an estimated stiffness of the MEMS of maximum 100 N/m along
the direction parallel to its axis, we can safely assume to be in the spontaneous
breaking regime.

The effect of the stiffer tip material on the mechanical stability of the junction
depends on many different parameters, like the tip shape, material properties or
the microscopic details of the junctions formed. We can expect that the hardness
of the metal does not play a significant role, as Pt and Pt-Ir yield similar results.
However, the Young’s modulus (79 GPa for Au, 168 GPa for Pt, 185 for hardened
Pt-Ir) [I71] combined with the apex shape may result in an increased tip mechanical
stability. Performing a thorough analysis of this effect requires large statistics and
proper knowledge of the microscopic details of the junction, which goes beyond
the scope of this work. However, the finding that stiffer metallic tips improve
the stability of single atomic contacts on the MEMS without affecting the heat
transport measurements is very interesting and it might be beneficial also for
molecular junctions.
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Chapter 5

Single Molecule Junctions

In this chapter, heat transport measurements across single molecular junctions
are presented. In particular, by using the technique described in chapter [3] we
probed the electrical and thermal conductance of two model systems, namely dithiol-
oligo(phenylene ethynylene) (OPE3) and octane dithiol (ODT) with gold electrodes.
In agreement with density functional theory and transport calculations, we show that
octane junctions have the higher phonon thermal conductance.

The work presented here represents the first measurement of thermal transport
through single molecules. The experimental method developed is versatile and can
be applied to different molecular systems without foreseen difficulties. These results
have been recently submitted for publication. The theoretical calculations presented
in section have been performed by our collaborators Dr. Hatef Sadeghi, Dr. Sara
Sangtarash and Prof. Colin Lambert from the University of Lancaster.

5.1 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 [172, [I73| [12], rectification [13] and
localization [5], and extend beyond equilibrium-based thermodynamic transport
[6]. The characterization of molecular junctions and tuning of such properties
would underpin numerous technologies and isolate fundamental effects yet to be
demonstrated.

Both experimental and theoretical analyses of molecular heat transport face
severe challenges. To simulate heat transport in molecular junctions, different
length scales of heat carrying phonons have to be taken into account, ranging from
Angstroms to microns at ambient temperature. Molecular dynamics simulations
have been utilised in the classical or high temperature limit to identify the role of
binding groups and interference effects [I72]. More recently, significant progress was
made describing junctions as Landauer systems with an energy-dependent phonon
transmission calculated using Green’s functions and density functional theory [173),
5l [14], or approaches beyond the harmonic approximation [6]. Numerous predictions
of interference phenomena [I73} [7] and non-linear effects [I3] await experimental
verification.
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The thermal conductance of a single molecular junction is typically an order
of magnitude lower than the thermal conductance quantum (284 pW/K at
room temperature)lﬂ and therefore difficult to measure. For example, alkanes
chemically bound to two metal thermal reservoirs, have measured and predicted
thermal conductance values on the order tens of picowatts per Kelvin [6], [174].
As these systems form self-assembled monolayers (SAMs) of high quality, they
can be measured using spatially averaging methods like time/frequency-domain
thermoreflectance [8, 9] or scanning thermal microscopy [4]. However, for most
molecular systems, ordered films cannot readily be made and even if that is case
uncertainties in the actual percentage of molecules bridging the reservoirs still
remain [9, 4]. Single molecule measurements are prone to difficulties, due to the
experimentally inaccessibility of the atomic-scale environment of an individual
molecular junction, but they would enable systematic studies of the relationship
between chemical structure and energy transport properties.

As model molecular systems, we have chosen oligo(phenylene ethynylene)dithiol
(OPE3) and octaneditiol (ODT) contacted by gold electrodes. OPE3 is probably the
best studied molecule for electrical transport, with widespread agreement reached
by different groups for its electrical conductance [175, [36 106, 176]. 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 [177, 178 56} [176],
make it a challenging system to test the limits of our new method.

5.2 Experimental results

In order to combine heat and charge transport measurements at the single molecule
level, we use MEMS structures with angled beams, like the ones described in
chapter [3] and utlised to study gold atomic contacts. The main difference with
the experiments of chapter [ lies in the sample preparation. The MEMS are
cleaned by a combination of oxygen plasma and ion milling to remove contaminants
post-fabrication and retrieve a fresh gold surface. OPE3 or ODT are deposited on
the gold platform by immersing the entire MEMS in freshly prepared solutions of
dichloromethane or ethanol, respectively, with concentrations ranging from 0.1 to 1
mM for 30s to 2 hours. After the deposition, the samples are rinsed several times
in clean solvent to eliminate physically adsorbed molecules. The details about the
sample preparation are provided in section [5.3

After deposition of the molecules, the MEMS is loaded into the vacuum chamber,
until a pressure of about 10~7 mbar is reached. During the STM-break junction
experiments the electrochemically etched gold tip and the sample substrate are kept
at room temperature (22 °C) by the mechanical links to the setup. Figure
shows a schematic of the measurement technique. Prior to contact formation, the
membrane is heated to a temperature Ty ~ 350 K by applying a constant voltage to
the Pt-heater, corresponding to few yW of dissipated power. The temperature Ty
is continuously monitored by measuring the 4-probe resistance of the heater with

'Note that the thermal conductance of a single gold atom is equal to 568 at room temperature,
corresponding to 2 conductance quanta, because of the spin degeneracy of a single electron channel.
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Figure 5.1: 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. b) Example of typical opening trace showing the variation of the electrical
conductance of the junction Ge normalized by the conductance quantum Gg = 2¢2/h
and the overall thermal conductance of the Tip-MEMS system versus tip displacement.
I) Au-Au contact. IT) Formation and elongation of a single molecule junction indicated
by the electrical conductance plateau. The variation in thermal conductance is most
likely 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 few tens of pW/K.

the same circuitry and gain settings used in the atomic contact experiments, equal
to 1000 for both the heater current and 4-probe voltage (see Figure for the full
electrical circuit). The total thermal conductance kthE| of the MEMS is calculated
by dividing the total power provided to the heater and the AT = Ty-Tamp with
respect to the substrate.

Figure shows an example of a single opening trace measured by retracting
the tip at 25° with respect to the MEMS surface at a speed of 5 nm/s along the
motion direction. As typically done in break junction measurements, gold contacts
with conductance of about 10 Gg are formed during approach so that the single atom
peak at 1 Gy can be used as reference. Moreover, this leads to rearrangements of the
microscopic details of the contact that above room temperature reduce the statistical
correlations between consecutive traces [I79]. In other words, closing the contact
to 10 Gg helps the formation of new molecular junctions in every trace, so that the
electrical histograms are representative of the different binding configurations of the
molecule.

By looking at the electrical conductance trace in Figurel|5.1p, we can distinguish 3
different transport regimes: (I) Au-Au, (II) Au-molecule-Au, (III) Au-tunneling-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

’In this chapter, the letter ”k” is used to refer to the thermal conductance, to distinguish
between the electron contribution to heat transport ke and the electrical conductance Ger
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of the quantized availability of electron channels. Most of the heat is transported by
electrons following the Wiedemann-Franz law, as shown in chapter ] Some traces
exhibit a second regime (II), in which G shows a plateau indicating the formation
of a molecular junction. 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.

The thermal conductance plotted in Figure includes both the contributions
of the MEMS (~45 nW/K) and the thermal contact with the tip. A similar plateau
might be expected for k¢, in the second regime (II). However, a linear decrease
versus tip displacement is usually observed, with slopes ranging between 0.5 and
3 nWK'nm~!. This is caused by an additional thermal conductance path with
relatively long range, which can be attributed to thermal near-field radiation, target
molecules not specifically bound to both electrodes, and other adsorbates on the
gold surfaces originating from the solvent or residues from the fabrication steps of
the MEMS. Such adsorbates, sketched as the light green layer in Figure [5.1k, are
only weakly bonded to the gold electrodes and make a negligible contribution to the
electrical conductance of the junction. Nevertheless, they form a strong mechanical
contact between tip and MEMS, with a typical thermal conductance of about 10
to 30 nW/K that depends on their relative distance. Upon retracting the tip, the
contact area with the adsorbate layer and the influence of radiation are gradually
reduced giving rise to the thermal background observed in the opening traces. This
is observed in all the break junction experiments performed on the MEMS, also prior
to the molecule deposition and immersion in liquid solvents, as described in chapter
[ Notably, thermal conductance variations versus tip-surface distance with similar
slopes were recently measured in near-field heat transport measurements between
nominally clean surfaces in UHV, even after thorough in-situ cleaning procedures.
This indicates that the contribution of radiation to the distance-dependent thermal
conductance at nm distances cannot be excluded and most likely cannot be avoided
experimentally [I38, [70]. Under stable conditions, the thermal background does
not significantly change during repeated opening and closing of the break-junction
contact, showing approximately a linear dependence with displacement and keeping
the same slope in the region of analysis described below.

The experimental procedure to extract the thermal conductance of a single
molecule is firstly illustrated for OPE3s. As in a standard break junction
measurement, we typically collect 2000 to 5000 traces per dataset and construct
1D and 2D histograms for the electrical conductance opening traces. In doing so,
we rescale the displacement and the thermal conductance axis by shifting their
origin to the breaking point of the molecular junction. This means that for every
trace that has a defined electrical signature of the molecule, we locate the breaking
point of the molecular plateau in the electrical conductance trace and use this to
rescale the displacement and thermal conductance axes, Figure [5.2] The offset in
the thermal conductance includes the contributions of the MEMS, the adsorbates
and near field radiation. Subtracting these effects for each traces allows us to
compensate for variations in the thermal contact to the tip without making any
prior assumption on their origin. Moreover, traces showing molecular plateaus
with different lengths, as normally observed in a break junction measurement, can
be combined together to obtain the most probable thermal conductance of the
molecular junction. For this reason, the atomic contacts and molecular plateaus
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Figure 5.2: Rescaling of a single trace according to the breaking point of
the molecular junction. a) Electrical and thermal conductance opening trace as
measured. By locating the rupture of the molecular junction in the electrical signal,
we can then extract the thermal conductance and displacement offset. b) Rescaled
electrical and thermal conductance trace.

appear at negative displacements on the x axis.

Figure shows the results obtained for dithiol-OPE3. By looking at the 1D
electrical histogram in Figure [5.3h, we first note that the observed single peak
in at 2.7 x 107* Gq is in excellent agreement with several independent reports
in different environmental conditions [175, B6), 106) 176] indicating single-molecule
OPES3 junctions. The 2D histogram also exhibits a clear molecular plateau between
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Figure 5.3: Experimental 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 x 10~4
Gyo. The black line represents the median of the 2D histogram. 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 nm and 0.2 nm. b) 2D Thermal
conductance histogram for OPE3. The mean (light blue) 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.

-1.5 and 0 nm, as typically occurring during the stretching process of a molecular
junction [40]. Note that in the 2D histogram, all the traces are aligned at the
breaking of the junction as indicated by the sharp transition at 0 nm in the median
(black line). Since every trace is characterized by a molecular plateau with a
different length, the accumulation at 1 Gg, which is normally used as reference
for the displacement axis, appears smeared out. The orange 1D histogram has
been extracted by adding the counts of the 2D histogram in the displacement range
between -0.5 nm and 0.2 nm. In the analysis method presented here, we focus on
the molecular junction configuration before breaking; the position of the maximum
in the 1D electrical histogram, might be influenced by the stretching process, i.e.
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the slope in the molecular plateaus, and therefore it is more accurate to consider the
position of the peak in the histogram built with the final portions of the plateaus
to compare between different measurements. Note that this does not change the
agreement with literature as values between 1.2x107% Gg and 2.8x10™* Gg have
been reported for dithiol-OPE3 [180, 36, [176].

In Figure [5.3p, we constructed the 2D histogram of the thermal conductance
versus the displacement. The mean of such 2D thermal histogram shows a clear
step in the thermal background at the breaking point of the molecular junction (d
= 0 nm). To extract the thermal conductance of the molecule, we then take the
difference at 0 nm between the linear fits of the mean, giving a value of k = (20+6)
pW/K. With this method, even though the contribution of a single molecule to
the thermal conductance (~ 20 pW/K) is on the same order of the rms noise of
the measured signal (~ 25 pW/K to 50 pW/K with an integration time of 1 ms),
by taking the mean of the 2D thermal histogram we can average out the random
fluctuations occurring during the measurement and extract the molecular signature,
boosting the sensitivity of the technique. In fact, the mean shows little variations
and similar slopes before and after the junction rupture, apart from the step at 0
nm. The observed change in thermal conductance is not instantaneous, but occurs
over about 10 ms (30 pm with a speed of 3 pm/ms) because of the thermal time
constant of the tip-MEMS system.

The method described relies on the identification of the breaking point of a
molecular junction in the electrical conductance trace, very similarly to what has
been done previously for the measurement of breaking forces [I81], [182]. We defined
criteria to locate the breaking point of the molecular plateaus automatically that
were applied to all the datasets. Specifically, we defined as region of interest the
electrical conductance range where the molecular plateau is expected, which is 8 to
30x107° Go for OPE3. Molecular plateaus should be at least 50 ms long (~ 50 to
100 pm at usual perpendicular opening speeds of 1 pm/ms), to avoid artifacts of
the thermal low-pass filtering. Traces showing a ratio in electrical conductance
before and after the breaking point of the molecular junction lower than 3 are
excluded. This condition serves to exclude traces from the analysis which carry
significant uncertainty on the configuration of the molecular junction. The only
selection condition that we apply on the thermal signal is based on the thermal
background slope. Datasets with non-linear or strongly varying background slopes
over time indicate unstable experimental conditions and were not utilized in this
work. In fact, the scatter in the mean and corresponding fitting uncertainty would
be too large to be considered as significant results. Few examples of selected and
discarded traces are reported in Figure [5.4]

5.2.1 Experimental results with octane-dithiol molecular junctions

The same experimental and theoretical methods were applied to study the thermal
transport properties of ODT (Figure . In contrast to OPE3, the junction
dynamics of ODT show stronger variation, as confirmed in independent reports.
The different conductance values observed are attributed to various binding
configurations of the S-Au bond [56, [183], gauche defects [176), [184] and a higher
likeliness to observe multiple-molecules in a single junction [I77, I85]. Nevertheless,
there is consensus about the frequently observed electrical conductance of 5 x 107°
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Figure 5.4: Examples of single opening traces for OPE3. a-b) Selected traces
used to build the histograms reported in Figure c-d) Discarded traces, because not
showing clear breaking of the molecular junction.

Go [56] relating to the atop-atop configuration (thiol group binding to a single gold
atom) of a single stretched ODT the molecule. Most of the histograms show a
prominent peak between 5 and 7 x107° Gg, which we attribute to the atop-atop
configuration. With lower probability, we observe plateaus at 1 x 107> Gg and at
about 1 x 107 Gy, in agreement with a recent robust statistical approach [I76].
Therefore, to simplify the analysis of the thermal signal, we consider molecular
traces with plateaus between 2 and 8 x 107° Gy. Examples of selected and discarded
traces are shown in Figure [5.6] For this junction configuration, we obtain a thermal
conductance k = (294+8) pW/K, which is higher than the one of a single OPE3
molecule, in contrast to the lower electrical conductance. Indeed, as we will see
in section [5.5 the thermal conductance of these molecular junctions is dominated
by the contribution of phonons. For the first time, we can therefore study phonon
transport across single molecules and investigate the influence of the chemical
structure of the molecular backbone.
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Figure 5.5: Experimental (a-b) and theoretical (c-d-e) results for octane-
dithiol (ODT). a) Electrical 2D and 1D histograms constructed with 615 traces
measured at a fixed voltage of 90 mV, 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 x 107° Gy. Note that the peak shifts to
5 x 107° Gg before breaking (orange 1D histogram). b) 2D Thermal conductance
histogram. The mean (light blue) shows a clear step around 0 nm (breaking point of
the molecular junction), giving a thermal conductance k = (29+8) pW/K.

5.2.2 Reproducibility of the measurements

The results presented have been reproduced by performing different measurements
on two MEMS samples for each molecule. Figure [5.7] shows the results obtained for
OPE3. In particular, the data presented in Figure was collected by moving
the tip by 100s of nanometers to a different location on the MEMS surface used in
Figure (Sample 1). Note that even though the electrical conductance peak in
the 1D histogram (blue) is slightly shifted to higher values, the orange histogram,
corresponding to the breaking configuration, agrees well with the other reported
datasets, with a peak around 1.2 x 10~* Gg. Figure shows the result obtained
on a different MEMS design (Sample 2). The details about the sample preparation
are provided in section The shorter plateau length visible in the 2D histogram
agrees well with previous reports [36] and it may indicate a different stretching
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Figure 5.6: Examples of single opening traces for ODT. a-b) Selected traces
used to build the histograms reported in Figure c-d) Discarded traces, because not
showing clear molecular plateaus (c) or breaking of the molecular junction (d).

mechanism of the molecular junction. For instance, a larger snap-back of the gold
electrodes [37] may be reflected in the small number of counts at Gg. Note however
that the displacement scale along the pulling direction carries significant uncertainty,
as it is calculated from the nominal conversion factors of the piezo-scanner between
applied voltage and distance, and by considering the angle with respect to the MEMS
surface. In practice, non-ideality in the scanner motion together with the gold surface
roughness may have a significant effect on the actual displacement at the atomic
scale. Among all the measurements shown in Figures and we find good
agreement in the thermal conductance extracted from the 2D histograms within
the experimental uncertainty. The error bars for the thermal conductance values
are different for each dataset as their calculation takes into account the number of
traces used to construct the 2D histogram, the scatter in the data and the noise
in the mean. A detailed description of the uncertainty calculation is provided in
section .41

Figure[5.8| collects the results obtained for ODT. All the 1D electrical histograms
show a molecular conductance peak centered around 5x107° G as expected by
the selection of traces in the conductance region between 2 and 8 x 107° Gg. As
mentioned before, this was done to extract the thermal conductance of ODT in the
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Figure 5.7: Experimental results obtained for OPE3-dithiol. a) The histograms
are built from 223 traces measured at a fixed voltage V = 50 mV, angle = 40° and
opening speed v = 3 nm/s along the pulling direction (Sample 1). b) The histograms
are built from 310 traces measured at 40 mV, angle = 30°, v = 2nm/s (Sample 2).

atop-atop configuration, which is formed with a higher probability in agreement
with previous reports [I76]. For all the measurements, the thermal conductance
extracted for a single ODT molecule take values around 40 pW/K, in agreement
with the result reported in Figure [5.5] within the experimental uncertainty.

The thermal conductance measured for both OPE3 and ODT did not show
any dependence on the experimental conditions. Similar values are obtained by
performing STM-BJ measurements on different spots on the MEMS and with
different MEMS designs with angles between the beams of 45° and 10°. Pulling
speeds between 1 and 5 nm/s at approaching angles of 20° to 40° yielded also
similar results. Moreover, all the measurements were performed in a AT range
between 20 and 50 K depending on the thermal conductance of tip-MEMS system.
Within the uncertainty, no temperature dependence was observed, as expected in
this high temperature regime, see [5.5

We collected several independent evidences to demonstrate that the experimental
technique presented here is not affected by systematic changes of the thermal
background upon breaking of the molecular junctions, due to a mechanical backlash
of the MEMS. First, the same data analysis was applied to the gold-gold contact
regime, Figure [5.90 To do this, we took into account traces showing plateaus at
least 20 ms long in the conductance range between 0.8 and 1.2 Gg. With the same
code used for the molecular junctions, we aligned the thermal conductance traces
at the breaking of the single atom plateau and built the 2D thermal histogram
versus displacement, Figure [5.9h. In this graph, the origin of the displacement
axis indicates the transition between gold contact and tunneling regime. Because
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Figure 5.8: Experimental results obtained for OPE3-dithiol. All the histograms
were measured at V = 90 mV: a) Sample 1, 1130 traces, Angle = 23°, v = 1.3 nm/s
along the pulling direction. b) Sample 2, 301 traces, Angle = 25°, v = 1.3 nm/s. ¢)
Sample 1, 254 traces, Angle = 27°, v = 2.2 nm/s. d) Sample 1, 316 traces, Angle =
23°, v = 5 nm/s.

of the different trends in the two regimes (characteristic of the respective heat
transport mechanisms), we extrapolated the mean of the thermal background
after reaching thermal equilibrium (x > 0.15 nm) up to the contact breaking.
In this way, we obtain a thermal conductance of 540 pW /K, which is very close
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Figure 5.9: 2D thermal and electrical conductance histograms of gold
quantum point contacts. The histograms are obtained by applying the same data
analysis method to the OPE3 dataset shown in Figure[5.3] in the electrical conductance
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Figure 5.10: Example of electrical (a) and thermal (b) conductance
histograms obtained for ODT by using the closing curves. The histograms
were built with 440 traces and measured at V = 90 mV with an angle = 23° with
respect to the MEMS surface. In this case, x = 0 nm corresponds to the formation of
the molecular junction.

to the value predicted by the Wiedemann-Franz law kq = 577 pW/K, for one
electrical conductance quantum at T = 305 K (average junction temperature
during the measurement), in agreement with the results reported in chapter 4| and
in an another independent study [69]. This finding confirms that the microscopic
rearrangements occurring at the breaking of the contact have a minor influence on
the thermal conductance extracted by the analysis method presented.
Interestingly, the formation of molecular junctions, as indicated by the typical
OPE3 molecular conductance plateaus between 1072 Gy and 107* Gy in the
2D electrical histogram in Figure [5.9p, does not affect the thermal conductance
extracted for the single atom contact. A single OPE3 molecule in parallel to a
gold atom would indeed bring a negligible contribution to both the electrical and
thermal conductance measured, in contrast with the results shown in section [£.1.2]
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Figure 5.11: Summary of the experimental results obtained for OPE3 (A)
and ODT (B). By performing the weighted average of the different experimental
datapoints 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).

A second evidence that the thermal conductance measured is not affected by
systematic changes in the thermal background comes from the analysis of the closing
traces. In the case of ODT, we obtained similar values of thermal conductance
of k = (35 £ 7) pW/K upon forming molecular junctions within closing traces,
Figure In the break-junction measurements, we typically set approach and
retraction speeds independently in order to maximize the throughput of measured
traces. In particular, it was found empirically that faster closing speeds can improve
the formation of clean molecular junctions. For this reason, in Figure [5.10p, the
junction was closed at 7.5 nm/s along the motion direction, making the thermal
conductance step in the histogram mean to shift to negative displacements with
respect to the origin (ODT junction formation). In fact, the thermal conductance
change occurs over a distance of about 0.1 nm along the approaching direction,
corresponding to a time interval of 13 ms, close to thermal time constant 7 = 22 ms of
the isolated MEMﬂ The formation of a molecular junction during the approaching
cycle is a thermally activated process. This phenomenon is typically exploited in
the so called I(s) technique [I76], [I86, [I87], where the spontaneous attachment of
molecules prior to the metallic contact formation (the junction is not fully closed
like in a break-junction measurement) is used to measure the electrical conductance
of molecular junctions. While the rupture of a molecular junction releases a force
(on the order of 1 nN) that might induce a change in thermal background, the
thermally activated junction formation is expected to have a negligible influence
on the tip-MEMS distance. Therefore, the agreement between the results obtained
with the opening and closing traces confirms that the distance variation of the
thermal background is independent of the thermal conductance change occurring at
the breaking of a molecular junction.

Finally, a mechanical backlash at the tip-MEMS contact would lead to an
apparent step in the thermal conductance trace in proportion to the slope of the

3When the tip is contact with the MEMS, the thermal conductance of the system increases
leading to an effective faster time response.
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5.8 Sample preparation

thermal background. To test this, we plot in Figure the thermal conductance
obtained from all the measurements that have just been presented, versus the
thermal background slope extracted from the linear fit of the histogram mean at
displacements x > 0 nm. Within our uncertainty, we do not observe any significant
dependence of the thermal conductance of OPE3 and ODT on the background
slope. We can then calculate the weighted average k and standard deviation oy, of
the ensemble of measurements starting from the values k; and standard deviations
o; (see section of each datapoint and using

_ N g2
k= 217_11 % (5.1)
i=10;
and
1
i=10;

In this way we obtain k = (23 & 5) pW/K for OPE3 and k = (37 + 5) pW/K for
ODT.

5.3 Sample preparation

Cleaning the gold surface on the MEMS devices is performed by a combination of
oxygen plasma and ion milling. Before depositing the molecules, the samples are
cleaned by oxygen plasma (400 W for 5 min) to remove resist residues and other
hydrocarbons. We then perform an Ar - ion milling step (beam current 150 mA with
30 cm as beam diameter for 20 s) to physically clean the top surface. After cleaning
the MEMS, we immerse it in the solution of the target molecules. In the case of
OPE3, we obtained the molecules with acetyl-protected thiol groups from Sigma
Aldrich and an additional purification step (purity > 99%) was then performed
by our collaborators at the University of Basel. For the deposition, Sample 1 was
immersed in a solution of dichloromethane (DCM) with concentration ¢ = 1 mM
for 2 min. Two equivalents of tetrabutylammonium hydroxide (i.e., one TBAH
molecule per acetyl group) were added to the solution to deprotect the thiol groups
and improve the formation of the S-Au bond. A similar procedure was employed
for Sample 2, but with ¢ = 0.25 mM for 30 min. In both cases, the MEMS samples
were then rinsed in a mixture of clean DCM and ethanol and carefully dried under
Ny flow. In the case of ODT, we obtained the molecules from Sigma Aldrich (purity
> 97%) and used ethanol as a solvent. Sample 1 was immersed in a solution with c
= 1.2 mM for 30 s, then rinsed twice in clean ethanol and dried with No. Similarly,
for Sample 2 we used ¢ = 0.3 mM and 30 s.

The sample preparation is a critical step and determines the yield and quality
of the measurement. Too long exposures to the molecular solution usually results
in a dense monolayer on the MEMS surface hindering the reliable formation of
single molecule junctions. On the other hand, short deposition times can produce
films with low coverage, reducing the probability of junction formation. The
suitable combination of immersion times and solution concentration was determined
empirically during the PhD project. In the case of ODT, few samples were prepared
with a concentration of ¢ = 0.3 mM and deposition times of 15 to 30 minutes. On
the gold pad on the substrate, high quality electrical histograms were measured,
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5.4 Uncertainty calculation of experimental data

showing molecular peaks in the expected conductance range. However, on the
MEMS, the formation of gold contacts was hindered by the molecular film, making
the break junction measurement mechanically unstable. This was confirmed by the
formation of large thermal contacts with fluctuating thermal background.

In the case of OPE3, longer deposition times are usually needed to obtain
a good junction formation probability (with 20% to 50% of the traces showing
molecular plateaus). The preparation procedure involves the use of a deprotecting
agent to cleave the acetyl group attached to the sulfur atom, which serves to avoid
the formation of disulfide compounds in presence of oxygen [I88, [I1]. The use of
tetrabutylammonium hydroxide is widely adopted for STM-BJ experiments with
dithiol-OPE3 [36], [106], however direct adsorption of acetyl-protected molecules
was reported as alternative for single molecule measurements [106] and for the
formation of monolayers [I89) [I88]. This is particular attractive as it simplifies
the sample preparation step and avoids the formation of longer compounds due
to the oxidation of deprotected molecules, which may contribute to parasitic heat
conduction (thermal background). However, direct adsorption of OPE3 with
different deposition times yielded poor results in terms of junction formation. In
the future, further investigations of the influence of oxygen during the deposition
of acetyl-protected dithiols may provide insights into the effects on the thermal
background of disulfides and other deposition byproducts.

5.4 Uncertainty calculation of experimental data

The uncertainty reported for the thermal conductance of the molecular junctions
are composed of 2 main contributions: the RMS error of the 2D distribution €4 and
the error obtained by subtracting the linear fits of the thermal background. In the
first case, we calculate the RMS error of the datapoints in the 2D histogram from
the calculated mean at x = 0.1 nm and divide it by the square root of the number
of traces used to build the histogram. Note that as the width of the histogram is
homogeneous around the breaking point (x = 0), the RMS error does not change if
calculated at another displacement value (e.g. x = -0.1 nm). To evaluate the error
in extracting the step height from the linear fits, we consider the RMS error of the fit
with respect to the mean of the 2D histogram within the fit range before and after
the breaking point, respectively ¢, and ¢,. Finally, the total uncertainty is given by

ot = \J€5+ € + €2 (5.3)

For instance, for the OPE3 dataset shown in Figure 2, we obtain in the fit range:
ea =5 pW/K, ¢ = 2.8 pW/K (fit range -0.4 < x < -0.02) and ¢, = 2.8 pW/K
(0.02 < x < 0.4) corresponding to €, = 6.4 pW/K. The fit range is always taken
symmetric with respect to the breaking point. Variations in the step height that can
result from the noise in the mean are included in the uncertainty range calculated
with this method. To further check the robustness of the data analysis method,
we verify that mean and median of the 2D histograms give the same result within
10%. The median is less sensitive to the occurrence of outliers in the histogram and
therefore a useful cross-check of the quality of the data.
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5.5 Comparison with theory and previous experiments

The simulation of vibrational heat transport across molecular junctions (single or
self assembled monolayers) present numerous challenges related to the intrinsic non-
equilibrium nature of the problem, involving many-body interactions and quantum
effects [45], [6]. Fourier’s law is not valid in 1D systems at the nanoscale. In fact, its
formula

Q= —kVT (5.4)

where @ is the heat flux, s the thermal conductivity and V7T the temperature
gradient, 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 [190] 191 45]. The heat transport properties
of molecular chains between macroscopic electrodes are better characterized by

their thermal conductance k = %, where AT is the temperature difference
between the leads. To answer the questions related to the nature of transport
(ballistic or diffusive), quantum effects [6], anharmonicity [5], electron-phonon
and electron- electron interaction [45, 192, 193], non linear effects [13], role of the
coupling strength of the molecules to the electrodes, several theoretical models
have been developed. The two main approaches are Molecular Dynamics (MD)
simulations and Green’s function techniques, each with its own advantages and
limitations. Molecular Dynamics has been widely used to study heat transport
across SAM interfaces with different materials [194) [9) [195] [196), 172], to determine
the interfacial thermal resistance. Basically, it consists in solving numerically the
classical Newton equations of motion by assuming certain interaction potential
between the atoms. It can be used to simulate heat transport in realistic structures
and far from equilibrium, however it generally does not include quantum effects.
Thus, the results obtained from MD are valid in the high temperature regime,
where phonons obey Boltzmann statistics. However, since the vibrational energies
of the molecules extend typically above room temperature, Bose-Einstein statistics
cannot be neglected. For this reason, interfaces in MD simulations of sandwiched
SAM structures are found to act independently, which is not always the case, e.g.
when two different metals are used for the electrodes [9].

On the other hand, in the basic form of the Green’s function approach,
one typically assumes a Landauer type of transport and the phononic thermal
conductance of the molecular junction kp, is proportional to the transmission
probability of phonons T,,w In particular, the phonon thermal conductance k;, at
temperature 7' can be directly calculated from the phonon transmission Ty, (w) by
using

(9 fBE(w,T)
Ton .
Fn(T) = 50 / fiw o (5:5)
where fpp (w,T) = (eM/ksT — 1)71 is Bose-Einstein distribution function and

h = 4.14 x 1071° eV is reduced Planck’s constant and kg = 8.6 x 107> eV/K
is Boltzmann’s constant. The phonon transmission T, (w) is typically calculated
in terms of single particle Green’s function in combination with the mean field
hamiltonian of the junction obtained with Density Functional Theory (DFT),
from which the dynamical matrix describing the harmonic response of the
junction is calculated. This method describes single particle coherent transport,
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in which inelastic processes are assumed to occur only in leads and the force
interactions between the atoms in the junction are calculated within the harmonic
approximation. It has been developed by several groups to study heat transport
across single molecular junctions [45, [0, 5, I8, 44] and in general it is valid if
the phonon mean free path is larger than the junction size. The main advantage
of this ab-initio method is that it has an intrinsically quantum nature and thus
suitable to study phonon quantum interference [14} [7, 12]. However, being a one
particle problem, the interactions between the carriers involved in transport (e.g.
phonon-phonon, electron-phonon) are not included. The leads are then ideal objects
imposing the boundary conditions (e.g. T difference, chemical potential...) to the
transport problem, as no dynamic interaction with the environment is allowed.
Then, because inelastic processes take place only in the leads, the temperature
distribution along the junction is assumed to be homogeneous and non-linear
phenomena, like memory effects or rectification cannot be considered. Finally, as
DFT is a ground state theory, care has to be taken when simulating non-equilibrium
problems like heat transport. Having said so, in the linear regime (small AT),
this method demonstrated to be very powerful, predicting general results like the
phonon thermal conductance quantization in one dimensional systems [48], which
was later confirmed experimentally [50]. In molecular junctions, this method has
become recently quite popular to engineer the thermal conductance of molecules
for thermoelectric applications [14, 197] and study phonon quantum interference
arising from atomic substitutions in the molecular backbone, the effect of the
anchoring groups [198] or Fano-resonances induced by side groups [7].

To conclude this overview on the theoretical methods, the effects of interactions
in the system can be included via the so called Non Equilibrium Green’s functions
formalism (NEGF). This method was successfully applied for instance to study heat
dissipation in current carrying molecular junctions [45, 199, 193] and thermoelectric
effects [200]. The main difference with the equilibrium approach is that the system
under study is described by a dynamical matrix or more generally by an hamiltonian
which includes anharmonic interactions (higher order terms of the expansion of
the elastic potential) and other effects of interest (e.g. the dynamical matrix is
temperature dependent or the hamiltonian depends on the voltage applied).

Thermal transport across the molecular junctions of dithiol-OPE3 and octane-
dithiol was simulated by our collaborators at the University of Lancaster, Dr. Hatef
Sadeghi, Dr. Sara Sangtarash and Dr. Colin Lambert. By using a combination
of density functional theory (DFT) and Green’s function scattering method within
the framework of coherent transport described with the Landauer formalism
[14, I8, 201], they calculated the thermal conductance due to phonons and
electrons from the respective transmission functions (see equation . Similarly
the electrical conductance G (T') = GoLo and the electronic contribution of the
thermal conductance ke (T) = (LoLs — L?)/hT Lg are calculated from the electron
transmission coefficient Ty; (E') where the momentums L,,(T") are defined as

_8fFD(E,T))

o (5.6)

m() = [ am (- Ee T (

—00

and frp (E,T) = (eP—Fr)/ksT 1 1)_1 is the Fermi-Dirac probability distribution
function, T is the temperature, Ep is the Fermi energy, Gy = 2e2/h is the
conductance quantum, e is electron charge and h is the Planck’s constant. The
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Figure 5.12: Theoretical calculations for OPE3 (a-b-e) and ODT (c-d-f). a-c)
Transmission coefficient T, of phonons with energy hw. b-d) Transmission coefficient
Te of electrons with energy E. e-f) Calculated thermal conductance kyn due to phonons
versus temperature T. The inset shows the thermal conductance due to electrons versus
the Fermi energy at room temperature.

details of the computational methods are provided in Ref. [I§].

The results of the simulations for OPE3 and ODT (in the atop-atop
configuration) are summarized in Figure The phonon transmission coefficients
Tpn of OPE3 and ODT are truncated at energies higher than 20 meV, because of
the phonon density of states of the gold electrodes [200], [14], Figure and c.
Moreover, due to low Debye temperature of gold (Tp = 165 K) the phonon thermal
conductance for temperatures higher than ~200 K saturates to 19 pW/K for
OPE3 and 22 pW/K for ODT, Figure and f. The method assumes harmonic
approximation to calculate the dynamical matrix of the molecular junctions and
the temperature dependence enters in the phonon thermal conductance k, through
the Bose-Einstein distribution. For both molecules, the electron transmission T is
dominated by their highest occupied molecular orbitals (HOMO) as expected for
thiol anchoring groups [36], Figure and d. In addition, the room temperature
thermal conductance due to electrons is calculated from the electron transmission
Te as a function of the electrodes Fermi energy Er, as shown in the inset of Figure
and f. At the DFT Fermi energy (Er = 0), the thermal conductance due to
electrons is about 0.07 pW/K for OPE3 and 0.02 pW/K for ODT, much smaller
than the phonon contribution.

In the case of OPE3, we find excellent quantitative agreement between our
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Figure 5.13: Summary of the experimental results obtained for OPE3 (top)
and ODT (bottom), in comparison with the theoretical predictions and
available measurements and simulations in literature. In the case of ODT
(bottom), we added the results from MD simulations (Luo2009 [195], Luo2010 [196],
Majumdar2015 [9] and Hu2010 [I72]), ab-initio simulations (Klockner2017 [44]) and
other theoretical approaches (Duda2011 [I74]). Moreover, for direct inter-comparison,
we adapted the main results obtained on the thermal interface conductance of SAM:
Wang2007 [202], Majumdar2015 [9], Losego2012 [8], Wang2006 [10], Meier 2014 [4].
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simulations and the experiments, Figure [5.13] Considering the history of molecular
electronics, this was partly unexpected at the first measurement attempts. This
also confirms that the Landauer formalism within the harmonic approximation can
be used to simulate phonon transport in these short molecular junctions under
small temperature and voltage differences. Heat transport of the thiol-bound OPE3
system has not been studied before, but there are simulations (based on a similar ab-
initio approach) for Au-OPE3-Au junction using amine anchor groups [44] yielding
~ 24 pW/K, suggesting a very similar bonding strength of the respective anchor
groups. Simulations of OPE3 bound to silicon [I2] 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.

To discuss the results obtained for ODT, it is worth to consider also the
numerous predictions and experiments present in literature. Thermal transport
through SAMs of alkane thiols between different materials, in contrast, have
been studied using many methods, both theoretically and experimentally, mainly
focusing on SAMs. The results in which the molecules are linked to at least one
gold electrode via the thiol bond are included in Figure for comparison with
our measurements, after the conversion from the typical units of MW/(m?K) to
pW/K, considering a SAM density of thiol-alkanes on gold of 0.22 nm? [IT] 4.
Unfortunately, we are not aware of any experiments of octane-dithiol films
sandwiched between gold electrodes. The closest system with a SAM of C10-S2 on
gold was characterized in two separate studies by Majumdar et al. (Majumdar2015)
[9, 43] with Frequency Domain Termoreflectance (FDTR), reporting values of
14 pW/K, in contrast with the higher values predicted by NEMD simulations of
about 25 pW/K. This discrepancy was attributed to the lower effective number of
molecules contacting the electrodes because of their surface roughness, estimated
to 54 % of the total. As heat transport along alkanes with more than 8 C atoms is
fairly length independent [5, 174} 4 [10], 44], the results obtained with longer alkane
chains can be compared with our data.

In Figure [5.13] we also added data obtained for different systems and
measurement techniques: Au-S-C8-S-GaAs with 3w (Wang2006), Au-S-C8-CH3-
Si02 with Scanning Thermal Microscopy (Meier2014), Au-S-C11-Si-Quartz with
Time Domain Termoreflectance (Losego2012) and Au-S-C8-CH3 with vibrational
sum-frequency generation spectroscopy (Wang2007). Interestingly, the scatter
in the data and simulations is very similar, even if slightly different systems are
considered, with most of the results falling in the range between 15 and 50 pW /K.
More importantly, our measured value of 37+5 pW /K is in excellent agreement with
the range obtained from NEMD simulations (25 pW/K, Majumdar2015, and 43
pW/K, Luo2010) and ab-initio methods (22 pW/K and 35 pW/K, Klockner2017)
on octane-dithiol between gold electrodes. This agreement with predictions given
by two very different theoretical frameworks suggests that in this system heat
transport is mainly dominated by the interfaces, namely the S-Au bond. To go
beyond the predictions of classical molecular dynamics, it would be interesting
to investigate quantum phonon interference effects by comparing the thermal
conductance of modified alkane chains.

In conclusion, thermal transport of both OPE3 and ODT is dominated by
phonons with negligible contributions from electronic transport channels, in
agreement with the Wiedemann-Franz law. Both experimentally and theoretically,
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in excellent agreement with literature values, we find that the phonon thermal
conductance is higher in ODT junctions, compared with OPE3. This for instance
can be explained with the greater width of the phonon transmission resonances
(Figure and c¢), which implies a higher density of phonon states at the
connection point to electrodes in ODT. This result might seem unintuitive with
classical arguments, as OPE3 has a significant stiffer backbone compared with
ODT. However, at high frequencies, the transmission is limited by the number of
open phonon channels in the gold electrodes, which goes to zero above 20 meV. This
further demonstrates that the combination of a molecule that transmits better high
energy modes with low Debye frequency electrodes like gold, can be followed as a
strategy to suppress the thermal conductance of phonons, which is fundamental for
thermoelectric applications.

90



Chapter 6

Conclusions and Outlook

This thesis reports on the development and demonstration of a novel experimental
technique to investigate heat transport at the atomic and molecular scale. Before
this work, there was no method able to reach these length scales in thermal transport
experiments. The technique combines highly sensitive heat flux measurements
with break junction methods, to simultaneously measure the thermal and electrical
conductance of atomic scale contacts. This was achieved by using MEMS structures
with an integrated microheater/temperature sensor as suspended substrates for
performing break junction experiments in a high-vacuum scanning tunneling
microscope. Thanks to the high thermal resistance of the MEMS sensors, the low
noise laboratory environment and instrumentation, we obtained state-of-the-art
sensitivities of 15 pW/K in a bandwidth of 50 Hz at a temperature difference of 50
K around room temperature.

With this technique, we investigated the heat transport properties of atomic
gold contacts (Figure . For the first time, we observed thermal conductance
quantization at room temperature and demonstrated the validity of the Wiedemann-
Franz law in single atom contacts. Within the uncertainties of the experiment, we
could conclude that ballistic phonon transport in these systems contribute with less
than 10% to the overall thermal conductance. We further confirmed these results
by investigating platinum quantum point contacts and gold atomic junctions formed
with Pt and Pt-Ir tips. Good agreement with the Wiedemann-Franz law was also
found for gold-gold junctions in the presence of small organic molecules. These
results suggest that heat transport in highly transmitting contacts is dominated by
electrons and that phonons plat only a minor role.

The experimental technique was then further optimized and developed to
characterize the thermal conductance of single molecular junctions. To do this,
we solved several experimental challenges connected to the cleaning of the MEMS
sensors, deposition of the molecules from solutions and mechanical stability of the
tip-MEMS contact. We measured thermal transport across two model systems
dithiol-oligo(phenylene ethynylene) (OPE3) and octane-dithiol (ODT), finding very
good agreement with our theoretical simulations based on the Green’s Function
scattering method and the predicted and measured literature values (Figure [5.13).
In the case of ODT, our result fitted well with the thermal transport measurements
performed on alkane chains of similar lengths, molecular dynamics and ab-initio
simulations, suggesting that transport in this system is mostly dominated by

91



6.1 Outlook

the interface thermal resistance with the electrodes. The measurements were
reproduced several times on two samples for each molecule and in different
experimental conditions (e.g. while closing or opening the junction), confirming the
excellent accuracy of the method.

These studies demonstrate that the experimental technique developed is
suitable to investigate heat transport across molecules with different chemical
backbones, therefore opening the door to systematic studies of the structure-
property relationship. In fact, depositing molecules from solution will allow us to
apply the measurement technique to different classes of molecules, exploring the
many theoretical predictions that have been already put forward. This represents a
fundamental step to engineer phonon transport in these nanoscale systems.

6.1 Outlook

Personally, I think it is a wonderful time to think about future experiments, as
the technique described in this work opens to so many directions that it is hard
to focus on one. From the experimental point of view, my colleagues have been
already developing a new setup to perform heat transport measurements at cryogenic
temperatures. This will improve the atomic and molecular junction mechanical
stability and hopefully provide further insights into the phonon dynamics. Varying
the temperature in heat transport measurements corresponds to electrically gate
the system under study and to play with the carrier population. Especially, at
intermediate temperature ranges, larger deviations from predictions could arise
because the assumptions in the transport models might break down in the transition
regimes. A temperature dependent measurement of the thermal conductance of a
molecular junction would indeed prove or disprove the validity of the harmonic
approximation in the ab-initio simulation of these systems.

A next interesting feature to implement in the setup, is the simultaneous
measurement of the Seebeck coefficient of molecular junctions. This is in principle
only a matter of programming a new measurement routine, as it is intrinsic
to the technique to apply a temperature difference and measure the electrical
current simultaneously. Measuring the Seebeck coefficient, thermal and electrical
conductance would allow to extract the thermoelectric energy conversion efficiency
figure of merit ZT for a single molecule.

Enhancements of the thermal sensitivity to obtain the molecular conductance
already from single traces could be achieved by employing AC modulation schemes
of the MEMS or tip temperature. Further insights into the breaking dynamics of the
molecular junction and interaction with the thermal background could be obtained
by combining the technique with conductive atomic force microscopy, but it would
require a dramatic change of the setup.

In terms of interesting molecular systems, one might start from the investigation
of quantum interference phenomena to find new ways to engineer phonon transport
and reduce or enhance thermal conduction. Another very interesting but also
challenging direction would be studying systems that undergo structural changes
by applying an external stimulus (voltage pulse, UV light, etc.) to obtain a
demonstration of tunable thermal conductance, which can have a large number of
applications.

Finally, one might envision to combine thermal transport measurements at a
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single molecule level, with optical pumping-probe methods, or in general optical
techniques, to obtain information about the dynamics of the heat transfer process
or about spectroscopic features (e.g. Raman spectra) of the molecular junctions.
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Appendix A

Power dissipation and temperature
distribution along the supporting
beams

In this section, the temperature distribution along the supporting beam of the
MEMS is calculated from the one dimensional heat diffusion equation to obtain
the fraction of dissipated power contributing to the temperature rise of the central
platform.

Because of the typical size of the SiNx beam (4 ym X 0.15 pm x 260 pm), we
can consider heat transport along the beam length as one dimensional. The Joule
heat generated in a segment of volume dV = Ap,dz of a Pt-line by a current I by
can be expressed as

Qc = pal*dz/Ap, (A.1)
where p.; is the electrical resistivity of platinum. If we neglect the contribution of

thermal radiation, Q¢ is equal to the heat conducted by the SiNx beam and the Pt

line
d*AT(x)

dx?
with kA = kpAp: + kginAgin being the effective thermal conductivity and cross
section of the beam. Combining equations and we obtain

Q.= —kA d (A.2)

d2AT (z) N RI?
da? KV

where R is the electrical resistance of the Pt line with length L and kV = kKAL.
If we define x = 0 as the substrate and £ = L as the connection point with the
MEMS platform, we can write the boundary conditions (neglecting the spreading
the resistance which is expected to be small)

0 (A.3)

AT(0)=0 and AT(L)= AT, (A.4)
and solve [A.3] as ) )
_ RIF , AT, RI

AT(z) = BT e + < 7 2kVL> x (A.5)
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From this we can apply Fourier’s law and calculate the heat flow at the MEMS
platform
dAT (x)

)= —kA
Q dx =L

= %RIQ — Gy ATy, (A.6)
where the first term corresponds to the Joule heat generation and the second
to the heat conduction through the beam with a total thermal conductance of
Gyp. This demonstrates that only half of the power dissipated in the metal lines
along the beams is contributing to the temperature rise of the MEMS. Note that
so far we have assumed that both the effective thermal conductivity and the
electrical resistivity of platinum do not depend on temperature and we neglected
the contribution of thermal radiation. Deviations from [AZf] can be expected at high
temperature differences (AT > 100 K), out of the normal working regime.
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Appendix B

Tip etching with different metals

B.1 Pt and Pt-Ir tips

To etch platinum and platinum-iridium tips, a recipe has been developed referring
to the methods proposed by Musselmann et al. [203] and Valencia et al. [204].
Both groups suggest a two-step approach, comprising a coarse etching step using a
relatively high AC voltage (> 25 V RMS) followed by a pulsed fine etching step at
lower voltage (< 5 V). The first step is intended to form the main cone of the tip
with a radius of a few micrometers, whereas the second forms a sharpened cone on
top of the main one with an apex diameter of 100 nm.

Figure shows a schematic of the setup used to fabricate Pt/Pt-Ir tips. A
transformer connected to the power socket supplies a RMS voltage of 25 V at 50
Hz to the metal wire and the graphite (99.99 + %) counter electrode immersed in a
2M solution of CaCls, achieving sufficiently high current of around 500 mA. Etching
times of about 4 min for platinum and 9 min for platinum-iridium are observed
without drop-off. Then, a manual switch placed between the transformer and the
counter electrode is used to apply voltage pulses of 2.5 V RMS in intervals of 1 s,
achieving apexes with diameters of about 100 nm reproducibly, Figure The
steps of the platinum/platinum-iridium tip etching are listed below:

Back electrode: Graphite rod
Electrolyte: 2M CaCl2 (dihydrate, 99% purity, Sigma Aldrich) in DI water

1. Cut about 1 cm of 0.25mm Pt/Pt-Ir wire and fix it to the tip holder.
2. Lower the wire about 1-2mm into the electrolyte.

3. Apply a 25V AC signal at 50 Hz. The solution will start to bubble around the
tip. The coarse etching process takes around 4 min for Pt and 9 min for Pt-Ir.

4. When done, lower the tip further into the solution by 0.5 mm.
5. Set a voltage of 2.5 V RMS and toggle the switch for 1 s. Repeat 4 more times.
6. Rinse the tip in DI water and in an ultrasonic bath for 30 s.

7. Dry the tip with Ng gun.
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B.2 W tips
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Figure B.1: Schematic of the etching setup to fabricate Pt and Pt-Ir tips
(left) and scanning electron micrograph of Pt tip with radius of ~ 55 nm
(right).

B.2 W tips

Tungsten is another very common material used to fabricate sharp tips by
electrochemical etching for scanning tunneling microscopy [205, 206]. Among all
the recipes available in literature, we adopted the method described by Collins
[207], where a wire loop used as a counter electrode is not immersed in solution
but contains a thin electrolyte layer, which the tungsten tip can go through. In
this way, the etching is localized at the tip area in contact with the solution; the
process ends with the drop of the portion below the loop, creating effectively 2 tips.
Typically, the tip that falls shows the smallest radius.

Loop electrode
« with NaOH

W wire —

DI water

+

| —
II

Figure B.2: Schematic of the etching setup to fabricate W tips (left) and
scanning electron micrograph of W tip with radius ~ 22 nm (right).

Figure shows a schematic of the etching setup. The technique works with
both AC and DC voltages yielding a similar apex diameter of around 50-100 nm.
The difference between them lies mainly in the etching time and the shape of the
resulting tip cone: using AC modulation, the etching is fast and with bubbles (~ 3
min), forming a conical tip with a large cone angle (Figure , while using a DC
voltage, it does not generate bubbles but is rather slow (=~ 12 min), giving tip shapes
with high aspect ratio. For the STM-BJ experiments, the AC method is preferable
as it provides tips with low aspect ratio, helping the formation of stable junctions.

97



B.2 W tips

After the etching, tungsten tips are known to oxidize quickly when exposed to air.
There are several known methods to clean the oxide from STM tips, including UHV
annealing, chemical treatment using hydrofluoric acid, AC polishing and sputtering
[208]. In addition, Vesel et al. also demonstrated a oxide cleaning method on
tungsten substrates using Hy plasma [209]. We obtained the best results by cleaning
the etched tips by ion milling (10 min, at 500 mA and 600 V). After this step, break
junction experiments on a gold substrate yielded quantization peaks at multiples of
the conductance quantum Gg, as expected for Au-Au contacts. The full recipe is
described below:

Electrode: Gold loop
Electrolyte: 2M NaOH (97% purity, Sigma Aldrich) in DI water

1. Cut about 1 cm of 0.25 mm tungsten wire and fix it to the tip holder.

2. Dip the gold loop into NaOH to have a thin layer of solution that stays inside
the loop.

3. Prepare a beaker of DI water and place it under the loop, to recover the lower
tip after drop-off.

4. Lower the wire about halfway through the loop. Make sure not to pop the
solution inside the loop, otherwise repeat step 2.

5. Apply 3.5V AC signal at 50 Hz or 3.5V DC signal. The solution will start to
bubble around the tip. Wait until the bottom part of the tip falls. The process
takes approximately 3 min with AC and 12 min with DC.

6. When done, rinse the dropped portion of the wire in DI water in an ultrasonic
bath for 1min, then in isopropanol for another 1min.

7. Dry the tip with No gun.
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