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Abstract

In the era of nanotechnology and nanosciences, the scalability and miniaturisation of the
electronics component in a single chip to obtain superior devices is crucial. This aim
creates new challenges for the scientific community in order to develop the materials of
the future and understand their behaviour at the nanoscale. Indeed, new phenomena
require specific matching tools that, in turn, open new investigation prospects. Among
the branches of nanoscience, molecular electronics and, in particular thermoelectricity
of molecular-based structures or devices, have gained a discrete interest especially in the
past decade, not only for the basic physical knowledge of the phenomena but also for the
perspective of technological developments, making molecules and molecular assembly a
particular and interesting substitute to the conventional semiconductors.

Whereas conventional techniques to investigate the thermoelectric properties of molecu-
lar assembly are usually not efficient or designed to study these ”soft” materials, Conduc-
tive Atomic Force Microscopy (CAFM) offers high sensitivity to the nanoscale electric
and thermoelectric properties and a spatial resolution of few nm. In addition, AFM-
based techniques provide outstanding control of the normal force applied by the nano-
metric probe on the molecules, preserving their conformation and properties. This thesis
aims to find a suitable, non-destructive and reproducible way to measure the thermo-
electric effect in molecular self-assembly and molecular thin-films created by Langmuir-
Blodgett deposition based on CAFM.

The developments of CAFM in intermitting contact mode by combining it with Peak-
force AFM (PF-AFM) allows the measurements of the electrical properties and the
thermoelectric signature of the molecular films preserving the molecular conformation,
thanks to the soft contact ensured by the intermitting contact. Also, by combining
those two AFM modes, it was possible acquiring electric and nanomechanical properties
simultaneously, which has never been reported before.

The developed technique was employed to measure the thermoelectric properties of dif-

ferent families of molecules. The measurement system was initially tested with some
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well known alkyl thiolate molecules. More complex structures were also analysed to find
the dependency of the thermal power on the thickness of the molecular film and the
eventual chemical structure itself. Interestingly, results were found to be quite sensitive
to the growth condition of the molecular samples too, revealing outstanding thermal
power values for the thicker films growth by LB technique.

The research presented in this thesis has then a two-fold impact. On the one hand, the
measurement setup development, which represents the major challenge, was answered
by developing and studying an intermitting contact technique based on CAFM and PF-
AFM, opening a new route for further investigations. On the other hand, new insights
from the properties studied during the measurements were obtained on the molecular
film quality and uniformity dependence. In addition, the information gained from the
doping of metallo-porphyrin molecules opens a new way to tailor the thermal power of

molecular assembly ex-situ.
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Aim and Motivation

In the year 1965, Intel co-founder Gordon E. Moore published his famous empiric pre-
diction in Electronics Magazine known as Moore’s law [I]. This law states that the
processing power of computers will double every 18 months. Surprisingly, the empiric
Moore’s law fitted very well the increases of the number of transistors in microprocessors
for almost half-century after being proposed.

Germanium (Ge) and Silicon (Si) were employed for nearly 30 years as fundamental
building block for transistors and memories until the silicon-based industry is facing a
7silicon wall”. Indeed, as the silicon components’ size was further scaled, it resulted in
more difficulty to obtain uniform doping levels of the material due to the complex bulk
behaviours. Thus, it appears challenging to make more densely packed silicon transis-

tors, respecting Moore’s law.

The idea to replace inorganic semiconductor with molecules is an idea that Richard
P. Feynman already had in his famous talk " There’s Plenty of Room at the Bottom” at
the annual American meeting Physical Society at the California Institute of Technology
[2]. He proposed an important concept during the speech, which is making manipula-
tions under the molecular or even atomic level.
Thus, since the beginning of molecular electronics, the field has been driven by the
dream of incorporating molecular units as functional components in electronic devices.
When in the '70s, the first single molecule diode was proposed [3], the main advantage
of using molecular devices laid in their small size compared to the transistors of that
time, mostly made from gallium arsenide (GaAs) or silicon carbide (SiC) with channel
lengths of several microns [4]. The use of nanometer-sized molecules, therefore, sounded
very appealing for electronic purposes. Consequently, besides the rectifier, applications
such as a molecular processor [5], interconnects [6], logic gates [7], memory devices [8]
and shift registers [9] were proposed.

Molecules in addition, can provide additional functionalities compared to conventional
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semiconductors. Using synthetic chemistry, scientist can realise an almost endless choice
of molecular structures and compositions. With the proper knowledge in principle, it
is possible to design single molecules that can perform a variety of tasks that would
be unthinkable in solid-state devices or would require a very high degree of complex-
ity. The opportunity to make molecules with specialized functions (highly conductive
or photo/chemical /bias switchable), pushes molecular electronics a step further towards

real application and mass production.

Whilst the field of molecular electronics has long focused on the isolation and charac-
terisation of single molecules for the study of fundamental electrical and thermal trans-
port properties, it has been increasingly evident that, for practical applications, these
tailored molecules need to be incorporated into a scalable ultra thin-film architecture
on surfaces and at interfaces. Such architecture requirements are highly anisotropic and
may range over many orders of magnitude from long-range lateral order of meters to
controlled vertical thickness of nanometers which still ensure the enhancing of the phys-
ical properties due to the confinements of the charge carriers. In the past decades, many
strategies have been explored to achieve such control. Among these techniques, molecu-
lar self-assembly, Langmuir-Blodgett deposition and Thermal sublimation in ultra-high
vacuum (UHV) demonstrated proper control of the morphology and arrangements of a
molecular layer onto metallic and carbon-based substrates.

However, if the realisation of molecular thin film has been well established, standard
methodologies to characterise the electric and thermal transport and the thermoelectric
properties of these ultra-thin molecular layers still present challenges in obtaining stable
and reproducible results. Indeed, characterising the thermoelectric effect in molecular
layers is an area of great and growing interest in fundamental knowledge and applica-
tions. Since the discovery of this effect in molecules by P.Reddy et Al in 2007, a lot
of attention has grown for molecular thermoelectric materials, believed as one of the
potential solutions for crucial energy problems like the problem of waste heat recovery
or the heat dissipation problem in microelectronic devices and server farms.

One possible approach to this problem can be found in scanning probe microscopy tech-
niques (SPM), which results in a powerful method to characterise molecular thin film
properties at the nanoscale. SPM enables simultaneously different material properties
to be obtained, controlling the normal force applied and thus, controlling the contacted

molecules with the nanometric probe.
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Molecular junctions formed using scanning probe techniques and using Conductive atomic
force microscopy (CAFM) constitute an excellent model system to study the processes
occurring at the organic-inorganic interface at a fundamental level as well as the in-
trinsic electric properties of the organic monolayer. Quite recently, the possibility of
measuring the thermopower to give further insight into the transport process has been
demonstrated and is currently used by just a few groups, even with some difficulties, in
order to provide a standardised methodology for the thermoelectric characterisation of

a molecular monolayer.

The aim of this thesis is to design, characterise and develop a modified CAFM
to measure the thermoelectric properties of molecules. First, an optimised monolayer
deposition method was studied, exploring different technique and substrates. Then
the molecular layer properties were studied by mean SPM technique. A non-invasive
and destructive way to characterise the studied molecules’ thermoelectric properties
was developed combining a well established non-contact AFM technique with CAFM.
This method allows the preservation of the molecular layer during the thermoelectric
measurements, increasing the Pt-coated electric probe’s lifetime due to the suppression

of the friction at the interface between the probe and the sample surface.



Part 1

Background



Chapter 1

Quantum electronic transport in

molecules

1.1 Classic transport

In a macroscopic conductor, the electric transport is described by Ohm'’s law, in which
the conductance G (inverse of the resistance), is proportional to its cross-section (A)

area and proportional to the inverse of its length (L):

A
= g= 1.1
G=o (1.1)

where o is the intrinsic conductivity of the material. This simple relationship has
been shown to be valid for a very wide class of materials, from thin film of conductors
and semiconductors and also for molecular films, within a threshold dimension. However,
this classic point of view breaks down when the conductor’s size approaches the carriers’
De-Broglie wavelength. At this scales, the transport of the carriers turns from diffusive
L > [ to ballistic L < I, where [ is the free main path of the electrons in the material
and, in this regime, Ohm’s law is not enough to describe the transport as is based on

the conduction scattering.

1.2 Quantum electric transport: Landauer’s formula

The scattering approach is the most popular theoretical formalism to describe the co-
herent transport in nanoscale material between macroscopic metallic electrodes. This
configuration is known as nanojunction. The transport and the diffusion of the car-

rier inside the media are regulated by the chemical potential p of the electrodes and
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the energy level of the nanodimensional material. The electrodes represent the electron
reservoirs with a defined chemical potential and with a dependence of their temperature
T.

From the quantum theories, the scattering approach’s idea is to connect the transmission
and reflection probabilities through the sample with the electronic transport.

As shown in figure [1.1] we can consider the typical transport experiment where the sys-
tem to be examined is the nanodimensional sample (nanojunction with dimensions at

the nanoscale), connected to the macroscopic contacts by two leads.

a b vt
VG
o | ™ te*
J::;:::;n re —
bi N b: p—
| (o] {{m
— -
0 d X

Figure 1.1: Transport through a nanojunction. (a) Nanojunction connected to two large
contacts through two leads. (b) Rectangular potential barrier of height and width.

Let us first consider the nanojunction as the one dimensional rectangular potential
barrier shown in Figure 1.1b. The electrons coming from the leads are scattered from
this potential. If we consider an incoming electron as a plane wave, €**, which will

—ikz where r represents the amplitutde of the

be partially reflected by the barrier re
incident wave, and partially transmitted, te’**, then the probability that one electron
reachs the second electrode will be given by the square modulus of the transmitted wave
amplitude, |t|> = T'(k) [10]. In this picture we can express the electrical current density

J for a given k state as:

h
2m*

[wflf _ ‘Zf] = ok (12)

Ji =

where v(k) = % is the group velocity of the electrons in the state k, d the length of the
nanodimensional material, and T'(k) the probability that an electron travels from one
electrode to the other.

For the system we examine, many electrons are participating in the transport so we

have to consider a sum over all the states £ and take into account the Pauli principle
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by introducing a factor fi(k)[1 — fa(k)], where f; o are the Fermi distributions in the
reservoirs 1 and 2. This factor will ensure that the initial occupied states of reservoir
1 and the empty states of reservoir 2 are contributing to the current flow from 1 to 2

which will be given by:

Ja = 3 SoR)T(R) [fulk) (1= fa(k))] (1.3)

k

Converting the sum over K values into an integral over all the energy per k value and

introducing the density of the states per k value :

D= [T 1) 0 - e e (14)

And in the same way, for the electron flowing from the second to the first electrode:

= [ 1w @) - e (15)

So the total current I results as the net difference between Ji_o and Jo_1:

2¢ [T

I=Ji40—Joy1 = | T(E)[fi(E) — f2(E)]dE (1.6)

Equation is the Landauer formula and describes the strict relationship between the
electric transport and the transmission function 7'(E). Factor 2 is added to take into
account the spin degeneracy of the electrons. In the case where the temperature of the

system approaches to zero, the two Fermi distributions f1 2 are step functions with values

eV
2

Then, at the limit of T — 0 and low bias voltage, the current is given by I = GV, where

V
1 below their chemical potential uy = Ef + and po = Ky — %, and zero otherwise.

the conductance G is:

2e?
G= TT(Ef) (1.7)

For a two-level system, in a perfectly conductive channel, it is easy to observe that
there is a maximum in the conductance Gy, representing a fundamental constant related

to the electron charge and the Planck’s constant h:

2¢? 5

The value Gy is known as conductance quantum and is often used as a reference value for

the electric conductance of nanodimensional systems. The beauty of this is that it clearly
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shows the electrical conductance at the nanoscale, in a ballistic regime, is quantised and

is mainly shown as a 1D channel as reported in fig

CONDUCTANCE i.’u;.-"b;l

L
-2.0 L& -6
GATE VOLTAGE (vults)

: . . o 2e2
Figure 1.2: Conductance quantisation of a quantum point contact in units of o at different T

in a GaAs/AlGaAs channel. As the gate voltage become more negative the constriction is shrunk,
removing charges from the chanel and eventually totally emptied at —2.1V,. The successive 1D
sub-bands become occupied as V, increase, each contributing with 1G [11].

Generalisation of Landauer formula

The Landauer formula can also be generalised for one-dimensional multiple channel
transport; assuming that the electron’s motion can be separated in transverse (perpen-
dicular to the transport direction) and longitudinal (parallel to the transport direction).
In the longitudinal direction the system is characterised by a continuous wavevector k;
and an energy E; = ;nkj On the other hand, the transverse motion results quantised
and so described by a discrete index n and the transverse energies E1 2.,. These states
are called quantum channels. This system’s total energy is £ = E} + FEj 2.,, and since
E; is positive, for a given total energy,F, there will only be a finite number of channels
possible.

Considering fig. let’s consider a multiple channel picture in which aj32. j;n, and
b1,2..k;m are operators which describe the incoming electrons impinging on the sample

and the outgoing respectively per each channel. These electrons are related by the

scattering matrix S:
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b1 a1
ba 1 | a2
=S (1.9)
bk:m Qjmn
where:
) rot
S = (1.10)
t 7

In eq r and 7 are reflection amplitudes and ¢t and t' are the transmission
amplitudes associated with this potential [IT].
The Landauer formula can be generalised to multiple transverse energies, by introducing
the matrix ¢t which can be extracted with simple matrix algebra from the scattering
matrix[I.10] This matrix’s eigenvalues will be the transmission coefficients of the multiple
channel system 7,,(E), with values 0 and 1. The corresponding wavefunctions are the
eigenchannels or conduction channels, and n is the index for the electrons’ transverse

quantised motion. With this consideration, we can write the current as:

2e +oo
(VD)= Y [ TB)A(E) - 2(B) (1.11)

and the conductance:

G= 2]‘iQZTn(Ef) (1.12)

n
which represents the generalisation of the Landauer formula for a multiple channel elec-

trical conductance [10].

1.3 Quantum transport in molecular junctions

The idea to use molecular bridges to contact spaced electrodes was first proopsed in 1974
and is at the basis of molecular electronics [I2HI4]. Understanding the charge transport
properties in a single molecule is an essential need in molecular electronics. As will
be presented elsewhere in this work, single-molecular junctions earlier and SAMs and

molecular ultra-thin film more recently have been largely used to gain more insight into
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the electronic structure of the molecules.

Transport in single molecular junctions (MJs) is dictated by the laws of quantum me-
chanics and can be described as a particular case of the Landauer Formula presented in
Sec. where a molecule is connected to macroscopic electrodes as shown in fig
The small size of the molecule causes spatial confinement of the charge carriers (either
electrons or holes) on the molecule, leading to a discrete set of energy levels with various
spacings. In addition to this effect, the spatial confinements lead to an extra charging
energy due to the Coulomb interactions between the electrons.

The charge carriers on the molecule are only allowed to populate discrete energy states,
of which the shape is determined by the potential landscape formed by the nuclei of the
atoms forming the molecule. These states are called molecular orbitals and electrons
fill these orbitals starting from the ones with the lowest available energy before filling
higher ones with up to two electrons per level, following the Pauli exclusion principle.
The highest occupied molecular orbital is known as HOMO, in analogy with the semi-
conductors valence band. The Fermi energy Ey of the molecular junction lies between
the HOMO and the lowest unoccupied molecular orbital (LUMO) of the molecule, which
is the analogous of Conduction band in semiconductor. The energy difference between
the HOMO and LUMO is called the HOMO-LUMO gap, and can be experimentally

determined from UV /vis spectroscopy.

Figure 1.3: 3D representation of a molecular junction where, in this case, a fullerene molecule
is trapped between two Au electrodes at different temperature 7" and with their respective Fermi
distribution. The molecular frontier orbitals HOMO and LUMO for the Cg, molecule are also
reported.

In figure the electrons orbitals of a molecule can be imagined as the energy levels in
a semiconductor connected with two metallic electrodes.

When describing charge transport through a molecule one also has to take into account
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the fact that the number of electrons on the molecule changes. When a molecule is
brought in the vicinity of the electrodes (Source and Drain), the presence of the metallic
surface has several important consequences. First, the electrodes act as reservoirs for
charge carriers with chemical potential p which, at T'= 0 K is equivalent to the Fermi
Energy E¢. For T' > 0 K, the energy distribution of the electrons in the electrodes is

smeared out by thermal broadening and given by the Fermi-Dirac distribution function:

1
F(B) = ————— (1.13)
1+ e;vp(i'u)
kT
where ¢ is the electron energy, kg the Boltzmann constant, u the chemical potential of
reservoir and 7' the temperature. At the equilibrium, the electrodes have same chemical
potential p and no current flows in the junction.

Applying a symmetrical bias voltage V;, the chemical potential of the electrodes will

shift according to:

ps =€ +¢Va/2 (1.14)

pa =ep — Vo2 (1.15)

with p,/q the chemical potential of source and drain respectively. This results in occu-
pied states in the source, and empty states in the drain. For convenience, the energy
range between the chemical potential of the source and the drain electrode is called the
bias window, and when no molecular level is present in the bias window, transport is
blocked, as the electrons do not have the necessary energy to occupy/empty an orbital
(Fig. . Increasing the bias voltage across the junction increases the bias window, and
as soon as the chemical potential of one of the electrodes is aligned with the molecular

level (see Fig. [L.4)), the blockade is lifted and current flows.

The transport mechanism through a molecule consists of tunnelling and can be de-
scribed with the scattering approach and in terms of a transmission function.
In addition, the molecular orbitals are broadened depending on the metal-molecule cou-
pling strength and temperature; many molecular orbitals can participate in the trans-
port.
A simplified transport model can be built considering single-level resonant tunnelling,
where the electrons participating in the transport will be the ones closer to the Fermi

energy of the metal electrodes. In this case, the electric transport’s main parameters
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Figure 1.4: Single-level model, in which transport is described by the level alignment 9 and
the electronic coupling I'. In equilibrium , no net current can flow as forwar and reverse currents
cancel out. Upon application of a bias, the chemical potential of the leads are different and
current, flows once the level is inside the bias window.

depend on the position of the frontier orbitals of the molecule €¢(V') with respect to the
Fermi energy of the electrodes and the scattering rates I'; . describing the coupling to
the metal electrodes. Therefore, using the Landauer formula it is possible to gain
vital information about a molecular junction’s electric transport characteristics. The
only differences with the previous case discussed in Sec[l.2] are that the transmission
function T'(E) needs to be adjusted to take into account the strict dependence from the

voltage and the coupling strength of the electrodes, and is given by the Breit-Wigner

formula:
4T,
T(E,V) = 1.16
BV = e+ T =T, P (116)
so the conductance G:
2¢? 2¢? AT,
G=—TEV)=— 1.17
T EY) = T E R T 6 - TP (117

Which represents the generalisation of the Landauer formula for a molecular junction.



Chapter 2

Thermoelectric effect

2.1 Thermoelectric effect

In many metals and semiconductors the coupling between the electrical and thermal
current, gives rise to thermoelectric phenomena [I5]. This phenomena is caused by the
unbalancing of charge between two side of the material due a difference of temperature in
a non-equilibrium state. This difference establishes an electric field across the material
until the thermal equilibrium is reached. There are two thermoelectric effects that appear

in thermoelectric materials and devices: the Seebeck effect and Peltier effect.

2.1.1 Thermal conductivity and thermal current

The Seebeck effect is the direct conversion of a temperature difference to electricity.
When a metallic bar is subjected to a voltage, V, or a temperature difference AT an
electric current will be generated. Indeed, in a conductor the current is not just driven
by an applied electric field F but an additional small contribution to the total current
density is given by the temperature gradient established along a material (Fourier’s Law)

[16]:

Jq = —kVT (2.1)

where j, is the current associated with the motion of the electron due to the tem-
perature gradient and x represents the "resistance” of the material to the heat and is
known as thermal conductivity. The negative sign of j, indicates the current always
flows in the opposite direction to the temperature gradient. Introducing the collision
time 7 as the time between consecutive electron scattering and (7") the thermal energy

of the electrons at equilibrium temperature 7" in the Drude scattering model, then an

13
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electron arriving at position = from the high temperature side (red side in fig [2.1)) will
have its last collision at « — v7, where v is the velocity of the electron. These electrons

will carry an energy of e(T'[z — v7]).

Figure 2.1: Tllustration of electrons’ density and motion in a material under a temperature
gradient

The opposite situation will apply to the electrons coming from the cold part, where the
electrons will carry less energy, e(T'[x 4+ v7]). Adding these two contributions, the total

thermal current density can be demonstrated to be:

Jg =nv T (_E> (2.2)

where n represents the electrons’ density in the material and is defined as the number
of electrons N per unit volume V, n = N/V. To extend this model to the 3D case, the
thermal mean square electron velocity vtzh along all the directions needs to be consid-
ered to take into account the average speed of the electrons. In addition, considering
nde /dT = N/Vde/dT = ¢,, the electronic specific heat, one obtains:

. 1
jq = gvthcv(—VT) (2.3)

equivalent to eq[2.1] with the proportional constant x:

K= —v3,TCy (2.4)

known as thermal conductivity.

In a more rigorous approach known as Sommerfeld theory of electrons, the electronic
speed considered in eq[2.3| needs to be adjusted to take into account the electron distri-
bution and the density of the available states around the Fermi energy ;. Substituting
vfh in with the electrons velocity at the Fermi energy vj% = 2¢/m* and dividing for

the electrical conductivity:

g = %2 <@)2T (2.5)

e
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which represents the Wiedemann-Franz law that correlates the electrical conductivity o

with the thermal conductivity x and is crucial for the design of thermoelectric materials.

2.1.2 The Seebeck Effect

As discussed in the previous section, electrons in a material where a temperature gradient
is established are more energetic at the hot end and, a diffusion of electrons from the
hot end to the cold end will eventually occur (as in fig. . Positive carriers will then
accumulate in the hot region due to the electrons migration towards the cold region,
and, viceversa, an accumulation of negative charge will appear in the cold region. This
separation of the carriers produces an electric field opposed to the temperature gradient,
generating a voltage difference between the two ends of the material. The existence of
such a field is known as Seebeck effect, or Thermoelectric effect, and the magnitude of

the voltage difference (E¢, = —SVT') will depend on the temperature gradient:

Ein = —SVT (2.6)

where the coefficient S is known as Seebeck coefficient and is often used to charac-
terise thermoelectric materials.
However, thermoelectricity is a competitive and non-equilibrium process and, if the tem-
perature gradient is not maintained, low energy electrons from the cold end will start
diffusing in the opposite direction suppressing the established electric field.
Considering both the electric and the thermal contribution to the total current density,

it is possible to write:

Jtot = U(—VV + Eth) (27)

Substituting eq[2.6] in eq2.7 and considering a stationary state, in which Jgot = 0 ev-

erywhere, is possible obtain a formal expression for the Seebeck coefficient S:

A%
=—— 2.
S T (2.8)
That for small variations of temperature T can be written as:
A
S = _Av (2.9)

AT
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where AT is the temperature difference at the two ends of the material, and AV is the
thermovoltage arising from the difference of temperature. The voltage gradient in the
material is directed against the temperature gradient. For metals, both electrons and
holes contribute to the thermoelectric voltage, and, as a consequence, they almost cancel
each other out, giving a very low Seebeck value. Semiconductors instead, due to their
carriers duplicity, can give high values of S, with a S < 0 for n-type semiconductors and
S > 0 for p-type. Thus, the sign of the thermopower is a clear consequence of the carrier

type which dominates the transport in the material.

hot Temperature, AT cold
E E
A
E, Ly N
\ hot Voltage, AV cold
G > B 0 1 AE)

CIOICICIC)

Figure 2.2: Fermi-Dirac distributions of electrons at the hot side (left) and cold side( right) of
the thermoelectric material. Cartoon in the middle schematise the carries dynamic, which leads
an equilibrium state in which a net electric field is generated.

The dynamics of electrons in metals and semiconductors to a first approximation can
be described with the free electron model (Drude-Sommerfeld), considering the motion of
the electrons without taking into account the scattering by lattice vibrations (phonons),
impurities or crystal defects during diffusion. This simplified model gives a very good
approximation of the Seebeck coefficient of many metals.

According to the free electrons model, for a metal where the electrons follow the Fermi-

1
Dirac distribution f(F) = 75— and the 3D density of the states
1+ exp(— 7!
Me 3 n E .
g(E) = —55V2mels = S — [, it can be demonstrated that the average energy per
m2h 2 Ef Ef

electron at the limit of 7' — 0 is [17]:

2 (I T\?
Eo(T) =~ §Ef0 [1 _om (b—) (2.10)

5 12 \ Eyo

where Eyq is the Fermi energy at 7' = 0.
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According to the Fermi-Dirac distribution in fig. at the hot side, the electrons
will have higher energy than in the cold. This will cause the diffusion of these energetic
electrons to the cold side, generating a localised electric field, and for a small temperature
difference AT, a voltage difference will be created. Therefore, at the equilibrium, the
variation of the average energy AFEq,(T) needs to be balanced by the generated
electric field —gAV = eAV:

_ OB 2 k;T
0T 2Ep

= eAV (2.11)

From this equation, we can obtain the value of the thermalpower S as fuction of T" and

the Fermi energy E:

A 22
Vv T b

S= AT T 2y

(2.12)

However, equation does not take into account any scattering with phonons,
impurities or interfaces and the correct formulation will be treated in section [2.2]

Table and fig report the Seebeck coefficient S values for some common metals
calculated with eq.

Material | S at 20K [pVK™!] | S at 300K [V K]
Au 1.79 1.94

Al —1.6 —-1.8

Cu 1.7 1.84

Pt 4.45 —5.28

Table 2.1: Seebeck values in pV K~! for common metals at 20K and room temperature calcu-
lated with the free electron model. Values from [18].

Figure 2.3: Seebeck coefficients for different metals at different temperatures obtained with the
free electron model. Image from [18].
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2.1.3 Thermalpower generation and figure of merit ZT

As described in Sec[2.1.2] semiconductor materials are, due to their carrier dualism,
particularly suitable for thermoelectric power generation. The different signs in the
conduction, depending whether p-type or n-type, give rise to a positive or a negative
Seebeck.

A simple model for a power generator can be built with a positive (p-type) and a negative

(n-type) branch as shown in figure

Heat source Ty

Figure 2.4: n-type and p-type semiconductors used as a thermoelectric generator. The
two semiconductor legs are electrically connected in series (grey bars) and in contact with
a heat source and sink. R represent a load connected in the circuit, and the generated
current direction I is showed by the arrows. Carrier motion due to the temperature
difference is also shown.

A resistive load is placed between the other two ends and, as shown, the two branches
are electrically connected in series and thermally connected in parallel. Due to the
thermoelectric effect, the supply of heat and the temperature gradient along the legs,
will causes an electrical current to flow around the circuit as shown by the arrows.
The variation of electric field due to the thermal gradient AEy, = (S, — Sn)(Tu — Tc)
will produces a voltage difference AV that produce a current flowing in the circuit:

_ (8 = 50)(Tu = Tc)

I = 2.13
R,+ R, +R (2.13)

where Sy, S,, are the Seebeck values of two legs and Ty and T are the temperature of
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the heat source and the cold sink, while R,, and R, are respectively the the resistance
of the two legs and R is the load resistor.

The power W dissipated in the load resistor R is given by:

(Sp = Sn)(Trr —Tc) ]

W =I?R =
R,+R,+R

R (2.14)

However, the thermoelectric effect is a competitive process, and this means that if the
temperature gradient needs to be maintained in order to guarantee the generation of
the potential difference, this last itself, due to a process known as Peltier cooling, will
slightly suppress the thermal gradient reducing then the magnitude AT'. For this reason,
balancing in the heat flow need to be established in order to determine the total efficiency
of such a system.

The heat source is then used to balance the Peltier effect associated with the flow of
current. The rate of cooling can be expressed in terms of the Seebeck coefficient as
Q pettior = (Sp — Sp)/Tu. From the other side, the heat flow is given by

Qn = (kp + £n) (T — Tc), where kn,p are the thermal conductivity of the two legs. So

the total heat current flowing in the legs will be:

(Sp — Sn)

Qtot = TH

+ (Hn + /ip) (TH — Tc) (2.15)

The thermodynamic efficiency is n/ Qtot. The maximum efficiency can be obtained by
maximising W with respect to R. In this case 1 is maximum when the ratio of the load

resistance, I, to the internal resistance R, + R, is:
L—\/1+ZT (2.16)
R,+R, '
where T is the average temperature (T — T¢) /2 and Z is a parameter known as figure

of merit and expressed by:

_sq
N K

A (2.17)

where kK = kj, + Ky, is the thermal conductivity of the branches thermally connected in
parallel, S = S, — 5, is the thermal power of the material, and G represents the electrical
conductance. The figure of merit Z has the dimension of a temperature but, usually, it
is expressed as a dimensionless parameter ZT, at a specific temperature T'.

Therefore, the efficiency 1 can be written as a function of Z7T"
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_ Ty —-Tc) V1+2ZT-1 (2.18)
" Ty 1+ 2T +Tc/Ty ‘

is easy to observe in eq [2.1§| that the efficiency n increase when Z increases. From

eq. it is clear that in order to increase Z the contribution of the heat flow
Qn = (kn + Kp) (T — Tc) which depends on the electrical resistance and thermal con-
ductance of the material, need to be minimised [19] 20]. Equation implies that an
efficient thermoelectric device should maximise the electrical conductance (then min-
imising its internal resistance) and minimise the thermal conductance simultaneously so
that temperature gradient will be maintained in the device. Finally, the S should be
maximised to ensure that coupling between thermal and electrical current is as large as
possible [19][21].

More generally, the figure of merit Z for a specific temperature is expressed as:

SG

77 = 2T (2.19)
K

where G is the electrical conductance of the material, S is the absolute thermopower of
the material, and k is given by the sum of two contributes: the electronic contribution

Ke to the thermal conductivity and a bigger contribution from the lattice phonons xpy,.

So:

K = Ke + Kph (2.20)

Unfortunately, increasing the figure of merit for a certain material by increasing the
electrical conductance or decreasing the thermal conductance is not straightforward;
since the Wiedemann-Franz law obtained in eq. is still valid, which indicates that
the ratio of the electronic contribution to the thermal conductance x. and the electrical
conductance G is proportional to the temperature. This represents one of the main
limitation for thermoelectric materials and devices since it is impossible to increase the
electrical or thermal conductivity independently. The Wiedemann-Franz can also be
written as:

Ke

A (2.21)
(o

where L is the Lorentz number and is equal to L = 2.44 x 10"¥WQK~2. Even though

these values come out from a very simple model explained in the previous sections, its
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value is surprisingly close to the experimental values. From the relation [2.21] it is easy to
notice that any increase of the electrical conductance will increase the thermal conduc-
tance. So in terms of efficiency, the electronic contribution that appears in the figure of
merit ZT cannot be reduced unless the electrical conductance is reduced. Thus, strate-
gies to reduce as much as is possible the value of the phonon contribution xpj, must be
adopted. So, to increase the figure of merit in a thermoelectric material, the Seebeck
coefficient S has to be maximised and the phonon thermal conductivity xp, minimised.
For practical applications, a ZT' > 1 (at least) is needed. Ideally, a material with Z7T > 3
would represent the solution for many heating/cooling issues at the nano- and macro-
scale, achieving highly efficient solid state devices without any carbon footprint. The
best performing thermoelectric materials realised until today consist in Quantum dots
Superlattices (QDSL) nanostructures based on PbSeTe/PbTe have ZT ~ 3 at 500K and
~ 1.6 at 300K, while commercial thermoelectric devices with ZT between 1 and 2 are
quite often made by Bi,Tey alloys [22), 23]. Others strategies based on nanocomposites
based on PbSe or Si nanowires exhibited ZT of 1.5 and 0.9 respectively [24], 25]. Al-
though a high ZT has been reported in nanostructured materials such as superlattices,
quantum dots, and nanowires, many of these materials are not practical for large-scale
commercial use because they are fabricated by atomic layer deposition processes such as
molecular beam epitaxy, making them slow and expensive to fabricate and restricting

the amount of material that can be produced. [19] 26].
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2.2 Thermoelectricity at the nanoscale and its extention

to molecular junctions

2.2.1 Thermoelectricity at the nanoscale

With their large surface/volume ratio and superior electrical conductance, nano-structured
materials are one of the most adopted solutions in order to maximise the figure of merit of
thermoelectric materials. Indeed, it has been largely demonstrated that nanostructured
samples suppress the phononic transport thanks to multiple scattering, which occurs at
the surfaces and interfaces. Nanocomposites and SiGe superlattices have shown that
they are able to achieve a thermal conductivity lower than that of their bulk counter-
parts [27, 28]. Since phonons in a material have a spectrum of wavelengths, and phonons
with different wavelengths contribute different amounts to the total thermal conductiv-
ity, introducing the alloyed phase or nanostructures causes short wavelength phonons
to be strongly scattered by impurity atoms, while mid- to long-wavelength phonons are
less affected resulting in a reduced thermal conductivity [29]

The thermopower at the nanoscale can be described using the same Landauer formal-
ism for the electronic transport treated in Section Usually, when a difference of
temperature is applied to the two sides of a macroscopic material, a continuous and
linear thermal gradient is established (2.5]b). Instead, in a nano-dimensional constric-
tion between two electrodes, the shape of the thermal gradient is a sharp drop of the
temperature in the proximity of the nanoconstriction. In this case, the electrons will be
more energetic due to the sharp thermal gradient as shown in fig. [2.5]d and start to flow

through the nanometric junction on the cold side of the material [30].

As with macroscopic materials, the charge carriers will start to be accumulated on one
side of the junction, leaving a positive charge on the hot side. When equilibrium is
established, an electric field will be created and, consequentially, a voltage difference.
Since the thermoelectric effect at the nanoscale is just a characteristic transport property,
it is possible to correlate S and T'(E) of the carriers across the nanojuntion. Considering
eqI.6] and set to zero in the case of ”open-circuit” and expanding the difference of the

lead’s distribution functions in reference to the lead 1, we can write:

dE (2.22)

of of
97 Ams+ (L AT,
<au u—m)Tl P2t (3T‘T_T1)M 1-2
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Figure 2.5: Comparison between heat transport in bulk material and in nanoconstriction. In
the case of bulk material (a) the heat transport is diffusive, with a low gradient of temperature
along the material (b); In nanojunction or constriction (c¢) the heat transport is ballistic and
with a sharp drop of temperature in the proximity of the bottleneck (d) .

Considering 0f/0p = —0f/O0E ~ 6(E — p) and the derivative with respect to the

E—po
temperature can be approximated as 0f /0T = —Tﬂa—é, equation [2.22| becomes:
A,ulfg 1 /+oo E— 1% Bfl
= T(E ——dF 2.23
ATy T(E)|p=p J—oo (E) Ty OF (2.23)

The change in the chemical potential will create a diffusive flow of charge
Apy—9 = —qAVi_9. Expanding the transmission function T'(E) in Taylor series and,
using the Sommerfeld expansion, we obtain[16]:

AV k2T O[InT(E)]

S= AT~ 3 OF  lp—u (2.24)

This equation, known as Mott formula, represents the generalisation of eq. [2.12] obtained
for metals with a free electron model and neglecting the eventual scattering process.
In this case, the equation correlates the S to the energy-dependent transmission
function and to the chemical potential of the two electrodes. This formula is valid
for small variation of temperatures and away from transition resonances so that the
variation of the transmission function can be considered small [31] and demonstrates
that S is enhanced by increasing the slope of InT'(E) near £ = Ey

To better understand how transport resonances affect the thermoelectric phenomena,
we can assume, supposing a linear-response regime, that the electrical current I and

heat current ) flowing through a device are related to the voltage difference AV and



CHAPTER 2. THERMOELECTRIC EFFECT 24

temperature difference AT by [32H34]:

I [ Lo %Lo AV
— - (2.25)
) h 1
Q el TLl AT

The coefficients L,,, supposing a phase-coherent transport, are given by the sum of the
two spin contributions on the transport L, = LZ + L# , with n =0,1,2, and where L
is:

L7 = /Oo dE(E — Ef)"T°(E) (‘2}2) (2.26)

—00
Here, T (F) is the transmission function for electrons passing through the nanojunction
with energy E and spin o = [1,]] from an electrode to another[35]. Equation can

be rewritten using measurable thermoelectric parameters[34]:

AV 4|y s 1

Q I =& AT
where:
2
e
= — 2.2
G=1 (228)
1 Ly
S =—-AV/AT = ﬁf@ (2.29)
114
I=-= 2.
¢ Ly (2.30)
1 L?
K= T (Lg — LO> (2.31)

From this expression, the figure of merit at the reference temperature 7" will be expressed

by:

i

e
(LoLs) — L3

(2.32)

At the nanoscale, in the linear regime and at room temperature, the contribution to
the thermal conductivity from the lattice, and thus the phonons, is however negligible

so the thermal conductivity can be considered totally dominated by the electrons
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K = Ke[30].
This fact underlines the strong correlation between electrical and thermal transport,
which is even more evident at the nanoscale, making any increase in thermal power

difficult.

2.2.2 Thermoelectricity in molecular junctions

As an alternative to conventional inorganic thermoelectric materials, organic materials
are being investigated and are beginning to show promising values of both ZT and S.
However, a fundamental understanding at the molecular level is needed to increase these
parameters to values beyond currently attainable limits of ZT ~ 104

In this case, the big advantage of using molecules consist in their low thermal con-
ductivity that ensures the temperature difference remains constant during the time. In
addition, their relatively small size ensures a ballistic electronic transport along the junc-
tion, allowing the formalism developed in the previous section for the thermoelectricity

in nanostructured materials to be used.

Figure 2.6: Molecular junction showing some of the electrons from the hot side of the junction
having higher energy than the Fermi energy E, can tunnel to the cold side through the empty
energy levels of the molecular bridge. In the cold side, the electrons able to tunnell in the hot
side will be much less, considering that the molecular levels are all filled up to Ef. Image from
[37).

Considering fig. the electrons from the hot side have, on average, more energy
than the Fermi energy F;, compared to the cold side electrons, which have, in general,
energies below the Fermi energy. This energy difference in the chemical potentials Ap

ensures a tunnel of the electrons flow from one lead to the other through the energy



CHAPTER 2. THERMOELECTRIC EFFECT 26

levels of the molecule. Although there will also be a flow of electrons from the cold to
the hot side, this is less likely since the molecular energy level below the Fermi energy
will be filled.

The thermoelectric effect in molecular junction can provide new insights into the electron
transport of this system and allows us to give an estimation of the location of the Fermi
energy relative to the frontier molecular orbitals.

Indeed, in an analogous way to the hot point probe measurements generally used to
establish the p or n character of inorganic semiconductors, the thermovoltage arising
from the difference of temperature across the molecular junction yields vital information
regarding the location of the Fermi energy [38] [39].

As described in Sec[I.3] when a low voltage is applied to the junction, the transport
mechanism through a molecule is tunneling and can be described with the scattering
approach and in terms of a transmission function. If we consider EFgomo and Eryyo
as the energies relative to the frontier orbitals of a particular molecule, it is possible to
describe the system in an analogous way to that developed in Sec|[I.3] but, considering
this time a two level system in which both levels contribute to the transport. In this
model, the transmission function can be assumed as two Lorenzian peaks centered at

Enomo and Erpao respectively [38].

. FIFQ + 1—‘IF2
T2+ (E-FEnomo)? T2+ (E - ELymo)?

T(E) (2.33)

Where I'1 2 are the broadenings due to the contacts with the leads 1 and 2 and,
r
r— (I'1 +T9) '
2
Assuming the Fermi energy is in the middle of the HOMO-LUMO gap and far from
the energy levels, in the weak coupling limit |Ef — Eg 1| >> [I'1 + I'2|, we can expand
in Taylor series equation [2.24] in the middle point of the HOMO-LUMO gap where

E = (Ey + EL)/2, and obtain:

S =

787T2k§T 1 (Ef EH—I—EL) (2 34)

e (Ey—Ep)? 2
This equation shows that the Seebeck coefficient in a molecular junction, to the first
order of approximation, is clearly independent from the coupling with the electrodes.
This only applies in the particular case when the Fermi energy Ey lies in the midpoint
of the HOMO-LUMO bandgap and depends only on the relative alignments of the en-

ergy levels. In contrast the electrical conductance depends strongly from the coupling
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strength with the electrodes [40]. From this model, we can observe that for a certain
value of the transmission function between the frontier orbitals energy levels, there will
be two values of E satisfying the making the determination of the Fermi energy
impossible. In contrast, it is possible to determine the position of E; relative to the

centre of the HOMO-LUMO gap from the sign of the Seebeck coefficient given by [2.34]
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Figure 2.7: Comparison between transmission function T'(E) of equation and the Seebeck
coefficient S which is proportional to the derivative of InT(FE), calculated for benzenedithiol
between Au electrodes. Figure from [41].

This result is quite clear in fig. which shows the transmission function 7T'(E)
relative to the position of the Fermi energy. The electrical conductance will be related
to the magnitude of T'(F) calculated at the Fermi energy. As it is possible to observe
from fig. the thermal power S is identified by the derivative of InT'(E) calculated at
the Fermi energy Ey, and results positive S > 0 for HOMO dominated molecules and,
negative S < 0, for LUMO dominated molecules [40}, 41].



Chapter 3

Experimental instrument

3.1 Deposition of molecular ultra-thin film

In the field of nanoscience, one of the distinguishable and unique characteristics of nanos-
tructured materials is their high surface/volume ratio, resulting in a high percentage of
the material’s atoms at the surface. The scaling along with one or more dimensions of
the material makes possible, in some cases, structures where all the atoms are interfacial
like in quantum dots or 2D materials, consisting in groups of few atoms or, in the second
case, in a single atomic ”sheet” of atoms.

This clearly means that atoms or molecules at the surface of such nanostructures experi-
ence a different environment than those in bulk, leading to different free energy, mobility,
charge recombination, and electronic states [42] [43]. Therefore, a nanostructure’s phys-
ical properties have a significant dependence on its surface and on the interaction of the
interface with the surrounding environment.

In particular, metals and metal oxide nanostructures possess strongly reactive surfaces,
with the tendency to easily absorb organic materials since the adsorbates lower the free
surface energy of the interface between the metallic surface and the external environ-
ment [42]. The adsorbates significantly modify the stability of the nanostructure and its
physical properties [44], acting as electrostatic barriers for the charge carriers, reducing
further contamination from other organic compounds and thus decreasing the surface
reactivity and changing the wettability of the surface [45].

The nanostructure concept as an object in which one of its physical dimension is compa-
rable to the De-Broglie wavelength of the material’s electrons can be extended to small
molecules or groups of few molecules in-between two metallic electrodes. In fact, a single

molecule in a junction can be imagined as a quantum dot system connected with two

28
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leads. To realise reliable nano junctions based on molecules, it is necessary to find a
feasible and easy way to realise controlled size and scalable molecular and organic lay-
ers onto electrodes and well-defined device architectures to study their properties and

characteristics.

3.1.1 Self-assembled Monolayers

Self-assembled monolayer or SAM maybe the most simple, flexible and versatile method-
ology to functionalise metal, semiconductor and oxide surfaces through the adsorption
of a molecular film and thus tailor their physical interfacial properties.

SAMs have been largely employed to study nanoscience because are easy to prepare not
requiring UHV environment or additional equipment for their formation. Furthermore,
they tend to form well organised structures with large lateral range and are crucial com-
ponents in order to stabilise and functionalise the surfaces they grow on.

SAMs are formed by the adsorption of molecules from solution or gas phase in a regular
structure on the surface. Quite often, the component molecules organise spontaneously
in crystalline or semi-crystalline structures, forming a strong physical or chemical bond

between the atoms at the interface.

Terminal/function
al group

Molecular|
Spacer

Headgroup

] Metal substrate

Figure 3.1: Schematic 3D cartoon of SAM of alkythiolate molecules on gold surface. The
characteristics of the SAM are highlighted. The green atoms representing a terminal group
will determine the surface properties, while the headgroup atoms (red spheres) stabilise the
existing surface and modify the electronic properties. The body of the SAM is represented in
this particular case from alkane molecules acting as a spacer and provide the thickness of the
SAM and the electronic properties.

As shown in fig 3.1 the molecules that form a SAM consist of a chemical functional
"headgroup”, with a particular affinity for binding with the substrate’s atoms. The

affinity of the headgroup dictates the eventual displacement of other adventitious or-
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ganic compounds adsorbed on the surface. At the other end of the SAM, a particular
terminal group will determine the modified surface physical properties of the substrate
due to the molecular layer’s presence. Much of the early literature on molecular SAMs
focused on alkanethiols and similar molecules, producing an extensive knowledge of how
molecules grow on different metallic substrates and the effects of the molecular length,
solvent and substrates [46H49]. Furthermore, there has been significant research on other
molecular SAMs such as non-thiol terminated like metallo-phorphyrins and phthalocya-
nine [50, [51], pyridine [52], oligo(phenylene-ethynylene)s (OPEs) [53] and also fullerene
[54]. Depending on the particular affinity of the headgroup with the surface of metals,
this can lead to a well-defined molecular surface with a wide variety of chemical func-

tionalities of the interface exposed to air [49, [55].

The thickness of a molecular SAM is usually 0.5-3 nm, depending on the SAM’s
components’ molecular structure. In addition, the molecular components also determine
the particular angle formed between the atoms at the surface of the metallic substrate
and the headgroup of the molecule [56].

SAMs form on the surface of the substrates by spontaneous chemical adsorption from
either gas or liquid phase. The assembly in solution is probably the most convenient
for most of the subsequential applications of SAMs. Otherwise, for some spectroscopy
techniques, the preparation under UHV results more suitable for some applications like
the electric transport characterisation, where a long-range of crystalline order is required
[46].

The surface on which the SAM is grown represents a crucial point in the molecular
layer’s growth. Substrates can range from simple planar thin film (metallic films on
glass, silicon or mica) or more complex nanostructured substrates including nanojuntion
[57] , nanorods [58],[59], trenches [60, 61] and nanoholes [62]. However, the most common
substrates use for a wide class of studies consist of planar metallic film (Au,Ag,Pt) or
highly orientated substrates like HOPG, mica and graphene. The choice of a particular
substrate is dependent on the particular application of the SAM.

Among the many substrates used for SAM growth, gold is the most widely used and
studied substrate for two different reasons. Firstly, Au is a relatively inert material,
with a low oxidation rate, not reacting with O, and other atmospheric agents, making it
practical to manipulate outside UHV environments [63]. Secondly, Au is relatively easy

to deposit and etch as thin films or colloids [64H66]. Au has a high affinity with a wide
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range of chemical headgroups due to its partially filled electronic 6s orbital [67]. For
example, thiol groups act as displacer for adventitious materials from the Au surface.
In addition, the use of Au is compatible with a range of spectroscopic and analytical
techniques such as Quartz Cyrstal Microbalance (QCM) [68], [69], ellipsometry [70} [71],
electrical transport measurements [72].

Other metallic substrates offer similar characteristics, although SAMs grown on these
materials have generally been less studied. Silver (Ag) has been studied for a long time
as an alternative to gold, but its higher oxidisation rate and toxicity to cells has made
it less attractive in its regards, despite the ability to grow high-quality SAMs, with a
smaller tilt angle than Au [48, [73]. Copper (Cu) like Silver, produces high quality SAMs
but is even more sensitive to O, than Ag [48].

An excellent alternative to gold has been found in Palladium Pd which, for some ap-
plications, results in superior SAM formation thanks to its useful properties. Indeed,
Palladium crystal grains are in general 2-3 times smaller than those in gold, giving
smoother surfaces and low defect density [74H76]. Palladium, rather than gold, results
compatible with the existing complementary metal-oxide-semiconductor (CMOS) tech-
nology [77], and has good catalytic properties and biocompatible with a low oxidation

rate at room temperature [78].

Protocols for preparing SAMs The most used protocol in order to form SAMs
on metallic surfaces consists of the immersion of a clean substrate in a fresh dilute
solution (~ 1-10mM) of the designated molecules for a specific range of time, from minute
to several hours, depending from the particular dynamics of the molecules, usually at
room temperature. In a range of milli- to a few seconds, a dense coverage of adsorbed
molecules is obtained onto the surface of the substrate but, a slower dynamics process
and reorganisation process requires longer time to maximise the order and the density
of the obtained layer and, at the same time, minimise the defects [49, [56]. However, the
adsorption and organisation process’s kinetics is strictly dependent on several factors

like the choice of solvent, the time, the temperature, and the solution’s concentration.

Solvent The role of the solvents used affect the kinetics and/or the mechanism
of assembly of the molecules on the substrates [79]. The actual mechanism of how the
SAMs growth is affected by the solvent is not totally understood, however it is clear
that the presence of the solvent in the substrate-molecule system introduces additional

parameters which complicate the dynamic equilibrium leading the adsorptions of the
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molecule and complicating the thermodynamics of the assembly. Indeed, the solvent-
substrate and solvent-molecules interactions need to be taken into account in order to
have a clear picture of the role of different solvents [80 [81].

Ethanol based solution are the most widely used for alkanethiol chains, leading to a well
established methodology of assembling from a solution phase [82] 83]. Other solvents
such as hydrocarbon solvents have been shown to reduce the adsorption time, but gener-
ally produce however poorer quality films due to the strong solvent-molecule interactio

84].

Temperature The temperature of the SAMs formation has a significant influence
on the growth dynamics. It has been reported that temperatures above 25°C can improve
the quality of alkanethiols film and the growth kinetics, reducing defects in the final
film [85, 86]. High temperature also increases the rate of desorption of physisorbed
solvent molecules on the surface and, due to the higher energy, the molecules can cross
the activation barrier facilitating eventual rearrangements of the SAM than at room

temperature.

Time and Concentration In the growth of a SAM, the immersion time and the
relative concentration of the solution play a fundamental role in the molecular layer’s
quality formed on the substrate. These parameters are proportionally inverse and, quite
intuitively, a more dilute solution will require longer immersion time and depend on the
dimension of the molecule [87, [8§]. It has been reported that SAMs immersed for longer
times (e.g. a week) but with low concentration than a pM, will not present the same
physical characteristics as those grow from a more concentrated solution for a shorter
time [88]. This process is mainly due to the slower molecular dynamics, and it could vary
depending on the stability of the particular molecules over the time or accumulation of
impurities and contaminants either in the solution or on the surface of the substrate.
From the other side, different studies reported that the properties of the molecular layer
would not vary significantly for SAMs grown in ~ mM concentrated solution for 12-18h.
In addition, the formation and organisation of a SAM continues to evolve even after a
week of immersion time [89],90]. This implies an increase of the surface coverage with the
immersion time and the consequential reduction of defects like pins and holes, forming

well-defined structures suitable for electron transport studies.
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3.1.2 Langmuir-Blodgett deposition and Electro-spray ionisation

The organisation of amphiphilic molecules into unsoluble molecular films onto water
surface was widely studied over the last two century since, for the first time, Benjamin
Franklin observed the spreading of oil droplets onto a water surface [91]. Years later,
with the contribution of Rayleigh and Pockels, Irving Langmuir developed the Langmuir
(or better known as Langmuir-Blodgett) trough, which represents one of the most use-
ful methods to study and control the organisation of amphiphilic and water-insoluble
molecules onto films [92H94]. Amphiphilic molecules are molecules with both hydropho-
bic and hydrophilic moieties or hydrophobic moieties only. These molecules have been
shown to align on the water surface predictably, and Irvin Langmuir, in 1917, was the first
to study systematically the formation of monolayers of amphiphilic molecules aligned at
the air-water interface [95]. Together with Katherine Blodgett, they carried out mul-
tilayer depositions onto solid substrates [96] [97] using the so-called Langmuir-Blodgett
(LB) deposition.

LB deposition is a powerful, scalable and versatile technique used to deposit a molec-
ular thin film or even monolayer onto a solid substrate. In addition, as will be shown
below, the LB technique enables precise control of the thickness of the desired molecular
layer, allowing multiple depositions of the same molecules or even different molecules
[08-100]. This characteristic, together with its relatively simple working principle (no
UHYV required), makes this technique very desirable in molecular electronics and nano-

electronics.

Molecules at gas-liquid interface To minimise their free energy, some organic
molecules will migrate at the interface between a gaseous and a liquid phase [I01]. The
resulting floating film is called a monomolecular layer or, more commonly, monolayer.
The formation of the monolayer is a direct consequence of thermodynamics. Molecules in
liquid can be considered as being in a bulk phase, where a number of molecules surround
each molecule. Depending on the nature of the attractive and repulsive forces acting
on the molecules, some of them will migrate towards the surface, where they will be
surrounded by fewer molecules than in its bulk phase [102] [103]. Therefore, considering
the interface in a dynamic equilibrium state, there will be as many molecules diffusing
from surface to bulk per unit time as leaving the bulk towards the surface. This diffu-
sion is shown in fig. where it is easy to observe the different intermolecular forces

environment felt from the molecules in bulk and at the interface liquid-air.
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Figure 3.2: Forces experienced (black arrows) from the molecules (black circles) at the interface
between liquid and gas phases.

When the intermolecular actractive and repulsive forces in the liquid phase are equal
to the activation energy of a molecule to escape from the bulk to the surface, then the
state of equilibrium will be reached. The force acting on the molecules on the surface is
known as surface tension ~y [104].

At thermodynamic equilibrium, the surface tension of a planar surface can be shown to

be related to the free energy (G) and the area of the surface A as

e <gj>T,P &y

For a pure liquid in a thermodynamic equilibrium, v can be express as the excess of

Helmholtz free energy F° per unit of area
S

Yo = % (3.2)

The presence of the molecular film at the liquid-gas interface will then affect the surface

tension. Typically in experimental studies of molecular alignment at the gas-liquid

interface, the variation of surface tension is defined as the difference between the surface

tension of the pure liquid 79, which remains almost constant during the compression of

the film, and the surface tension of the molecular film at the surface ~.

IT =0 — ¢ (3.3)

The parameter II has the dimension of mNm™' and represents a key parameter for
monitoring the evolution of molecular thin films on liquid surfaces and on water air

interfaces.
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Phases of a monolayer at the water-air interface When a layer of insoluble or
amphiphilic molecules at the water air interface is compressed, it will go through a se-
ries of 2 dimensional phases transitions analogous to the well known bulk phases. The
evolution of the film under compression is one of the critical points of the LB deposition
as will be discussed in the following paragraphs.

During the compression of the LB barriers, the molecules will experience higher inter-
molecular forces and smaller available area, producing a variation of the surface tension
~ of the molecular floating film. Therefore the surface pressure change II can be used to
monitor the evolution of the molecular film as a function of area occupied in an equiva-

lent two-dimensional version of the pressure vs volume isotherm [101].
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Figure 3.3: Surface pressure vs area per molecules isotherm for fatty acid and phospholipid
molecule. At large trough area, the monolayers exist in the gaseous state (G) and can, on
compression, undergo a phase transition to the liquid-expanded state (L1). Upon further com-
pression, the L1 phase undergoes a transition to the liquid condensed state (L2), and at even
higher densities, the monolayer finally reaches the solid state (S). The different phases of the
molecule are illustrated on the right side by the letter G, L, S for gas, liquid and solid phases.

Image from [105].

Figure shows the isotherm for amphiphilic organic molecules, representing the vari-
ation of the surface pressure for a film of molecules as a function of the available area
occupied by a molecule and defined as the available area A divided by the number of

molecules at the water-air interface.

_ AM A
T CONJV  ¢N4V

a (3.4)

where M is the molecular weight, N4 the Avogadro number, C and V the concentration
of the solution and its volume respectively.

Referring to figf3.3] when the molecules are far apart from each other, they can be
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considered as being in a "gas” phase since each molecule will experiences negligible
intermolecular forces due to the distance between them [106]. As the available surface
A is compressed, some of the molecules will start to interact weekly. At this stage,
the molecules are in a so-called liquid or ”liquid expanded” phase. In this phase, the
molecules’ orientation is totally random [107, [10§]. But, when A is further reduced, a
”solid” phase is reached where even progressive compression of the available area will
not substantially change the film arrangement. In this phase, the molecules are closely
packed and well orientated, with eventual hydrophobic chains pointing out the water
surface. In addition, as is easy to observe from fig[3.3] the area per molecule, in the solid
phase, does not change substantially and should match the cross-sectional area of the
molecules [103], 109].

Investigating the isotherm of a given molecule plays a crucial role in LB film deposition
as it is possible to predict the final thickness of the floating film, multilayer formation
and even the viscosity of the film [103] [110].

Compressing films in a solid phase will ultimately lead to the collapse of the film on

itself leading to a drop in the surface pressure.

Deposition of Langmuir-Blodgett film In a typical Langmuir-Blodgett deposition,
the molecules are spread in a hydrophobic trough filled with a liquid media called the sub-
phase, usually water. Once the molecules touch the subphase’s surface, they will move
randomly all around the available water surface. During the compression, made possible
by two mobile hydrophilic barriers, the molecules will pass through different phases, as
described above, and form an insoluble monolayer on the water surface [99, 111]. This
layer can then be transferred onto different substrates by different techniques.

The variation of II is measured by a Wilhelmy Plate, based on the surface pressure of
water at the equilibrium and before spreading the molecules.

Figure [3.4] illustrates a typical setup for a LB deposition.

Before transfer to the solid substrate, the hydrophobic LB trough (labelled (1) in fig3.4)
is filled with ultra-pure water (p = 18MQ). A precise volume of molecules with a known
concentration of molecules is then applied to the water’s surface by a microsyringe. The
designated molecules are often dissolved in solvents that will evaporate from the water’s
surface in the trough. The molecules settle into different phases during the compression
of the two hydrophilic barriers, indicate by 2 in fig[3.3] forming a packed monolayer on

the water surface. The barriers’ material is chosen so that the water meniscus is above
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Langmuir-Blodgett Trough

Figure 3.4: Scheme of Langmuir-Blodgett trough.(1): The hydrophobic LB trough. (2): Hy-
drophilic barriers used to compress the layer floating on the water subphase. (3): Wilhelmy plate
and plate holder used to record the surface pressureIl, of the floating layer. (4): the dipping
mechanism.

the base of each barrier, and at the same time, the trough material also allows a high
meniscus at the front and rear edges between the barriers. Steady motion without dis-
turbing the surface layer is achieved because the added surface material always stays
between the barriers whilst the water is able to flow beneath them.

As shown in fig]3.3] (3), the surface tension is measured with a cm of a clean leaf of
platinum or, more commonly, a rectangle of filter paper slightly immersed on the water
surface known as Wilhelmy plate. The plate is dipped into the water anywhere in the
region between the barriers and the capillary force on the plate due to the water is then
measured and is used to determine the surface pressure [I11]. A dipping mechanism la-
belled (4) is then used to dip a solid substrate on the subphase and ”collect” the floating
molecular film.

The deposited substance forms a dispersed layer on the surface of the water, while
the water under the layer is not constrained. As the two barriers move towards each
other, the insoluble floating molecular film on the surface is compressed, and as the
compression increases, the surface area and the mean area occupied per molecule will
decrease. Computer-generated surface pressure/area isotherms are characteristic of a
given molecule and subphase and can also reveal the film’s thickness formed on the
surface. The isotherms change with temperature, so maintaining the surrounding tem-
perature is also important [112].

The reliable multiple deposition of several layers is also possible using the LB method

by multiple vertical passages of the substrate [43].
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Figure 3.5: Vertical transferring of LB floating molecular film onto substrate by lifting of the
substrate through the layer on the subphase

LB deposition was first developed for the deposition of amphiphilic molecules, but the
method is used to deposit other material types too. For non-amphiphilic molecules, the
surface tension of the water is often enough to ensure they remain on the surface.

The layering of thin films in this precise way is advantageous over the use of purely bulk
materials since the possibility to grow epitaxial layer and ensuring a better bonding
with the substrate [113], [114]. Successive layers could also consist of differing molecules
as shown in figure [3.6] and [3.7] and depending on the nature of the substrate. Indeed,
depending from the molecules and the particular substrate three main type of multiple
deposition can be observed called Y,X and Z. The Y deposition showed in fig3.6] is
the most common situation in which, after the first passage through the layer and its

deposition, the substrate is moved in and out from the subphase several time, building

structures similar to the one showed in fig. |3.6
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Figure 3.6: Example of Y deposition of LB multilayer deposited on hydrophilic substrate.

The X and Z deposition are particular cases, strictly dependent on the substrate in
use and where the multiple depositions will occur either upwards or downwards motion

through the floating film as shown in fig. [3.7
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Figure 3.7: Structure for Z an deposition for hydrophobic and hyrdophilic substrates.

However, when the monolayers are too rigid or do not form a closed-packed structure, an
alternative transferring method called Langmuir-Schafer (LS), consisting of a ”horizontal
lifting” of the floating molecular film, is used for transfer the film onto a substrate. This

method consists of lifting the monolayer by touching it with a horizontal, hydrophobic
substrate as shown in fig. [43].

%&&%&&%M

Figure 3.8: The horizontal transfering Langmuir-Schaefer (LS) for depositing floating molecular
layer onto a hydrophobic substrate

LS technique is mainly used to transferring monolayers on substrates, but in principle,

multiple layers can be achieved in some instances, forming a X-type multilayer [115].
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3.2 SPM

To overcome the optical diffraction limit, Binning and Rohrer [116] in 1982 invented the
Scanning Tunneling Microscope (STM) and were awarded the 1986 Physics Nobel prize
for the invention. In the same year, Binning, Quate and Gerber [I17] developed, based
on a complementary process the Atomic Force Microscope (AFM). The STM relies on
electron tunnelling between a tip and a surface where the tunnelling current is kept
constant by varying the tip-sample distance [11§]. The main requirement for STM is,
therefore, that the sample surface is conducting. Compared to STM, the main advantage
of AFM is to remove this necessity as instead of tunnelling current, interatomic forces
are kept constant by a feedback loop system [117].

Since these early inventions, many scanning probe microscopy (SPM) techniques have
been developed. Each technique is able to probe, with nanoscale resolution, a particular
property of a system, such as electrostatic forces, magnetic forces, thermal conductance,
elasticity, etc. The basic principle of each SPM technique depends on the particular feed-
back mechanism it uses [I19]. Contact mode AFM for instance, relies on interatomic
forces to keep the tip-sample forces constant. The tip-sample interaction forces as a func-
tion of separation distance are shown in fig. When the tip-sample distance becomes
very small, the interaction forces and capillary forces overcome the spring resistance
of the cantilever and it snaps-into contact. When the probe pulls out, the attraction
forces are generally bigger and therefore a higher separation is needed to break contact.
The particular short-long range force is known as Van der Waals interaction and will be

discussed in detail below.
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Figure 3.9: Probe-sample interaction forces as the probe is approached (red) and retracted
(blue) from the sample. When the tip is in contact with the sample, it obeys Hooke’s law.
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During scanning, an ultrasharp cantilever (or tip) is brought into contact with the
surface of the sample and the probe-sample distance varies to keep the force constant
via a feedback loop on the displacement. Any change in the sample’s surface will causes
the probe to deflect and is observed through the deflection of a laser beam on the back
of the cantilever itself. This deflection is monitored throughout the scanning process.
If it changes slightly, the feedback mechanisms will increase or decrease the tip-sample
distance to maintain the same deflection signal using a piezoscanner. Figure shows

a schematic AFM system with all its components.

’ Laser source
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Figure 3.10: Tllustration of AFM System. The sample and tip are brought into contact via
a piezoelectric scanner mounted underneath the sample allow nanometric control of the dis-
placement and the force applied to remain constant during the scanning operations. A laser-
photodetector system is used to monitor the normal and lateral deflection of the cantilever which
acts to reconstruct the 3D images of the sample surface.

3.2.1 AFM working principle

AFM measurements rely on the short-ranged forces such as Van der Waals (VAW) as
well as long-ranged ones such as electrostatic and magnetic forces between the sample
surface and tip which cause the cantilever to deflect [I19]. This deflection is detected
by an optical lever detection system first developed in 1988 by Meyer and Amer [120],
consisting of a laser beam shone on the back side of the cantilever, its angular deflection
is detected by a quadrant photodiode as shown in figure Such a system allows the
detection of both normal and lateral deflection of the cantilever. This information is
then converted into a set of XYZ point which is converted into line scans to digitally

recreate the topography of the sample being investigated.
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Figure 3.11: Laser deflection photodetector system

Interaction forces The force between sample and probe (Fy;) is given by the deriva-
tive of the potential between the tip and the sample Fis = 0V;5/0z counterbalanced by
the deflection of the cantilever which obeys Hooke’s law F; = —kAz with associated
natural frequency fo = ;r\/z , where k and m are the spring constant and the mass of
the AFM tip respectively.

The most common mode of operation in static AFM consists of keeping the force Fi
constant while adjusting the displacement Az. The forces acting between tip and surface
are a combination of long-range VAW and electrostatic forces and short-range repulsive
chemical forces. As The tip/surface distance increases, long-range forces such as elec-
trostatic forces tend to dominate the interaction. However, because the tip is kept at
a very short distance range from the sample during the scanning operation, the VAW
forces tend to vary much more slowly compared with the short-range interactions. For

static AFM, the Lennard-Jones potential with a well depth € and zero-potential distance

o, provide a good approximation for the short-range interactions[121), 122].

o =[(2)-2(2)] =

When the tip approaches the surface, Coulomb and VAW forces dominate, as the
tip/surface separation increases the long-range forces and electrostatics characterise the
interaction between tip and surface. However, within the typical operating range of a
few nanometers from the surface it is the VAW interactions mostly affect the interaction
with the AFM probe. The interaction forces vs the tip-surface displacement is shown in
figure [3.12

The shape of the red curve in fig suggests the interatomic distance between the tip
and surface changes slightly in the repulsive regime, where the cantilever needs to deflect

or bend in order to balance force variation.
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Figure 3.12: Representation of the interaction forces acting on the AFM cantilever during the
approach to the surface.

In ambient conditions, short-range VAW forces usually co-exist with long-range forces
in the region where the probe is very close to the surface. Capillary forces, for instance,
represents a good example of these long-range interactions caused by the surface energy
of a thin layer of condensed water and moisture between the sample and the tip. The
capillarity tends to wet the cantilever’s tip since water-cantilever contact is energetically
advantageous to minimise the surface energy. This interaction causes the reshaping of
the water layer, producing a meniscus between the water surface and the tip surface.
This meniscus deeply affects the cantilever’s pulling out motion from the surface, leading
to the hysteresis effect shown in fig (blue curve) as a consequence of the extra energy
needed to withdraw the tip "trapped” in the meniscus, causing further deflection of the

cantilever.

Feedback loop and scanning mode As explain at the beginning of the section,
AFM principle relies on the presence of a feedback loop system in order to control
the motion of the cantilever over the sample under investigation as well as obtaining
information about the physical properties of samples.

In most AFM operation modes, the feedback loop is provided by the normal deflection
of the cantilever deflection, which is monitored and adjusted in order to maintain a
constant force between probe and sample. This is possible by changing the cantilever
height by feeding back the deflection error signal. This is the ”static” or ”contact mode”
of AFM in which the cantilever is kept in a repulsive regime to avoid the tip snap from

the surface [122].
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Beyond static techniques, dynamic detection methods which obtain information relative
to the elastic properties of the samples are commonly used to image soft samples such
as biological specimens where contact mode would be impractical or destructive to the
sample [123, 124]. The cantilever is oscillated over the sample by a piezotransducer
and its parameters like amplitude, frequency or phase can then be monitored in order
to obtain information regarding the sample’s properties. The free oscillation of the
cantilever at its resonant frequency is perturbed upon exposure to a force gradient,
causing a frequency shift and a corresponding change in amplitude. The cantilever’s
resonant frequency depends on the dimensions and materials the cantilever is made
from, and is determined by sweeping the frequency in a neighbourhood of the resonant
frequency [124]. So dynamic modes can either be operated at some distance from the
surface (non-contact mode) or in intermittent contact where the tip continuously tap on
the surface, also called Peak-Force AFM mode (PF-AFM), as will be described in the

next sections.

3.2.2 Conductive probe AFM CAFM

Conducting probe AFM (CAFM) is a secondary imaging mode derived from contact
mode that characterises electrical conductivity variations across medium to low con-
ducting and semiconducting materials. It is used to measure and map current in the
range of few pA to some mA while simultaneously collecting topographic information
with high spatial resolution (typically 10-20 nm) depending from the radius of the probe
used [125], [126].

The operation of the CAFM is similar to STM, in which a bias voltage is applied between
tip and sample and the tunnelling current between the two is measured. The main dif-
ference between the two modes is the type of probe used. STM uses a sharpened metallic
wire/tip separated from the surface by some nm, while CAFM uses a conductive can-
tilever made of Platinum, Gold or even graphene in direct contact with the surface of
the sample under investigation.

In CAFM, as shown in figure during imaging, while a conductive cantilever scans
the sample surface in contact to produce a topography map, the electric current between

the cantilever and the sample is measured simultaneously.

Furthermore, during the scanning operation with CAFM it is possible to select a spe-

cific bias voltage to apply during the imaging, to test the electrical conductivity of the
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Figure 3.13: Schematic diagram showing the working principle of conductive probe AFM
(CAFM). A constant DC bias voltage is applied between the sample and the probe during
the traces of the electrically conductive probe along the sample surface. The current relative to
the different regions of the surface is then collected by the probe using an I-V converter together
with the topography information. The blue and red areas represent regions with high and low
electrical conductance, respectively.

different components of the surface as well as the type of electric conduction. Fig.
shows an example where it is possible observe a non linear behaviour in the electric
transport in an organic-2D MoS, single layer (SL) junction when the bias voltage turns

from positive to negative.

(b) ]
1V
-f- > _:l -1V

Figure 3.14: (a) CAFM topography map of a single layer MoS, on top of a molecular SAM
of OPE-3 grown on template stripped Au;(b) Simultaneous current map of the sample acquired
switching the DC bias voltage from 1V to -1V (Dashed line). It is easy to observe how, during the
switch of the bias sign, the sample shows a rectification behaviour, with low current associated
with negative bias and exponential current when a positive bias is applied.

For molecular electronics, CAFM is a powerful tool largely used for the characterisation
of the electrical conductance of an assembly of molecules (=~ 50 —200), with nanometric

resolution. Unlike STM, CAFM has no tunneling gap between tip and surface so it is
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possible to control the pressure applied on the junctions, and hence the area and number
of molecular junctions [127-129].

As discussed in the next part of this thesis, one of the most powerful features of CAFM
is the ability to do electrical spectroscopy point measurements utilising the precise area
control. These ”Point measurements” fix the probe in a single point and a triangular
wave is applied between the sample and the probe; the response of the sample is collected
and then can be manipulated to obtain vital information about the electric transport of
the samples, its conductance and also the relative alignment of the Fermi level £y with

respect to the frontier orbitals HOMO-LUMO in a molecular junction.

3.2.3 AFM for nanomechanical properties

As described in Sec[3:2.] dynamical AFM mode or intermitting contact AFM are often
used as a tool in order to characterise the elastic or related mechanical properties of
the samples and imaging ”soft” samples like organic assembly [130], polymers [131] [132]
and biological samples [I33] due to their friction-less unique characteristic which avoids
damaging of sample. The most common intermitting AFM mode is known as ” Tapping
mode AFM” [132]. In tapping mode AFM the cantilever is excited with a frequency close
to the resonant frequency of the cantilever 75kHz — 300kHz [124], and the feedback loop
is derived from the amplitude of the cantilever oscillation, which is kept constant during
imaging the surface [134]. Together with the topography, Tapping mode AFM provides
qualitative nanomechanical information through the changes of phase oscillations which
is strictly correlated with the different elastic properties of the surface components.
Another technique, also based on the intermittent contact of the cantilever on the sur-
face is known as PeakForce AFM-QNM [135] [136] and has been recently developed and
commercialised by Bruker. This technique results well optimised to map soft samples
[137), [138], biological samples [139] with simultaneous acquisition of very precise nanome-
chanical maps. This AFM dynamic mode suits organic and biological materials since the
accurate control of the tip-sample interaction forces, required to preserve the original
conformation of the samples [140] [141].

In the auto-optimised PeakForce Tapping-Mode scans, the cantilever is oscillated at
high frequencies (0.5 — 4kHz), far from its resonant frequency (Figure . During
the imaging process, the feedback loop will maintain a constant force (usually in the
range of pN-nN) in the interaction between the probe and the surface per each tap of

the surface. A representative force curve is shown in fig These force interaction
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plots are acquired per each pixel during the scanning operation and processed in realtime
to give additional AFM channels, displaying information such as the elastic properties

of the surface derived from the force curves.
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Figure 3.15: (a)Peak force QNM force curve vs. time recorded per each pixel; (b) Force vs.
sample-probe separation. Highlighted the PF-QNM additional information processed point by
point and used for nanomechanical information. Images from Bruker and [142]

The Young’s modulus and the other elastic properties are determined by fitting the force
curve in fig with a particular model developed by Derjaguin, Muller and Toropov
(DMT) [143] and based on the Hertzian modelling of the tip [144] and taking in account

the adhesion forces between the tip and the surface [145].

Figure 3.16: Schematic Hertzian model for the tip-sample interaction during the contact. Figure
from Bruker

In this model the tip is approximated as a sphere with a half angle much smaller than

the tip radius itself as shown in fig[3.16} Young’s modulus and forces are given by:

5o Tensile stress ¢ Flg

Strain o ApALy

(3.6)
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2/3
F2/3 = (;l(l_Eyz)\/E> / 5 (3.7)
Where in equation E is the Young’s modulus (Modulus of elasticity), F' is the force
exerted on the object under tension, Ag is the area where is force is applied and AL and
Ly is respectively the length change of the object and the original length of the object.
The force F' in equation depends on the indentation ¢ of the tip into the surface as
shown in figure the indenter radius and half angle R and a, the Young’s modulus
E and Poisson’s ratio v (tipically 0.2-0.5).

Included in the model is the adhesion force F' = Fy;;, — Fyqp, and, according to the DMT

model, the reduced Young’s modulus E* is:

12 1-2]7"
“ ”} (3.8)

E* — _ S
|: Et Es

where 14 and v, are the Poisson’s ratio of tip and the sample while F; and E, represent
the Young’s modulus of tip and sample. Since three of the four mentioned parameters
are known, and FE is automatically obtained from the interaction force curves, through
this simple model it is possible to obtain the reduced Young’s modulus of the sample
under investigation. Therefore, along with the topography, the DMT modulus correlated
with the Young’s modulus, as well as adhesion, deformation and dissipation properties

are recorded.
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3.2.4 Scanning thermal microscopy SThM

Scanning thermal microscopy (SThM) is a contact mode technique which provides, to-
gether with topography information, nanometrical thermal map, thermophysical and
thermal transport information [146, [147].

As shown in figure 3.17} in SThM a sharp probe with a radius of 20 — 50 nm is brought
into contact with the sample surface at a selected deflection setpoint and to act as both

temperature sensor and, via an external source, heater.

@ Laser Thermal control Unit
A .
\ .

detector

Force
feedback
loop

Data
Piezo-electric acquisition
displacement and
systems processing
device

Figure 3.17: Standard SThM configuration and components using the AFM force feedback
loop for positioning and a thermal control unit, usually composed of a Wheatstone bridge, for
measuring the thermal probe electrical resistance variation. Image from [148)].

The most common SThM probes are resistive probes, heated by the Joule effect 146, 149
[151], and rely on a similar principle of the electrical resistance dependence from the

temperature:

Rp(T) = Rpo(1 + (T — To)) (3.9)

where R, is the electrical resistance of the probe at a reference temperature 7y and « is
the temperature coefficient of the electrical resistance. Therefore, the resistive element
can serve as just a sensor in passive mode for thermometry or as a heater/sensor for
thermal transport properties measurements.

In an ideal circuit, the resistive probe is part of a resistor bridge, e.g. a Wheatstone

bridge (see figure [3.18)) which allows the detection of very small resistance variations.
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Figure 3.18: Typical Wheatstone bridge for a SThM probe. R, and R} are fixed resistors and
R, is variable to balance the probe resistance. The bridge is biased by V;,, and the bridge output
is given by the difference of the two terminals A and B.

The bridge can be balanced when low power is applied to the probe. Both DC and
AC operations can be used though AC setup is tipically more sensitive, have lower drift
and smaller uncertainties [I52]. Once the bridge is balanced and the voltage is applied,
any variation in the thermal resistance of the probe due to the contact with the sample
surface will be detected by the lock-in amplifier and sent to the AFM controller external
input.

SThM can be a powerful tool to investigate heat transfer in nanostructures, molecular
structures and complex structures, as long as the surface is smooth enough to avoid
dominance of topography-related artefacts [I53]. Thermal transport in molecules [57,
(154, [155] or even 2D materials [I56-158] have been investigated.

Depending on the formalism and setup used, the output of an SThM experiment can give
precious information on the thermal resistance or conductance between the heater/sensor

and the sample heat sink as will be shown in the next part of this thesis.



Chapter 4

Research background

Widely recognise to have started in 1974 with the seminal paper by Aviram & Ratner,
molecular electronics has become a broad interdisciplinary research topic that aims to
understand, construct and implement nanoscale circuits based on molecules [12-14]. A
key step to achieving this is understanding the quantum transport of electrons through
single molecules, SAMs and molecular ultra-thin film.

More recently, the discovery of the thermoelectric phenomena in molecular junctions by
Reddy et al. in 2007 has opened the possibilities to studying and deeply understanding
quantum phenomena in the thermal and thermoelectric transport. Recent reports of the
quantum interfecence effects observed at room temperature has opened up new routes

to design and optimisation of molecular system [41], [159].

While single molecular junctions provide an interesting fundamental approach to this
topic, they typically give values for conductance that could vary with several orders of
magnitude depending on the measuring conditions [160]. Devices based on an array of
molecules are usually easier to fabricate and could potentially be more reliable for both
thermalpower measurements and electric transport studies, even though they sometimes
present non-trivial issues related with the identification of the number of molecules in
the junction or electrical shorts across the film [I61HI63].

Recently, molecular thin film and single molecular junctions have been broadly employed
as test beds for molecular electronic studies. Conductive scanning probe microscopies
such as STM and CAFM, brake junctions measurements, cross bar and micro devices
have been employed for many of the set tests to explore the electric transport and the

thermoelectric properties of molecular ensembles [164-168§].

o1
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4.1 Electric transport in molecules

The charge transport through a molecular wire is usually determined by two factors, the
intrinsic electrical properties of the wire itself and those of the wire-electrode interface
[I69HITI]. A range of transport phenomenas have been reported for molecular junctions,
either in single-molecule measurements or molecular thin films, exhibiting negative dif-
ferential resistance [13, [I72], rectifying characteristics [I73], conductance quantisation

[174] and switching [I75HI7T].

Early steps towards single-molecule electric measurements were made in 1995 when
a current flowing in a single molecule of fullerene Cgy on Au(110) was measured by
Joachim et al. using a scanning tunneling microscope breaking junction (STM-BJ) [I7§].
However, in this work, no current-voltage characteristics were obtained and information
about the density of states of the molecule was also limited.
In 1997, the current though a single benzene 1,4-dithiol molecule at room temperature
was measured using a mechanically controllable break-junction(MCB) [14]. Thiol (SH-)
end groups were used to form a stable metal-molecule-metal junction with gold elec-
trodes. In addition, steps in the current-voltage characteristics were observed as a result
of the discreteness of the molecular levels, thereby revealing the quantum nature of the

junction.

The quantum nature of the electric transport in single molecular junctions was also
observed in 4,4-bipyridine and N-alkanedithiols single molecule contacted by STM-BJ
by Xu et al. in 2003 [I79]. Conductance histograms revealed well-defined peaks at
integer multiples of a fundamental conductance value, used then to characterise the con-
ductance of the single molecule. In particular, the researcher observed an increase in
the conductance of N-Alkanedithiols molecular junctions with the numbers of carbon
bond, exhibiting the characteristic of a tunnel barrier, and attenuation factor 5 of about
1.0 £ 0.1 per carbon atom in good agreement with similar works with low bias depen-
dency [180].

Among all the measured junctions, 4,4-bipyridine resulted in the most conductive molec-
ular junction, with 1.3 £ 0,1. MQ due to its partial m-aromatic system caused by the
effect of the delocalised lone pair electrons of the nitrogen group in the aromatic ring.
In 2000, one of the first single molecule transistors was realised using an electromigra-

tion technique to sandwich a Cgy molecule between two gold electrodes [I81]. A third
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gate electrode was used to manipulate the current flowing from the source to the drain
electrode wvia the electrostatic effect of the gate. Although the device showed transistor
behaviour, its performances were significantly inferior to that of semiconducting transis-
tors due to the weak intermolecular electronic coupling, which results in a typically much
lower electron or hole mobility than observed in inorganic semiconductors. Furthermore,
the dielectric constant of organic semiconductors is much lower (typically 3-5) than that

of inorganic semiconductors (10-15) [182].

The characterisation of the electric transport in molecule assemblies is not an easy task
since multiple conditions such as temperature, environment and friction and adhesion
properties of SAMs have to be respected in order to maintain the molecular structure
conformation, stability and reproducibility of the measurement conditions [49, 183-185].
Charge transport in molecular thin films is still fundamentally based on electric trans-
port between two electrodes; in the last 20 years, different ways to measure this property
have been explored, e.g. directly putting molecules inside a nano-gap [13, 62} 186], by
applying a top electrode to self-assembled monolayers [187, [I88], using scanning probe
techniques [41), [189], crossbar and magnetic nanoparticle [I88] and EGaln liquid metal
electrodes [168] [190].

So far, alkythiols have been the most studied molecular thin film [56] T91H194]. Due
to their very large HOMO-LUMO gap of ~ 8 electronvolt [195] which, whilst meaning
they are very poor electrical conductors, makes alkythiols very useful for comparisons,
modelling, theoretical studies and experiments [179, [180), [195H198]. Early works on the
dependency of G on the length of alkanethiol and alkanedithiol SAMs were performed
by Frisbie et al. using CAFM [165], [199].

They observed current-voltage behaviour which exhibited exponential attenuation of
the current with molecular length, finding a 8 decay parameter of 1.1 per carbon atoms
(O.88A71) independent of the bias applied and in good agreement with other similar
works carried out by STM break junctions (STM-BJ) and nanometric devices [200, 201]
and with singlemolecule measurements [I79]. In all cases G of the alkanethiol chain was
found to drop exponentially with the numbers of carbon bonds from few nS for short
chain to several pS for C10 and C12, with an attenuation factor § in between 1.1 and
1.4. Furthermore, negligible variances were observed in the conduction behaviour with

the increase of the bias voltage confirming no-changes in the conduction mechanism.
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Frisbie et al. in 2000 showed the robustness of this system employing a CAFM in order
to measure the conductance of the SAMs with a precise control of the loading force of
the AFM metallic coated tip on the SAM [202]. Interestingly, they found small changes

in the conductance of longer chains with small increments of the applied force.

The variation in the conductance due to the deformation of the SAM is a pretty
common problem in the field [128] 203, 204] not only when SPM techniques are used
to characterise the molecular layer but also in more sophisticated configurations. In
particular, Lio et Al. using a high resolution AFM observed a transition from the thiol
overlayer to the Au(111) substrate periodicity at a critical contact pressure of 2.3 GPa
[203]. This transition is related with the SAMs’ change of conformation due the higher
forces applied by the SPM probe which displaces the molecules from their original po-
sition [205]. The increase in the loading force on the SAM surface led to slight changes
in the electrical conductance below a threshold force of ~ 70 nN. Below this limit, G
increased linearly with the loading force, following the exponential power law of the
Hertzian Model, which describes the probe-surface indentation [128]. For alkanethiols
were found that a 1 nN variation in applied load resulted in a 3% change in the junction
contact area, and thus in small change of G. But, when the forces overcome the critical
value, a jump in the conductance was measured as results of the SAM’s deformation and
the consequent formation of probe-substrate contact.

For this reason, the control of the mechanical deformation of the SAM during the char-

acterisation of the electric transport is crucial.

4.1.1 Transport regimes in SAMs

Introducing a delocalised m-7 system into the molecular thin film has been reported as
an effective way to decrease the HOMO-LUMO gap and to enhance the charge transport
through the molecule [12] 206, 207]. The poly-phenylene chain is one of the simplest
m-7 conjugated wires, however, the freely rotating sigma bond between neighboring
phenyl rings results in a range of allowed molecular conformations [208]. Conversely,
oligo(phenylene-vinylene)s (OPVs) and Oligo-(phenylene ethynylene)s (OPESs) have been
shown to exhibit long range electron transfer, low HOMO-LUMO gap, rigid structure
and high synthetic flexibility [209-211].

Further studies have reported that the conductance of OPE/OPV wires can be modified
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by adding a side-chain, which leads to a transition from the classic resonant tunnelling to
hopping [212]. In 2009, Choi et al. reported a dependence in the electrical resistance with
molecular length of OPIs-N (Oligo-phenylenemine) based SAMs measured by CAFM
[166]. Compared to alkanethiols studies [165] [I80] and other molecule length-dependence
conductance [213], they found a net change in the transport mechanism in the SAMs
evidenced by the shrinking of the HOMO-LUMO bandgap in the I-V traces after 4 nm of
film thickness and, from the change in the attenuation factor £, underlying a transition
from non-resonant tunneling to hopping [160), 214, 215].

For shorter chain molecules (OPI 4) below 4 nm a linear regime at low bias voltage, as
an indication of tunneling behaviour across the junction, is observed and following the
Simmons model, the tunnel barrier can be imagined as trapezoidal such that [166], 216],

(4.1)

2d/2me
I x Vexp 5

where d is the barrier width, m. is the electron effective mass and ¢ is the barrier height
which represents the difference between Ey and the LUMO of the molecule. As the
applied bias voltage V is higher than ¢/, the trend of the transport mechanism changes
due to the strong electric field and, in this case, the shape of the tunnel barrier can
be imagined as a triangular barrier [217]. This transport regime is known as Fowler-

Nordheim (F-N) tunneling and is described by the relation [195]:

In < ! ) o A2t <1> (12)

V2 3hq %

where ¢ is the electron charge. In addition, from studies in alkanethiols SAMs, this
particular tunnel regime results independent from the temperature [195].

Similar relationships have been obtained from different groups using conjugated wires
molecules as components for molecular film [167, 21§]., showing different regimes de-
pending on the bias voltage applied. on the junction. Furthermore, depending on the
length of the molecules, different regimes could be observed. For thicker films, the main
transport mechanism at low-bias regime was described by two different Ohmic hopping

conduction regions, before the transport became totally dominated by the electric field

at high-bias regimes (III’ region) and thus described by F-N tunnel regime.

Compared with single molecular junctions or few molecule junctions, SAMs have

often demonstrated better stabilities and reproducibilities, showing great potential for
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application in molecular devices. In fact, in addition to the covalent bond formed be-
tween the headgroup of the molecule and the atoms of the metallic substrate, the in-
termolecular Van der Waals forces between the backbone of the molecules make SAMs
more stable to mechanical deformation and establishing their growth angle relative to

the substrate’s surface [219H221].

4.1.2 Electrodes engineering

One of the key challenges in molecular electronics is the nature of top contact electrode
in vertical junctions [222], 223]. For SPM characterisation, the electrode is formed by the
probe, which is usually Au or Pt coated and brought into contact with the molecular
thin film surface with a controlled normal force. For devices and other measurement set-
ups, top electrodes are fabricated by direct evaporation of metals, which may damage the
SAM and cause short circuits [224, [225]. To solve these problems, several non-destructive
methods have been explored in the last two decades. Loo et al. first introduced transfer
printing to fabricate soft top contact electrodes in Au/1,8-octanedithiol/GaAs junctions
making contact between an elastomeric poly(dimethylsiloxane) (PDMS) stamp coated
Au film and SAM-modified GaAs [226].

Moreover, using liquid metals, such as Hg [227] and eutectic gallium indium (EGaln)
[168], 228], results in an efficient methodology in order to create ”non-invasive” top con-
tacts. Indeed, the liquid metal contact is relatively stable, forming a large contact area
to the junction and can effectively prevent problems such as mechanical damage and

metal atom penetration [16§].

In 2006, Akkerman et al. showed that a conductive polymer could be effective as
a protection layer for the thermally evaporated top electrode [187]. This was because
of the appearance of electrical shorts in SAMs when the top electrodes were thermally
evaporated. Since then, large scale molecular thin film measurement have been processed
with a high percentage of yield on flexible substrates [229].
High stability of the I-V traces was found in dodecane dithiol SAMs with contact diam-

eters of 40 and 80 pm.

The idea of using graphene (Gr) as soft top-contact electrodes in SAMs and molecu-

lar thin film systems has also been tested and has attracted a lot of focus since its recent
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discovery in 2004 [230]. Its high conductivity and high transparency, make graphene
very appealing as a buffer layer for soft top-contacts. In 2011, Wang et al. reported
a high device yield and good operational stability in a microwell device using multi-
layered CVD graphene as a top contact electrode forming a Au/alkylthiol (and OPE
3) SAMs/Gr/Au sandwich structure [231]. This work showed that graphene could be
a good alternative to PEDOT:PSS as a interlayer between SAMs and top electrodes,
playing the role of conductive interconnects between junctions in series and acting as an
interlayer to protect the molecular film from invasive metal contacts [161].

A similar structure was achieved later by Li et al. and Seo et al. developing a simi-
lar device using reduced graphene oxide (rGO) and graphene oxide (GO) films as top
electrode [232, 234]. Reduced graphene oxide (rGO) films as top electrodes showed ad-
vantages compared to CDV graphene, suitable for large-area fabrication and easier to
transfer without polymer support. In addition, rGO demonstrated to be an optimum
top electrode for sub-Kelvin electric transport measurements [233].

A recent strategy to integrate graphene in molecular electronic application has been fo-
cused on modifying the probe in AFM measurements of SAMs and molecular thin films.
in 2012, Wen et al. and Lanza et al. have both reported progress on using graphene as
a coating layer for conductive AFM probe, with a significant decrease in measurement
variance observed for the graphene coated AFM tips compared with the commercial Pt

or Au probes [235] 236].
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4.2 Thermoelectricity in molecular junction

In the last 15 years, several groups have experimentally quantified the thermoelectric
properties of molecular junctions (MJs). So far, measuring the thermal voltage Vpy
and thermoelectric properties in molecular junctions is a non—trivial task and different
techniques have been developed from different groups, such as MJs in two—terminal
configurations, a technique that enables the measurement of the thermal voltage out-
put from junctions, trapping the molecules between a hot and a cold electrode (usually
STM-BJ, CAFM or MC-BJ) [41], 179, 189, 237].

More recently, three-terminal techniques that enable tuning of the thermoelectric prop-
erties of MJs have been refined by different groups, employing electromigration of Au or
electroburning Gr electrodes so to create a nanometric gap and using a bottom electrode
as gate electrodes to tune the transport through the junction [238-240].

It has been shown that the thermoelectric properties of MJs can depend on the length
of the molecule (or alternatively the thickness of the molecular film), end groups, molec-
ular structures and conformation, electrode materials, and temperature, each property

of which will be discussed in detail below.

The first step towards thermoelectricity in molecular junctions was made by Reddy
et al. in 2007 [41]. In this milestone work, an STM—BJ technique previously developed
by Xu & Tao [179] was employed to measure the thermopower of molecular junctions of
benzenedithiol, dibenzenedithiol, tribenzenedithiol trapped between a STM Au tip and
a bottom Au electrode.

In this work, the author observed for the first time that the Seebeck coefficient of aro-
matic molecular junction can increase with the length of the molecules, with an expected
linear dependency on the average temperature of the junction and a positive value to
the Seebeck coefficient, indicating, as mentioned in section a HOMO dominated
transport mechanism for the junction. However, no conductance was recorded for the
junctions due to the necessity to switch the connection of the current and voltage am-

plifier at a different time in order to measure the thermal voltage of the junction.

Improvement of the Reddy characterisation setup were reported by Widawsky et al. in
2012 [189]. In this study, a mechanically controlled STM—BJ technique was successful
used for the simultaneous measurement of the electrical conductance and thermopower

of single MJs measuring both the zero-bias thermocurrent and the electrical conductance



CHAPTER 4. RESEARCH BACKGROUND 99

under a small applied bias. Widawsky et al. characterised several amine—Au linked and
pyridine-Au linked MJs, observing a positive Seebeck coefficient for amine—Au linked
junctions and a negative Seebeck coefficient for pyridine—Au linked MJs, as an indication

of the different transport mechanism for amine-Au MJs and pyridine-Au MJs.

An STM break junction approach was also used to prove the Landauer formalism. Kim
et al. [240] conducted a study on the dependence of the thermopower in a Au-BDT-Au
STM junction at a range of temperatures (100K-300K). The Seebeck value for the junc-
tion was found to be linearly dependent on the temperature as expected from the theory.
In contrast, they found no temperature dependency from the electrical conductance G
of the junction across the range of temperatures applied between the two electrodes.

In 2010, Tan et al. [237] used a CAFM setup to measure the thermal voltage of molecular
films. An Au-coated AFM probe kept at room temperature, was placed in contact with a
heated Au substrate covered with a monolayer of 1”-terphenyl 1-4-thiol (TPT) molecules,
keeping the cantilever deflection at a constant value using the feedback control. A See-
beck coefficient of the film of 16.9 + 1.4pV K~! was measured when a AT = 12K was

applied between the cantilever and the substrate.

Further investigation of the usage of the thermopower measurement in order to infer
information about the transport mode has been reported previously [241]. In this work,
the thermal power of a series of single molecular junctions was measured using a STM-BJ
and fitting the thermovoltage vs the substrate temperature. The results were in good
agreement with the ones found by Widasky et al. [I189], confirming that thermopower
provides useful information about the molecular energy level alignment, helping to un-
derstand the charge transport mechanism. In addition, they found a strict dependency
of the thermal power with the transition voltage of the single molecules, which results
consistent with the prediction of the tunneling-based theory within the framework of the

Landauer formula.

With a similar setup Fvangeli et al. measured simultaneously the thermo power and the
electrical conductance of a single and two stacked Cg, junction [37]. They found that
the thermopower of the Cg, dimer is almost twice that of a single Cg, junction, giving

a relatively high Seebeck coefficient of ~ 33pV K~! (ﬁg.
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Figure 4.1: (a) Conductance at 100 mV and thermal power, simultaneously acquired at AT =
25K. The grey area shows the z tip—sample displacement where the Au—Cgy—Au junction is
created; (b) Theoretical values conductance and thermal power as function of the distance for a
single Cy; (c) Calculated figure of merit ZT for a single Cg; (d) Conductance at 100 mV and
thermal power measured during the formation of the Cg, dimer (grey area) at AT = 12K; (e)
Theoretical values for conductance and thermal power as function of distance for the dimer; (f)
Calculated figure of merit ZT for the dimer. Images from [37].

The computational calculations performed in this work suggested that the thermopower
and ZT increased with the number of Cg, units in the molecular chain due to the inter-
molecular coupling between identical molecules, suggesting that it may be possible to
improve thermoelectric properties by manipulating Cg, junctions. In fact, this strategy
differs from the various intramolecular approaches to tuning S, which include varying
the chemical composition [242], increasing the single-molecule lengths within a family of
molecules [243] and systematically varying the conformation of molecules [244]. Their
calculations revealed that both the conductance and thermopower was weakly dependent
on the orientation of the molecule but sensitive to the intermolecular coupling and the
positions of the frontier orbitals relative to the Fermi level, all of which fluctuate as the

electrode separation was increased.

The linear dependence of the thermal power from the length of the molecules (e.g.
carbon bonds or phenyl rings) has been largely studied theoretically and experimentally.
In this direction, Pauly et al. [245] in 2008 reported a theoretical study in which a
linear increase of the thermal power and an exponential decrease in the conductance
by increasing the aromatic group in dithiolated oligophenylenes (OPE) were observed
when a difference of temeperature between the two electrodes was applied. Malen et al.
reported a linear decrease in Au-alkanedithiols-Au junctions [246]. The opposite trend

found in alkanedithiols was explained to be caused by gold—sulphur metal contacts gap

states that reside between the HOMO and LUMO of the alkanedithiols, as reported
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already in literature by different works [247H249]. In contrast to alkanedithiols, for
Au-—phenylenediamine—Au and Au—phenylenedithiol-Au aromatic junctions, the thermal
power was found to increase linearly with the numbers of aromatic rings[41], 243, 246].
Similar results were found for trimethylstannylmethyl terminated polyphenyls with 1 to
4 phenyl rings [250]. Furthermore, a very little length dependence was observed for the
thermopower of trimethylstannyl-terminated alkanes junctions with N= 6, 8, and 10,

similar to the trend reported for alky-chain junctions [248] 251].

The effect of the length was also studied in SAMs of aromatic molecules with dif-
ferent numbers of aromatic rings and terminal groups [252]. Using a modified CAFM
setup and computational analysis a positive Seebeck coefficient exhibiting a linear in-
crease with the thickness of the film was reported. In addition, the effect of the different
anchor groups of the SAMs on the thermopower was deeply studied, evidencing a strict
relationship between the the thermoelectric properties of the junction and the terminal
group of the molecules. In contrast with the values obtained for thiol-terminated SAMs,
(-CN) cyanide-terminated SAMs showed negative Seebeck values. With computational
studies, the authors demonstrated that this change was to be attributed to transport
being dominated by the LUMO based channel in the isocyanide junction, showing the
possibility of tuning the thermoelectric properties of molecular junctions via contact

chemistry and molecular structure.

The importance and influence of the endgroup of the bridging molecules on the
charge transport, the coupling with the electrodes and the thermoelectric properties has
been reported in literature [253H255]. Thiol- and dithiol-terminated molecules together
with amine-terminated molecules has been the most studied endgroup so far [I70]. See-
beck values of thiol-terminated aromatic molecular junctions displayed a positive ther-
malpower [35] 246] whereas measurements on isocyanide-terminated SAMs showed an
opposite trend, exhibiting a negative Seebeck [252]. In 2013 Balachndran et al. realised
a fundamental theoretical study on the effect of the endgroups on the thermopower of
molecular wires. They investigated isocyanide, nitrile, amine, thiol and carboxylic end-
groups which interface a triphenyl molecule to the Au electrode. They found a downward
shift of the Fermi energy towards the HOMO level for amine-, nitrile- and isocyanide-
terminated due to the charge transfer out of the molecule upon coupling with the top

electrodes. In contrast thiol- and hydroxyl- terminated molecules present a Fermi level
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closer to the LUMO level due to the charge transfer from the electrodes to the molecule.
Cgp terminated MJ has also been studied from Bilan et al.. In their theoretical study
they compared amine-terminated molecules with thiol-terminated and Fullerene Cg, an-
chored molecules (Cgy Dummbells)[257]. The thermopower of Cg, terminated phenyl
MJs was found to be negative and strongly dependent on the contact geometry. Com-
pared to the results with those obtained with thiol and amine endgroups the conductance
of Cgy—terminated molecules is rather sensitive to the binding geometry. Moreover, the
conductance of the molecules is typically suppressed by the presence of Cg,, making the
junctions more sensitive to the functionalisation of the molecular core with appropriate

side groups.

The chemical structure of the molecular bridge can be tuned to minimise the phonon
transport, enhance the electrical conductance through electron-withdrawing/donating
sides groups and therefore enhance the thermoelectric properties of the junction. Baheti
et al. probed the thermoelectricity of BDT with different electron-withdrawing/donating
groups and different endgroups using a STM-BJ technique [242]. Studying the role of
the substituent they suggested that the presence of electron—withdrawing groups like
fluorine and chlorine shift the energy levels of the BDT MJ downwards, while the pres-
ence of methyl electron-donating groups shifted the molecular levels upwards, leading to
an increase of the thermopower. .

Since BDT is HOMO dominated, the shift of the energetic levels up (or down) with re-
spect to the frontier orbitals caused by the presence of the electron-withdrawing/donating
groups, will shift the transmission function towards (or against) the Fermi level E;. This
means moving to a higher or smaller slope of the alignment of the transmission function
and thus the possibility to tailor the thermopower of molecular junctions with chemical

”dopants”.

The influence of chemical doping on the conductance and thermoelectric properties has
been largely studied in metallo-phthalocyanine and porphyrins [34, 258] 259]. Xing et
al. measured the Seebeck coefficient and the power factor of a thin film of Copper-
Phthalocyanine (CuPc) doped with hexacyano-trimethylene-cyclopropane (CN6-CP),
which is a strong electron acceptor. The molecular films were thermally evaporated
with different doping ratios and different film geometry. Under optimised conditions,

they reported a conductivity of 0.76 Scm™! and a Seebeck coefficient of 130 mV K1,



CHAPTER 4. RESEARCH BACKGROUND 63

giving a power factor of 1.3 mW m~!K~2. The possibility of tuning the thermoelectric
properties by chemical doping was studied by Al-Galiby et al. in which they studied the
effect of chlorine molecules attached on the metallic core of metalloporphyrins. Through
computational methods, they showed how it is possible to tailor the Seebeck coefficient
of metalloporphyrins molecular junctions due to the oxidation/reduction of the metallic

core of the molecule [34].

The role of the chemical and molecular conformations on the electric and thermoelec-
tric properties was investigated in different studies [260-262]. Lee et al. in 2015 studied
the thermoelectic properties of fullerene-based molecules Cgy with encapsulated metallic
atoms (Gd@QCg,, Ce@Cyg,) using a STM-BJ [263]. For the three fullerene derivatives a
negative thermopower was found. The values of electrical conductance were found to
be the same for all three molecules, however the thermopower showed an increase when
metal atoms were encapsulated in the fullerene cages. In particular, the power factor
052 obtained for GdQCyg, junctions was the highest value obtained for a single-molecule
device, with —31.6pV K1, compared with 22.71V K~! for Cg,. Through computational
analysis, they conclude that although the encapsulated metal atom does not actively
contribute to the transport, the enhancement of the thermoelectric properties for the
two junctions is due to the substantial changes in the electronic and geometrical struc-
ture of the fullerene molecule induced by the encapsulated metal atom.

This mechanical deformation of the molecular structure in a junction is another approach
for optimising the thermoelectric properties of a junction. This effect, for example, was
tested in aromatic molecules, demonstrating how the angle between the different phenyl
rings could vary the conductance up to 30 times [261].

Rincon-Garcia et al. studied the thermoelectric proeprties of an endohedral fullerene
ScsNQCyg, contacted with a STM [264]. In their work they reported that the magni-
tude and the sign of the Seebeck coefficient depends strongly on the orientation of the
molecule and on the deformation of the fullerene cage. In further computational analysis
they discovered the presence of a sharp resonance close to the Fermi energy Ey due to
the ScsN molecule, revealing the possibility of ”bi-thermoelectric” materials, exhibiting

both negative and positive thermal power for ScsN.
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4.2.1 Influence of electrode material

Electrode engineering is essential for the optimisation of the thermoelectric properties
of molecular wires. Although Au is surely the prototypical material for electrodes in
molecular junctions, thanks to its easy fabrication in thin films form and because it does
not go under oxidation at the typical measurement temperature, the possibility to use
other metals instead has been studied [31], 245, [265H267]. The actual advantage in using
one metal as an electrode rather than others lies in the opportunity to shift the energy
levels of the molecular junctions, trying to bring the Fermi energy E; closer to the molec-
ular orbitals that dominate the charge transport as possible [268] 269]. Investigation of
the top electrode material (Pt, Au, Ag) has been studied in fullerene molecules (Cyg,
PCBM, and Cs;) in a STM-BJ [270]. The authors proved that the Seebeck coefficient of
MJs could be tuned by varying one or both the electrodes. In particular, for Fullerene
Cgo they found that the thermal power was suppressed when Pt was used instead of
Au (Spu_pt = —8.94 2.2 pVK™!) compared with Sa,_ 4, = —145£1.2 ptVK™! ; in
contrast the Seebeck was found doubled when Au was replaced with Ag with a value of

—29.6+3.4 pVK~L.

Lee et al. in 2014 studied the effect of Ni and Au in BDT and Cg using an STM-BJ [271].
Thermoelectric measurement in fullerene showed a negative thermopower for both the
two metallic electrodes, while interestingly, BDT MJs exhibited positive thermal power
when the BDT was contacted by Au and negative thermal power with Ni electrodes.
This effect was studied through computational analysis, revealing that the switch of the
Seebeck’s sign arises from the spin-split generated in the energy levels when BDT cou-
ples with Ni electrodes.

The role of top electrode was also studied in CAFM junctions of 3, 4, 9, 10-perylene
tetracarboxylic dianhydride (PTCDA) thin film, investigating different metallic coated
AFM tips [272].

4.2.2 Three-terminal devices

As seen, to improve the thermoelectric properties in MJs, a key strategy is to engi-
neer the transmission function of the junction such that the slope and magnitude of
the transmission function at E; are maximised. Most thermoelectric measurements of

MJs have relied on two-terminal measurements, which give limited control of the junc-
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tion’s electronic structure. For this reason three-terminal devices, capable of tuning the
electronic structure in molecular junctions, have also been studied [238, 258 273-278)].
Three-terminal devices are often created by electromigration, electroburning, mechani-
cally controlled BJ or e-beam lithography of the electrode (usually Au/Pt) as described
in the previous section. The nanometric sized broken portions of the electrode create two
terminals (source S and drain D), while a Si back gate serves as a gate electrode. The
molecules are deposited into the nanoscale gap by exposing the electrodes to molecules
in a solution.

Thermoelectric measurements on three-terminal devices compared to electric transport
measurements on gated devices is a relatively new area. The biggest challenge and prob-
ably the main studied topic, in this case, consists of optimising the geometry and the
characteristics of the electrodes and establishing a temperature gradient between the

two electrodes (S and D) separated by a nanogap [239, 279| 280].

Kim et al. created novel three-terminal devices based on electric-burned junction (EBJ)
and integrated an electric heater into one electrode (S or D) [240]. Using this strat-
egy suggested by the finite-element analysis, the researchers established a temperature
difference due to the heat’s dissipation in one of the two electrodes across the MJs
and electrostatically gating their electronic structure. With such a device, the thermal
power of Au-biphenyldithiol (BPDT)-Au and Au-Cgy—Au junctions was probed, reveal-
ing that the local back gate can widely tune and improve the thermoelectric properties,
effectively moving the dominant transport orbital closer to EFr. For both Au-BPDT-Au
and Au-Cgy—Au junctions, the thermoelectric properties were found to be tunable when
a gate voltage was applied, and interestingly they showed how the Cg, thermal power
can be tuned over a large range from —10 to —50pV K~!. This work demonstrated for
the first time the feasibility of improving thermoelectric properties by tuning the elec-

tronic structure of MJs.

Such a level of control of the electronic structure was obtained in 2006 by Gehring
et al. They studied the thermoelectric properties of Cg, employing an electroburned
graphene nanogap with a Au microheater underneath one of the electrode [57]. In
their work, the researcher found several advantages in using graphene electrodes over
conventional Au electrodes, observing a reduced screening of the gate electric field and

allowing better control of the alignment of the dominant transport orbitals by hundreds
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mV. They found that the power factor S%o of Gr-Cg)-Gr could be tuned over several
order of magnitude. This study gave one of the first deep sights in the coupling of the
molecule with the electrodes as well as the temperature distribution across the junction,
highlighting the importance of level alignment and coupling with the electrodes to obtain

an optimised thermoelectric conversion in three-terminal molecular devices.
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4.3 Quantum interference effect in molecular electronics

Recently the idea of exploiting room-temperature quantum interference effect (QI) at
the single-molecule level to enhance molecular conductance and thermoelectric properties
has been discussed and investigated both theoretically [34, 244, 281-284] and experimen-
tally [242, 270), 285H292]. Thermal power is an intrinsic property of the molecule, and in
principle, it should be possible to design molecules with built-in QI functionality and
demonstrate that fundamental manifestations of QI can be manipulated and exploited

in many-molecule ultra-thin films.

To give a brief overview of the QI effect in molecular junction, the electron wave
character must be taken into account when we describe the process of coherent trans-
port across a molecular junction, represented by the transmission function T'(E). For
instance, the conductance properties of mesoscopic ring structures at low temperatures
are dominated by quantum interference. Depending on how the partial waves through
the branches of the ring add up destructively (constructively), a suppression (enhance-

ment) of the conductance can be observed [290].

Figure 4.2: Example of different electron path in a phenyl ring with 6 7 electrons with one
electron per orbital and imaginary 1-dimensional lead attached in ¢ = 1 (fixed) and the second
lead to a different atom in j = 4 (para or j = 3 (meta). Depending on the second electrodes’
position, the electrons waves will interfere with each other constructively or destructively in
analogy to a Mach-Zehnder interferometer.

For conjugated molecular junctions, as shown in figlf.2] a similar effect is also expected
[293H295]. Interference in a molecule has to be described in terms of electron propa-
gation via paths of orbitals, differing not only in space but also in energy. Referring
to the phenyl ring in fig/d.2] it is easy to understand that, depending on the position
of the lead anchor group on the atom of the ring, the path of the electrons (in a wave
picture) from a lead to another can interfere constructively or destructively, depending
on their position in the molecule. Since the properties of molecular orbitals can also
be manipulated by chemical design, electrostatic gate and mechanical gate, quantum

interference could provide great control over the conductance of molecular devices at the
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wave function level [283].

Experimental proof of the enhancement of Seebeck by room-temperature QI in single
molecular junction and molecular assembly was obtained only recently [296) 297].

As seen, it has been largely demonstrated experimentally that at a molecular scale,
thermal power can be controlled by varying the chemical composition [34), 242], tuning
the position of intra-molecular energy levels relative to the work function of metallic
electrodes [270], systematically increasing the single-molecule lengths and varying the
binding groups within a family of molecules [245] 250], by tuning the interaction be-
tween two neighbouring molecules [37], and by controlling the transport properties with
an electrostatic [I55] or electrochemical gate [32]. These experiments yielded room-

temperature values of S ranging from ca. 1 to 50 pV K~1.

One of the first, very comprehensive proof of QI effect was given by Miao et al. [297].
Their work demonstrates the possibility of varying the thermal power by modifying the
molecular configuration of OPE3 molecules. Specifically, they investigated the conduc-
tance and Seebeck values for OPE3 when switches between para- and meta- connections
of both thiol anchor groups to gold electrodes.

Using a STM-BJ and a CAFM they distinguished two different values of thermopower
for para-OPE3 and meta-OPE3, which Ab-initio calculations attributed to quantum
interference effect due to the different shapes of the transmission function of the two
molecules. The sharp feature in the transmission function of meta-OPE3 gives rise to a

larger S of 20.9 & 1.54 pV K~! compared with 10.8 £ 9.5 pVK~!.

In another recent work, Wang et al. demonstrate that the signature of construc-
tive QI can be translated into SAM-on-gold molecular films [296]. Employing a CAFM
technique, the researcher showed that the conductance of vertical molecular junctions
formed from 4 anthracene-based molecules with different connectivities varied by a fac-
tor of about & 15, in agreement with computational analysis of the different junctions.
In addition, they demonstrated an improvement of the Seebeck coefficient of 50%, com-

bining the role of QI with appropriate anchor group as shown in figl4.3
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Figure 4.3: Thermal voltage average values vs. AT (T, — T},) for the set of anthracene-based
molecules 1-4(shown on the left) with different anchor groups. Images from [296].
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Chapter 5

Materials and Methods

This chapter will discuss the realisation of ultra-thin molecular layers through Langmuir-
Blodgett deposition and self-assembly in solution. In particular, the study of Cg,
Langmuir-Blodgett films due to Cgy’s importance in the field of molecular-scale ther-
moelectricity [32, B7, 270]. To confirm the presence of transferred molecular layers on
the surface of different substrates, optical spectroscopies and scanning probe techniques
were employed.

As discussed in Section the use of scanning probe techniques in molecular elec-
tronics has largely been explored, resulting in a powerful tool to characterise electric
and thermal transport as well as thermoelectric properties. However, the development
of non-destructive techniques based on conductive probe AFM (CAFM) is needed to
measure and quantify thermal power and electrical conductance of the molecular thin
film without damaging the sample surface.

One of the main aims of this work was developing an AFM based conductance and
thermopower mapping technique based on the intermittent contact of the probe and
sample, thereby reducing the damage to the molecular thin film, which typically occurs
during scanning. As will be shown, one of the significant advances of this technique is
the simultaneous acquisition of electric or thermoelectric signal and the nanomechanical
properties of the probe-samples interaction. In addition, the development, realisation,
and deployment of graphene coated AFM probes for thermoelectric measurements rep-
resent a breakthrough in the field. Indeed, in analogy with the most recent 2 and 3
terminal graphene based devices [57), [161], 235] 236], the possibility to employ graphene
coated probes opens new opportunity to extend the knowledge of the electrode’s mate-

rial influence on the thermoelectric properties of molecular thin films (Chapter [4]).

71
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Classically, the assembly of molecules into well-defined nanoscale structures or molec-
ularly well-ordered thin-films can be carried out by several different techniques, including

self-assembly, casting and spin-coating, and layer by layer procedures.

5.1 Langmuir-blodgett ultra-thin film of Cg4, and Zn-TPP

In the context of this thesis, the study of molecular systems such as fullerenes and Zn-
TPP ultra-thin films made by LB are presented for thermoelectric applications. The
choice of these molecules is mainly due to their electrons orbital characteristic, tunable
electronics properties and semiconductor behaviour.

As already mentioned, LB deposition was initially developed to prepare monomolecular
layers of amphiphilic molecules (Sec. However, the insolubility of some molecules
in water, such as Cg, or Zn-TPP, due to their strong hydrophobic character, still allows
the preparation of LB films at the air-water interface. It has also been shown that other,
roughly spherical hydrophobic molecules can be compressed to rigid films using the LB
method [298].

All results presented were obtained using a Biolin scientific model KSV NIMA 2003
trough, with a maximum area of 841 cm? and minimum area of 29 cm?, when the hy-
drophilic barriers are totally closed. The trough has hydrophobic edges, and when in
use, the trough was slightly overfilled with ultra-pure deionised water (18.2 MQcm ™! at
25°C using Millipore Direct-Q 3 UV system) so that the two hydrophilic barriers could
constrict the molecules on the water surface. The speed of the barriers was variable from
0.5 to 270 mm/ min, and thus the rate of compression of the film could be automatically
regulated by the control software allowing proper control on the molecular film growth

dynamic.

During compression of the molecular film floating on the water, the surface pressure
was monitored using a Wilhelmy plate, measuring the difference in surface tension be-
tween the pure water subphase and the film surface. In particular, a paper (Whatman
Grade 1 filter paper) Wilhelmy plate (2 x 1 cm) was saturated with water for 30 min-
utes and hung through the water surface. The plate and water surface were necessarily
aligned to be perpendicular, as shown in ﬁg The surface pressure (II) evolution
during the compression as a function of the available area per molecule for stearic acid

is shown as an example in fig[5.2] indicating molecular layer density and its particular



CHAPTER 5. MATERIALS AND METHODS 73

Figure 5.1: KSV NIMA LB 2003 large trough employed for the molecular layer formation and
deposition. On the right the LB core controller is shown. Image from [105].

phase (discussed in Section [3.1.2)).
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Figure 5.2: Example of LB isotherm for 200uL of stearic acid solution in one cycle of
compression-expansion of the LB barrier. The isotherm shows different phase transition points
which are highlighted by the blue circles. In support of the LB isotherm, the Brewster angle
microscopies at the phase-transition point are also reported here.

From fig5.2] it is possible to observe 3 phases transition in the LB isotherm, indicated
with A (gas phase), B (liquid phase) and C (solid-like phase), and underlying the evo-
lution of the different packing of the floating molecules during the compression of the
barriers.

Complementary to surface pressure monitoring, and as shows in fig[5.2} the layer forma-
tion in LB was observed in real-time with Brewster angle microscopy (BAM) supplied

by KSV NIMA, which used a laser light source and a microscope to image the water
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surface. Both the microscope and the polarised light source were aimed at the water
surface, with the light oriented at the water Brewster’s angle (~ 53° for the air-water
interface) so that there were no reflections when it shone on a pure water surface [299-
B01]. When the microscope and light source were incident on a region with a molecular
cluster, reflections did occur. The pixel resolution of the BAM was 5.6 pm, meaning
that several thousand agglomerated molecules represent each captured pixel. As such,
the BAM could not identify individual molecules but was used to study and optimise
the density of large areas of the surface and characterise phase transition points in a
Langmuir-Blodgett isotherm giving valuable information on the formation dynamics of

the monolayer.

Reflection

/ Film

1 X ]

\

Air, n, a=53° No reflection @=53°

LB Barriers

‘Water, n,
Molecular Film

Figure 5.3: Scheme of the BAM used to monitor the molecular film floating on the subphase
of LB trough. On the right the working principle of Brewster angle microscopy is shown for
air-water interface.

In the early phase of this work molecules in solutions were dispersed onto the water
subphase with conventional microlitre syringe spreading which in the best case scenario,
spreads relatively large, millimetre diameter droplets [302]. These are large enough to
create considerable surface undulations, leading to the loss of molecules inside the sub-
phase [303, [304].

Each time a drop of solution was added, waves spread radially from the point where
the drops touched the water surface. Through the BAM it was possible to observe the
molecular clusters on the surface moving violently from side to side, colliding with other
clusters. To overcome this issue and minimise the loss of molecules into the subphase, a
deep study of the effect of different spreading methodology was performed.

In addition to the conventional syringe spreading, automatic dropler (KSV NIMA stan-

dard micro dropler) and electrospray ionisation (ESI) were tested and compared in order
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to establish the best method for the molecular layer formation.

5.1.1 ESI spreading and Langmuir-Blodgett deposition

Electrospray ionisation spreading of a solution is an electric field driven technique. In
this work, a homemade ESI system was realised, employing a high DC voltage generator
(0.1 to 5 kV) to supply the large potential difference between the end of the syringe tip
and a copper plate placed under the water subphase (figure . The potential formed
an aerosol from the solution with a micron scale droplet size which was many orders of

magnitude smaller than using conventional syringe spreading [305, 306].
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Figure 5.4: (a) ESI syringe and holder; (b) Homemade ESI setup with syringe and holder in a
clamp. A digital USB endoscope was positioned at the very end of the syringe needle to monitor
the solution aerosol. The copper plate was connected with the ground and placed under the
water subphase during spreading and film formation; (c) Solution and subphase mixing during
conventional syringe spreading; (d) Representation of ESI-spread droplets, showing the minimises
mixing due to surface waving. (¢, d) modified from [302].

During these experiments, for all but a few initial test isotherms, ESI spreading was
the only way that the solution was spread on the water surface. The homemade ESI
system setup consists of a plastic syringe (HSW 5ml Norm-Ject) secured in a plastic
holder. The yellow syringe tip needles shown in figure [5.4la and [5.4]b were 32 Gauge
Precision tips manufactured by Adhesive Dispensing Ltd. Silver electrodag conductive
coating was applied to the syringe all along its length, joining it electrically to the needle.
This was required to connect the needle to the power supply using a screw fixed inside
the plastic holder and acting as a locker for the plastic holder’s syringe.

During experiments, a 5 x 5 cm? copper plate was grounded and placed under the water
subphase avoiding any contact with the barrier.
The needle thickness was chosen carefully to avoid large droplet formation during the

application of the electric field and so that the solution would only spread when a consid-
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erable potential (~ 1 to 5 kV) was applied between the end of the needle and grounding
plate.

The nature of the solvent, polar or non-polar, is central to whether the electrospray
ionisation will occur or not.

Toluene, one of the most widely used solvents in molecular electronics, for example, is
a weakly polar solvent, making it unsuitable for ESI spreading in its pure form due to
its low coefficient of spreading (6.8mNm~') [43]. In contrast, water, ethanol and other
highly polar solvents enable a high ESI rate at relatively low voltages. The magnitude
and sign of the spreading coefficient determine the outcome of a droplet on the water
surface. Positive coefficients usually mean spontaneous spreading, not dewetting when
the drops get in contact with the water. In contrast, dewetting occurs for solvents with
a negative spreading coefficient and inducing the solution to form droplets on the water
surface and increases the probability of aggregation.

Some literature strategies suggested that the mixing of solvents in the solution (e.g.
ethanol or methanol) could increase the spreading coefficient and, more importantly,
make the solution more suitable for ESI than a single solvent solution.

For example, in this work, the addition of a small amount of methanol or ethanol in a
ratio of 1:5 to the existing solutions in toluene resulted in spread repeatability, without
flow variation over a long time (=~ 1 hour). These efforts were moderately successful,
ensuring a reproducible protocol for the spread rate of the solution on the subphase of

an LB trough, as shown in the following figure.

During the experiments, the spread rate was controlled by a combination of the needle
dimensions and polarity of the solution. Once both these parameters were optimised
and fixed, the main factor which regulated the flow rate was the applied potential from
the power supply, as shown in figure As is possible to observe in the figure, a greater
potential led to an increased flow rate. Furthermore, during the spreading of the solu-
tion, several different spray regimes were observed based on the DC voltage applied, e.g.
figl5.5] A potential of between 2.5 and 3 kV was typically applied, leading to a steady,
single-jet spray which spread into a finer cone after some distance (ﬁga). At higher
potentials, the spray was much less stable, oscillating between the larger cone modes.
A UV light was used to highlight the solution’s aerosol when it was particularly difficult
to see on the microscope.

Spreading a solution of 0.5 ml, within the range (c) and (d) shown in figure took
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(a)

Figure 5.5: Electrospray ionisation (ESI) spray regimes for ethanol based stearic acid solution
observed using a USB endoscope as a function of the different DC voltages applied between the
needle and the copper plate. The needle is left-centre on each image. Single-jet mode (a-b),
spreading cone (c-d) and multi-jet spray (e-f).

approximately 30 minutes. Similar trends for spray rates were observed in other studies
[302] but with no specific efforts to determine spray rate.

Once optimised, ESI became the primary choice for solution spreading for the LB film
formation. As shown in the next chapter, the reduced drop size due to ESI limited the
likelihood of Cg, molecules being lost to the aqueous subphase. Furthermore, repeatable
spreading conditions and vastly lower surface ripples made ESI a preferable choice for
Cgo LB film spreading compared to conventional syringe spreading methods. In par-
ticular, it is possible to observe from fig/5.6] the differences among the three principle
spreading methods (micro-syringe, automatic dropler and ESI). The different shapes
of the resultant LB isotherms, reflecting the different agglomeration dynamics of the
molecules during the compression due to different initial state created from the different
spreading techniques.

Figure [5.6] displays a surface pressure-mean molecular area (MMA) isotherm of Cg, solu-
tion for the three different spreading methods, showing a substantial difference between

the conventional micro syringe spreading and the other two methods.
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Figure 5.6: Comparison among three isotherm for a Cg, solution in toluene obtained with the
different spreading methods.

It is easy to note that conventional syringe presents a longer liquid phase during the com-
pression and higher limiting area per molecule, extrapolated from the solid-like phase
at II = 0, compared to ESI or automatic micro-dropler. The reason for this particular
difference in the liquid-like phase can be explained considering the reduced aggregation
of molecules during the gas phase, which can be interpreted as a smaller liquid-like phase

during the compression of the molecules, as shown in fig5.6]

5.2 Template Stripped Gold (Au) preparation

SAMs and LB films reported here were grown on ultra-flat Au substrates prepared by
modifying the template stripped (TS) protocol of Whitesides and Pinkhassik [307, 308].
In this work, a Si wafer (5 inches diameter) was cleaned in an ultra-sonication bath with
acetone, methanol and isopropanol in series and processed with oxygen plasma for 5
minutes.

Once cleaned, a layer of 200 nm of evaporated Au (99.8%) was thermally grown onto
the Si wafer surface. Subsequently, another carrier substrate (usually Si) was cut by a
diamond tip scrubber in rectangles of 0.5 x 1 cm and glued onto the evaporated Au layer
with Epotek 353nd epoxy adhesive to form Si/Glue/Au/Si sandwich structure. After 40

minutes curing at 150 °C, the ultra-flat T'S gold was obtained by eliminating the bottom
Si as displayed in fig[5.7}



CHAPTER 5. MATERIALS AND METHODS 79

$ 8 8§  Filmdeposition ya
e .
E—== = Cleavage of bottom Si Carrying Substrate

'\ attach

. Si Au . Epoxy

Figure 5.7: Au Template-stripping method for fabrication of atomically smooth gold surfaces.
The two small insert represent the surface roughness of the Au film as-dept and after the me-
chanical cleavage of the bottom substrate.

The prepared Au was then scanned by AFM in 3-5 random spots as a quality test. Fig-
ure [5.8] shows one example of roughness and quality test for a set of prepared TS Au in

a single terrace.
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Figure 5.8: (a) Topography of ultra-flat Au obtained by template stripped method (scan area
500nm?; (b) Average roughness calculated in the bottom right Au terrace of (a).

As is possible to observe in fig[5.8b] the average roughness of the Au terrace highlighted
in fig[5.8a] was calculated to be between 60 and 80 pm, and was never observed to be

above 0.1 nm.
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5.3 Quartz Crystal Microbalance (QCM) for SAMs char-

acterisation

Quartz crystal microbalance (QCM) (a high sensitive mass measuring technique) was
employed to monitor the quality of the SAMs.

In this work, the SAMs growth was monitored by a QCM system from OpenQCM Q-1,
equipped with frequency and dissipation monitoring, with a gold electrode (5mm diam-
eter, 10 MHz resonance frequency). The frequency of the crystal was measured before

and after SAM growth.
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Figure 5.9: Picture of the QCM system from OpenQCM Q-1 used in this work to monitor the
molecular SAMs growth. On the bottom, the working principle of QCM is illustrated. Images
from [309].

The difference between these two frequencies, as illustrated in fig. was proportional
to the mass (or the area) of the molecules grown on the Au electrode of the Crystal
through the Sauerbrey equation [310]:

A - MW
(k- Af-Aey-Na)

Aot = (5.1)

where A is the real electrode area, A, the area of the crystal, MW the molecular
weight, V4 the Avogadro number, Af is the frequency shift recorded before and after
the growth of the film, and k is given by the equation:

VI,
k= Y (5.2)
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In equation 1 represents the shear modulus of quartz, p the quartz density and fy is
the natural resonance frequency of the QCM crystal before the SAM growth. So using
eq[5.1] was possible to obtain the coverage area of the molecular film from the frequency
shift recorded.

New QCM crystals (5mm diameter, fo= 10 MHz) were cleaned with acetone, methanol
and isopropanol in series and cleaned with oxygen plasma. The crystal was then incu-
bated in a vacuum oven at 50°C for solvent evaporation. The resonance frequency of the
cleaned QCM was measured, and the relative occupancy area was calculated using the
equations above.

This technique was employed for all the SAM samples to estimate the growth process’s
success (different for each molecular species) and prior to the electric and thermoelectric

characterisation.

5.4 SPM setup and developing

A Bruker MultiMode 87 scanning probe microscope fitted to Nanoscope V controller
unit was employed for SPM topography characterisation of the molecular ultra-thin film
as well as their electrical and thermal transport and the thermoelectric properties. This
system is based on a stationary tip that is held firmly by a cantilever holder. During the
scan process, samples are moved beneath the tip using a piezo-actuator scanner tube. A
“J-Vertical” scanner tube (AS-130V) was used for this work, allowing up to 125 x 125
pm scan range and 5 pm of vertical range. As displayed in figure the scanner
tube movements in X, Y and Z directions are controlled by applying AC voltage on the
piezoelectric cylinder.

Samples were fixed to a metal disc by carbon tape or electrodag and then magnetically
attached to the top of the scanner tube. Figure [5.10] shows the actual system employed
for the characterisation.

Following fig. the system can be divided in three major building blocks: the SPM

head, the scanner tube and the base unit.

e The head, which is mounted on a stage allowing control of the X and Y position,
containing the laser source (A = 670 nm), the photodetector, an adjustable mirror

and a set of knobs for a fine focus the laser beam in the centre of the detector

(figure |5.10b));

e The scanner tube, which allows the motion in the Z direction through a motorised
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(a)

() R

Figure 5.10: (a) Picture of the used SPM AFM Multimode 8™in its three main compartments:
the AFM column including the head, the scanner tube and the base; (b) AFM head components:
670 nm laser source (1), mirror (2), cantilever (3), tilt mirror (4) and photodetector (5). The
piezo-actuator scanner tube is shown at the bottom of (b). Image adapted from [I34].

screw;

e The base unit, housing the microscope electronics and signal displays. A mode se-
lector switch located on the top of the base unit allows switching between different

SPM modes.

5.4.1 Contact Mode AFM

Contact mode is a quasi-static AFM operating mode where the probe is in direct con-
tact between the tip apex and the sample surface, and the force acting between tip and
sample is counterbalanced by the elastic force generated by the cantilever deflection.
In the context of this work, it was found that contact mode AFM did not give the
best results for scanning topography of molecular ultra-thin film due to the high friction
generated from the lateral deflection of the cantilever during the scanning operations.
However, contact mode AFM was employed in this thesis for "nano-scratching”. This
process consists in the creation of a window with a defined area on the surface of the
sample, sweeping away the molecules with the application of high set forces (F' = 15—40
nN) using a soft probe Multi-75-G Budget Sensor, with a spring constant of £ ~ 3 Nm~!
and resonant frequency of 75 kHz.

After scratching, the topography of the sample was again characterised using a less in-
vasive intermittent contact AFM like Peak-Force mode. Nano-scratching was also con-

ducted on a bare Au substrate under the same conditions to ensure no Au has scratched



CHAPTER 5. MATERIALS AND METHODS 83

away in the force range used. The height difference measured through the line profiles
of the AFM images between the scratched and un-scratched parts then indicates the
thickness of SAMs as shown in fig

(a)

Height (nm)

-5 ey r v v r r v
00 02 04 06 08 1.0 12 14
Lateral axis (jm)

Figure 5.11: Nano-scratching example in a SAM of dodecanethiol (C12S). The opened window
at the centre of the scan was obtained applying strong normal forces in a scan area of 500 nm?,
at high scan rate 2 Hz.

It is easy to observe from figure [5.11] that from this informal use of the AFM it is possible
to not only confirm the presence of the molecular layer, and thus the eventual success
of the growth process, but also obtain information on the uniformity, quality of the film
and especially its thickness, as highlighted in the profile plot of the scratched window on
the C12S SAMs (ﬁg. Nanoscratching was performed for all the molecular samples
before performing electric, thermal and thermoelectric measurements.

Also, prior to the actual measurements, the numbers of molecules contacted by the AFM
probe needed to be taken into account in order to compare the obtained results with
literature values for single molecular junctions. For this reason, the numbers of junctions
formed between the AFM probe and sample was estimated from the tip-sample contact

radius, using the Hertzian approximation [143]:

r:<F><R><11/>§ (5.3)

where r is the contact radius, F' the applied force from the probe, R the radius of the

1
probe and v is given by:

1 3 1—vi 1-0v3
1_3 4
Y 4X< B B (54)

In this equation, v o are the Poisson ratio of the materials, F1 and E3 are the Young’s

Modulus for the probe (~ 10!Pa) and the molecular layer.
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From equation [5.3| it was then possible to estimate the numbers of molecules simply by
dividing the calculated contact area by the cross-sectional area of the molecules under

investigation.

5.4.2 Conductive probe AFM CAFM

The conductive probe AFM (CAFM) employed for the electric and thermoelectric char-
acterisation of the molecular ultra-thin film is a modified contact mode AFM. The bot-
tom gold substrate of the molecular ultra-thin film was used as the source, and a soft
Pt/Cr coated probe Multi75E from Budget Sensors with a spring constant of k ~ 3
Nm~! and resonant frequency of 75kHz was used as a drain.

During the scanning of the sample and the point measurements, the force between probe
and molecule was controlled and kept at 2nN. At this force, the probe was able to pen-
etrate through the water layer on the sample surface but not so strong as to damage or

destroy the molecular thin film.

AFM
Controller

Figure 5.12: (a) Scheme of the employed CAFM system used to map the relative electrical
conductance and study the electric transport of the molecular films. DC/AC voltage was supplied
to the sample through a waveform generator. The current generated travels from the probe to
an I/V converter and is then fed to the AFM controller’s input channels; (b) picture of the
modified AFM probe holder employed for the electrical measurements of molecular ultra-thin
film. An electrical connection was made by drilling a little hole in the front of the probe holder
and connecting it with its internal integrated electronics.

As shown in the scheme in figf5.12al, the samples were fixed with electrodag onto a

homemade electric stage consisting of a thin conductive wire welded onto a magnetic
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disc with a connector at its end. An Agilent 33500B waveform generator supplied the
voltage on the sample, and the current flowing from the sample to the probe, housed
in a modified cantilever holder (ﬁg, was converted into voltage by a low noise
I/V converter FEMTO DLPCA-200 with variable sensitivity from 103 to 10'! V/A. The
converted electric signal from the drain and the input bias voltage were then fed into the
AFM controller inputs to produce new channels representing the map of the samples’
relative electrical conductance.

Operating in this way, it was then possible to acquire real-time topography and corre-

lated current channel of the scanned areas.

(a) Heigth (nm) (b) Current (nA)

45

X (um)

Figure 5.13: Example of electric map of a LB thin film of fullerene Cg, acquired with CAFM
with the simultaneous acquisition of topography (a) and current (b) maps.

The scan area of the two channels shown in figure [5.13| was acquired at constant bias
voltage Vpc=1 V at a constant force of 2nN. The current maps showed a good resolution
of the different areas of the scanned surface, which allowed the qualitative estimation
of the relative electrical conductance of the particular features of the sample surface.
However, this will not provide any further quantitative information on the electrical
conductance value or on the electric transport.

For this reason, in addition to the mapping mode, CAFM was also used for the so-called
”point measurements” to acquire I-V traces of the samples and obtain more information
on the electric transport.

In this modus operandi, once the contact was established, the probe was fixed in a single
point (0 nm?) and a triangular shape AC bias voltage was supplied between the source
and drain by the voltage generator (Agilent 33500B). The source to drain current was
then acquired by a current pre-amplifier FEMTO DLPCA-200. The two output channel

are displayed in fig5.14]
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Figure 5.14: (a) Source voltage channel in single point AFM measurements with the relative
AC bias voltage profile; (b) Pt probe drain current channel and current profile for CuTTP SAM
on TS Au.

The obtained 2D "maps” from the single point measurements and relative to the input
bias voltage and the current are shown in figl5.14] However, since the probe is fixed
in a single point without any motion, the maps need to be interpreted from a different
perspective.

The easiest way to do this is to imagine the scan process as a continuous acquisition of
I-V curves as a triangular wave of a certain amplitude sweeps forward and reverse. In

a more rigorous way, each scan line in the maps represent a single sweep of triangular

wave at a frequency f = 2Hz and its relative current (bottom fig}5.14ajand [5.14b)). With

this methodology, it is then possible to acquire multiple I-V traces of the molecular film,
ensuring statistical significance.In this work all the I-V traces and the electrical transport

characterisation were performed using the technique described above.

5.4.3 Scanning Thermal Microscopy SThM setup

The SThM system was built on a Bruker Multimode head and Nanoscope III controller,
as shown in fig[5.15] As explained in Chapter [3] the technique is based on contact mode
AFM where a resistive AFM probe is self-heated and map the relative differences in the

samples’ thermal conductance.

The main setup consisted of:

e A Peltier plate below the sample to control the sample temperature;
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Figure 5.15: (a) Photo of the Bruker Multimode IIIa used for SThM measurements. The red
arrows indicate the single section of the microscope; (b) Homemade Maxwell bridge used to
monitor the variation of the thermal resistance of the self-heated probe.

e A temperature sensor reading this Peltier plate temperature (Pt resistor or ther-

mistor) glued on the plate;
e A modified probe holder housing the resistive probe;

e A Maxwell bridge used to amplify and monitor the resistance variations of the

probe during the scanning operations b.

The Pd resistive probes used for this technique were manufactured by Kelvin Nanotech-
nology (KNT-1an).

The methodology employed for the probe heating was based on a combination of AC+DC
bias. Here, the thermal probe represented one part of a balanced Maxwell electric bridge,
with a 4 V¢ signal at 91 kHz frequency, provided by a precision wavefunction generator
(Keithley instruments 3390), and used for resistance variations measurements which are
then detected via a lock-in amplifier (Stanford research SR-830). The DC offset provides
probe Joule self-heating, noting that a sudden rise of current can burn out the very del-
icate thermal probe.

The probe’s electrical resistance was recorded as a function of applied voltage and tem-
perature. In this case, the bias voltage loaded on the probe could be considered fixed
since the actual changes in the thermal resistance of the probe were tiny, as experienced
during the measurements.

When balancing the Maxwell bridge, a small AC voltage of 0.1V}, was initially applied
on the probe to minimise the self-heating. During scanning operations, a 4V, was
then applied to the probe, ensuring a high signal, combined with the DC offset (usually
2 — 3Vpe for the KNT-1an resistive probes).

Once the contact with the sample was established, the SThM channel represents an
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electric signal (Voltage, V') which is strictly correlated with the resistance of the probe.
Intuitively, looking at figure the different contrast in the SThM maps is due to
the relative difference in the thermal conductance of the different sample area but, with
proper calibration, it is also possible to convert the SThM voltage maps into temperature

maps.
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Figure 5.16: SThM scan of LB film of H2-TPP.(a) Topography and (b) thermal channel, here
expressed in V before be converted in variation of thermal resistance of the AFM thermal probe.

For quantitative thermal transport analysis of the molecular ultra-thin film, the elec-
trical SThM signal in V', which is proportional to the resistance of the self-heated probe,
was recorded as the probe engaged and retracted from the sample surface in a fixed
point.

As described in Section [3:2.4] the SThM signal is directly proportional to the heater’s ex-
cess temperature with respect to the ambient temperature. When the probe approached
the surface and solid-solid contact was established, a sharp drop of voltage was observed
as a direct consequence of the increase of the heat transport through the R, channel of
fig. the thermal resistance at the interface between the probe and the surface of
the sample. During the retraction, the adhesion forces required an increased negative
force to snap from the contact. Hence the approach and retract curves do not follow the
same path, creating hysteresis. In the air, adhesion forces are higher mainly due to the
liquid meniscus [311], and the increased hysteresis in the air could be clearly observed
during approach and retracting of the probe during the force spectroscopy.

The voltage was recorded immediately prior to probe-sample contact V,,. then again in
contact V. as shown in figl5.17 From these two voltages, it was then possible extract
the SThM response dV/V where dV/V = ﬁf%

Once dV/V was collected for multiple points per sample, the values were converted
into thermal resistance/conductace, using a model developed by Spiece et al. [311]

based on the heat conduction through different channel (probe, heater, air, interface) as



CHAPTER 5. MATERIALS AND METHODS 89

k

0 200 400 600 800 1000 1200 1400 1600 1800
Z [nm]

Figure 5.17: Example of SThM force spectroscopy point measurement

displayed in fig[5.18] The heat produced from the heater @ at the position [ is exchanged
through the 3 channels shown in figure @ p through the cantilever resistance Rp,
Qair through the surrounding air resistance Rg;-, and Qg through the air gap resistance
R, and through the contact resistance R, [312]. Compared to the simple model used to
describe the dependency of the thermal resistance on the temperature and the thermal
conductance of the samples (Eq, the thermal resistance in this thesis was obtained
using the multiparametric equation based on the above modellisation of the heat transfer,
keeping in account also the probe dimension, the heat capacity of each component of

the thermal resistances network and the air contribution.

2

lrJump to contact |

0 50 100 150

sample Tip-sample distance (um)
Ts

Figure 5.18: Scheme of the active components’ thermal resistance with the heater. In the insert
is shown the measured probe temperature as a function of tip-sample surface distance. Image
from [312].
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5.4.4 Thermoelectric force microscopy ThEFM

A large portion of this work was spent developing a reliable and reproducible method-
ology to measure the thermal power of molecular thin films and characterise their ther-
moelectric properties. Because of the necessity to measure the thermal voltage with
nanometric resolution, CAFM was chosen as the base technique to develop our system.
Among the other techniques, CAFM has been largely used as a tool for thermoelectric
characterisation of similar samples and ensures precise control of the applied normal
force with a resolution of few tens of nm, enabling the simultaneous measurement of
clusters of 10 ~ 10% molecules. However, CAFM measures the current flowing between
the source (Au substrate) and the drain (CAFM probe) when a bias voltage is applied in
the formed vertical junction. Here, however, what was needed was the thermal voltage,
stimulated by the Seebeck effect. Principle differences to CAFM are: the inclusion of a
heater to establish a temperature difference across the molecular junction and a voltage
pre-amplifier instead of the current pre-amplifier, usually employed in electric transport
characterisation.

The heater module shown in ﬁgurewas made starting from a Peltier heater (9x9mm,
2.9 W and manufactured by RS Components Ltd) where a copper plate was fixed with
epoxy thermal adhesive on the heated surface. The purpose of this layer was to contact
the Peltier heater with the common ground of the microscope. A layer of mica was
sandwiched between the copper foil in contact with the Peltier device surface, and a
thin copper plate used to contact the molecular thin film electrically. The mica, in this
case, acted as an electrical insulator and ensured a good transmission of the heat. The
samples were then fixed on the heater module with electrodag and, with the help of a

multimeter the electric contact was checked.

-

Figure 5.19: 3D representation of the heater module used for the thermoelectric measurements.
On the side view picture, the different sections of the device are shown.
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The Peltier device was driven by DC voltage using a wavefunction generator (Agilent
33500B) amplified using a 10X voltage amplifier. After calibration of the temperature on
the applied voltage on the heater, 4 different voltage setpoint were selected: -20V, 0V,
6V, 16V, which corresponded to T' = 18, 22, 25, 30°C respectively on the top surface. The
temperature of the sample during measurement was calibrated by a Cu-Ni thermocouple
on the bare gold before the molecule deposition, and the temperature of the probe was
calibrated using the SThM KNT probe (KNT-SThM-1lan, Windsor Scientific), which
has a similar radius of curvature (~ 50 nm) as the conductive probe, but has a 45 nm

thick palladium thermistor at the end of the probe for temperature sensing.
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Figure 5.20: (a)Temperature of a bare TS Au surface as a function of the voltage applied to
the heater module during different cycles of heating/cooling; (b) Temperature dependency of
KNT-1an probe resistance calculated during the calibration process; (c) Variation of thermal
resistance of KNT probe used to monitor the temperature of the probe during the junction

formation vs heating device voltage. (d) probe temperature vs sample temperature at 1 cycle of
heating/cooling.

The voltage difference between sample and probe due to the thermoelectric effect was
collected using a high-impedance differential pre-amplifier (SR 550, Stanford Research
Systems) at zero bias. The thermoelectric signal was then fed into a low-pass filter (SR
650 Stanford Research Systems) in order to cut off the 50 Hz electric noise, and the

filtered signal was acquired by the Nanoscope controller in real-time. Fig shows the

electric scheme of the setup.

During common scan operations, the thermal voltage was extracted using the 0 cur-
rent mode, where Vy, is directly measured and the Seebeck coefficient of the junction

will be given by S; = Sa, — AVin/AT. A thermally and electrically conductive probe
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Figure 5.21: Electric diagram of the ThEFM. Probe, sample and heater are connected to the
same ground and the thermovoltage is fed into a voltage amplifier and then into the AFM
controller.

(Pt coated probe, 50 nm curvature radius) isolated from probe holder was used both as
the top electrode and thermal sink during the measurements. The probe was engaged
applying a force set point of 2 nN for all the measurements.

In fig[5.22) are shown the two typical ThAFM channel acquired in real-time during the
scan. As for the CAFM measurements, the scans were performed in single point spec-
troscopy, in which the probe was fixed in a single point, and the four selected temper-
atures difference AT in the junction were established by applying DC voltage to the
heater device (figure . On the other channel, the filtered and amplified thermal
voltage signal was acquired per each correspondent temperature, as displayed in fig/5.22b]

(a)
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Figure 5.22: ThEFM channels recorded during the sweeping of the temperature difference AT :
(a) Voltage applied to the Peltier heater. The different voltages -2V, 0V, 0.6V, 1.6V corresponded
to AT = —2,2,5,7°C; (b) Differential thermal voltage at 0 current V;;. The different bands
correspond to the four different AT.

After multiple acquisitions in different point per sample, the XYZ data from the AFM
images were then extracted, and Z values of the thermoelectric channels were converted

into a matrix and used for the analysis.
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5.4.5 PF-CAFM

As seen in the previous section, CAFM represents a powerful tool to characterise the
electric and thermoelectric properties of molecular assembly. However, the high lateral
forces in contact mode AFM, in which CAFM is based, usually results in damage to the
fragile molecular layers. Indeed, what was noticed during the early stage measurements
and testing of the ThEFM, was the rapid degradation of the electric signal due to wearing
away of the Pt coating on the electric probe apex and, at the same time, damage to the
molecular layer itself after several scans (as shown in figure . This was attributed

to the strong friction and lateral forces always present when contact mode AFM is used.

Height Current for scan 1 Current for scan 3

Figure 5.23: Example of CAFM contact mode mapping drawback. The current intensity drops
significantly after several scan cycles due to the vanishing of the Pt coating layer of the electric
AFM probe caused by the strong lateral forces presents during the scan operations. Scale bar
200 nm.

To overcome these damaging interactions, a less invasive AFM mode is required.
Among the different intermittent contact AFM modes, two primary modes were consid-
ered: Tapping Mode AFM and Peak Force (PF) AFM. However, Tapping mode AFM
was discarded because its high-frequency oscillations (300 kHz) are not comparable with
the thermoelectric time scales, too fast to establish a reliable electrical and TE contact
with the molecular assembly.

PF mode, as already shown in Section is a high speed (0.5 — 4 kHz), small dis-
tance (20-150 nm) force spectroscopy based on the rapid collection of point by point
force curves. The peak interaction force of each force curve is used as the imaging feed-
back signal; this enables pN-levels of probe-sample interaction measured directly by the
deflection of the cantilever. In this way, thanks to the low normal force and effective
elimination of lateral forces during scanning make the PF-AFM mode especially suit-
able for our aim. In addition, PF-AFM mode typically offers better spatial resolution
than contact mode for mapping soft materials due to the inherently smaller contact area

between probe and sample at low forces and allows the simultaneous acquisition of the
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nanomechanical properties of the sample.

The first challenge was synchronising the current signal coming from the cantilever
with the PF tapping driving frequency. In this case, the PF z motion was fed into a
homemade signal access box that allowed the output of different signals from the Bruker
multimode VIII to be accessed and the possibility to fed different input signals back
to the microscope itself. The output signal extracted were used as sync to the lock-in
amplifier (Stanford research SR-830) for the CAFM current signal. The drain current
from the probe was the input of the lock-in, and the output was the CAFM signal

synchronised with the cantilever’s motion. The electric scheme of the developed setup

is shown in fig[5.24]

AFM break V4
box

ceccccccccce

> AFM -
Controller

Figure 5.24: Scheme of PF-AFM combined with CAFM.

In an analogous way to the contact mode CAFM, and as displayed in the figure
above, both applied bias voltage and current output from the lock-in were fed in the
AFM controller for real-time acquisition. To validate the methodology and confirm the
working principle, the CAFM electric signal and the deflection error of the cantilever

were checked using an oscilloscope in order to monitor the synchronisation of the two

signals (figure |5.25)).

As is possible observe in fig[5.25 thanks to the sync of the CAFM signal with the z
motion of the cantilever, the current will only appear during the contact between tip
and sample and not elsewhere.

The PF-CAFM approach was employed in the present work for all the electric maps of
the molecular ultra-thin film. At the same time, the conventional contact mode CAFM

was still used for all the electric transport characterisation of the samples through the
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Figure 5.25: Picture of the oscilloscope display, showing the effective working principle of the
realised set-up. The right figure shows a detail of a single cycle of approaching/retracting the
AFM tip’s deflection error in PF mode vs measured current of BPT SAMs, where the current
only appears when the contact tip-surface is established.

point measurements.Indeed, while PF-CAFM provides multiple advantages in terms of
mapping the electric and nanomechanical properties of the samples, this technique does
not allow a precise control of the normal forces but just the peak interaction force, as
can be seen in figure (right side) showing a dynamical force range during the time
interval in which probe and sample are in contact.

This issue is particularly problematic for the determination of the number of molecules
contacted by the probe during the interaction, as determined by eq[5.3] Figure [5.26
shows an example of current mapping using PF-CAFM and contact mode CAFM for a
SAM of biphenylthiol (BPT).

This example is quite crucial since it is possible to observe one of the biggest advantages
of using PF-CAFM, which consists of the simultaneous acquisition of multiphysics prop-
erties (here the electrical and nanomechanical properties of the molecular layers b
and c). Here, the nanomechanical properties are represented by the PF-AFM adhe-
sion channel, which provides more important information (probe-molecule interaction,
presence of solvent) than the topography alone.

Both the electrical conductance maps in fig[5.26lb and [5.26le, obtained with the two
methods, shows different features with the same resolution; however, as expected, the
IV heat maps of BPT from contact mode and peak force mode shown in fig[5.26]f, show
that the current intensity obtained from contact mode CAFM was typically 5 times
higher than the one obtained using the peak force mode due to the oscillation of the
sample-probe interaction time. For this reason, conventional mode CAFM was employed

for the characterisation of the electric transport in the molecular junction while the elec-
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Figure 5.26: (a-c) Topography (a), current (b) and adhesion map (¢) of BPT SAMs on Au
substrate by peak force mode CAFM; (d, e) Topography and current map of BPT SAMs acquired
using contact mode CAFM; (f) I-V traces of BPT SAM obtained from contact and peak force
mode.

tric mapping of the samples was performed with PF-CAFM.

5.4.6 PF-ThEFM

As the same strongly damaging effect arising from the lateral forces between probe and
samples will also be present during the thermoelectric measurements, the PF-CAFM
setup was further tested for its efficiency in performing thermal power measurements of
the molecular thin film samples. In fact, as can be seen in fig[5.27] during the CAFM
scanning for thermal power measurements, the thermal voltage signal rapidly degraded

in analogy with the current measurements described in the previous section.

Voltage to Peltier Seebeck Votlage f—

et

b
R, 4
Nty 28

Figure 5.27: Degradation of the thermoelectric signal channel after different cycles of heat-
ing/cooling of the heater device. On the right side a cartoon representing the effect of the lateral
forces on the molecular layer is shown.

Here the main challenge for measuring the thermal voltage in peak force 70 current”
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mode was mainly due to the timescales’ incompatibility; in this case, the rate of voltage
change was much slower than the peak force frequency. This difference makes triggering
the signal difficult with a lock-in amplifier. Therefore, non-0 current mode was used
in where the thermal current I, flowing in the molecular junction due to the Seebeck
effect, is monitored instead of the thermal voltage Vjy,.

Since, as has been shown, the current only appears in the time window the probe-sample
contact is formed, therefore the frequency of the current signal directly corresponds to
the peak-force frequency (Figure .

A Pt coated probe was also used in this case as the top electrode, and the sample tem-
perature was controlled by the heater device described above. A triangular wave with a
frequency of 2Hz and 2mV,, was applied constantly between tip and sample in order to
stimulate an electric current. A current pre-amplifier (SR 556, SRS) was used to amplify
the small current signal between sample and tip and then fed into the lock-in amplifier
(SR830, SRS). Also, in this case, the Z motion signal of the piezo in the microscope
was used as the reference signal for the lock-in amplifier and the modulated current at

different temperatures was returned to the microscope controller for the collection, as

shown in fig

NAVNSEETS dZ piezo motion (0.5-2 kHz)
box

AFM O
Controller

Figure 5.28: Scheme of the PF-CAFM setup for thermoelectric characterisation. The z motion
of the cantilever was extracted using a homemade signal access box and used as a reference signal
for the lock-in amplifier. The syncronised thermalvoltage was then fed as input into the AFM
controller.

In this particular mode of measurements, the thermal power S was calculate from the
excess of the total current flowing in the junction due the additional thermal current
arising from the thermoelectric effect when a difference of temperature was applied

between sample and probe. Following the formalism used for Eq[2.7] the thermal power
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was derived starting from the measured thermal current:

Iy = I, — GSAT (5.5)
Iy, GSAT

g = .
Iel Iel (5 6)

where G is the electrical conductance of the molecular layer, AT is the difference of
temperature and .S the Seebeck coefficient. The current I.; represents the current flowing

in the junction due the small triangular AC bias applied.

Iel = G‘/bias (57)
Combining Eql5.6] with
Lip, SAT
— =1- 5.8
Iel ‘/bias ( )
(1 - l}th) * V;)ias
_ el
S — ol (5.9)

In this way, S is derived only from known parameters since when AT = 0, I is the
measured current; the thermal current Iy, is measured when AT # 0. G is the conduc-
tance of the molecules, and V4, the bias voltage between sample and probe.

Figure shows an example of I; and Iy, for a SAM of Octanethiols (OT) acquired
at AT = 0K and 14 K using PF-CAFM.
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Figure 5.29: Plot of voltage vs current at constant (a) and increasing (b) temperature in PF-
CAFM for Octanethiols SAM. The white line represents the thermal current at 0 bias.

In figl5.29a) it is possible to observe no significant changes in the fluctuation of the

current measured without applying voltage on the heater device. But when the tem-
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perature started to increase (from bottom to top in figf5.29b)), a shift in the current
at zero bias can be observed due to the ”"extra” thermal current ;5. A typical Seebeck

mapping in PF non-0 current mode is shown in fig for a OtT SAM grown on TS Au.

b
(a) Height (nm}) ( ) SeebeckVuﬂage(u\u’lKl
10

¥

Figure 5.30: Mapping of Seebeck voltage of OT SAM (500 nm? using PF-CAFM. (a) Topogra-
phy of OT SAMs measured in PF mode; (b) Overlapped Seebeck map of (a) derived from two
current maps at 1 mV bias, AT = 0 K and 14 K; (c) statistical distribution of Seebeck voltage
in the two overlapped Seebeck maps.

Figure shows the superposition of two thermoelectric maps for the Octanethiol
SAM for two different temperature differences. It is easy to observe how the contrast in
the map changes suddenly when a difference of temperature AT = 14K was established,
as further reported in fig]5.30q and giving further proof of the reliability of the mea-
surement setup. The Seebeck maps were obtained starting from two current maps of an
OT sample at the same area (500 x 500) nm, at two different temperatures (AT = 0K
and 14 K), applying a triangular bias voltage of £1mV. The data was then transferred
in matrix form and processed with the equation in order to convert the single-pixel
XYZ data onto thermal power or S. The Seebeck map was thus obtained by collecting

the change of these two matrices (in percentage).

The methodology described was used as a proof of concept for a new alternative to
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characterise the thermoelectric properties of SAMs and molecular thin film. The results
and the comparison of the electric transport and the thermoelectric characterisation
measured by both conventional CAFM and PF-CAFM of alkanethiols and m molecule

containing phenyl rings SAMs will be shown in the next chapter.

5.4.7 Graphene coated probe for CAFM measurements

As seen in the literature review chapter, one of the biggest challenges of integrating self-
assembled molecules in device fabrication was the short circuit from filament formation
during the top electrode evaporation, and the most efficient way to solve this problem
recently was using graphene as the interlayer junction for the electronic devices [161],231].
A graphene coated probe for SPM measurements would provide an efficient test-bed to
understand the role of graphene electrodes in molecular junctions.

The graphene coating process has been explored and developed by different techniques,
from direct CVD grown of graphene on the probe [236, BI3H315] to wet transfer of
graphene on the probe [235] or even by dipping the probe into liquid phase reduced
graphene oxide solution [316]. However, all these solutions create significant problems
linked to the coating yield, resolution, undesired effect from the polymer residues during
the transfer process, and complicated procedure, which limits the application of these
coating processes.

Here Langmuir-Blodgett film deposition was used for the coating of the probe with

graphene.

Graphene flakes dispersion in dimethylformamide (DMF) (Sigma-Aldrich, 0.2 mg/ml,
1-3 layers) were evenly dispensed by a microsyringe (~ 15 pL per droplet) onto the LB
trough filled with DI water sub-phase. Optimum conditions were found for 200 pL of
solution compressed at 5 mm/min formed a densely packed graphene film floating on
water surface with a layer thickness in the range of 3 - 6 nm.

Figure [5.31] shows the LB isotherm curve obtained for the graphene solution dispersed
on the LB trough using the parameter listed above. The dipping surface pressure was
in the range of 8 - 10 mN/m, when the solid-like phase was established equivalent to
a ”close-packed” film of 2D flakes of non-uniform lateral dimensions. Furthermore, the
BAM images reported in fig[5.31] shows the evolution of the graphene LB layer density
during the different phases, corresponding to the highlighted points in the LB isotherm.
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Figure 5.31: 200 pL graphene dispersion LB isotherm on water surface with corresponded
Brewster angle microscope (BAM) images acquired at different points during the compression
cycle. (A) Gas-like phase; (B-C) liquid extended phase; (D) solid like phase.

A series of Pt/Cr coated AFM probe (Multi-75E, Bruker) was fixed on a silicon wafer
with carbon tape and dipped in the compressed film using the Langmuir-Schaefer (LS)
technique. The coated probe was then placed in a vacuum oven (10~2 mBar, 80 °C)
overnight to aid solvent evaporation.

Figure [5.32] shows the scanning electron microscopy images of the Gr coated electric

probes after the process in the vacuum oven.

Figure 5.32: SEM images of: (a) conductive AFM probe (scale bar 1 pm); (b) conductive AFM

)

probe coated with LB graphene film (scale bar 1 pm); (c) particular of (b) (scale bar 100 nm).

The probes’ electrical lifetime and stability over several measuring cycles were ini-
tially tested with CAFM electric measurements. Probes were tested and studied by
collecting a series of I-V curves of a SAM of BPT by a Pt/Cr coated probe with and
without the graphene coating as shown in fig[5.33] where the red I-V traces were mea-
sured using a brand new probe and the green curves were measured by the same probe

but after 3 cycles of imaging (500 nm x 500 nm, 1 Hz scan rate and 5 nN force).
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Figure 5.33: I-V statistics counter maps for BPT measured by a Pt probe and a graphene
coated Pt probe (Pt/Gr) before and after 3 cycles of image scanning (5002500 nm, 5 nN in
contact mode), and the corresponding SEM image of the probe after scanning

From the I-V traces obtained using Pt coated probes, it is evident that after few mea-
surements, the acquired current density relative to the molecular junction of BPT signif-
icantly dropped, caused by the wearing of the metal from the probe during the scanning
process, as observed in SEM, where the black arrow highlights the place where the
metal coating was vanished. In contrast, from figure no significant current drop
after image scanning for the graphene coated probe is observed. The SEM image in
the insert in fig[5.33D] further suggest that graphene remained on the top of the probe

after the scanning operation, protecting the probe from metal wear (black arrow region).

One biggest concern when using graphene coated probes is the possibility of decreased
topography resolution due to the additional graphene layer. In this work, we imaged an
OPE2 coated gold surface to test the resolution of a series of measurements as shown in
figure [5.34]

Surprising, a good resolution for both topography and electric maps up to 500 nm X
500 nm was obtained.

For the image with 300 nm x 300 nm scan size, the image started to be slightly undefined,
even though 300 nm scanning size, in our experience, was also the detection limit of a
Multi-75 E probe without graphene coating. In any case, even at this scan size, a high
current resolution has been obtained, confirming, for our satisfaction, that the image

resolution was not sacrificed due to the additional LB graphene layer.
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Figure 5.34: Series of CAFM scan fot resolution test of graphene coated probe. Topography
(top) and current maps (bottom line) of OPE2 SAMs on Au substrate acquired by contact mode
CAFM using graphene coated probe. Scanning size is 1 pm?, 500 nm? and 300nm?.



Chapter 6

Experimental Results

This chapter presents all the experimental results related to the electric transport and
thermoelectric characterisation of molecular ultra-thin films. The first part is mainly
focused on the characterisation of simple and well known molecular SAM systems like
n-alkylthiols (C[n]S) and Biphenylthiol (BPT) in order to test the different equipment re-
liability, reproducibility and stability of measurements. The other sections will treat the
characterisation of the electric and thermoelectric properties of some particular molecu-
lar systems such as Fullerene Cg, and Zinc thetraphenyl porphyrin (ZnTPP). The results
for different preparation techniques were compared, with attention to the enhancements

of thermal power, adopting strategies already largely used in the literature.

First studies were made on the electric transport and thermoelectric characterisation
n alkanethiols and BPT SAMs, investigating different AFM technique as well as different

AFM probes in order to establish the validity of the measurements.

Sample quality and thicknesses were checked using Quartz Crystal Microbalance
(QCM) and by nanoscratch method (see Sec[5.4.1)). The electric characterisation was
performed by acquiring I-V traces from the different samples by mean CAFM, following
the methodology described in Sec5.4.2] The multiple I-V traces (usually 1000-5000 I-V
curves per sample) were used to determine the different electric transport characteristics

of the SAMs and ultra-thin films.

104
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6.1 Alkythiols and BPT SAMs

Three different saturated wires with increasing lengths formed from n-Alkyl-thiolate
(C6S, C8S, C12S) and a conjugated wire formed from Biphenylthiol (BPT) were chosen
for the SAMs formation and the comparison of the electric properties. The SAMs of
n-alkylthiols were prepared by dispersing the molecules in ethanol (99.9%), forming a
100 pM concentrated solution. The obtained solutions were deoxygenated for 10 min
using nitrogen bubbling.

BPT SAMs were formed by dissolving BPT molecules in toluene (99.9% HPLC level),
forming a 10 pM solution and deoxygenated for 10 minutes by nitrogen bubbling.

The TS-Au was immersed into the solutions straight after the deoxygenation and incu-
bated for 24 hours in a nitrogen atmosphere.

After SAMs growth, the samples were rinsed five times with fresh ethanol (for BPT,
samples were rinsed initially with toluene followed by ethanol washing) to eliminate any
physisorbed molecules or residuals. The samples were then dried with nitrogen for a
minute and incubated in a vacuum oven (1072 mbar) overnight at 35 °C to evaporate

any solvent residual on the samples.

The four SAMs’ growth was monitored using a QCM, with a gold electrode (2.5
mm diameter, ~ 10 kHz), whose frequency was measured before and after SAM growth.
The QCM electrode was cleaned following the procedure described in Secl5.3] and the
occupation area per molecule was estimated using eq. Figure[6.1|shows the measured
frequencies for the QCM resonator system before and after the SAMs growth onto the
QCM electrode for the 4 studied SAMs.

Assuming 100% surface coverage, the frequency shift Af = fo — fsan measured before
and after the molecules growth was 43.2, 45.4, 73.3 and 61.5 Hz for C6S, C8S, C12S and
BPT SAMs respectively, corresponding to an occupation area per single molecule on the
Au substrate of 22.9, 24.1, 20.7 and 22.6 A2, which is comparable with literature values

obtained by reductive desorption [317] and theoretical calculations [318].

As expected, the occupation area of C12S was smaller than C6S and C8S due to the long
tail of the molecules, which increases the inter-molecule hydrophobic interaction and en-
hances the packing density of the SAM [55, [56]. However, the lower occupation area
of BPT compared with C8S (similar length) was not expected as phenyl rings should

occupy a larger space than an alkyl-unit. This effect was attributed to the more closely
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Figure 6.1: QCM frequencies measured for 5 min and frequency distributions before and after
(shaded area) SAMs growth of the 4 molecules Hexanethiol C6S, Octanethiol C8S, Dodecanethiol
C12S and Biphenylthiol BPT onto the QCM Au electrode.

packed structure of BPT arising from the -7 interaction between the phenyl rings [319].
SAM quality was characterised by AFM measurements of the average roughness of the
sample. For C6S, C8S and C12S SAMs, the average roughness of the samples measured
by AFM was < 70 pm, which is inside the range of the measurement fluctuation of the
AFM instrument, which means the SAMs were arranged in a highly uniform manner. For
BPT SAMs, the measured average roughness was ~ 1.5 A®. This higher value recorder
for BPT compared with the n-alkylthiolates might be due to the higher conformational
degree of freedom of BPT SAMs due to intermolecular interactions.

SAM heights were measured by nano-scratching scanning a small area of a SAM repeat-
edly in contact mode at high force load (30 nN), followed by a larger area scan at low

normal force (2 nN). For all samples, the SAM thicknesses were in the expected range
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fo (Hz)  fsam (Hz) Af (Hz) Am (ngm=2) Oce. area/mol (A”)

C6S  9975244.3  9975201.1 43.2 1.14 -108 22.9
C8S  9971769.7 9971724.3 45.4 1.2 24.1
C125 9980137.8  9980064.5 73.3 1.63 20.7
BPT 9972735.8 9972674.3 61.5 1.37 22.6

Table 6.1: QCM frequencies, derivated mass and occupation area per molecule for the four
molecules used for the SAMs growth.

corresponding to the molecular lengths (0.7 to 1.5 nm), indicating that the molecules
were “standing up” on the sample surface with tilting angles of about 20° to 75° in good
agreement with the measured QCM values of the occupational area per molecule. In
all cases, the sample’s averaged roughness was smaller than 15% of the SAM thickness,

with low pin-holes (> 10 nm) density or physisorbed clusters on top of the SAMs.

6.1.1 I-Vs characteristics and electric transport characterisation

The electric characteristics of the 4 SAMs were investigated by CAFM using both Pt
and Graphene coated AFM probes. In addition, in order to compare the results obtained
with different methods, the electric properties of the SAMs were also characterised em-
ploying the PF-CAFM setup introduced in Section [5.4.5

Firstly, AFM topography maps were acquired to check film quality and select an area
on the SAM surface for investigation. Once the area was picked up, the I-V traces were
obtained using CAFM in ”single point spectroscopy”, fixing the CAFM conductive Pt
probe in the selected area, sweeping the bias voltage and collect the current flowing
through the junctions.

The junction’s current signal was collected by applying a triangular wave bias voltage
from -1 to 1 V between the AFM probe and the sample and using a current amplifier
with selectable sensitivity. The triangular bias voltage had a frequency of 2 Hz, ensur-
ing two I-V traces per AFM scan line. In this way, by increasing the number of scan
lines, it was possible to increase the numbers of I-V traces collected per second and thus
increasing the statistics on the collected data.

The I-V curves were acquired in 5 different spots on the SAMs surface and, per each
point, 5 cycles of single-point measurements were performed so, keeping the number of
scan lines between 128 and 256 lines/second, this ensured an acquisition of 6000 to 13000
I-V traces per each sample.

In figl6.2] the I-V trace histograms for the 3 sets of n-alkylthiols (C6S, C8S and C12S)
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collected with CAFM using a Pt probe (20 nm radius, 75 kHz res. freq.) with fixed
normal force applied of 2 nN are shown, including the average current extrapolated from

the histograms.
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Figure 6.2: I-V traces histograms constructed from 6000 consecutive acquisition in different
points of the (a) hexanethiol (C6S), (b) octanethiol (C8S) and (c) dodecanethiol (C12S). The
I(V) average curve obtained from the I-V 2D counter maps are shown per each alkanethiol based
SAM.

The I-V histograms show linear responses for the shorter alkyl thiolate SAMs, evolving
in a typical semiconductor I-V shape for C12S and a decrease in the films’ conductivity
with the increasing length of the alkyl-chains.

The evolution of the I-V characteristics is to attribute either to the decrease in the
HOMO-LUMO bandgap due to the addition of CH, units, and to the quality of SAMs,

which is not only dependent on the thiol-Au coupling but also depends on the inter-
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molecular interaction between the tails (VAW or hydrophobic forces). In fact, even for
the same HOMO-LUMO gap, the strength of these interactions determines the geome-
try of molecules stand on the surface (tilt angle, uniformity etc.) and the coupling with
the electrodes I', which broadens or sharpens the transmission curve. This is clearer
to observe in the differential conductance 4//av histograms and suggests a tunnelling

transport of the electrons through the junctions [320].
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Figure 6.3: Conductance histograms for the 3 alkythiol SAMs: (a) C6S; (b) C8S and (c¢) C12S,
calculated from the I-V traces acquired with CAFM single point measurements.

The values of the electrical conductance found for the three alkanethiol SAMs by the
dI [qv histograms in fig]6.3| was (1.02+0.37)-1075S, (3.3420.52)-1077S, (2.63+0.36)-10~5S
respectively for C6S, C8S and C12S SAMs. The uncertainties on the conductance values
were calculated by the standard deviation of the distribution of G at near 0 bias.

The current attenuation factor 3 for alkylthiol SAMs was calculated from the equation:
G = Goe P4 (6.1)

Fitting the natural logarithm of the electrical conductance against the film thickness the
B decay factor was found to be 9.1 4+ 1.2 nm~! as shown in ﬁg in good agreement
with the typical values found in literature [179, 236l 321].

It is easy to observe that the data show a linear dependency with the thickness of the
SAMs when the natural logarithm of the conductance is plotted against the molecular
length, suggesting an exponential decay of the conductance and confirming the hypoth-
esis of coherent tunneling transport of the electrons across the SAM junctions.

Following the same procedure for the (n)-alkyl thiols SAMs, the electric transport for
Biphenyl thiol SAM was studied by contact mode CAFM. In fig6.5] are shown the I-V
traces histogram measured directly with the CAFM point measurement with the average

I-V curve obtained from the traces.
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Figure 6.4: (a) Comparison of electrical conductance G calculated from the CAFM measure-
ments; (b) Statistical histograms of measured conductance of C6, C8 and C12 thiol at near 0
bias; (c) Plot of tunnelling decay 3 coefficient of alkyl thiolate SAMs measured by contact mode
CAFM point with Pt coated AFM probe.

I-V shows a semiconducting behaviour for the electric transport with a typical S shape of
the current response. The total electrical conductance measured at zero bias voltage for
BPT SAM was (5.42 +2.31) - 10~7S, which results similar to the conductance measured
of C8S SAMs.

As expected, the conductance measured for the four films produces higher conduc-
tances than the measured single molecules equivalents in literature because of the collec-
tive effect of the series of molecular junctions contacted with the AFM conductive probe
during the measurements. Indeed, as introduced in the previous Chapter, the CAFM
probe (radius ~ 20nm) is big enough to contact 100-500 molecules at the same time,
giving the enhancement of the electric current flowing in the junction. The amount of
junctions between probe and sample were estimated from the tip-sample contact radius,
via Equations and assuming F; and Fs the Young’s Modulus for probe (~ 100
GPa) and SAMs (~ 0.5—1 GPa for alkyl thiolates, 9 GPa for BPT) [320), 322, [323]. The
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Figure 6.5: (a) IV counter map histogram of BPT SAM measured by CAFM using Pt coated
probe; (b) average I-V curve calculated from the multiple traces acquired; (c) electrical conduc-
tance histogram.

molecular area of BPT was assumed to be 25 AQ,While for alkyl thiolate was assumed to
be 18 A”.

In this way, the single molecular conductance G of BPT, C6S, C8S and C12S was calcu-
lated to be (3.14:0.6)-1078S, (1.640.1)-1078S, (7.4£2.8)-1071°S, and (1.740.4)-10712S
correspondingly.

It is worth noting that BPT molecules, which have a similar length to C8S, exhibit a
molecular conductance one order magnitude higher than C8S, which is not evident in
the measurement of the SAMs conductances. Since the two molecules have the same
length, the differences in the single molecular conductance G can be attributed to the
smaller HOMO-LUMO gap of BPT molecules and to the effect of the phenyl rings of the
conjugated wire on the electrical conductance GG, which enhances the electric transport

in the junction.
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6.1.2 Effect of CAFM probe material

In order to explore the influence of the top electrode material on the electric and ther-
moelectric properties of the SAMs, the I-V characteristics were measured by using a Gr
coated CAFM probe, following the procedure described in Section In figure
the I-V traces measured by CAFM for the 3 series of alkanethiol SAMs contacted by the
CAFM Gr coated probe are presented together with the histograms of the conductance

histograms.
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Figure 6.6: I-V traces histograms (top) for the 3 alkyl thiolate SAMs acquired with contact mode
CAFM employing a Graphene coated probe. The bottom line shows the electrical conductance
counter maps obtained from the I-Vs.

Electric transport measured across the molecular junctions by Gr coated probes shown
the same trend observed using Pt coated CAFM probe, characterised by an exponential

drop on the current intensity (fig6.7)).

In analogy with the data obtained for Pt CAFM probe, we observe a linear dependency
of the natural logarithm of the electrical conductance G with increasing SAMs thickness,
highlighting the coherent tunnel transport across the SAMs [165], [199]. The decay factor
3 was found to be 8.8 2.2 nm™!, which results very close to the value found employing
Pt coated CAFM probes.

The values of electrical conductance measured in the 3 alkyl thiolate SAMs were respec-
tively (6.5240.14) - 10798, (1.04 £0.21) - 107°S, (3.31 £ 0.53) - 1078S for C6S, C8S and
C128, still in good agreement with the data obtained with Pt probes in Sec6.1.1}

The electrical properties of biphenyl thiol SAM was also studied using Graphene coated
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Figure 6.8: (a) I-V traces histogram of BPT SAM measured by CAFM using Graphene coated
probe; (b) electrical conductance histogram.

Figure[6.8shows the current as a function of applied bias voltage in single point measure-
ment of BPT SAM using Graphene coated probes. Analysing the conductance values for
bias values —0.1V <V < 0.1V, conductance was found to be G' = (5.01 £0.49) - 1088,
very close to the value per single BPT molecule obtained with Pt probe (3.140.6)-1078S.

For the calculation of the contact area, the Reduced Young’s Modulus of Gr coated
probe was taken into account in the equations and[5.4 The modulus of the Gr coated
probe was measured in a dedicated channel by PF-AFM. The Z values of the reduced
Young’s modulus map channel of the Gr coated probe on Au substrate were then aver-
aged and plotted as distribution. In figl6.9] the Reduced Young’s Modulus of Gr probes
is shown together with the distribution obtained for Pt coated CAFM probe, where it is
clear that the graphene coated probes result ”softer” compared to the Pt counterpart.

This properties, as seen in Section make the Gr probe a very suitable tool for this
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kind of ”soft” material properties analysis giving more stability in the measurements as
well as reducing the damaging of the probe itself.

The better coupling of graphene with some molecule head groups and its affinity with 7
systems will results fundamental for the enhancement of the electric and thermoelectric
properties of the junctions in which one or both the metal electrodes are substituted

with graphene electrodes.
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Figure 6.9: Comparison of the Reduced Young’s Modulus of Pt and graphene CAFM coated
probes measured with PF-AFM.

6.1.3 Peak force CAFM for SAMs electric transport characterisation

To test the working principle of the developed Peak Force-CAFM described in Section
[6.4.5| topography, current map and electric transport studies were performed on the same
set of SAMs studied by conventional contact CAFM with Pt and Graphene AFM probes.

The electric maps were acquired by applying 500mV DC voltage between the Au
substrate and the CAFM Pt tip. In this work, the PF frequency was set to 1 kHz and
used as a reference signal for the lock-in amplifier, as shown in fig[5.24l Electric maps
and the topography map of the surface of C8S, C12S and BPT SAMs in a scan area of
350 x 350 nm are shown in fig[6.10}

In this case, the maps were acquired by switching the sign of the bias voltage in order
to stimulate negative current, as seen by the switch of colour in d, e, f of fig[6.10| during
the scan process.

The electric transport of the 4 SAMs was characterised using the point measurement
methodology, applying a triangular bias voltage with the same frequency as the PF tap-

ping frequency (1 kHz). In this way, using the PF frequency as ref for the lock-in, the
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Figure 6.10: Topography of C8S (a), C12S (b) and BPT (c) SAMs, scan area = 350 nm x 350
nm. (d-f) current map of (a-c) recorded at 500 mV and -500 mV DC voltage using PF-CAFM.

current from the junction will rises only when tip and sample are in contact. The PF
set-point was maintained at 2 nN. The multiple I-V traces acquired per each alkyl thiol

SAMs are shown in fig

(a) (b)
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Figure 6.11: Histograms of current vs bias voltage traces (top) for (a) C6S, (b) C8S and (c)
C12S SAMs acquired with PF-CAFM.

The average current values for all the studied SAMs are shown in fig6.11] and were
lower than the current values recorded with CAFM in contact mode (figl6.2). One of
the main reasons behind the drop in current flow in the molecular junctions is that the
Peak Force AFM results in less time-interaction between probe and sample than CAFM
used in contact mode. In addition, the separation of the electrodes (probe-substrate) is
predicted to decrease by =~ 0.5 nm between PF and contact modes (at applied normal
forces of 0.2 and 2 nN, respectively); as such, the increased conductance is believed to
arise from a change in the molecular tilt angle — relative to the electrode — due to the

decreasing electrode separation at increasing normal force in contact mode AFM.
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Figure 6.12: Comparison of PF-CAFM electrical conductance histograms of C6S (red), C8S
(greenish) and C12S (blue) SAMs; (b) Plot of natural logarithm of the conductance values ! /av
at low bias vs. thickness of the alkanethiol SAMs.

Specifically, the values of electrical conductance found were (1.44-1076 +0.36) - 10768,
(3.75+£3.06) - 1078S and (4.4742.13)-1071°S for C6S, C8S and C12S. The values of the
electrical conductance G of the 3 set of alkythiol SAMs at zero bias voltage was plotted
against the film thickness (or molecular length) and fitted following eq. as shown in
fig.

From b, we obtain 8 = 11.94+ 1.8 nm~!, in good agreement with the 3 values ob-
tained in the Sections and and inside literature values range for alkyl thiolate
SAMs [165 [199).

The same analysis was performed on Biphenyl thiol SAM using PF-CAFM, and the I-V

traces and conductance histograms are shown in fig.
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Figure 6.13: Histograms of I-V traces (a) and electrical conductance (b) measured for biphenyl
thiol SAM with PF-CAFM.

The measured value of the electrical conductance G for the BPT SAM, using PF-
CAFM, was (4.32 4+ 2.52) - 1079S, which is 2 order magnitude lower than the value
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obtained for the same SAM measured with contact mode CAFM ((5.42 +2.31)-1077S).
As mentioned above, the differences in the G values obtained is to attribute to the
shorter interaction between probe and sample due to the intermittent contact.

As the PF-AFM feedback loop is based on the Peak force, namely the maximum interac-
tion force between probe and sample, there is a dynamic force range during each tapping
cycle. However, assuming the molecules do not change their conformation during the
probe-sample interaction in PF-AFM, the Peak force set point can be considered, in first
approximation, as the force applied on the molecules during the scan operation, making

possible the extrapolation of the single molecular equivalent conductance G.

Comparing the 3 sets of measurements performed on alkyl thiolate SAMs with CAFM
contact mode (Pt and Graphene coated probes) and PF-CAFM, it is possible to observe
a slight deviation of the conductance data obtained with the latter method compared

with contact mode CAFM, as displayed in figl6.14]
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Figure 6.14: Comparison among the 3 current decay factor S measured with contact mode
CAFM used with Pt (blue) and Graphene (green) coated AFM probes and PF-CAFM (red) for
alkyl thiolate based SAMs.

The linear behaviour exhibited from the SAMs with the increase of the molecular length
was found for all the three methodologies explored to probe the electric transport using
AFM. In this case, the linearity found is clear evidence that the molecules between the
two electrodes (Au and AFM probe) act as a tunnel barrier for the electrons in the two

terminal of the junctions. The electrical conductance values for the 4 SAMs measured
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with Pt and Graphene probe and with PF-CAFM are reported in table

G CAFM (Pt probe) (S) G CAFM (Gr probe)(S) G PF-CAFM(S)

C6S  1.02E-5 4.81E-5 1.44E-6
C8S 3.07E-6 7.55E-6 3.75E-8
C125 2.63E-8 3.49E-8 4.47E-10
BPT 5.42E-7 3.61E-7 4.32E-9

Table 6.2: Comparison electrical conductance values measured for the 4 SAMs with contact
mode CAFM (Pt and Graphene probe) and PF-CAFM.

The G values for the 4 molecular SAMs with different measurements methodology, PF-
CAFM shows a drop of the electrical conductance of about 2 order of magnitude com-

pared with the contact mode CAFM values obtained by Pt and Gr probe.

6.1.4 Thermoelectric characterisation

Among the 4 samples studied in this preliminary testing of the set-ups, 2 molecular
SAMs with similar thickness C8S and BPT were chosen for thermoelectric characteri-
sation through CAFM in contact and PF modes. In addition, the effect of the AFM
probe coating material was studied to explore and better understand the different cou-
pling between electrodes and SAMs. The main reason for choosing these two molecules
was because they present comparable molecular length but significant differences in the
transmission properties.

Thermoelectric properties were measured using the ThEFM set up described in Section
[6.4.4] and £.4.6

Before any measurement on the SAMs, the Seebeck coefficient of the Au substrate was
measured in contact mode ThEFM in order to be removed from the value of the Seebeck

coefficient obtained every time for the different molecular SAMs.

From the thermal voltage analysis as a function of temperature, the Seebeck value of
Au was found to be S=~ 3.4 pVK™!, in good agreement with the typical values of the
Seebeck coefficient for metal-metal junctions [I89) [324]. However, the Seebeck coefficient
for Au particularly, but metals in general, varies slightly from measurement to measure-
ments, oscillating around zero Volt. In our experiment, the Seebeck value of Au was
found to oscillate around ~ 4 pVK~!. This value was then subtracted to the thermal

voltage recorded per each SAM in order to obtain the Seebeck coefficient of the junctions.
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strate measured with ThEFM when a AT = 20K is applied between probe and substrate; (b)
2D counter map of the thermal voltage values of Au vs. T obtained from (a), exhibiting a slope
of of -3.4 pVK~1.

The initial comparison of thermoelectric properties of C8S and BPT SAMs were
made to studying the evolution of the thermal voltage by ThEFM and PF-ThEFM. For
better stability of the thermal current measured, only two temperature were supplied by
the heater device, providing a AT = 14 K, to maximise the amount of thermal current

added to the electric current flowing in the junction.

The data in fig{6.16] shows the thermal voltages collected from C8S and BPT SAMs
grown on Au substrate, where (a, b, d, e) were obtained in contact mode using the in
70 current” mode and (c, f) were in obtained in PF mode using the current mode. For

the values shown in fig b and e the Seebeck coefficient was calculated by :

AV

AT (6.2)

Ssam = Sau —

where S 4, is the Seebeck coefficient to Au, AV is the thermal voltage and AT the tem-
perature difference between the sample and probe.

Using contact mode ThEFM, the calculated Seebeck coefficients for the two molecules
were Scgg = 7.4+3.1 pVK™! , and Sgpr = 23.3+7.3 pVK 1. The Seebeck of Au was
also measured to have a Seebeck coefficient, S4,, = 2.2 tV K~!. This result is compara-
ble with other works present in literature on similar systems [41], 246, [325].

The positive Seebeck coeflicient sign found for C8S and BPT indicates that the trans-
port through the molecules is HOMO dominated, as detailed in 2.1.2] The measured
Seebeck of C8S was about 2.5 times smaller than BPT, which is correlated with the
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Figure 6.16: Thermoelectric characterisation of C8S (a-c) and BPT (d-f). (a) Heating Voltage vs
Thermal voltage (b) AT vs thermal voltage (c) thermal current vs bias voltage and AT measured
in peak force mode with PF-ThEFM. The white line in both the PF-ThEFM measurements
represents the thermal current at 0 bias.

larger HOMO-LUMO gap of C8S and Fermi-energy E of the junction lies within in the
gap tail of the HOMO resonance peak.

Using the non-0 current mode with PF-ThEFM, the thermal current rising due to the
thermoelectric effect was added to the electric current generated in the junction ap-
plying a triangular wave (V,, = 1.2 nVK™!), as shown in fig c and f, which
show the additional thermal current at zero bias voltage (white line) during increasing
temperature. The shift of the current at V=0 due to the temperature difference is more
evident for biphenyl thiol BPT SAM than the Octanethiol based SAM, indicating a
higher Seebeck value. Using the relation which correlate the thermal power to the
thermal current, electric current, temperature and electrical conductance, the Seebeck
coefficients were found to be Scgg = 9.3+ 3.1 VK~ and Sgpr = 17.6 £ 5.5 pV K1,

which are within measured uncertainties with the work in contact mode, as displayed in

fig[6.17}

As expected, in contrast with the electric transport characterisation made with CAFM
and PF-CAFM in the last Sections, this time no significantly difference in the Seebeck
values were observed because the Seebeck coefficient was measured from the ratio be-

tween thermal current and the electrical current (Equation |5.9)).
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Figure 6.17: Comparison of Seebeck values measured with ThEFM and PF-ThEFM for C8S
and BPT SAM.

The same SAMs thermoelectric properties were also investigated using Gr coated
probes as a top electrode in ThEFM in order to see eventual enhancement of the Seebeck
values due to the interaction between graphene and the molecules orbitals.

In order to compare the results obtained with Graphene coated probe with the ones for

Pt probes, as first step, the Seebeck of the TS Au substrate was measured as shown in

figure [6.18]
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Figure 6.18: Template stripped Au thermal power distribution measured as a function of tem-
perature difference AT between the substrate and ThEFM Graphene coated probe. On the right
side, the average values of thermal voltage are plotted against AT.

From the linear fit of the thermal voltage for a set of 5 different AT, the Seebeck
coefficient S of the Au substrate was calculated through the equation [6.2] resulting in
2.9 + 1.7 pVK~!, which is in great agreement with the S4, found using Pt coated
ThEFM probes.

Following the same procedure, the thermoelectric properties and the Seebeck coefficient
measured with graphene coated AFM probe of C8S and BPT SAMs are shown in fig[6.19]

The Seebeck coefficients using ”0-current” mode for the two molecular SAMs using
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Figure 6.19: Measured thermal voltage distribution as function of temperature difference AT
and plot of average thermal voltage vs ATT for C8S (a) and BPT (b) using graphene coated
probe-as top electrode in ThEFM.

graphene coated probe were Scgg = 10.1 £2.5 pVK~! and Sppr = 27.0+£2.6 pVK .
The measured values show a little increase of thermal power delivered by the molecules
when one of the junction electrode is substituted by graphene. However, the slope of the
thermal voltage trend is the same as measured by Pt probes and PF-ThEFM, confirming
the reliability of the graphene coated probes.

The enhancement recorded can be attributed to the higher interaction of graphene with
the molecules’ head group, increasing the coupling between molecule and electrode and,
to the higher interaction of graphene with conjugated m molecules. In addition, graphene
exhibits superior electrical and thermal conductance, resulting in a consistent advantage
for this kind of measurements. However, due to the probe’s nature, the actual scheme of
the junction can be considered as Pt-Gr-SAM-Au junction in where the graphene layer
acts as a spacer between Pt electrode and SAMs.

The thermoelectric signature of the two SAMs for each different methodology (ThEFM
Pt and Gr probes, PF-ThEFM) are reported in table

S ThEFM Pt probe S ThEFM (Gr probe) S PF-ThEFM

(VK™) (VK™ (WVK™)
C8S 7.4+3.1 10.1+£2.5 9.3+£2.1
BPT 22.1+43 27.0 £ 2.6 17.6 5.5
Au  34+1.9 2.9+1.7

Table 6.3: Thermoelectric signatures of C8S and BPT SAMs measured with ThEFM (Pt and
Gr probes) and PF-ThEFM.

We observe that Gr probe ThEFM provided higher Seebeck values for both the SAMs

and Au substrate. In contrast, the thermoelectric properties of SAMs measured in
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current sensing mode gave the lower Seebeck values. Results are summarised in fig
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Figure 6.20: Seebeck coefficient of C8S and BPT SAMs measured with ThEFM (Pt and Gr
probe) in 0-current sensing and with PF-ThEFM. For comparison, the Seebeck value of the Au
substrate is also shown together with the two SAMs.
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6.2 Fullerene Cg,

Fullerene Cg, has been largely studied in literature for its electric properties due to the
extended 7 system. In addition fullerene thin films has widely employed for hybrid solar
cell [326], 327], transistor [328] and superconductive applications [329].

Recently, Cgq single molecular junction have attracted interest due to its thermoelectric
properties [37, [155]. Additionally, the possibility to stack molecular layers by 7 inter-
action using the Langmuir-Blodgett technique rather than covalently bonded molecules
has been reported to enhance the thermal power S of molecular junctions via inter-
molecular interaction between molecular units [264]. In 2017, Qian et Al reported the
phononic contribution to thermal conductance in molecular junctions could be reduced
up to the 95% via 7 stacking compared with that of covalently bonded systems [330].
Thus, compared with the covalently bonded systems, this type of m stacked configura-
tion could maximise the S value and minimise the thermal conductance k, pushing ZT
up. In this section, Cg layer formations by Langmuir-Blodgett technique and SAM and
their electric and thermoelectric characterisation is presented. In particular, significant
effort was made to optimise the preparation of the LB fullerene monolayer formation by

varying solvents, concentrations, volumes, spreading condition and barrier speed.

6.2.1 Optimisation Cg4, LB layer formations

Cgop has no amphiphilic character and is also non-polar, which make the formation of LB
film formation particular tricky [331} 332]. Also, because of its particular spherical shape
Cgo has no characteristic. This makes it particularly difficult to theoretically explain the
mechanisms by which monomolecular layers of fullerene form.

Due to its non-polar nature,Cg is very hydrophobic, exhibiting extremely low solubility
in water of 1.3 x 107! mgmL~" [304, 333, [334]. Despite the different properties to
traditional "protocol” for LB film formation, Cg, can still exhibit an isotherm (II vs.
MMA) analogous to those obtained for organic amphiphilic compounds.

Interestingly, the intermolecular potential of Cgy molecules is not a Lennard-Jones type
potential despite the molecule being fairly round [301]. A pair-potential type theoretical
model (using the pairwise central force model) has been proposed to explain interac-
tions between Cg, molecules [335]. Since the theoretical sublimation line passes above
the liquid-vapour critical point, Castillo et al. [301] postulated that Cgq ML films should
show no liquid phase. At the time, they stated that this would be the first example of a

pure solid with no gas-liquid-solid triple point. However, they were unable to conclude
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whether their experimental results were consistent with the theoretical model.

The hydrophobicity of Cgy allows its spreading onto a smooth water subphase. How-
ever, the Cg-water interaction is relatively weak, making the fullerene molecules weakly
bound to the water surface. Indeed, the van der Waals binding energy between two Cg,
molecules is of the same order as Cgy-water binding energy, hence the lowest energy state
for a Cgy LB film is not an ML [336].

This is potentially the most significant hurdle that must be overcome in successfully cre-
ating stable monomolecular layers since systems tend to their minimum energy states.
Furthermore, the probability to moves away from the water surface and binding to other
Cgo molecules to form multilayers or escaping the air-water interface entirely (i.e. on top
of other molecules) need to be taken into account to optimise the Cg, layer formation.
The processes that lead to these disruptions in the ML were extensively analysed by
Evans et al. [336] to explain how, despite the disruptive processes, a ML state can be
formed at the air-water interface for specific circumstances.

Therefore, the formation mechanism of Cgy, ML LB formation can be seen as an initial
cluster formation followed by a continuous gain of molecules from the edge molecules
present in the cluster. This process, on average, results much faster than the promotion
of another molecule on top of an existent cluster, ensuring the feasibility of Cgq ML.

In this work, the LB formation of fullerene monolayer was studied by both micro-syringe

spreading and ESI spreading in the manner explained in

Establishing the ideal conditions for ML deposition required a rigorous and system-
atic approach. The derived limits concerning the mean molecular area occupied per
molecules (MMA AQ) on the surface had to be adhered to each time. Additionally, re-
peatability of experiments within limits was essential.

The MMA of identical molecules spread onto the water surface is defined as the surface
area occupied by each molecule. Calculating this value gives valuable information about
the layer thickness, which is vital when trying to achieve ML deposition. MMA units
are A2 mol~! but are also often defined just as A%. The MMA can be calculated by
considering the number of surface molecules and the available area onto which they are
spread.

FEach time an LB experiment is performed, a solution of known volume and concentra-
tion was used, so the total number of Cg, molecules deposited, N¢g,, was calculated.

The MMA was given by:
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(6.3)

As the barriers were compressed, the LB available area App decreased; thus, the MMA
of molecules decreased. The inner Cg, diameter is about 7.1 A, which gave a mean
cross-section of 39.6 A%, Hence a lower limit on the MMA was fixed to be 39.6 AQ,
below which an ML was not achievable and usually causing multiple layers of molecules.
Ultra-high vacuum scanning tunneling microscopy measurements have found the spac-
ing of Cg, clusters to be (11.0 + 0.5) A [337]. Since these measurements were taken
in tightly packed Cg clusters, it can be presumed that a Cgy ML would also exhibit
similar spacing. So, considering 11 A to be the average diameter of a Cgp molecule, in
an ML gave an MMA value of ~ 95 A®. Previous groups reported the formation of Cg
monomolecular layers happening at limiting MMA values of (98.2 4+2.3) A’ [338], 96 A°
[304], 94.1 A? [303] and 95.6 A? [339]. The limiting values were not expected to coincide
exactly due the many influencing factors that affect the way in which monomolecular
layers form.

A rough upper limit on the final MMA (after compression) of 100 A? should increase the
chances of reaching a stable solid phase of Cg; ML. This ”theoretic” limit of MMA was

then considered in our experiment as an indicator of the goodness of the film formation.

As explained in Chapter [5] the electrospray ionisation was employed to the spread-
ing of the solution of Cg,. Toluene and Toluene-methanol (5:1) solutions were initially
chosen due to the high solubility grade of fullerene in toluene. Cg, powder (Aldrich,
98%) was weighed and mixed with toluene (or toluene/methanol) until the desired con-
centration was reached.

Initial steps focused on identifying the best compromise between concentration and vol-
ume. In order to optimise these two parameters, the average number of molecules was
calculated starting from the available area of the LB trough, and considering the limits
discussed before for the MMA.

The first approach explored the overall volume of solution being spread. A lower solu-
tion volume required a higher concentration of Cg, to spread the required numbers of
molecules N¢y, giving the MMA range determined above. Initially 200 pL of solution
5.8 x 107° M, that would spread Ny, ~ 7-10' mol was tested. Figure shows two
attempts of recording a two-cycle isotherm for the same solution of Cg, in a distance of

30 minutes after the first two cycle.
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Figure 6.21: LB isotherm recorded using: (a) Solution 1: 200 pL of Cg, solution (5.8 x 10—5
M); (b) Solution 2 and 3 with equal N¢,, but different volumes. Solution 2: 1 ml of Cg in (5:1)
toluene and methanol (1.5 x 10—5 M). Solution 3: 500 pL of Cg in (5:1) toluene and methanol
with a concentration of (2.9 x 10—5 M). Spreading 1 ml of solution failed to show the required
distinct phase changes and low hysteresis between the expansion/compression of the barriers.

The isotherm obtained in figl6.2Ta] did not reach the desired final MMA and showed a
lack of reproducibility. Neither maintaining the same numbers of molecules fixed, as
displayed in figl6.21b] ensured the same final results .

From Solution 2 in fig[6.21D] isotherm, it is possible to state that spreading a higher
volume results in a missing gas phase due to the high concentration of molecules at the
initial stage of the compression, and undesired shape in the evolution of the isotherm
during the compression of the film. In addition, the hysteresis recorded with Solution
2 in figl6.21D] underlying the failure in the selected parameter because of the consider-
able loss of molecules into the subphase. In contrast, Solution 3 showed distinct phase
changes and a sharp rise at the correct expected MMA around 100 A%,

The parameter used for Solution 3 in fig. [6.21b| (500 pL, ~ 2 x 10—5 M) ensured a
number of molecules within the upper and lower limit of MMA predicted before and

thus was taken as a base parameter for the formation of LB Cgy ML.

When depositing a layer using an LB system, it was important to know the pressure
at which the solid ML phase will be observed. To determine this, successive compression
and relaxation cycles of the surface needed to be repeatable. Similarly to other experi-
ments, it was noted that successive isotherms of the same number of Cgy spread onto the
water were not always consistent, as shown in fig[6.22al Furthermore, another variable
relevant to isotherms was the barrier speed during compressions and relaxations, as dis-
played in fig[6.22h] For each experiment, a consistent barrier speed was always chosen,

but changing the barrier speed for successive experiments may lead to different phase
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change behaviour as shown in the inset of
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Figure 6.22: (a) Recorded LB isotherm IT vs MMA (7.5 mmmin~! barrier speed) in 5 cycles
of compression-expansion of the LB barriers of ESI-spread Cg, solution (500 pL, ~ 2 x 10—5
M); (b) speed dependancy of LB isotherms for ESI-solution of Cgy (500 pL, ~ 3.5 x 10—5 M).
The insert in (b) shows the enlarged isotherms of (b), displaying an increase in repeatability of
isotherms at higher barriers speeds.

The isotherm shape of fig[6.22a] changed slightly between the first and the second full
cycle of compression-expansion of the barriers. However, the shape remained consistent
for three successive full cycles, as it is possible to observe in the red curves relative to
cycles 2-5. This result agrees with the results observed by Obeng et al. [304]. The vastly
increased repeatability for each subsequent full cycle following the first compression and
expansion was then demonstrated.

To investigate the dependency of the LB isotherm on the barrier speeds, a solution of
Cgo (500 pL, ~ 3.5 x 10—5 M) was ESI-spread onto a water subphase and compressed
then relaxed for six different steps of barrier speeds. The surface went through two full
compression-relaxation cycles at each speed, and the resulting isotherms for different
barrier speeds are combined in Figure [6.22D] and in the inset zoomed region. The graphs
showed little change between successive isotherms. The biggest difference noticed, in
this case, was a slight increase in solid phase gradient with increased barrier speed.
From the isotherms shown in fig[6.22] both the solutions used for the repeatability test
exhibited a limiting MMA at the end of the film’s compression, which was comparable
with the expected MMA for Cg, molecules. The limit MMA values were calculated from
the intercept at II = 0 of the linear fit of the solid-like phase.

Cgp isotherm (500 pL, ~ 3.5 x 10—5 M) is shown in ﬁg comparing the isotherms
obtained by micro-syringe spreading and ESI-spreading. In order to collect more in-
formation about the LB growth of the fullerene films during the barriers’ compression,
Brewster’s angle microscopy BAM was employed to monitor the water surface during

the compression at different II.
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Figure 6.23: II against MMA isotherms of 500 pL, ~ 3.5 x 10—5 M Cg, solution for ESI and
micro-syringe spreading water subphase, exhibiting a solid-like phase with limiting MMA of 95

A®. The bottom line shows the BAM microscopies of the water surface during the compression
of the film in three selected point, correspondent to gas phase II = 0 mNm™!, liquid-like phase
II =2 mNm~! and solid like phase IT = 11 mNm™!.

Both the isotherms displayed a vertical solid phase which strongly agreed with groups
who had claimed to observe ML LB Cg, films. The isotherm seemed to move from the
horizontal gas phase to the vertical, solid-like phase rapidly, without showing consistent
liquid phase, when the solution was spread with ESI and in agreement with the theo-
retical prediction of Castillo et Al [301]. The two isotherms showed a long gas phase
with no substantial changes until MMA of 200 A? mol~!, which can be interpreted as
no reciprocal interaction of Cgy molecules. The calculated limiting MMA at II = 0 was
MMA—g) = 95.240.84° mol~!, which is in agreement with past works made by Obeng
et Al. [304], and thus suggesting the formation of a monomolecular layer of fullerene
floating on the water subphase.

The solutions used in this work was chloroform-based solutions 2 x 10~° M. This choice
was made due to the better quality of transferred films and stability of the floating layer
at high II, as it is possible to observe in fig[6.24]

Once the optimal conditions for forming LB Cg, ML were found, the floating ultra-thin
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Figure 6.24: LB isotherm for Cg, chloroform-based solution ~ 2 x 107 M.

film was transferred onto T'S Au substrate using vertical transfer. In this procedure, the
substrate was immersed inside the water surface before the spreading of the molecules.
When the barriers were completely compressed, and thus the film formed, the substrate
was withdrawn from the water at a fixed speed of 0.5 mmmin~!. The transferred film
was then blown with nitrogen for a minute and incubated in a vacuum oven (10~ 2mbar)
overnight at 35 °C to let evaporate any solvent residual on the samples.

Transferred Fullerene LB films formed starting by toluene and chloroform solutions and

transferred onto a gold substrate are shown in fig and

Despite the similar characteristics exhibited from the two isotherms relative to Cgg
toluene (ﬁg and chloroform solution (ﬁg, is easy to observe that their mor-
phology was quite different. As shown in fig[6.25] toluene solution-based Cg, films ex-
hibit small area islands of single layer of fullerene molecules b) with thickness of
~ 0.9£0.3 nm, and with the simultaneous presence of chain-like structures with a thick-
ness of 4-5 nm shown in fig[6.25a and [6.25}c. The formation of chain-like structures was
always observed in fullerene LB films formed strarting by toluene-based solutions.

In contrast, the chloroform-based solution displayed in figure shows a larger film
area, suggesting the formation of a continuous film over the TS Au surface. From the
line profile shown in figl6.26c relative to the blue line, the thickness of the Cg, LB
film was measured to be 1.12 + 0.28 nm, which is comparable to the films formed by
toluene solutions. Comparing the two layers obtained from the two solutions, the ones

formed in chloroform-based solution were chosen for further analysis. In addition, the
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Figure 6.25: AFM topography of Cg, layer on TS Au obtained from toluene-based fullerene
solution in a scan area of 5 x 5 pm (a) and 1.5 x 1.5 pm (b) with the respective profiles lines

(c,d) corresponded to the blue line and plotted on the bottom of each topography map.
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Figure 6.26: AFM mapping of Cg, LB film on Au (chloroform solution) showing large area
films of Cg, single layer all over the surface (a, b, ¢). The profile of the LB film is shown in (d),
correspondent to the blue line in figure (c).
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uniformity of the fullerene layers formed by chloroform solutions allowed the possibility
to performed successive dips of the Au substrate into the floating fullerene film, with the
consequent controlled formation of multiple layers on top of the formed ML. An example

of the second dip of the Au substrate, after the collection of the first Cg layer, is shown

in figure [6.27]

(2 O

() 30

£
£ 14
N

— LB 2" dip Cg, profile on TS Au

Figure 6.27: Large area AFM topography map 20 x 20 nm (a) and 7.5 x 7.5 nm (b) of C4, LB
films after a second collection of the floating LB Cg, layer. The profile relative to the blue line
in (b) is reported in (c), showing the formation of multiple layers on top of the existent one.

The second dip of the Au substrate in the LB Cg film caused the formation of a suc-
cessive fullerene film on top of the first transferred single layer and is clearly visible in
figl6.27] From the topography images of large area transferred films is still possible to
appreciate the first Cg, layer on the Au surface and underneath the second transferred
layer. Interestingly, as can be observed from the profile line of figure [6.27]c, a second
pass of the floating fullerene films caused the formation of a second layer with a total
thickness of 2.81 + 0.35 nm which correspond to 3 layers of fullerene stacked on top
of each other. The formed layer had a very high degree of uniformity, with very low
roughness. In addition, the second passage revealed the presence of thicker clusters of
molecules on top of the uniform second layer. The presence of unexpected structures on

the surface suggests that the floating fullerene LB film was irreversibly disrupted after
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the first Au passage, causing the molecules’ aggregation with consequent formation of

thicker clusters.

6.2.2 Cq4 SAM

To compare the electric and thermoelectric properties for different Cg, layer formations,
SAMs of fullerene Cg, were prepared using the same procedure used by Yoshimoto et
Al. [340]. The Cgy SAMs were prepared by dispersing the molecules in benzene (99.9%),
forming a 10 pM solution. The solution was then deoxygenated for 10 min using nitrogen
bubbling.

The TS-Au was immersed into the solutions straight after the deoxygenation. After
SAMs growth, the sample was rinsed 5 times with fresh benzene and fresh ethanol to
eliminate any physisorbed molecules or residual. The sample was then dried with nitro-
gen for a minute and incubated in a vacuum oven (10~2mbar) overnight at 35 °C to let

evaporate any solvent residual on the samples.

The SAM growth was monitored by QCM with a gold electrode (5 mm diameter, ~ 5
kHz), measuring the electrode frequency before and after the SAM growth. Figure
shows the measured frequencies and their distributions for the QCM resonator system

before and after the SAMs growth onto the QCM electrode.

QCM measurements shown in[6.28 a and [6.28]b display variation of frequency before and

after the growth of Af = 9.62 Hz which correspond to a deposited mass on the electrode
of 135 ng. From equation the area occupied per molecules was calculated to be
around 140 A, This is a bit higher than expected for Cg, molecules measured by other
groups (~ 100 AQ), and giving a surface coverage of 81 %. The differences in coverage
can be explained with the QCM electrode’s roughness, as discussed for the alkyl thiols
SAM counterparts. This assumption is also confirmed looking at fig[6.28 ¢ and [6.28d,
where it is possible to observe a well uniform Cg, SAM with a thickness comparable to
a single fullerene molecule of ~ 0.9 nm and without other physisorbed species on the

surface.
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Figure 6.28: (a) QCM electrode frequencies measured for 150 seconds and their distributions
(b) before and after the growth of Cg, SAM. (¢) AFM scan 2 x 2 pm of Cyy SAM growth on TS
Au after a window of 250nm was opened by nano-scratching of molecules. (d) vertical profile
measured in correspondence of the scratched window, showing the formation of the SAM.

6.2.3 I-Vs characteristics and electric transport characterisation

The electric properties of fullerene ultra-thin films were characterised by conventional
CAFM per each sample made by LB and self-assembled monolayer. In particular, the
samples studied were a 1 nm and 2.8 nm Cg, LB films, corresponding to 1 and 3 molec-
ular units, formed by chloroform solution and transferred onto T'S Au, and a 1 nm Cg,
SAM formed in benzene solutions.

The Cg, LB samples’ electrical conductance was studied by conventional electric maps
using PF-CAFM and by single-point measurements in order to quantify the conductance

of the different films. An example of electric map of fullerene island on Au is shown in

Fig. [6.29]

During the mapping performed on the Cg, clusters of fig[6.29] the bias voltage applied
was kept at 2V since no signal from the junction was recorded under the 2V threshold,
reflecting the large HOMO-LUMO band gap of fullerene.

The electric conductance of the LB layer shown in figure and was studied
using the CAFM single point measurement. Figure shows the I-Vs counter maps
for the two Cgy LB films contacted by the CAFM probe, together with the histograms

of the electrical conductance.
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Figure 6.29: Topography (a,c) and current map (b,d) of fullerene clusters acquired with CAFM
with 2V bias applied on the junction.
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Figure 6.30: CAFM electricAL measurements on Cg, LB films showing: (a) I-V traces acquired
and conductance (log scale) counter map (b) for ~ Inm LB Cg, film. The bottom line displays
the electrical characterisation performed on 2.8 nm Cg, film obtained with a second dip in the
floating LB Cg, film. (c) I-V histogram of the acquired values of current by CAFM with the
relative conductance values histogram (d).
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In the specific the values of G found for the two LB films were respectively (2.3940.19) x
1072 S for 1 nm LB Cy, and (3.89 +0.38) x 10712 S for the ~ 3 nm layer.
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Figure 6.31: (a) Distributions of electrical conductance around V' = 0 for Cg, ultra-thin films
with different thickness formed by LB; (b) Ln plot of molecular conductance measured for the
two Cgq LB films vs film thickness.

The current decay factor § calculated by interpolations of the two available points it is
shown in fig. Form equation f = 3.56nm ™! was calculated, which is in agree-
ment to other reported values of § for conjugated molecular wires linked by covalent

bond [291), 341]. However, the low number of points for the /3 fit is recognised here.

The electric properties of Cgy SAM samples were studied in the same way used for
the LB samples. Despite the multiple attempts in order to form successive physisorbed
Cgp layers on the top of the first SAM, this resulted in a systematic failure of uniform
continuous thicker SAMs fullerene molecules, even after 24h of incubation of substrate
in the molecular solution.

The Cgy SAM shown in fig[6.28 presented a thickness of 0.84 +0.22 nm, without visible
pins/holes structures on the sample surface. Also, no presence of physisorbed molecules
on the surface was observed, highlighting the high uniformity of the obtained layer, and
also confirmed from the presented QCM analysis of fig[6.28]

Figure [6.32] shows the electrical characterisation performed on the Cgy SAM sample us-
ing CAFM point measurements applying a constant 2 nN normal force from the CAFM
Pt Probe.

Interestingly, as it is possible to observe from fig the Cgy SAM sample exhibit a
slightly higher electrical conductance at low bias voltage than the LB sample counterpart,

but still inside the range of the uncertainties. The value of the film conductance was
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Figure 6.32: (a) C4y SAM I-Vs traces acquired with CAFM point measurements; (b) Calculated

histogram of electrical conductance G (log scale) and distributions of G values at low bias (0.1
V).

measured to be G = (1.44 £ 0.41) x 10~® S, almost 5 times higher than the LB 1 nm
Cgo sample and, most likely, to attribute to the better quality of the Cgy SAM sample.
In fact, as is evident from the topography of the LB layer shown in figures and
the films surface, especially in the single layer LB film, is quite rough (~ 300 pm)
and not pretty uniform compared to the layer formed by SAM (~ 100 pm) and shown
in fig]6.28] This peculiar characteristic was also observed in other electric comparisons
of molecular film prepared by different methods (see Sec but, it is clear here that
a better surface uniformity and crystalline structure result in an enhancement of the
charge transport even at room temperature, reducing the scattering rate between the
electrons and the impurities or defects present in the structure [10, 16]. Also, rough
surfaces increase the multiple scattering on the electrons at the interfaces. The higher
amount of mismatched molecular structure observed for the LB sample weakens the

orbital coupling and consequent suppression of the electrical conductance.
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6.2.4 Thermoelectric characterisation

Thermoelectric properties of Cg ultra-thin films formed by LB and SAM were tested
using ThEFM with the same approach used in the previous section. The temperature
difference AT was supplied by the calibrated electric heater, and the Seebeck coefficient
of the films was measured via equation[6.2] The measured thermal voltage for the two LB

samples of 1 nm and 2.8 nm and the SAM Cg, sample (0.87 nm) are shown in figure
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Figure 6.33: Thermoelectric characterisation of Cg, ultra-thin films prepared by SAM and LB.
(a,b) Cgy SAM thermal voltage distributions and average thermal voltage vs AT, measured with
ThEFM single point measurement. Red dashed line represents the linear fit of the measured
data; (c,d) 1 nm Cgzy LB film thermal voltage distributions for four different AT = —1,2,5,7
K applied and plot of average value of Thermal voltage vs AT} (e,f) Measured thermal voltage
values per each temperature difference applied and plot of thermal voltage vs AT for 2.8 nm Cy,
LB film.

The thermal voltage plots against the temperature difference AT presented in fig.
shows a positive slope of the thermal voltage per temperature difference for all the three
Cgo samples, which means negative Seebeck, sign based on the definition of Seebeck
coefficient S = —AV/AT. In addition, the negative sign of S suggests the transport prop-
erties are LUMO dominated [41], 242, [325].

For the two Cgy LB samples of 1 nm and 2.8 nm, corresponding to 1 and 3 Cg layer
respectively, the measured Seebeck coefficient S from the plot (d), (f) of figure were
Sinm = —19.66 +0.95 pVK™! and S9.gpm = —46.64 +1.35 pV K1,
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The value of the Seebeck coefficient measured for the two LB samples is moving to-
wards more negative values and, in particular, 2.8 nm of Cg, film thickness gave the
relative high value of —46.64 pVK~!, in good agreement with the trend observed form
Evangeli et Al. [37] using an STM-BJ system to probe the thermoelectric properties of
single Cgq molecular junction. This effect was expected since increasing the numbers of
Cgp molecular units in-between the junction shrinks the HOMO-LUMO gap. This will
sharpen the transmission resonance close the Fermi Energy E; of the system, causing
an enhancement of the thermoelectric properties of the Cgy film.

The Cgy SAM sample displayed a Seebeck coefficient Ssap = —17.21 + 0.84 pV K1
which is still in good agreement with the literature values for similar systems and very
close to the S value found for Inm Cg, LB sample [270, 271]. The Seebeck value mea-
sured for the Cgy SAM was slightly lower than the LB sample with comparable thickness.
The difference in the measured Seebeck can be, one more time, explained by the big dif-
ference in the packing structure of the films obtained by SAM and LB. Indeed, defects
in the structure, rough surfaces, and lattice mismatch present in the LB samples further
sharpen the transmission function near Fr, with consequent enhancement of the ther-
moelectric properties.

The comparison of the Seebeck coefficient distributions measured for the three Cgq ultra-

thin films prepared by different techniques is presented in figure
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Figure 6.34: Comparison of Seebeck coefficient distribution of Cg, ultra-thin films on TS Au
formed by self assembly and Langmuir-Blodgett measured by ThEFM.
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From these measurements, it appears that Cg, ultra-thin film prepared by the LB tech-
nique are superior for TE application for several different reasons. Firstly, the main
advantage of LB is the ability to deposit controlled numbers of molecular layers with a
high grade of precision. Therefore, in principle, it would be possible to further increase
the thermal power of these systems by increasing the numbers of the 7 stacked Cg lay-
ers. In addition, the non-perfect close-packed structure of LB films further enhances the
thermal power of the Cg, films, as discussed. Another factor that played a significant
role in the samples’ thermoelectric properties is the thermal conductance of the junc-
tion. This factor is indeed crucial for the complete characterisation of the thermoelectric

properties of the Cg film.

The thermal conductance « of the Cy, LB films was studied using Scanning thermal
microscopy (SThM). The thermal conductance of the molecular films was derived from
the voltage drop of the SThM thermal probe, using the methodology recently published
by Spiece et Al. for the thermal conductance modelling under ambient condition. An
example of a thermal map performed on Cgy LB layer presenting multiple thicker struc-

tures on the film surface is shown in fig. together with its topography.
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Figure 6.35: SThM mapping of Cy, LB surface (750x750 nm scan area). (a) Topography of the
film surface and (b) probe temperature map.

As already explained elsewhere, the contrast of the thermal map in fig[6.35]b represents
the drop variation of the thermal resistance of the probe when in contact with the sam-
ple surface. In particular, brighter contrast of the thermal maps represents regions of
the sample with lower thermal conductance than the regions with darker contrast. The
SThM thermal probe was placed in the different region exhibited different contrast. The
point measurements spectroscopy were performed with a continuous approach and re-

tract of the thermal probe on the Cg, film surface and measured its voltage drop. An
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example of voltage drop recorded for 1 nm and 10 nm LB Cg films is reported in figure
[6.36] showing the difference in the thermal resistance variation with the increase of the

numbers of molecular layer in LB films.
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Figure 6.36: Example of thermal transport study on Cg, LB film of 1 nm (red) and 10 nm
(blue). (a) Thermal probe voltage drop vs ramp distance. The drop of the voltage represents
the point in which the contact probe/sample was established; (b) Plot of thermal conductance of
Cgp film prepared by LB and calculated following the model developed by Spiece et Al. starting
from the analysis of the point measurement shown in (a).

The dependence of the thermal conductance of the Cgq LB film on the film thickness
is shown in figl6.36lb. From the plot, it is possible to observe a drop of the thermal
conductance as the Cg, film thickness increases due to weak 7 intermolecular coupling
between Cg, molecules layers in the z direction, weakening the phonon transport across
the junction [330]. The drop of the thermal resistance of the SThM probe (see figl6.36]a),
was higher for 1 nm Cg, than for the 10 nm Cg, film. This characteristic could be at-
tributed to the suppression of phonon transport. In fact, in the thicker molecular films,

other heat transport process, like radiative heating, are dominating.

LB Cg, thin films appear quite promising for TE applications, exhibiting high S
already at 2.8 nm. However, the low electric conductance recorded for ~ 3 nm, make
these materials quite far from the thermoelectric goal of ZT = 3. The values of electrical
conductance G, Seebeck Coefficient S and thermal conductance k are reported, together

with the calculated figure of merit Z, in table [6.4]
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Film  Thickness (nm) G (nS) SMVK™)  k (nW/K) Z
SAM 0.84 +£0.21 14.4 £4.16 —17.2+0.74
LB1 1.12+0.28 2.39£0.19 —19.66 + 0.65 8.53 1.08 x 10710

LB2 2.814+0.35 (3.89+0.38) x 1073 —46.64 4+ 1.25 8.10 1.04 x 10~12

Table 6.4: Resuming table for the values of conductance G, Seebeck coefficient and thermal
conductance for the three Cy, samples studied.

6.3 Tetraphenyl Zinc Porphyrin (Zn-TPP) thin films

In analogy to the work performed on the Cgy ultra-thin films prepared with different
techniques and 7 stacked by LB technique, here the electric and thermoelectric charac-
terisation on Zinc Tetraphenyl porphyrin (Zn-TPP) realised by self-assembly technique,
and LB are presented.

The interest in studying metallo-TPP ultra-thin films mostly lies in the stronger 7 inter-
action with each other [342-344] compare to fullerene Cgy molecules and the possibility
to easily alter the charge state of the metal core by chemical doping. The latter feature of
this particular family of molecules makes metallo-TPP a promising molecule to explore
quantum interference at room temperature to tailor and enhance the thermal power of
molecular vertical junction.

The Zn-TPP ultra-thin films were formed on TS Au by self-assembly monolayers (SAMs)
and Langmuir-Blogget (LB) deposition. Atomically flat template stripped (TS) gold
(roughness < 100 pm) was used as a bottom electrode for SAMs growth. The SAMs
growth condition of Zn-TPP on Au followed the same parameter published by Yoshimoto
et al. in 2004 [340]. The relationship between the number of molecules adsorbed on the
substrate surface and the growing time was monitored via by quartz crystal microbal-

ance (QCM) as shown in figure [6.37

The thickness of the self-assembled film measured by AFM nano-scratching after 60
second growth was 0.45 nm which corresponds to a monomolecular layer of Zn-TPP.
The QCM results displayed in figl6.37] show the molecular density of the monolayer film
is 0.98 pmol m~2, corresponding to 169 A’ per molecule. Both QCM and AFM nano-
scratch indicated the molecules continuously adsorbed on the sample surface even after
monolayer formation. In contrast with the fullerene SAM growth, where no molecules
were grown after the first layer of Cgy molecules, this effect was quite expected as it has
been reported that metallo-porphyrins are favoured to form multi-layered structures due

to 7 stacking.
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Figure 6.37: QCM analysis of Zn-TPP SAMs grown on Au substrate showing the surface
coverage percentage as function of growing time in logarithmic and linear scale (insert). A,B,C,D
represent the AFM topography images correspondent to the relative point shown in the QCM
analysis of Zn-TPP. The AFM scan a and d show the film thickness of Zn-TPP at the point A
and D of the surface coverage plot.

After 3 hours of growth, the averaged film thickness is 1.1+0.3 nm (corresponding to 3-4
layers of molecules), and the film’s molecular density is 2.7 pmol m 2. This growing trend
was observed to be ”gentle” for long growing as the film thickness and molecular density

on the substrate after 12 hours of growth resulted similar to the one with 3 hours growth.

The LB film formation was performed after the optimisation of volume, concentra-
tion and final MMA limiting area in the same way as the analysis conducted for the
formation of Cgq LB films. For the film formation 150 pL (3 x 10~% M) Zn-TPP solution
in toluene was evenly distributed on the water sub-phase using a glass micro-syringe dis-
pensing 5 nl. each droplet. A chromatography paper over-saturated with water was used
for surface pressure monitoring, and the motion of the barriers was set to 5 mm/min.
The LB isotherm of Zn-TPP was studied before the film deposition onto Au substrate,
and the thickness and the topography of the film were characterised by AFM. As is
possible to see in figure [6.38] clear phases transitions were observed when the molecular
occupation area reaches 206 A2, where the molecules of Zn-TPP started to interact with

each other.

Further compressing the LB barriers, the molecules will go through the liquid phase

and, at the end, when the intermolecular distance is approaching the cross-sectional



CHAPTER 6. EXPERIMENTAL RESULTS 144

Surface Pressure (mN/m)

Figure 6.38: LB isotherm of Zn-TPP in toluene solutions and AFM images of the transferred
film in the different highlighted on the isotherm plot.

area of the molecules, the molecules will form a close-packed structure, highlighted by
the change of phase visible in fig]6.38] The TS gold substrate was dipped into the water
surface in order to collect the floating Zn-TPP on the water surface at different surface
pressures corresponded to the changes of phase of the molecules shown by the blue circles
in figure[6.38|in order to study the evolution of the LB film during the compression of the
molecules. The AFM topographies relative to the blue circles correspondent to different
phases of the Zn-TPP are also shown in figure[6.38] In particular, it is worth noting that
the film transferred onto the Au substrate at 92 A2, and corresponding to a solid-like
phase of the Zn-TPP molecules, exhibited multiple molecular layers and wrinkles-like
structures on the top of the LB films, indicating the formation of a thicker layer before
the molecules reach the solid phase.

From the AFM topography images of the LB Zn-TPP films, it is clear that the deposited
film’s thickness and density can be easily controlled by solution concentration and the
dipping point of surface pressure. Since the thicker structure was observed at 92 Az, the
dipping point was kept in between the latter point and 206 A% n fact, this particular
point showed the presence of a thinner continuous film of Zn-TPP and thicker structures
on top of the thinner layer.

However, despite the different attempt in forming a monomolecular layer of Zn-TPP,
we failed to obtain single-layered molecular film by LB method due to the strong inter-
molecular interactions of the molecules, which tend to form thicker clusters and island
of molecules and thus, the thinnest film transferred onto the TS Au was about 1.3 nm

as displayed in figure [6.39]
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Figure 6.39: AFM topography of Zn-TPP ultra-thin films obtained by LB technique with height
profiles analysis for (a) single LB dipping (thin area), (b) single LB dipping (thick area) and (c)
double LB dipping.

The thicker film of Zn-TPP of figure [6.39}b corresponds respectively to the thicker area
of the LB film obtained in the midpoint between 92 A” and 206 A”. This film exhibits
a thickness of 2.1 nm, while the Zn-TPP film shown in [6.39 ¢ was obtained by a second
immersion of the sample into the floating Zn-TPP film and led to the formation of a 4.8
nm thin film on the Au substrate.

The electric and thermoelectric properties and characteristics of LB and SAMs Zn-TPP
ultra-thin films were studied using CAFM and ThEFM, comparing the different thick-

ness, preparation methods and quality of the film.

6.3.1 I-Vs characteristics and electric transport characterisation

The electric transport of Zn-TPP multilayers 7 stacked created with LB and SAM was
compared starting from the analysis of the I-V traces collected per each sample, using
single point CAFM measurements. The I-V histograms of the 3 LB Zn-TPP films with
thicknesses of 1.3 nm, 2.1 nm and 4.8 nm respectively, are presented in figure

As is observed from the I-V traces in (a),(c) and (e) of fig the current drops dramat-
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Figure 6.40: I-Vs traces acquired by CAFM of (a) 1.3 nm, (¢) 2.1 nm and (e) 4.8 nm LB Zn-
TPP. Images (b), (d) and (f) represent respectively the Fowler-Nordheim plot of the averaged
I-V curves of LB Zn-TPP layers with different thickness.

ically once the numbers of molecular units, and therefore the film thickness, increases. In
addition, as shown in (b), (d) and (f), from the average I-V plot obtained directly from
the I-V traces acquired per each Zn-TPP sample, Fowler-Nordheim plots In(I/V?) vs
1/V were produced in order to better understand the transport mechanism, and have a
qualitative idea of the evolution of the HOMO-LUMO gap of the films while the number
of layers increases.

As described in Chapter [, the minimum point in the F-N plots, known as transition
voltage Virans, is correlated with a transition of the charge transport regime, passing
from a coherent tunnel to hopping or other field effect transport regimes, when the bias
voltage increase as described by equations and Furthermore, it is possible to
demonstrate that the transition point V;.qns gives an indication of the bandgap size and,
in this particular case, it is easy to observe how the transition voltage value Vj,qps moves
towards lower V™!, which indicates a shrinking of the HOMO-LUMO gap of Zn-TPP.
There is nothing to be surprised about this characteristic since, theoretically, the addi-

tion of molecular units usually reduce the bandgap [208], 345 [346].
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The electrical conductance values G at low bias voltage (0.1 V) for the three LB layer

are compared in figure [6.41
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Figure 6.41: (a) Comparison of electrical conductance G histograms of LB Zn-TPP (log scale)
and plot of natural logarithm of G against film thickness (b).

As already mentioned, from comparing the G values of the 3 LB films shown in figure
[6.41]a, we can observe the drop of the electrical conductance of the films when the thick-
ness increases, in agreement with the data obtained for Cgy LB films and OPI systems
[166].

A linear relationship between In(G) vs film thickness was observed for the LB 7 stacked
layers of Zn-TPP, which means the transport follows the tunnelling regime, even though
the film thickness is already lying in the hopping region for reported covalently bonded
systems found in literature [167, 217, 21§].

The tunnelling decay coefficient 8 measured for Zn-TPP LB ultra-thin film was g =
3.1+ 1.1 nm~!. The j value is similar to other reported values of conjugated molecular
wires linked by covalent bond (for example, OPE wire ~ 2 nm~! 291], OAE wire ~ 3.3
nm~! [341], acene wires ~ 3.1 nm~! [347], which means the height of the energy barrier
do not increase too much with the absence of covalent linker. This, in particular, is
quite promising because maintaining the electrical conductance and minimise the ther-
mal conductance is vital for ZT optimisation in thermoelectric applications.

The electric transport regime was also studied for the Zn-TPP films prepared by self-
assembly as described previously. The I-V traces recorded by CAFM for 0.45 nm Zn-TPP
SAM is shown in figure [6.42]

The Zn-TPP SAM layers exhibit higher electrical conductance ~ 107%S compared to
the LB films studied, reflecting the thinner molecular barrier in-between the two metal

electrodes (Au substrate and Pt CAFM probe) and the high order in the crystalline



CHAPTER 6. EXPERIMENTAL RESULTS 148

©

Current (uA)
log (dl/dV (S))

0.0 X 4
Bias Voltage (V) Bias Voltage (V) Bias Voltage (V)

Figure 6.42: (a) Counter map of I-V traces of 0.45 nm Zn-TPP SAM on TS Au and histogram of
the conductance values (b), derived from the I-V traces. (c) Comparison of electrical conductance
in log scale of 0.45 nm (red) and 1.1 nm (green) Zn-TPP SAM.

structure of the Zn-TPP film. The values of the conductance of the two studied SAM
Zn-TPP films shown in figl6.42]c, and corresponding 1 and 3-4 Zn-TPP layers, were
plotted in natural log scale in figure for the comparison with the values obtained
for the LB Zn-TPP 7 stacked films.
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Figure 6.43: Plot of molecular conductance of Zn-TPP film prepared with different method vs
thickness of films.

From the plot of In(G) vs film thickness, a linear dependence of the electrical conductance
as the thickness of molecular film increases was observed in all types of films. Fitting the
data presented in figure with equation a current decay factor 8 = 3.74£1.3 nm~!
was found for the layers of Zn-TPP formed by self-assembly monolayer. The § found for
the SAM was in good agreement with the § factor found for the LB films of § = 3.1£1.1
nm~!, which confirm that the main transport regime at low bias is governed by resonant
tunnelling of the electrons through the molecular barrier, no matter the preparation

method used for the 7 stacking film formation.
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6.3.2 Thermoelectric Characterisation

The Seebeck of the Zn-TPP ultra-thin film was measured by Thermoelectric Force Mi-
croscopy (ThEFM), following the same procedure and set-up employed in the previous
Sections. The temperature difference, AT, was generated from the electric heater under

the sample substrate, and the Seebeck Coefficient S, was calculated through equation|6.2

(a) (b)
60 T T
— e LB 1.3 nmZnTPP
S o LB 13 nm ZnTPP) %
3 < 40 6-" - B
% ! -
= s 20F _ e 4
5 > L s_-""
o _z
(] 0F -7 -
L L3
=20 1 1 1 L
-2 0 2 4 6 8
AT (K)
(c) (d)
225 T T T
= ® LB22nmZnTPP 3
o .
S < 150 - P -
x =z | -t
"g £ 75 - e - B
3 b -
&) 0} _-- 4
.-
1 1 1 1
-100 -50 0 50 100 150 200 250 300 -2 0 2 4 6 8
Thermal Voltage (1V) AT (K)
(e ()
o~ ' ' ' ' 600 [ o LB4.8nmZnTPP ' ' 7
8 s i -
o 4 - -7 u
g i Z 4007 e
.5 ] £ 2001 /’i,—f’ 1
(@] 0+ _--" 4
L & -
/ﬂ%ﬂﬁmw ! 2200 1 I I 1
150 300 450 600 -2 0 2 4 6 8

Thermal Voltage (uV) AT (K)

Figure 6.44: Thermal voltages distributions per each temperature difference applied between
the Zn-TPP LB films and the ThEFM Pt probe for 1.3 nm (a), 2.2 nm (c¢) and 4.8 nm (e)
LB Zn-TPP films; (b), (d), (f) average thermal voltages derived form the distributions of each
molecular film plotted against AT.

The thermoelectric measurements performed on the Zn-TPP films of different thickness
formed by LB technique are reported in figure showing the distributions of the
different thermal voltages acquired per each temperature difference AT and the plot of
the thermal voltage vs AT used for the calculation of the Seebeck coefficient of the films
formed by LB.

All measured LB films exhibited a positive slope of the thermal voltage, which meant
negative Seebeck values for the Zn-TPP sample formed by LB 7 stacking. As for the
measured Cg, thermoelectric properties, the negative sign of the Seebeck coefficient for
the Zn-TPP films emphasises the LUMO dominated transport. The values obtained for
the three LB films were Sj3 = —7.1 +4.3 pVK™! | Syo = —26.93+9.61 pVK~! and
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Syg = —68.47 + 5.72 pnV K™, respectively for 1.3, 2.2 and 4.8 nm Zn-TPP LB films.

Using the same protocol, the thermal power of Zn-TPP films formed by self-assembly
in solution was studied. The thermal voltage distribution values for the two Zn-TPP
SAM films per each temperature, and the relative plot of the thermal voltage against

the temperature difference applied in the junction by the electric heater, are reported in

figure [6.45]
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Figure 6.45: Distribution of the measured thermal voltages per each temperature difference in
Zn-TPP SAM films with thickness of 0.45 nm (a) and 1.1 nm (c¢). (b, d) plots of average ther-
mal voltages derived from the correspondent thermal voltage distributions against temperature
difference for single layer Zn-TPP SAM (b) and 3-4 layer Zn-TPP SAM (d).

Again, from the plot (b) and (d) of fig[6.45] the films show negative Seebeck coefficient
of Sgus = —6.4+1.72 pVK "t and S;1 = —9.1£2.9 pVK~! for the 0.45 nm and 1.1 nm
Zn-TPP SAMs correspondingly. In analogy with the results obtained for the Cgy SAM,
the Zn-TPP layer formed by self-assembly shows a slight discrepancy with the Seebeck
to their LB equivalent, as a direct consequence of the different film structural quality
rising from the two preparation techniques.

The values of the Seebeck coefficient, obtained for each preparation methods, are plotted

all together as a function of film thickness, as reported in figure
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Figure 6.46: Comparison between Seebeck coefficients and film thickness for Zn-TPP films
prepared by different methods.

It is clear from the plot of fig]6.46] how the Seebeck coefficient increases linearly with
increasing film thickness due to the shrinking of the HOMO-LUMO gap, sharpening the
resonance of the transmission function, as explained already for the fullerenes films. Fur-
thermore, it is worth noting that the Seebeck coefficient for 4.8 nm Zn-TPP LB film was
measured to be Syg ~ —70 pV K~!, higher than any previous Seebeck value reported
molecular thin film.

The experimental results were then compared with DFT simulations performed in Lan-
caster University by the Theoretical Molecular Transport Group of Professor Colin Lam-
bert. From the DFT calculations shown in figure [6.47] it is possible to observe a high
degree of agreement between the measured electrical conductance of the Zn-TPP films
with different thickness and the simulations.

! was in agreement with the 3 values measured

The theoretical decay factor § = 3.1 nm™
by CAFM for Zn-TPP prepared with LB and SAM. Within some limits, the theoretical
Seebeck coefficient reflects some of the found values for the thinner Zn-TPP films’ ther-
mal power but did not match the measured thermal power of thicker Zn-TPP layers.
The discrepancies between some S measurements and the simulations performed were
attributed to the presence of the films’ defective structure as well as the fact that in

principle, from our measurements, it is not possible to establish, with 100% of certainty,

where the Fermi energy E lies.
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Figure 6.47: (a) Transmission function of Zn-TPP as a function of Fermi Energy position of
the junction of increasing numbers of stacked Zn-TPP; (b) Calculated Seebeck coefficient for
increasing numbers of Zn-TPP molecular units in the junction. (c,d) Values of transmission
function and Seebeck coefficient calculated from (a) and (b) at Ey = 0.

To conclude the thermoelectric characterisation of the Zn-TPP samples, the thermal
conductance of the samples was measured by scanning thermal microscopy. In analogy to
the measurement done for the Cg sample, the films’ thermal conductance was measured
by quantifying the drop of voltage of a resistive probe when the tip-sample contact is
established. The SThM map of LB Zn-TPP samples is displayed in figure [6.48] showing
an example of thermal mapping and the plot of the measured thermal conductance x as

a function of the Zn-TPP film thickness.

The values of k were obtained from the analysis of the SThM probe voltage drop, as
shown in figl6.48lc. For the same reason presented for the fullerene samples in Sec.
the thermal conductance shows an exponential drop for the LB samples when the
number of molecular units is increased. The k values obtained for the different Zn-TPP
formed by different techniques are reported in table together with a resume of the
measured electrical conductances G, thermal power S, and the thermoelectric figure of

merit 7.

Looking at the values of the figure of merit Z, calculated from the measured Seebeck,
electrical and thermal conductance is clear that, despite all the efforts made to enhance

the Seebeck coefficient S and suppress the phonon transport by stacking the molecular
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Figure 6.48: (a) Topography and (b) Thermal map of Zn-TPP LB film acquired by SThM.
(¢c) SThM probe voltage drop during the engaging of the probe on the surface for different film
thickness; (d) Thermal Conductance of Zn-TPP films formed by LB and SAM, as a function of

film thickness.

Film  Thickness G (nS) S@VK™) k (pW/K) Z
SAM 0.45 1 x 103 —6.4+1.7 289 1.4E-7
SAM?2 1.1 254 1.7 -9.1+2.9 211 1.4E-08
LB1 1.3 17+0.4 —71+43 185 4.6E-9
LB2 2.4 5x1072+£4x1072 —26.94+9.6 51 7.1E-10
LB3 4.8 3x1074+£1x107* —68.4+5.7 38 4.1E-11

Table 6.5: Values of electrical and thermal conductance G and &, Seebeck coefficient S and the
calculated thermoelectric figure of merit Z = ¢5%/x for the Zn-TPP films formed by self-assembly

and LB.

layer by 7 interaction, the results were far from the goal of ZT ~ 1. The main reason

behind this is the exponential drop of the electrical conductance with the increasing

number of layers, resulting in a very small power factor 0.52. So, the main limitation in

achieving higher Z in this particular case depends mainly on the poor electrical conduc-

tivity of the thicker molecular layers.
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6.4 Strategies to tailor thermopower by reducing/oxidising

the metal core in metallo-TPP

Among the possible strategies to further improve the figure of merit of molecular thin
films, chemical doping is undoubtedly one of the most used and studied strategies in
molecular electronics in order to enhance both the electrical conductance G and the
thermal power S. The following Section will be dedicated to the study of the ther-
moelectric properties of metallo-porphyrins self-assembled monolayer exposed to lodine
molecules (I,) vapour in order to study the effect of the eventual reducing/oxidising
processes of the metal core of the porphyrin molecules on the thermoelectric properties

of porphyrin SAMs.

As predicted and calculated by Al-Galiby et Al. in their study, the thermoelectric
properties of metallo-porphyrins are pretty sensitive to the oxidation state of the metal
core of the molecule [34]. The calculations performed in Fe+2 and Fe+3 and Mn+2,
Mn+3 showed a clear dependence, along the plane of the molecule, of the thermal power
and the electric transport on the oxidation state of the metal core, due to the shift of the
Fermi energy of the junction. In fact, when the system acquires or donates an electron
(reducing or oxidising respectively) from other molecules attached on the backbone of
the molecules forming the film, the Fermi energy Er will move towards, or away from,
the transmission function resonance relative to the frontier orbitals HOMO-LUMO of
the molecules, with a consequent enhancing (or quenching) of the thermoelectric prop-

erties of the junction.

In order to test this effect, a set of three porphyrin SAMs (Zn, Co, H,) were grown
following the same protocol described for the Zn-TPP film of the previous Section, sub-
mersing the TS Au in a toluene-based solution (1 x 10=* M) for 1 hour and, after drying
with nitrogen, the samples were incubated in a vacuum oven (10~?mbar) overnight at
35 °C to let evaporate the solvent residuals.

The molecular films quality and thickness was studied by AFM nano-scratching, while
the electrical conductance and thermoelectric properties of the three ”as-grown” porphyrin-
based SAMs were measured using CAFM and ThEFM using the same set-up employed
for the other measurements of this work. Figure[6.49)shows the AFM topography of the
three samples after the nano-scratching procedure with the corresponded height profiles

measured in the scratched window.
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Figure 6.49: AFM topography and height analysis of the three porphyrin-based SAMs in corre-
spondence of the window created by applying 20nN loading force to the AFM probe on a small
area of the samples.

All three grown SAMs exhibited a layer thickness comparable to a single molecular layer
of Zn-TPP, Co-TPP and H,-TPP molecules, with an average thickness between 0.35
and 0.5 nm per sample. Once the formation of the layer was confirmed and the electric
transport and the Seebeck value were measured for the set of ”as-grown” porphyrins
SAM, the samples were exposed to iodine molecules (I, Sigma Aldrich, > 99.8%) in or-
der to change the state of the metallic core of the molecules. In particular, iodine acts as
an oxidising agent for the metallic atom of the molecules, withdrawing an electron from
the metal and, as a consequence, shifting the Fermi energy E; towards more negative
values.

The ”doping” process consisted of exposing the as-grown metallo-porphyrin SAMs to
sublimated iodine molecules. Specifically, 0.5 mg of iodine molecules (I,, Sigma Aldrich,
> 99.8%) were settled on a glass slide, covered with a borosilicate glass funnel and heated

at 200 °C by a hot plate as shown in fig a.
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Figure 6.50: (a) Overview of the doping process of metallo-porphyrin SAMs; (b) Detailed scheme
of the sublimation of the iodine molecules; (c) Topography of Co-TPP SAM on TS Au, after
exposure of I, molecules for 1 min; (d) Ideal calculated configuration of the SAM’s molecules
after Todine exposure.

During this procedure, the SAMs-funnel distance was fixed at 1 cm from the end of
the funnel and exposed to the sublimated iodine molecules for 1 minute, as better il-
lustrated in fig[6.50lb. The samples were then scanned by AFM immediately after the
doping process. The presence of iodine molecules was confirmed by the presence of small
clusters on the surface of the TPP SAMs after the exposure (figl6.50}c). More likely,
as shown from the ideal configuration predicted by the molecular dynamics group of Dr
Hatef Saghedi in Warwick University in figure [6.50/d, the agglomerated material on the
surface could represent I clusters dislocated in all the surface, while the remaining I
atoms are bonded with the metallic core of the metallo-porphyrin.

Therefore, assumed true the predicted configuration, the electric transport and ther-
moelectric properties of the I-doped SAMs were studied by CAFM and ThEFM and
compared to the correspondent ”as-grown” samples.

The following figure shows the electrical conductance distribution measured at low bias
voltage for Zn-TPP, Co-TPP and H,-TPP samples before and after being exposed to

the iodine atoms.
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Figure 6.51: Distributions of electrical conductances (log scale) measured by CAFM in Zn-
TPP (a), Co-TPP (b), and free-base H,-TPP, before and after the doping process exposing the
samples to iodine sublimated molecules.

As it is possible to observe from the distributions in figure [6.51] relative to the three
porphyrin-based SAMs, the electrical conductance G does not seems affected by the
presence of iodine, with minor exceptions in the free base porphyrin Ho-TPP and Zn-
TPP. The measured electrical conductance values per SAM are reported in table and

scaled by the quantum of conductance Gj.

Film G(S) G/Go

Zn-TPP 2.2E-7 2.8E-3

Zn-TPP+1 1.3E-7 1.2E-3

Co-TPP 14E-8 1E-4

Co-TPP+I 5.1E-8 6.6E-4

H,-TPP 8.7E-8 1.1E-3

H,-TPP+1 4.8E-7 6.3E-3

Table 6.6: Electrical conductance values measured by CAFM in the three films of metallo-
porphyrin before and after the expose to iodine.

There were no appreciable differences between the electrical conductance G of Co-TPP
before and after the doping process. Also, from fig[6.51]a is possible to observe a long
tail in the conductance of Zn-TPP after the iodine exposure, exhibiting an additional
peak at lower G. The additional peak was found to be caused by thicker region electrical
conductance of the Zn-TPP SAM (ﬁg. For this reason, it was excluded from the

data during the analysis of the electrical conductance. So, neglecting the peak at low
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G values, Zn-TPP showed similar electrical conductance before and after the iodine
doping. Interestingly, the free-base H, porphyrin SAM revealed enhancement in its
electrical conductance of about one order magnitude when the sample was exposed to
the sublimated iodine molecules, as reported in figure [6.51].c.

The thermal power measurement of the three samples were performed by ThEFM.
The thermal voltage distributions measured per each temperature difference for the Zn-

TPP SAMs before and after the doping are presented in figure [6.52]
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Figure 6.52: Thermal voltage distributions measured in Zn-TPP SAM together with the plots
of the average values of the thermal power as a function of the temperature difference, before
(a,b) and after (c,d) the exposure to iodine.

The Seebeck coefficient calculated from the fit of the measurements shown in figure
b and d, was —5.30 £0.94 pVK™! and —7.86 + 1.17 uV K~ for the as-grown
and doped Zn-TPP SAM respectively. The measurements did not reveal any particular
change in the thermal power S of the two samples, but just a slight increase of the
Seebeck coefficient of the samples when exposed to iodine. However, the reasons behind
this could be various since, for example, the presence of iodine on top of the molecules
will increase the thickness of the SAM, creating a small rise in the Seebeck coefficient as
discussed in Chapter [dl Another reason to justify the different thermal power measured

could be attributed to the oxidation effect of the iodine molecule, even though this is
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known to be almost ineffective for the Zinc metal core. Indeed, the depletion between the
two resonance in the transmission function 7'(F) relative to the HOMO-LUMO frontier
orbitals has been calculated to be quite large in Zn-TPP, making the doping process for

Zn-TPP employing lodine molecules ineffective.

Figure[6.53| shows the thermoelectric measurements carried out for Co-TPP SAM before

and after the doping through iodine exposure.

(a) (b)

e COTPP undoped| ' ' '
28 - & A
g . 1
X e 1
3 > il
o ol e 4
14 + .
1 1 1 1 1
-50 -25 0 25 50 75 100 -2 0 2 4 6 8
Thermal Voltage (1V) d AT (K)
© (CORNR
T T T T T T T
e CoTPP doped
25 - -
8 RN
o
S ok ~.. i
S 6 >1 L AN i
x = N
= =25} - s
2 4 N )
o -50 SS -
2 75 - 3
0 ] il 100 I 1 I I -
-150  -100 -50 0 50 100 -2 0 2 4 6 8
AT (K)

Thermal Voltage (uV)

Figure 6.53: Distribution of thermal voltages measured by ThEFM per each temperature dif-
ference and relative plots of the average thermal voltages values as a function of AT for Co-TPP
before (a,b) and after (c,d) the doping process.

This time we observe, from the plot presented in figure [6.53/b and [6.53d, how the ther-

mal voltage and thus, the Seebeck coefficient, switched sign, passing from negative to
positive when Co-TPP SAMs were exposed to iodine. The Seebeck coefficients obtained
from the linear fit of the plots shown in fig[6.53] for the as-grown and I doped Co-TPP
SAMs were —4.00 +0.89 pVK~! and +10.07 + 5.69 pV K1, respectively. This result is
more evident in the plot of figure [6.54] showing the comparison of the Seebeck voltages

obtained from the ThEFM measurements.
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Figure 6.54: (a) Comparison of the average Seebeck voltages measured for Co-TPP SAM before
and after the doping process, plotted against the temperature difference AT. Seebeck coefficient
distributions for the two films (b).

The switching of the thermal power of the Co-TPP SAM after the presence of iodine
has not been observed before, indirectly confirming the theoretical prediction made by
Al-Galiby et Al. and opening a new route for the design of molecules-based TE devices,
combining the doping effect with, for instance, the engineering of the thermal power by
increasing the thickness of the films as proved in the previous section.

Physically, the switch of the sign of the Seebeck coefficient has to be attributed to
the strong oxidising effect of the iodine atoms on the Co metal core of the porphyrin
molecules. In fact, removing one electron from the Co-TPP molecule has the effect of
shifting the Fermi Energy toward more negative values. But this time, in contrast with
the Zn-TPP SAMs, the shift is enough to move the Fermi energy toward the HOMO

resonance and, consequentially, giving a positive thermal power S.

To support our measurements, the same thermoelectric analysis was made on free-base
H,-TPP. This choice was made in order to confirm that what was measured in the two
metallo-porphyrins was caused exclusively by the presence of iodine and not from other
factors since Hy porphyrins are, in principle, inert to the presence of iodine. The thermo-
electric measurements of Hy-TPP SAMs are shown in figure displaying the thermal
voltages distributions acquired per each temperature and the plot of the average thermal

voltage values obtained from the distributions as a function of AT.
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Figure 6.55: Thermal voltage distributions measured at four AT and plots of thermal voltage vs.
temperature difference for H,-TPP before (a,b) and after (c,d) the doping with iodine molecules.

As expected, and is evident form the thermoelectric analysis presented in figure [6.55/b
and [6.55}d, the thermal power of the free-base porphyrin SAM as-grown and after the
exposure to iodine are comparable. In particular, the Seebeck coefficient measured were
—4.384+1.39 pVK ! and —4.17 4+ 0.96 pV K~! respectively for the undoped and doped
samples, confirming the prediction that no changes in thermal power takes place due to
the inefficacy of the doping procedure in free-base porphyrin SAMs.

For better comparison, the Seebeck coefficient of all the metallo-porphyrin before and

after the iodine exposure are shown in figure [6.56] and the relative values are shown in

table 6.7
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Figure 6.56: Comparison of the Seebeck coefficient distributions measured for the three different
porphyrin-based SAMs before and after the exposure to Iodine.

Figurel[6.56] gives a complete overview of the thermal power of metallo-porphyrins studied
and, as is possible to observe from the graph, the negative Seebeck coefficient recorded

for all samples but one, reflect the LUMO character of the molecules.

Film G(S) G/Gy SpVK!
Zn-TPP 2.2E-7 2.8E-3 —5.30+0.94

Zn-TPP+4+I 13E-7 1.2E-3 —-7.86+1.17

Co-TPP 14E-8 1E-4 —4.00£0.89
Co-TPP+I 5.1E-8 6.6E-4 10.07 £+ 5.69
H,-TPP 8.7E-8 1.1E-3 —4.38+1.39

H,-TPP+I 48E-7 6.3E-3 —4.17£0.96

Table 6.7: Electrical conductance and thermalpower measured by CAFM and ThEFM in
porphyrin-based SAMs before and after the exposure to iodine.



CHAPTER 6. EXPERIMENTAL RESULTS 163

Concluding, the overall effect of Iodine molecules can be considered as a negative gate
for the energy levels of the TPP junctions, shifting the Fermi energy towards negative
energy values. This effect is evident in the studies conducted in Co porphyrin SAMs,
where the Co(II) metal core of the molecules shift to Co(III) when the samples were
exposed to iodine. Since the oxidation of Co from 2+ to 3+ due to iodine has been
largely studied in literature [348-350], we can certainly assume that the differences in
the measured thermal power of Co-TPP SAMs have to be attributed to the change of
the oxidation state of the metal core of the molecule in the presence of iodine.

In contrast, the small variation of the thermal power measured in the Zn-TPP samples
before and after the iodine doping can not be attributed, this time to the iodine. In
fact, since Zn has just one oxidation state (24), it is impossible to further oxidise the
metal core of the molecule, with consequently no changes in the transport properties
and the thermal power. From theoretical calculations performed by the collaborator of
this study, one hypothesis could be that the iodine molecules remain in their I, form
when sublimated on the Zn-TPP SAM. In this way, there will not be single Todine atoms
bonded directly with the metal core of the Zn-TPP molecules, producing substantially
no changes to the transport properties.

The latter configuration was also assumed to be valid for the free-base H,-TPP, consid-
ering that the molecules should be inert to the I, molecules.

It is worth noting that the results obtained, as said, could help to better understand the
electronic properties of oxide complex formation and the effect of charge transfer on self-
assembled molecular-scale junctions thermoelectric properties. The presented strategy is
a powerful alternative to the electrostatic gate used in nano-junction and three-terminal
devices to tune the junctions’ energy levels towards the frontier orbitals of the molecules,

with no particular fabrication techniques required for the samples.



Chapter 7

Conclusions

The aim of this work was to demonstrate the feasibility of using molecular assembly
and thin-film structures for thermoelectric energy generation. In this context, ThEFM
has been proven to be a successful tool for probing the electrical conductance and the
thermoelectric properties of molecular ultra-thin films.

In addition to the interest in the fundamental physical processes that occurs in these sys-
tems, one of the main reason for using molecular thin films and molecular self-assembled
monolayers instead of single molecular junction for thermoelectric applications, lies in
their integrability in device architectures, better stability to mechanical deformations
and greater control of the conformation and morphology of the molecular films com-
pared with the single molecules counterpart.

Indeed, as has been observed in sections and both the electrical conductance
G and the thermoelectric properties of the molecular films are deeply influenced by the

growth conditions and thus the quality of the molecular film.

Among the film formation techniques used in this thesis, the Langmuir-Blodgett
technique has been proved to be a powerful technique to form molecular thin-films, with
a precise and controlled thickness for non-amphiphilic molecules like fullerene Cg, and
planar molecules like Zinc Porphyrin Zn-TPP. In fact, thanks to the particular electronic
structure of these molecules, and the more or less extended 7 systems, it was even possi-
ble to stack multiple layers of non-amphipillic molecules. This characteristic is particular
to the LB technique since, as shown, once the mono-molecular floating film is formed,
it is possible, in principle, to form as many layers as needed without limitation (Sec.
6.2.1)).

However, the realisation of thicker structures is not always the desired characteristic

164
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since, as has been seen in the calculation of the figure of merit for both Cgy and Zn-
TPP, thicker structures suppress the electric transport due to the increases of the tunnel
barrier represented by the molecular film. Furthermore, as observed in the thermoelec-
tric properties of Zn-TPP, molecular films formed by LB result, on average, in more
defective and less uniform films. This characteristic creates a consequent enhancement
of the thermal power due to the multiple scattering sites inside the semi-crystalline
structure of the molecular films. However, if on the one hand, this characteristic could
look attractive when the final goal is to enhance as much as possible the thermoelectric
properties, on the other hand, this has a negative effect on the electrical conductance
compared to molecular films realised by self-assembling (Sec. , which are, on aver-

age, more conductive than their LB counterparts.

Conductive probe AFM (CAFM) allowed the direct measurement of the electric prop-
erties and the thermal voltage traces of the samples when a difference of temperature
AT was applied between the Au substrate and the AFM conductive probe, with high
statistic (Section [5.4.2).

The combination of conventional CAFM with the intermittent contact mode, known as
Peak Force AFM, allowed the simultaneous collection of the electric and nanomechanical
properties of the molecular films. This point resulted in a crucial step of this work since,
in addition to the possibility to obtain multi-physical properties of the material under
investigation, the combination of these two techniques drastically reduces the friction
between probe and sample, with consequent less damage to the molecular thin film dur-
ing the measurements.

As explained in Section due to the nature of the intermittent contact, the thermo-
electric properties of the samples could not be studied by conventional methods. Since
the difference in the time scale of the thermoelectric effect and the intermittent contact,
a "thermal current Sensing” was developed for the study of the thermal power of differ-
ent alkyl thiolate SAMs with different length.

The thermal power measured by current sensing PF-ThEFM and the conventional zero-
current ThEFM results comparable and, in any case, inside the relative uncertainties
values, demonstrating the feasibility of the developed methodology.

Moreover, in the framework of SPM development, the additional study on the effect of
graphene as a top electrode material (CAFM probe) gave interestingly superior mechan-

ical and electrical stability over longer time scan, ensuring a ”softer contact” with the
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sample surface and preserving the life-time of the probe itself .

The methodology developed for the Graphene coating of the AFM probes was possible
thanks to the use of LB technique that, in contrast with other techniques and method-
ology reported in the literature, preserved the probe shape without the risk of the probe
breaking.

Alkyl-thiolate based SAMs and conjugated molecular wires were employed to test
the measurements techniques and demonstrating the validity of the measurements made
by CAFM and ThEFM by comparison with theoretical DFT calculations and previous
literature results on similar systems and single molecules counterparts. The measure-
ments revealed increasing thermopower when the molecular length increases in very good

agreement with the values in the literature.

Since the main aim of this work was the enhancement of the thermoelectric proper-
ties of molecular thin films or SAMs and the reduction of the phonon transport across
the junction, it was decided to study the electric and thermoelectric properties of the
molecular films varying the film thickness by stacking molecular layers by 7 interaction.
In fact, it has been largely reported how the non-covalent bonded molecules suppress
the phonon transport in the molecule and, as a consequence, enhance the thermal power

and the thermoelectric figure of merit Z7T'.

This was verified in Cgq and Zn-TPP molecular films. The measurements showed
an increasing Seebeck coefficient with increasing the number of molecular layers by
stacking in both the molecules, showing a relatively high Seebeck coefficient of ~ —70
pVK~!in 4.8 nm Zn-TPP film formed by LB technique and almost —40 pV K~! in 2.8
nm Cg, layer corresponding respectively to ~ 15 and ~ 3 layers of molecules.

In both samples, the measured thermopower enhanced when the molecular layers were
formed by LB rather than SAM, displaying a linear dependency on the film thickness
in good agreement with the literature values for Cg, and Zn-TPP. The enhanced See-
beck in the LB samples is attributed to the more defective structure of the LB films,
rich in vacancies and imperfections, which further suppress the phonon diffusion across
the molecular junction. In addition, from the study of the thermal conductance of the
sample by Scanning thermal microscopy (SThM), it was possible to calculate the figure

of merit ZT', which defines the efficiency of a thermoelectric material. As is possible to
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observe in table and the calculated values in the range of 10~7 and 10~'2, which
are far from the desired Z7T = 1 threshold useful for practice applications.

Despite all the effort and the strategies employed to enhance the thermoelectric proper-
ties of the molecular thin films, the exponential decay of the electrical conductance with
the number of molecular layers makes these systems still poorly efficient. Recent stud-
ies, however, proved that some porphyrin-based molecular structures present a positive
current decay factor [, with the consequent increases of the electrical conductance with
the length of the molecules [259] This particular characteristic would surely help for the
enhancement of the thermoelectric figure of merit of the junction, due the simultaneous

increases of the Seebeck coefficient S and the electrical conductance G of the molecules.

Finally, the control and tailor of the intrinsic thermoelectric properties of metallo-
porphyrin based SAMs were largely tested in this thesis. Inspired by the theoretical work
of Al-Galiby et Al. on the tuning the Seebeck coefficient of metallo-porhpyrins single
molecular junctions [34], the experiments were focused on the tailoring of the thermal
power of self-assembled monolayer of three metallo-porphyrins by using iodine molecules
as chemical dopant . As shown in Section the electric and thermoelectric properties
of three porphyrin-based SAMs with different metal core atom (Zn, Co, free-base) were
tested by ThEFM, before and after the exposure to sublimated iodine molecules (I,),
and the experimental results were compared with the theoretical calculations and molec-
ular dynamics simulations performed by the group of theoretical transport in molecular
system lead by Prof. Colin Lambert and Dr. Hatef Sadeghi.

Indeed, combining a chemical doping with thermopower capability may yield novel ap-
plications involving the Seebeck and the Peltier effect. The Seebeck coefficient, and
therefore the temperature gradient in a material, depends on the slope of the trans-
mission at the Fermi energy. Using chemical doping (or chemical gate), one could shift
a resonance through the Fermi energy. While doing so, the slope of the transmission

changes sign, as does the Seebeck coefficient.

The ability to reverse the sign of the Seebeck coefficient is a property that no mate-

rial to date had been showing.

From the results, it was possible to observe no appreciable changes in the thermo-

electric properties of Zn-TPP and H,-TPP before and after the iodine doping while,
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interestingly, the Co-TPP film exhibited a net change of sign of the measured Seebeck
coefficient S ,from —4 to+10 pV K~! when the sample was exposed to the I, molecules.
The change in the thermal power just in the Co-TPP and not elsewhere has been at-
tributed to the change in the oxidation state of the Co metallic core of the porphyrin
molecules, which results quite sensitive to iodine, as reported largely in literature [348-
350]. In fact, the presence of iodine leads to the withdrawing of one electron from the Co
atom and, consequently, shifting the Fermi energy E; of the molecules towards negative
energies. In contrast, and as expected, iodine did not show any effect on both Zn-TPP
and free-base Hy-TPP. Indeed, since Zn presents only one oxidation state (2+), it is
almost impossible for iodine to remove electrons from the zinc metal core of the por-
phyrin. Thus, the net effect produced on the thermoelectric properties of the molecules
after the doping is overall null. In analogy, the fact that no changes were recorded in the
Seebeck coefficient of the H,-TPP after the iodine exposure reflects the inert condition of
the free-base porphyrin that, without any metal core, do no interact with iodine, whose
remain in its Iy form forming just ”contamination” on the surface.

Even though other confirmations are surely needed, especially about the configuration of
the iodine molecules in the doped samples, this work put the basis of further outcomes
on the possibility to tune ”ez-situ” the thermoelectric properties of metallo-porphyrins
based SAMs or other molecular species which form charge-transfer complex, giving the
possibility to tune the Fermi energy of the junction towards positive or negative values,
based on the particular dopant used. Thus, this process could be considered as a chem-
ical gate of the energetic level of the molecular system under study and could be, in
principle, a good alternative to the electrostatic gate of three terminal nano-junctions
and devices, when the particular measurement or preparation techniques do not contem-

plate the presence of a third terminal.

Despite the tremendous opportunities molecules offer, the thermoelectricity in molec-
ular electronics is still in its infancy, and many challenges still remain to be solved. One
of them, for instance, is how to make reliable electric contact to single molecules. In fact,
contacting molecules has attracted much attention, both from the electrode side and in
terms of molecular design. In particular, questions related to the formation of strong
connections between the molecule and the electrodes was partially solved in this work
thanks to the employment of SPM techniques in order to test the thermoelectric and

electric transport of molecular thin films, creating optimal and, especially, controlled
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contact between the probe of the AFM (top electrode) and the surface of the molecules.
In fact, as shown in Section based on the loading force of the AFM probe, it was

easy to control the number of molecules contacted during the measurements.
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