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ABSTRACT

The experimental characterisation of molecular junctions is perhaps the most im-
portant class of measurement within molecular electronics; as interest in the field
has grown throughout the 21 century, SPM and break-junction methods for char-
acterising electrical and thermal transport through molecular junctions have become
increasingly advanced, providing insight into a diverse range of quantum transport
phenomena. This work details the development of several bespoke instrumenta-
tion and data analysis systems to facilitate precise, repeatable measurement of the
electrical and thermoelectric properties of molecular junctions. Novel fabrication
strategies and careful design were employed to attain state-of-the-art performance
at low-cost.

A bespoke STM break junction (STMBJ) system for single-molecule conduc-
tance measurements is presented, featuring a novel approach to the fabrication of
an SPM head using steel-reinforced epoxy granite (SREG) composite. In order to
extract additional information beyond the most-probable conductance from the large
datasets produced by STMBJ, a detailed investigation of autoencoder-based feature
extraction and clustering algorithms was conducted. Notably, the role of feature
disentanglement in STMBJ data segmentation was studied for the first time.

Additionally, a high-precision thermovoltage AFM (ThAFM) module was de-
veloped which enables characterisation of the thermopower of multi-molecule junc-
tions using a commercial AFM. The key challenges of ThAFM are outlined, and
corresponding instrumentation design principles are identified and implemented to
ensure optimal performance. The performance is demonstrated by measurements of
the Seebeck coefficients of Cgy and ODT monolayers with precision exceeding the
best reported measurements to date. Finally, the system is used to produce the first

reported measurement of the Seebeck coefficient of a ZnPc monolayer.
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1. INTRODUCTION

1.1 Molecular Electronics

Molecular electronics is an interdisciplinary field, at the interface between Physics
and Chemistry, primarily concerned with the study and manipulation of electron
transport in organic molecules [4] towards the development of electronic devices built
from individual molecules rather than from bulk materials [5]. The motivations for
pursuing molecular electronics research are twofold:

From a perspective of fundamental scientific curiosity, molecular devices pro-
vide a fascinating platform for the theoretical and experimental study of quantum
transport in a highly customisable nanostructure. The vast freedom in molecular
design afforded by modern synthetic chemistry provides far more control over the
properties of the device than is available in other devices of comparable dimensions,
such as inorganic quantum dots [5,6]. This flexibility has facilitated access to a rich
assortment of quantum phenomena, and molecular electronics experiments continue
to provide valuable insight into quantum transport regimes which are not yet well
understood theoretically [7].

In addition to basic research, there is a strong technological motivation for pursu-
ing molecular electronics. The majority of conventional electronic devices are built
from bulk inorganic semiconductor materials using a ‘top down’ approach in which
devices start from bulk materials, and structures are engineered subtractively. This
approach is limited by the properties of the available materials and the manufac-
turing process (for example electron beam lithography is fundamentally limited in
resolution by the achievable beam diameter and by scattering effects in the resist
material [8]). In contrast, molecular electronics devices could use a ‘bottom up’
approach to fabrication, where the components are built from individual molecules
which are specifically designed via synthetic chemistry to have the desired proper-
ties [5]. Nanostructured molecular scale devices may also leverage phase-coherent
quantum transport effects, such as quantum interference, which are not available
to conventional electronics. This could lead to the realisation of highly efficient de-
vices with unparalleled performance, such as chemical sensors with single-molecule
detection thresholds [9-11].

The concept of building devices in a ‘bottom up’ manner from individual molecules
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originated in a rudimentary form, along with many of the foundational ideas of
nanoscience, in the late 1950s. Richard Feynman’s now-famous 1959 talk entitled
‘there’s plenty of room at the bottom’ [12] briefly alluded to the synthesis of be-
spoke organic molecules as a means of building nanoscale ‘machines’. In 1956 Von
Hippel proposed creating new materials for electronic devices using a ‘molecular
engineering’ approach where, rather than searching for bulk materials with the re-
quired properties, novel materials were to be designed at the molecular scale [13]. In
1959 this led to a joint R&D project between Westinghouse Electric and the US air
force to develop robust miniaturised electronics based on the ‘molecular engineering’
paradigm to meet the increasing requirements of airborne systems [14]. However, by
1960 the program had already largely moved away from the ‘molecular engineering’
approach, and the program ended entirely in 1962, although Westinghouse Electric
continued to use the term ‘molecular electronics’ to refer to conventional integrated
circuit (IC) devices in subsequent years [15].

The field of molecular electronics began to emerge in a recognisable form in
1974 when the concept of single molecules functioning as analogues of conventional
electronic components was introduced by Aviram and Ratner, who proposed that
a single molecule could function as a rectifier [16]. This led to a surge of inter-
est in molecular electronics, but progress was hindered by the limited theoretical
understanding of transport in single molecules and the experimental challenges of
measuring transport properties of molecular junctions [17].

The debut of scanning probe microscopy (SPM), beginning with the invention of
the Topografiner in 1972 |18] and the scanning tunnelling microscope (STM) in 1981
[19], and the resulting development of atomic force microscopy (AFM) in 1986 [20],
provided unprecedented access to matter at the molecular scale; for the first time
molecules could be imaged in real space [21,22], and even addressed individually to
form molecular junctions. Experimental progress in the study of molecular junctions
continued through the 1990s and into the 21% century, including the advent of single-
molecule conductance measurements using break-junction techniques [23}24], which
remain one of the most powerful approaches for the characterisation of molecular
junctions. Simultaneously, significant progress was made in developing theoretical
descriptions of transport through single molecules [17,25].

At the time of writing, molecular electronics presents as many opportunities and
challenges as ever: activity in the field has grown significantly since the early 2000s
(as illustrated in figure , and enumerable important developments have advanced
the state-of-the art in almost all aspects including device fabrication, characteri-
sation and theoretical modelling. Scanning probe microscopy and break-junction
methods have continued to play an important role in experimental characterisa-

tion efforts, and myriad adaptations have been developed to extend these methods
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Fig. 1.1: A plot showing the growth in number of publications for ‘Molecular Electronics’
by year (from 1980 to 2021). Data from Web of Science [1]

beyond conductance measurements towards characterisation of various properties
including thermopower [3] and thermal conductance [26-H28]. However, even as
measurements of molecular junctions become increasingly complex, accessing ever
more parameters and introducing gating and modulation, implementing reliable and
reproducible measurements remains challenging. Additionally, modern molecular
junction experiments produce large amounts of complex multivariate data, which
traditional ensemble analysis approaches are not well equipped to handle. The next
generation of molecular electronics experiments will require sophisticated data anal-

ysis techniques to extract maximum insight from the resulting datasets.

1.2 Scientific Objectives & Overview of the Thesis

The objective of the work presented here was to develop enhanced SPM measure-
ment techniques for the characterisation of the electrical properties of molecular
junctions, with an emphasis on precision, reliability and ease-of-use. It is hoped
that these improvements to existing measurement techniques will allow more accu-
rate measurements of key parameters of molecular junctions, with higher through-

put.

1.2.1 Extensible Break Junction Platform for Advanced Characterisation of

Single-Molecule Junctions

The first objective of this work was to develop a low cost STM, optimised for STMBJ

measurements, and accompanying software for automated data analysis. This in-
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Fig. 1.2: A render of the STMBJ developed in this work, with the shield and composite
casing partially cut away to expose the scan unit

strument is intended to provide an extensible platform for the exploration of ad-

vanced STMBJ techniques in future.

STMBJ

Break junction techniques form nanoscale junctions by repeatedly forming and
breaking metallic contacts between a pair of electrodes; when performed in the
presence of a target molecule, molecular junctions may be formed due to molecules
binding between the electrodes during the breaking process. Some of the earli-
est experimental studies of the conductance of single-molecule junctions were per-
formed using break-junctions , yet the technique remains highly relevant today,
with sophisticated break-junction experiments providing insight into a wide range of
phenomena beyond electrical conductance , such as room-temperature quantum
interference and thermoelectricity [20].

The STM break junction (STMBJ) combines the break junction technique with
scanning tunnelling microscopy (STM). In its most basic form, STMBJ utilises the
fine positioning capabilities of STM to form and break nanoscale metallic junctions
between the STM tip and sample, while measuring the conductance of the junction
as a function of the tip-sample separation. Since the introduction of STMBJ in
2003 many groups have adapted standard STM instruments for STMBJ, while
others have built dedicated STMBJ instruments optimised for the formation of stable

junctions, achieving significant performance enhancements [31].
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Automated Data Processing Using Variational Bayesian Methods

The formation of molecular junctions via STMBJ is a stochastic process, and a
complete STMBJ measurement consists of an ensemble of data from thousands of
junction formation and breaking cycles. Typically, statistical analysis is used to
extract the ensemble average conductance and breaking length of the molecular
junction. However, this approach can result in the loss of information. Recently,
several groups have begun to use more advanced data analysis to extract additional
information from STMBJ datasets. Among the most powerful of these are cluster-
ing techniques which identify sub-populations of similar traces within the dataset,
providing insight beyond the average conductance. Due to the high dimensional-
ity of STMBJ data, applying clustering algorithms directly to the dataset typically
yields poor performance; a ‘feature extractor’ which encodes the salient features of
the data into a representation with reduced dimensionality is therefore required.
One of the objectives of this work was an exploration of autoencoder neural
networks as feature extractors for STMBJ, using a combination of procedurally
generated and experimental datasets to identify strategies to improve downstream

clustering accuracy and interpretability. This work is discussed in chapter [3]

1.2.2 Thermoelectric Characterisation of Multi-Molecule Junctions

Thermovoltage AFM (ThAFM) is an extension of AFM which allows the measure-
ment of the thermoelectric properties of molecular thin films. Brief introductions to
thermoelectricity and ThAFM are contained within this section; more detail can be
found in chapter [0 One of the primary aims of this work was to identify limitations
of existing ThAFM implementations and develop an inexpensive, reliable and stable
ThAFM module to augment the capabilities of a commercial AFM. The resulting
implementation of the ThAFM method provides unprecedented performance and
ease-of-use in a self-contained module which can be built for under £100 (orders of
magnitude less expensive than a typical ThAFM setup). This aspect of the work is
discussed in chapter [6]

Thermoelectric Effect

The term thermoelectric effect refers to the generation of a potential difference
(thermovoltage) due to a temperature gradient across a junction; conversely, a tem-
perature gradient can be created by applying an external potential. There exists
a linear relationship between the open-circuit thermovoltage AV and temperature
difference AT, the slope of which is defined as the Seebeck coefficient S (also known
as the ‘thermopower’) [32].

S =% (1.1)
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Unlike electrical conductance, the Seebeck coefficient is an intrinsic property.
Hence, neglecting the effect of interactions between molecules, the Seebeck coefficient
of a multi-molecule junction should be equal to that of a single-molecule junction.

Devices which leverage the thermoelectric effect for energy generation or heat-
ing/cooling are of interest since, among other reasons, no moving parts are required
and there is a high potential for miniaturisation and integration into other systems.
Especially promising potential applications of future thermoelectric devices include
miniaturised solid-state thermal management solutions and large scale harvesting of
so called ‘low grade’ waste heat which cannot be recovered by most conversion meth-
ods [33]. Unfortunately, present thermoelectric devices suffer from low efficiency
and power output compared to other heat-electricity conversion methods such as
steam-turbines. In addition, many of the materials used in present inorganic ther-
moelectric devices are toxic, scarce or otherwise harmful to the environment, limiting
their potential for widespread implementation. Despite these limitations, thermo-
electric devices are currently in use in a number of specialised applications due to
their unique advantages. The thermoelectric effect is also of scientific interest as it
can provide additional information about the charge transport characteristics of a
junction not encoded in other commonly measured properties such as the electrical
conductance [34].

The efficiency of a thermoelectric device is quantified by the dimensionless ‘figure
of merit’, ZT [35]:

S*GT

K

77 = — (1.2)

where T' is the average temperature across the junction and G and k are the
electrical and thermal conductances, respectively. Current thermoelectric devices
are mostly based on bulk inorganic materials (e.g. Bismuth-Telluride alloys), with
typical room-temperature figure of merit values of ZT ~ 1 [11]. A commonly used
guideline for the threshold at which thermoelectric devices would be competitive
with other forms of heat-electricity conversion is ZT > 3 [36]. Over the past sev-
eral decades efforts to achieve this target with bulk inorganic materials have been
unsuccessful.

The theoretical efficiency limit for a thermoelectric device is the Carnot limit,
since the processes underlying the thermoelectric effect are thermodynamically re-
versible. From equation[I.2)it can be inferred that in order to maximise the efficiency
of a thermoelectric device at a given operating temperature the Seebeck coefficient
S and electrical conductance G must be maximised while the thermal conductance s
is minimised. However, this is complicated by the fact that the thermal conductance

is the sum of contributions from charge carriers and phonons, . and x, respectively.
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K = Ke + Kp (1.3)

The electrical conductance GG and the electronic contribution to the thermal
conductance k, are proportional to each other according to the Wiedemann-Franz
law. Note that while the Wiedemann-Franz law was formulated for metals, a mod-
ified version is expected to hold for single-molecule junctions [37]. Hence efforts to
optimise the figure of merit ZT by reducing the thermal conductance should aim
to reduce primarily the phonon contribution while maintaining the electronic con-
tribution in order to avoid inadvertently reducing the electrical conductance (and
therefore Z'T). The electrical conductance is also important in determining the power
that can be generated by a thermoelectric generator; a high efficiency is of limited
practical utility if the maximum power that can be generated is very low, except in
niche applications where the power demands are low and the available heat energy
is very limited (for example body heat harvesting). [33]

Nanostructured inorganic thermoelectric devices have enabled a number of new
strategies for the tuning of thermoelectric properties, including independent tuning
of ke and k,, resulting in enhanced ZT over their bulk counterparts [38]. Molecular
thermoelectric devices offer additional avenues to improve the figure of merit us-
ing quantum interference effects, for example to enhance the Seebeck coefficient or
suppress phonon transmission [39,40]. Further discussion of the quantum transport
concepts underpinning the thermoelectric effect in molecular junctions can be found

in section 2.3l

ThAFM

Atomic force microscopy (AFM) is perhaps the most widely used variant of SPM, due
in part to its flexibility; AFM is not limited to conductive samples, and the ability to
measure and control the tip-sample interaction force opens possibilities for countless
specialised contact and non-contact modes of operation for specific characterisation
tasks. The most important variant of AFM for the study of molecular junctions is
CAFM (conductive atomic force microscopy), in which a conductive probe is used to
measure electrical properties of the sample [41]. Thermovoltage AFM (ThAFM) is a
variant of CAFM introduced by Tan, Sadat and Reddy in 2010 [3], which measures
the Seebeck coefficient of multi-molecule junctions formed by contacting the surface
of a molecular thin film with a conductive AFM probe.

The fundamental working principle of ThAFM is as follows: A molecular junction
is formed by a molecular thin film adsorbed on a conductive substrate (which acts as
the drain electrode) contacted by a conductive AFM probe (which acts as the source

electrode). A temperature gradient across the junction is established by heating
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Fig. 1.3: A photograph of the ThAFM module installed on a Bruker multimode AFM

or cooling the sample, while a precision voltmeter connected between the tip and
substrate measures the thermovoltage. Recording the thermovoltage as a function
of the temperature gradient allows the Seebeck coefficient to be extracted.

While simple in principle, ThAFM measurements are challenging in practice;
inconsistent electrical contacts and unstable thermovoltage signals increase the un-
certainty in the measured Seebeck coefficient and limit the throughput of the ex-
periment. Chapter [6] details the results of an effort to improve the precision and
reliability of an existing ThAFM implementation, resulting in the development of a
new self-contained ThAFM module, pictured in figure [I.3]



2. PRINCIPLES OF QUANTUM TRANSPORT IN MOLECULAR
JUNCTIONS

The primary focus of this work is the development of improved instrumentation
for the characterisation of the electrical conductance and thermopower of molecular
junctions: this chapter presents a qualitative introduction to the key concepts in
quantum transport which underpin these properties.

Molecular junctions, as studied experimentally in this work, consist of organic
molecules connected between two metallic electrodes, or ‘leads’, denoted source (s)
and drain (d). A realistic junction may be a multi-molecule junction (MMJ), con-
taining many molecules in parallel, or a single-molecule junction (SMJ) containing
just one molecule; for the sake of simplicity the theoretical descriptions presented
in this section will be restricted to the single-molecule case, illustrated in figure [2.1]
The conductance and thermopower of these junctions can be understood in terms of
the transport of electrons between the source and drain electrodes via the molecular
junction. However, due to the nanoscale dimensions of the junction, classical models
of electron transport are not sufficient and the quantum mechanical nature of the
electron must be considered [42].

The electrodes can be modelled as quasi-infinite crystalline metallic structures,
which are considered to be open systems possessing a continuum of energy levels

described by the Fermi-Dirac distribution function |11]:

F(E) = (21)
eksT + 1

where T > 0 is the temperature of the electrode, i is the chemical potential and
kg is the Boltzmann constant. The highest occupied energy level in the electrode
is the Fermi level, denoted by Er , which at zero temperature is identical to the
chemical potential. Note that in general the source and drain may have different
temperatures Ts # T, and chemical potentials ps # pg and therefore different Fermi

distributions, fs(F) # fa(E).
The molecule, however, has nanoscale dimensions and when in isolation is a
closed system with finite energy levels corresponding to a discrete set of ‘molecular

orbitals’, each of which can be occupied by a maximum of two electrons due to the

Pauli exclusion principle. The orbitals are filled with pairs of electrons up to the
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Fig. 2.1: An illustration of a single-molecule junction, showing how treating transport as
a scattering problem allows the junction to be described in terms of a scattering
matrix which relates the amplitudes of incoming and outgoing electron wave-
functions.

so-called highest occupied molecular orbital (HOMO). The adjacent unfilled orbital
is called the lowest unoccupied molecular orbital (LUMO), and the energy difference
between them is termed the ‘HOMO-LUMO gap’.

Once the molecule is ‘wired’” into the junction, it can no longer be considered
a closed system, as the hybridisation between the quantised molecular orbitals and
the continuous levels found in the electrodes results in broadened resonances, de-
pending on the strength of the electrode-molecule coupling @,. Additionally,
interactions between the molecule and electrodes will result in reorganisation of the
energy levels such that the Fermi energy will typically be between the HOMO and
LUMO energies []EI], and as a result the dominant electron transport mechanism
will be ‘off-resonance’ tunnelling through the HOMO-LUMO gap. The Landauer
formalism provides an intuitive, and often computationally efficient, approach to
the calculation of transport properties such as conductance in the phase-coherent
tunnelling regime .

2.1 The Landauer Formalism: Quantum Transport as a Scattering
Problem

In the Landauer (also known as Landauer-Biittiker) approach, coherent quantum

transport is modelled as a scattering problem, where the transport properties of



2. Principles of Quantum Transport in Molecular Junctions 11

the junction are related to the transmission probability of a De Broglie wave repre-
senting an incident electron. For instance, the conductance G of a junction with n

transmission channels is given by the Landauer equation:

where 7;, i € {Z,i < n} is the transmission probability of the iy, conductance
channel. The conductance quantum G, = % is the electrical conductance of a
single perfect conduction channel [42] (see section [2.2.1)).

In order to demonstrate the scattering approach, consider a simple time-independent
one-dimensional situation, as illustrated in figure [2.3] The junction is modelled as a
1D ‘scattering region’, and the electrons in the source and drain electrodes are free
quantum states represented by their wavefunctions, ¥, and ¥, respectively, which

are solutions to the Schrédinger equation:

H|V) = E|V) (2.3)

H and E represent the Hamiltonian and the energy operator, respectively. Us-
ing the superposition principle, the wavefunctions can be represented as a sum of
plane-wave components propagating in opposite directions, representing the elec-

trons entering and leaving the scattering region.

U, = IN, e + QUT, e

. , (2.4)
Uy = INge ™ 4+ OUT4e™

The wavenumber k is related to the momentum p of the electron by k£ = ph.
The amplitudes IN; and OUT; represent incoming and outgoing electrons from the
scattering region on the source side. Likewise, IN; and OUT, represent incoming and
outgoing electrons from the scattering region on the drain side. These amplitudes
can be grouped into incoming and outgoing states, written as column vectors of
eigenvalues in the orthonormal basis formed by the plane wave eigenvectors é €
{(e***,0), (0,e~"*=)} of the Schrodinger equation [43].

. IN _ (OUT,
lin) = (INd) , lout) = (OUTd> (2.5)

The relationship between the amplitudes of the incoming and outgoing states is

described by the scattering matrix S as follows [33}/42]:

lout) = S |in) (2.6)
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where S is a square, unitary matrix with size equal to the number of states, which
encodes all measurable information about transport through the junction [44]. With

two incoming and two outgoing states, the scattering matrix can be written as a

g S11 12 (2.7)
S21 S22

Note that, in general, each of the elements of S is a function of energy [33].

2 X 2 matrix.

The transmission probability 7.4 for an electron incident on the scattering region
from the source electrode depends on the ratio between the outgoing amplitude at

the drain and the incoming amplitude at the source.

2

OUTy
IN,

(2.8)

7_sd:‘

In the case where the electron starts in the source, moving towards the drain, the
amplitudes of the incoming states are IN; = 1 and IN; = 0. The scattering matrix

relates the amplitudes of the outgoing states from the amplitudes of the incoming

OUTS _ S11 S12 1 (29)
OUTd S291 S22 0

The resulting transmission probability is 7oq = |s21|>. Applying the same process

states.

to the opposite scenario where the electron starts in the drain, moving towards
the source, gives 745 = !812|2. Via the same process it can be inferred that the
reflection probabilities are R,q = \311|2 and Ry = ]322]2. This provides a physical
interpretation for the elements of the scattering matrix in terms of transmission and

reflection probabilities 7 and R.

:t\/ de j:w /Tds

S = (2.10)
:i:w / Tsd :|:\/ Rds

This gives a clear physical motivation for the unitarity of the scattering matrix:

conservation of current requires that, for a given incident electron, the summation

of all the transmission and reflection probabilities must be unity [33]. Recall that if

a matrix is unitary, the Hermitian adjoint is equivalent to the inverse of the matrix.

This condition can be expressed as follows

SIS =88' =1 (2.11)

where I is a square identity matrix of the same dimension as S. By substitution
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from equation [2.10] current conservation conditions are shown to hold where S is

unitary.

de + Tds =1

(2.12)
Rds + Tsd =1

The transmission function 7(E), encoded in the scattering matrix, can be used

to determine the electrical conductance and thermopower of the junction.

2.2  FElectrical Conductance

The electrical conductance G of a junction is defined by the ratio of the net current

flow I through the junction and the applied bias voltage V.
I

G = v (2.13)

Recall that near equilibrium, the energies of the electrons in the leads are dis-

tributed according to the Fermi-Dirac distribution function (equation[2.1]) [11]; Since

source and drain may have different chemical potentials, for example due to the

presence of a small external bias voltage, their electrons have different energy dis-

tributions fs(E) and f4(E). If the transmission function of the junction is 7(E),

application of the Landauer formalism yields equation for the current I,4; due

to electrons passing from source to drain [45].

2e [T

La=" [ 7(B)(f.(E) - fu(E)dE (2.14)

—0o0
In the case of an applied bias voltage V' across the junction, the chemical poten-

tials of each electrode are shifted by %eV, and the expression for the conductance is

given by the average of the transmission function over an energy range eV around

the Fermi energy [11]:

12 [FrtaeV

= —=— E)dE 2.1
G V h EF—%eV T( )d ( 5)

in the zero-temperature limit.

2.2.1 Conductance Quantisation

Equation [2.2] implies that a single conduction channel has a finite maximum con-
ductance Gg, known as the ‘conductance quantum’. The value of Gy can be derived

by considering the simple case of an ideal 1D wire, length L, between large metallic
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leads denoted source (s) and drain (d), illustrated in figure 2.2l The bias voltage
V' applied to the junction can be written in terms of the difference between the

chemical potentials s and pg of each lead and the electron charge e.

s Hd

fs(E) Ja(E)

Fig. 2.2: Tllustration of a ballistic 1D wire, length L, connected between ‘source’ and
‘drain’ leads.

Ms — Wd
e

V= (2.16)

Within the ideal wire, charge transport is ballistic (with no scattering). The
contacts between the leads and the wire are also assumed to be ideal, with no
reflections of incident electrons, corresponding to perfect transmission. This can be
understood as a special case of the more general situation outlined in section [2.1],
where 7 = 1. In the absence of scattering or reflections, the bias voltage inside the
wire is continuous across its length .

Recall that electrons entering from the leads may possess a continuum of energy
levels up to the chemical potential p, described by the Fermi-Dirac distribution
(equation . In the presence of an external bias, the leads have different chemical
potentials (us and pg) and therefore different electron energy distributions fs and
Ja.

As defined by equation the electrical conductance is the ratio of the net
current flow I through the junction and the applied bias voltage V' (given by equation
2.16|). Electrical current is defined as the rate of flow of charge () through the wire
(I = %). The net current / through the wire is the difference between the current
flowing from source to drain (Iy;) and the opposing current flowing from drain to

source (Igs).

I=1I4— 14 (2.17)

The ideal 1D wire supports a single ballistic conductance channel ; the current
in each direction can be obtained by integrating pv(k)f(k)g(k) over the reciprocal
k-space, where p is the charge density contributed by each electron, v(k) is the group
velocity, f(k) is the Fermi distribution in the lead (as a function of k = v2mE/h)
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and g(k) is the density of states in the wire [46].

[ = / pu(k) £ (k) g (k) dk

(2.18)
Ty = / ov(k) fa(k)g (k) dk

The charge density for a single electron travelling through the wire is p = e¢/L
(e is the electron charge and L is the length of the wire) [46].

The group velocity for a plane-wave electron with wavenumber k is v(k) = %%
(where m is the electron mass) [6].
The density of states, g(k) = ?TZ can be found by imposing periodic boundary

conditions on the plane wave solution, such that the wavenumber is constrained to
integer multiples of 27/L, i.e. k = 2mn/L, n € Z. An additional factor of 2 is
also included in the density of states to account for spin degeneracy, resulting in
g(k)=L/m.

Substituting the above equations for p, v(k) and g(k) into equation results

in an integral over energy up to the chemical potential in each lead [47].

2 Hs
w:f/fMME
h Jy

o (2.19)
L= [ faE)aE
0
Evaluating these integrals and applying equation to obtain the net current
results in [ = 25 (s — f14).
The conductance G = é of the 1D ballistic wire can then be obtained by reference
to equation [2.16] resulting in the quantum of conductance Gy [46]:

_262
h

which represents the upper constraint of the conductance for a single channel in

G (2.20)

the Landauer formalism.

2.3 Thermopower

Recall from section that due to the thermoelectric effect, a potential difference
(thermovoltage) arises in the presence of a temperature gradient across a junction
(and vice versa, application of an external potential establishes a temperature gra-
dient). The Seebeck coefficient S defines the relationship between the open-circuit
thermovoltage AV and the temperature gradient AT (see equation [1.1)).
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The thermoelectric effect arises due to energy-dependent charge transport, such
as is present in semiconductor and molecular junctions. This can be understood in
simple terms by considering a two-level model of electron transmission through a
molecular junction between two metallic leads (source and drain) at temperatures
T, and T}y respectively, where T, > Ty. In the two-level model only the frontier
(HOMO and LUMO) orbitals of the molecule are considered. In this case, using the
Landauer formalism, the transmission function can be approximated as the sum of
two resonances described by Breit-Wigner distributions (a continuous probability
distribution function with a single symmetrical peak, also known as the Cauchy
distribution) with peaks at the HOMO and LUMO energies. The width of these
resonances depends on the strength of the coupling to the leads: a stronger coupling
will result in broader distributions [33]. The energy distribution of the electrons in
each lead can be modelled by the Fermi-Dirac distribution, and the Fermi energy Er
lies within the HOMO-LUMO gap. This situation is illustrated in figure 2.3] Recall
that the majority of electron transport occurs within ~ kg7 of the Fermi energy Ep,
and so the origin of the thermovoltage can be understood intuitively by considering
the shape of the transmission function T in the vicinity of Er; in the example shown
in figure [2.3] Er is nearest to the HOMO resonance, and the transmission function
is therefore increasing in the region below Er and decreasing above. Hence in this
case electrons with lower energies are more likely to pass through the junction, while
electrons with higher energies are more likely to be reflected. Since the hotter lead
has a greater proportion of higher energy electrons than the colder lead, there is
a net current of electrons from drain towards source. In the open circuit case, the
steady-state condition is met once an opposing thermovoltage AV is established as
a result of this transfer of negative charge from drain to source. From equation |1.1],
given that AT = T, — Ty > 0 and AV =V, — Vg < 0, the sign of the Seebeck
coefficient can be established as S > 0. Similarly, when Ef is nearest to the LUMO,
the inverse applies and the Seebeck coefficient has the opposite sign, S < 0. [33]

In the low temperature limit, where the transmission function is approximately
linear with small variations of energy (~ kpT') around the Fermi energy, the Lan-
dauer formalism can be used to obtain equation for the Seebeck coefficient
[33,/45]. This low temperature condition is met when the HOMO-LUMO gap is
much greater than kgT'’; typically, organic molecules possess a HOMO-LUMO gap
of several eV |11], hence equation can be assumed to be valid at room temper-

ature for most molecular junctions.

From equation [2.21] it can be seen that the Seebeck coefficient depends on the
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fs(E) fa(E)

Fig. 2.3: An illustration showing the Landauer formalism description of the thermoelectric
effect in a molecular junction with metallic leads in the presence of a temperature
gradient.

slope of the transmission function at the Fermi energy. This suggests a promis-
ing strategy for the enhancement of the thermoelectric properties of a molecular
junction; if the transmission function of the junction can be tuned such that the
transmission function has a steeper slope around the Fermi energy, the magnitude
of the Seebeck coefficient will be increased accordingly. One way to engineer the
transmission function of a molecular junction is through quantum interference ef-

fects, introduced in section [2.4]

2.4 Quantum Interference

Perhaps the most intriguing and useful phenomenon associated with charge trans-
port in molecular junctions is quantum interference (QI): in the case of phase-
coherent transport, interference effects exhibited by De Broglie electron waves can
influence the transmission function of the junction [48], with striking effects on
measurable transport properties such as conductance and thermopower. Much like
classical interference, for example in acoustic pressure waves, QI can be construc-
tive or destructive: constructive quantum interference (CQI) results in a resonance
in the transmission function corresponding to enhanced transmission for electrons
in some energy range while destructive quantum interference (DQI) results in an
antiresonance and reduced transmission [11].

Molecular junctions typically possess nanoscale dimensions and a wide HOMO-
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LUMO gap (compared to thermal variations at room temperature) [33]. As a result,
transport remains phase-coherent and thus molecular junctions can exhibit QI effects
even at room temperature, prompting significant interest in potential technological
applications of leveraging QI to engineer the transmission function and enhance the
electrical and thermoelectric properties of molecular devices [48-50]. Additionally,
the potential to manipulate the QI behaviour, for example switching from con-
structive to destructive interference [51], by external electrical, chemical, optical
or mechanical gating opens up exciting possibilities for efficient, high-performance
molecular devices such as switches [52H55], logic components [56,/57], memory ele-
ments [56},58] and sensors [10,|11].



3. SAMPLE PREPARATION

In order to test and validate the experimental characterisation methods developed

in this work, a number of samples were prepared using widely studied materials:

o Au (111)

Widely used as a control and calibration measurement for thermoelectric
SPM measurements, and for calibration of STMBJ via measurements of con-

ductance quantisation.

e 1,8 Octanedithiol (ODT) monolayer on Au

Used as a benchmark molecule for STMBJ conductance and thermopower

measurements in a number of publications in the literature

e (g monolayer on Au

Established measurements of conductance and thermopower available in

literature

e Zinc phthalocyanine (ZnPc) monolayer on Au

Widely studied and technologically relevant; no studies of the thermopower

of a ZnPc monolayer have been reported in the literature to date

Monolayer films of ODT, Cgy and ZnPc on Au were prepared; the use of a single
monolayer allows for a comparison between single-molecule break-junction measure-
ments and contact mode AFM-based measurements of junctions which contain many

single-molecule junctions in parallel.

3.1 Self-Assembly

For all the samples characterised in this work, molecules were deposited onto Au(111)
substrates by ‘self-assembly’, a process whereby molecules adsorbed onto a substrate
self-organise into stable, ordered configurations which correspond to minima in the
free energy associated with non-covalent intermolecular forces [59,/60]. The ODT
sample was prepared in the liquid phase by immersion of the substrate in solu-
tion (see section , while the Cgp and ZnPc samples were prepared by thermal
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sublimation in UHV (see sections and using a borosilicate glass deposition
cell with a tantalum wire heating element and a built-in thermocouple for precise
temperature control.

After self-assembly, the presence of a monolayer was confirmed via AFM using
a ‘nano-scratch’ procedure as follows: first, a large area (typically 1 um?) height
map of the surface was captured in tapping mode (to avoid lateral forces which may
disturb the layer) in order to ascertain the quality and coverage of the layer. Then,
a contact mode scan was performed over a smaller inset region (typically 250 nm?)
with a large contact force setpoint, such that any deposited material was removed
from this region by the high lateral forces exerted by the probe. Finally, another
large area tapping mode height map was performed, revealing a depression in the
surface in the scratch region. By comparing the average height inside and outside
the scratch region (excluding the raised walls of the scratch which are higher than
average due to the excess material ‘piling up’ during the scratching process) the

thickness of the layer can be calculated.

3.2 Au(111) Substrates

All of the samples prepared for this work used crystalline (111) orientation Au thin
films as a substrate for molecular deposition.

Au is a useful substrate for studies on molecular thin films because it is electri-
cally conductive, chemically inert, highly corrosion-resistant, and offers high binding
affinities to a range of commonly used anchor groups such as thiols [61]. Epitax-
ial Au thin films can be deposited on various substrates via thermal evaporation,
but the resulting Au surface is typically too rough for the growth of a well-ordered
SAM [61], and further processing is required. For samples prepared by self-assembly
in solution, a template-stripping procedure was used to produce ultra-flat Au thin
films on Si. For samples prepared by thermal sublimation in UHV, a sputtering and
annealing procedure was used to preprocess commercially obtained Au thin films

on mica. The template stripping and UHV sputtering and annealing processes are

detailed in sections [3.2.1] and [3.2.2]

3.2.1 Template Stripped Au

The template stripping process is used to transfer the flatness of a Si or mica tem-
plate to a thermally evaporated Au layer, resulting in ultra-flat Au surfaces with
sub-nanometre roughness over large areas [62,63].

The template stripping process used in this work is as follows: a 200 nm thick
Au film was deposited by evaporation onto a Si wafer, and an epoxy resin adhesive
(EPO-TEK 353ND) was used to affix a second small piece of Si wafer to the top
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of the Au layer. Immediately prior to use, a Au substrate was then prepared by
removing the affixed Si, the process of which lifted away the deposited Au and
revealed the pristine surface from the original Si-Au interface. An AFM height map
of a typical Au substrate prepared by this method can be found in figure

Fig. 3.1: AFM height map of a Au(111) substrate prepared by the template stripping
process. Image obtained by Charlie Wells.

3.2.2 Au on Mica

Au(111) on mica substrates were purchased commercially, and pre-processed in UHV
immediately prior to use by sputtering and annealing to clean and flatten the surface.

The specific pre-processing procedure used for Au on mica throughout this work
is as follows: two cycles of sputtering with an energy of 0.6 KeV under an Ar gas
pressure of 5 x 107% mbar were performed for 20 minutes each. The substrate was
then thermally annealed at 500°C for 30 minutes, before cooling at a controlled rate
of 1°Cs~!. An AFM height map of a typical Au on mica substrate prepared by this
method can be found in figure (3.2

The author would like to thank Charlie Wells for preparing the Au on mica

samples.

Fig. 3.2: AFM height map of a Au(111) on mica substrate. Image obtained by Charlie
Wells.
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3.3 1,8 Octanedithiol Monolayer on Au

1,8 Octanedithiol (ODT), illustrated in figure[3.3] is an alkanedithiol molecule which
has been widely studied in molecular junction contexts as a ‘molecular wire’ [25}31,
64-71].

ODT is especially convenient for STMBJ measurements due to the thiol anchor
groups at each end of the molecule which readily bind to Au electrodes, and in fact
the molecule was among the first studied using the technique [24]. Typical single-
molecule conductances around 4 x 107Gy have been reported in the literature [67],
however, a range of other conductance levels have been identified; the cause of
these differing conductance values is not fully understood [69], and a number of
mechanisms have been proposed, including variations in the conformation of the
molecule or the coupling to the electrodes [68,69,72]. Transport through ODT single-
molecule junctions is HOMO dominated, with a small positive Seebeck coefficient of
around 5 uV K ! reported for STMBJ measurements [73]. AFM-based thermopower
measurements of multi-molecule junctions with an ODT SAM have not previously

been reported.

Fig. 3.3: An illustration of the chemical structure of 1,8 octanedithiol

In this work, a monolayer was formed by self-assembly in solution: a template
stripped Au substrate was immersed in a 5 yM solution of ODT in 99.9% THF
for 24 hours, before rinsing in THF and acetone and drying under nitrogen flow.
Samples were prepared immediately prior to use, and stored in a vacuum desiccator
between measurements.

An AFM nanoscratch test was used to confirm the formation of a monolayer.
AFM height maps of the surface before and after the scratch are provided in figure
.4l Histograms of the measured height inside and outside the scratch region were
extracted from figure [3.4b. These can be seen in figure 3.5 The measured height of
the layer is 1.1 + 0.6 nm. This suggests that the ODT molecules are in an ‘upright’
configuration with only one thiol group bound to the Au; this is consistent with
the typical monolayer thickness of 1.4 nm for such a configuration reported in the
literature [74].
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Fig. 3.4: AFM height maps of the prepared ODT layer (a) prior to nano-scratch (b) after
nano-scratch.
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Fig. 3.5: Height distributions inside and outside the nanoscratch region for the ODT sam-
ple, indicating an average thickness of 1.1 + 0.6 nm for the deposited layer.

3.4 Cgy Monolayer on Au

Ceo, or ‘Buckminsterfullerene’, is a spherical molecule consisting of 60 carbon atoms
bound by sp? hybridisation into a ‘cage’ structure comprised of 5 and 6 membered
rings (illustrated in figure [3.6). Since it was identified in 1985 [76], Ceo has
received significant research attention, and molecular junctions based on Cgg have
been extensively studied both theoretically and experimentally. Multiple groups
have measured the thermopower and electrical conductance of various configurations
of Cgo junctions . Transport in Cg junctions is understood to be LUMO
dominated, and these were among the first reported molecular junctions to exhibit
a negative Seebeck coefficient , with typical reported values in the range —9
pVE=' to —18 pV K~ [77,[78]. Single Cgo junctions also have a relatively high
conductance, with typical reported values of around 0.1 G, .

The Cgp sample used in this work was a monolayer on a Au on mica substrate,

prepared in UHV as follows: first the substrate was prepared according to the pro-
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Fig. 3.6: An illustration of the chemical structure of Cgg

cedure outlined in section [3.2.2l Then Cgy was deposited by thermal sublimation,
with a deposition cell temperature of 290°C sustained for 10 minutes. Samples
were prepared immediately prior to use, and stored in a vacuum desiccator between
measurements.

An AFM nanoscratch test was used to confirm the formation of a monolayer.
AFM height maps of the surface before and after the scratch are provided in figure
[3.7 Histograms of the measured height inside and outside the scratch region were
extracted from figure [3.7b. These can be seen in figure [3.8, The measured height of
the layer is 0.6 + 0.3 nm, consistent with the value of 0.8 nm typically reported in
the literature [81,82]. The author would like to thank Charlie Wells for preparing
the Cgo sample.

0.50
0.00

Fig. 3.7: AFM height maps of the prepared Cgg layer (a) prior to nano-scratch (b) after
nano-scratch. Images obtained by Charlie Wells.

3.5 ZnPc Monolayer on Au

Zinc phthalocyanine (ZnPc) is a metal complex consisting of a phthalocyanine
macrocycle with a zinc coordination centre (illustrated in figure [3.9). Phthalo-

cyanine metal complexes have shown potential in organic optoelectronics and
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Fig. 3.8: Height distributions inside and outside the nanoscratch region for the Cgg sample,
indicating an average thickness of 0.6 £ 0.3 nm for the deposited layer.

molecular electronics applications, both in thin-film and single-molecule config-
urations [85].

ZnPc has been studied experimentally in the literature, both as part of a mono-
layer using SPM and in a ‘molecular wire’ configuration using break-junction
experiments . However, no experimental characterisation of the thermopower of
ZnPc at either the single-molecule or monolayer level was found in the literature.
Theoretical studies predict HOMO mediated transport ; hence a positive

Seebeck coeflicient is expected.

Fig. 3.9: An illustration of the chemical structure of zinc phthalocyanine

The ZnPc monolayer was prepared as follows:

First, the Au on mica substrate was prepared according to the procedure outline
in section A thick multilayer of ZnPc was deposited by thermal sublimation
in UHV, with a deposition cell temperature of 320°C sustained for 60 minutes. The
sample was then heated to 400°C in UHV for 12 hours to sublimate all but the
base monolayer. Samples were prepared immediately prior to use, and stored in a
vacuum desiccator between measurements.

An AFM nanoscratch test was used to confirm the formation of a monolayer.
AFM height maps of the surface before and after the scratch are provided in figure
[B.10l Histograms of the measured height inside and outside the scratch region were
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extracted from figure [3.10b. These can be seen in figure [3.11, The measured height
of the layer is 1.0 & 0.2 nm. A monolayer thickness of 1.46 + 0.25 nm has been
reported in the literature for the case where the molecules are oriented in a flat
configuration against the surface [88]. The author would like to thank Charlie Wells
for preparing the ZnPc sample.

3.04 nm

Fig. 3.10: AFM height maps of the prepared ZnPc layer (a) prior to nano-scratch (b)
after nano-scratch. Images obtained by Charlie Wells.
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Fig. 3.11: Height distributions inside and outside the nanoscratch region for the ZnPc
sample, indicating an average thickness of 1.0 + 0.2 nm for the deposited layer.



4. A CUSTOM BREAK JUNCTION FOR THE
CHARACTERISATION OF SINGLE-MOLECULE JUNCTIONS

From its inception by Binnig in Rohrer in 1981, the potential of STM not just
as a microscope but as a versatile local probe for spectroscopy was recognised; in
fact, the STM was originally conceptualised as an instrument for local tunnelling
spectroscopy at the nanoscale, with its potential for topographic imaging realised
only later in the development process [19]. In the decades since the introduction
of STM, myriad advanced measurement modes have been developed, extending the
applications of the technique far beyond those originally anticipated. Of particular
interest to the field of molecular electronics is the STM break-junction (STMBJ)
technique, in which individual molecules are ‘wired’ between the metallic STM tip
and sample substrate, thereby facilitating the experimental study of single-molecule
junctions.

The STMBJ technique, introduced in 2003 by Xu and Tao [24], leverages the
fine-positioning capabilities of the STM to study the formation and breaking of
single-molecule junctions. In its most basic implementation an STMBJ measure-
ment cycle consists of a controlled contact, or ‘crash’, between the tip and substrate
followed by withdrawal at a steady speed (on the order of 1-100nms™!) and constant
bias V' until the contact is broken, while the current I flowing between the tip and
substrate is recorded. The conductance G = I/V as a function of Z during the
withdrawal can then be calculated from the current data. Features in the result-
ing G — Z trace encode a wealth of information about the junction formation and
breaking process. As the junction breaks, the contact reduces from a bulk metallic
contact to a few-atom junction, corresponding to a rapid decrease in the measured
conductance. As the metallic junction is further stretched the number of atoms in
the junction decreases. In the few-atom regime, each atom can be approximated
as a discrete near-perfect conductance channel with conductance G = Gy (see sec-
tion ; plateaus in the G — Z trace at integer multiples of Gy can be observed
as the number of atoms in the junction decreases, until the junction is reduced to
a single atom, corresponding to a conductance plateau at G = 1Go. Beyond this
point, in the absence of molecules, the junction will break entirely and the G — Z
trace will exhibit a rapid exponential decay corresponding to the through-space tun-

nelling regime. If some target molecule (which will typically have end groups chosen
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Fig. 4.1: Tllustrations of an idealised STMBJ conductance-distance (G-Z) trace for a metal-
lic tip and substrate: (a) in the absence of a molecule (b) in the presence of a
molecule

for affinity to the electrode material) is present, either in solution or adsorbed to
the substrate, then a molecular junction may be formed after the breaking of the
metallic junction. This can be detected by the presence of additional features in the
G — Z trace in the region G < GGy. A conductance plateau corresponding to a single
molecule junction provides information about the conductance and breaking length
of the molecular junction.

Figures and illustrate the anatomy of a typical STMBJ G — Z with-
drawal trace with and without a molecule present in the junction.

A bespoke STM, optimised for STMBJ measurements, has been developed as
a part of this work and is intended to serve as a versatile and extensible platform
for the exploration of advanced STMBJ techniques. A number of novel fabrication
approaches, such as the use of steel reinforced epoxy granite in the construction of
the STM head, were implemented to achieve high performance at low cost. This
instrument, coupled with machine-learning augmented data processing techniques,
allows the study of electrical conductance in a single-molecule junction throughout
the process of formation, stretching and eventual breaking. This chapter will detail
the design, construction and operation of the STM break-junction (STMBJ), fol-
lowed by the development and benchmarking of a data analysis workflow based on

unsupervised clustering in chapter

4.1 Design Motivations and Specifications

The primary motivation for building the STMBJ was to provide a platform for single-
molecule conductance measurements, with the possibility to extend the electronics

and software to support more sophisticated multivariate measurement modes as
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Fig. 4.2: A photograph of the STMBJ with the EMI shield removed
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Fig. 4.3: A labelled diagram of the STMBJ, partially cut away to reveal the internal
structure
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required. At the outset of this work, the labs of the Ben Robinson group at Lancaster
University were well equipped for characterisation of multi-molecular junctions with
AFM, but capabilities for single-molecule characterisation were more limited and
no dedicated STMBJ instrument was available. The instrument developed in this
work will serve to fulfil this role in future, and the flexible nature of the electronics
and hardware will allow the instrument to grow with the demands of future research
directions explored by the group. It is hoped that the design strategies identified
to reduce the cost and fabrication effort required to build the instrument will prove
useful to those in other labs hoping to extend their capabilities in the same way.
Before beginning the development of the instrument, several important require-
ments were identified which guided the entire design and manufacture process. These

specifications are outlined below:

4.1.1 Stability

Many STM imaging modes operate in a closed-loop ‘constant-current’ mode, where
a feedback process adjusts the z position of the probe such that the tunnelling cur-
rent is held constant. This controls the tip-sample separation during measurement,
providing some resilience to instabilities caused by drift or external perturbations.
In the withdrawal phase of an STMBJ I-Z measurement (after initial contact to the
sample is established), the system operates in an open-loop mode, where feedback
cannot be used since the tunnelling current is the measured parameter. Therefore,
it is essential that external mechanical disturbances such as drift and vibrations are
minimised: the length scale of a typical molecular junction is on the order of 1 nm,
and small (0.1 nm) perturbations in the tip-sample separation can disturb or even
prematurely break the junction.

Higher frequency mechanical disturbances from the environment, such as build-
ing vibrations and acoustic noise, can be effectively mitigated by proper environ-
mental isolation. Low frequency ‘drift’, caused primarily by non-ideal characteristics
of piezoelectric positioners and thermal expansion of the STM itself, is much more
challenging. One approach to avoid drift from influencing the junction is to ensure
the withdrawal rate is high compared to the rate of drift, such that the total dis-
placement during any given measurement is small. However, this typically precludes
more advanced measurement modes [31] which often require pausing the withdrawal
at intervals throughout the trace to characterise signal fluctuations [89] or modulate
external parameters [73].

Due to the above considerations, mechanical stability was carefully considered at
each stage of the design process. Inspiration was drawn from the design of ultra-high
precision machine tools [90,91] and existing high-stability SPM designs reported in
the literature [31192].
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4.1.2 FEase of Manufacture

The STMBJ was designed to be easy to manufacture without the use of specialised
tools, so that it can be reproduced and modified by others in future. This require-
ment led to optimisations in the design of an existing open source nanopositioner
module (see section , and to the development of a novel STM head which can
be cast from epoxy granite using 3D printed moulds (see section [£.2.3).

4.1.3 Cost

Commercially available STM systems, or components thereof (such as nanoposition-
ers) typically represent a significant financial investment for most research groups
operating with often limited budgets. The STMBJ hardware here was designed
to be inexpensive to construct, without compromising on performance, so that the
setup can be replicated and modified for minimal cost. Excluding the supporting

electronics and other external components, the STMBJ cost less than £500 to build.

4.1.4 Flexibility

The STMBJ was intended to be highly extensible, such that new modes of operation
could be added to suit future characterisation requirements. This consideration is

represented in several design aspects of the instrument:

e The real-time control, modulation and sensing requirements of complex STMBJ
experiments may exceed the capabilities of the existing control electronics.
Hence the electronic control system was built from a number of off-the-shelf
subsystems, each of which can be upgraded or replaced individually as required

for more sophisticated measurements.

e The possibility of studying thermopower and thermal transport in future was
also considered, and a variable temperature sample stage was implemented to

facilitate such measurements.

e Most STMBJ modes require only one degree of freedom in the nanopositioner.
However, the instrument may be adapted to perform more conventional STM
imaging modes in future, which require 3D positioning. Therefore a long-range
3-axis nanopositioner was built, rather than the typical single-axis positioner
used for STMBJ. This also provides coarse positioning in 3D space, potentially
enabling automated sampling at multiple positions, or even automated sample

changes.

e The control software was built in an extensible, modular manner, and new

measurement routines can easily be defined without rewriting any of the lower
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level control software. The software is also hardware agnostic: changing the
SPM controller/DAQ hardware only requires a new wrapper for the STM

control functions to be defined.

4.2 Hardware

This section details the design and construction of the hardware portion of the
STMBJ, which consists of the environmental isolation systems, the STM itself and

the electronic measurement and control systems.

4.2.1 FEnvironmental Isolation

The STM is a very sensitive instrument, operating at nanoscale spatial precision
while measuring small tunnelling currents in the pA to nA range. As explained
in section [4.1.1] the quality of an STMBJ measurement is even more sensitive to
the mechanical stability of the junction than a typical STM measurement since
STMBJ operates open-loop. Proper isolation from environmental disturbances, both
mechanical and electromagnetic, is essential for adequate performance.

In this context, the most important environmental disturbances consist of the

following;:

1. Low frequency (< 0.1 kHz) mechanical vibrations, typically coupled through
the structure of the building

2. Mid-high frequency (0.1 — 10 kHz) mechanical vibrations coupled acoustically
through the air

3. Mechanical drift (typically following a 1/f ‘flicker noise’ frequency dependence)
from various sources including piezo creep and thermal expansion due to tem-

perature fluctuations

4. Electrical interference from various sources including 1/f and digitisation noise
in the acquisition signal chain, and electromagnetic pickup at the junction and

cables leading to the amplifier

5. Noise inherent in the junction, for example 1/f noise originating from fluctua-
tions in the junction configuration. These noise sources cannot be eliminated
at room temperature, and actually provide a valuable additional source of

information [89493].
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Low Noise Laboratory and External Isolation

In order to ensure a stable, low-noise environment, the STMBJ was situated in one
of three isolated measurement ‘pods’ in the Lancaster university Isolab facility, a
specialised low-noise laboratory which features acoustic and EMI shielding, filtered
power supplies, and high thermal stability due to the enclosed nature of the pod.
The basement of each pod houses a 50 ton concrete block suspended on air springs,
upon which the optical tables supporting instrumentation are mounted. Any other
equipment stands on a ‘floating floor’, separate from the isolation block, and the
instrumentation is operated from outside the pod to minimise disturbances [94]. In
addition to the isolation afforded by design of the Isolab, the STM itself was placed
within an acoustically and thermally insulated enclosure to further reduce acoustic
noise pickup and thermal drift.

Within the enclosure, the instrument rested on a viscoelastic isolator situated
atop a small aluminium breadboard (Thorlabs MR2020U/M) which sat on three
Nitrile O-rings on the surface of the main optical table (a simple strategy to ensure
self-levelling, damping and decoupling from the tabletop). All cables connecting to
the instrument were firmly clamped at several points (the tabletop, the breadboard,
the instrument base and the interior of the scan head) before reaching the junction

to minimise coupling of vibrations along their length.

Integrated Vibration Isolation

In addition to the measures described in section [£.2.1] the design of the STMBJ
itself included integrated environmental isolation measures, intended to provide an
additional layer of isolation and enable operation outside of a specialised low-noise
lab if required in future.

The integrated vibration isolation system consisted of an adjustable stacked vis-
coelastic damper made from a stack of up to 9 laser-cut 316 stainless steel discs,
each weighing 220 g, separated by nitrile O-rings as damping elements. Two differ-
ent sets of O-rings with different thickness (5 mm and 2 mm) were used, to produce
a two-stage system with two different transfer functions, reducing overall transmis-
sion. Such isolators have been studied experimentally in the literature and found to
be highly effective for vibrations above 10 Hz [95].

Integrated EMI Isolation

The entire STMBJ, including the viscoelastic stack, was fully encapsulated by a
Faraday shield which could be connected to the amplifier ground to minimise EMI
pickup. A 2 mm wide slot in the shield allowed cables to be routed to the internals.

The shield was made from an aluminium tube (89 mm outer diameter, 1.6 mm wall
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thickness) sealed at one end by a press-fit aluminium insert. The entire instrument
rested on a plinth made from cast epoxy granite (see section , with a stainless
steel upper surface integrated during the casting process. The stainless steel part
was made from two laser-cut discs of different diameters, creating a ‘lip” at the edge
of the top surface - this served as an interface to securely mount the shield during
operation, and provided a good electrical connection between the base and the shield
for full encapsulation of the instrument. The steel internal structure of the STM
head, the aluminium frame of the scan unit and the baseplate of the instrument
were also electrically connected together and to ground. As well as providing EMI
shielding, this is a safety measure as it prevents any of the external metal surfaces
from accidentally becoming ‘live’ with the high-voltage piezo drive signals in the
event of a loose connection.

In addition to the integrated shielding, a set of custom flexible (stiff cables can
couple additional vibrations into the instrument) shielded cables were fabricated
to carry the nanopositioner driving voltages, sample bias and tunnelling current.
The cables were made from single-core brass wire in a CuNi shield, with an overall
diameter of 0.65 mm, sourced from CMR-Direct (product code 02-32-051). Cables
were directly soldered to the corresponding components within the STM, and the
free ends were terminated with crimped MMCX coaxial connectors for interfacing

with the control and acquisition electronics.

4.2.2 Baseplate and Kinematic Mount

The baseplate of the instrument, upon which the STM head rests, was made from a
laser-cut 316 stainless steel disc 5 mm thick and 85 mm in diameter, weighing 220g.
The temperature-controlled sample stage, details of which can be found in section
[4.2.7 was affixed directly to the centre of this plate using cyanoacrylate adhesive.

A simple kinematic coupling scheme was implemented to provide a stable, repro-
ducible means of mounting the STM head on the baseplate. The kinematic mount
consisted of three pairs of brass half cylinders mounted to the baseplate in a trian-
gular configuration, which interface with three ball bearings on the bottom of the
STM head to provide a fully constrained coupling.

During operation the baseplate sits on top of the viscoelastic vibration isolation
stack described in section [4.2.1] Figure [4.4] shows the base plate in-situ.

4.2.3 Steel-Reinforced Epoxy Granite Scanning Tunnelling Microscope Head

The STM head, shown in figure [4.7, holds the tip and scan unit in place above
the sample holder during operation. In order to maintain a stable tip-sample junc-

tion, great care must be taken in the design and construction of the STM head to
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Fig. 4.4: A photograph of the STMBJ base plate in-situ atop the isolation stack, with the
sample holder attached in the centre and the kinematic mounting features visible
at the perimeter.

minimise the effect of external disturbances (such as mechanical vibrations and tem-
perature variations) on the position of the scan unit. Thermal expansion, response
to mechanical vibrations and the stability of the coupling between the head and base
plate must all be carefully considered to achieve optimal performance . These
properties of the STM head depend both on the design of its structure and on the
properties of the materials used in its construction.

In selecting the materials for the STM head, inspiration was drawn from the
design of ultra-high precision machine tools, where significant resources have been
invested to develop advanced materials for dimensionally stable, rigid, well damped
structures . Among the most important material properties for a precision ma-
chine are high stiffness, high damping capacity, and low coefficient of thermal ex-
pansion [97].

Stainless steel alloys are a popular choice for the construction of both com-
mercial and lab-built STM heads, since they are inexpensive, easy to machine and
relatively rigid. However, stainless steel offers poor damping performance, resulting
in a tendency for ‘ringing’ behaviour in response to mechanical disturbances around
the resonance modes of the structure [98]. Alternatively, cast iron has tradition-
ally been favoured in the manufacture of precision machine tools, in part due to the
damping provided by the presence of graphite structures within the material [97,099].
Cast iron has seldom been utilised in the construction of an STM head, however,

likely due to fabrication challenges: producing cast iron parts is an involved process
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which requires the fabrication of expensive moulds, making it impractical for small
one-off parts [100]. Natural granite offers superior rigidity, damping and thermal
stability to most metals, including cast iron, and is often used in ultra-high precision
machining and metrology applications [91,(97], but making complex machined parts
from granite is challenging and often prohibitively expensive for many labs.

Epoxy granite (EG) is a composite material consisting of granite aggregate bound
in an epoxy polymer resin; EG provides superior damping performance to both cast
iron and natural granite, but typically has only around % of the static stiffness
of cast iron [101]. Steel reinforced epoxy granite (SREG) aims to combine the
stiffness of steel with the desirable damping properties of EG by integrating a steel
reinforcement structure into the cast EG part [100]. With careful design, SREG
can achieve stiffness exceeding that of an equivalent cast iron structure [101}/102].
Importantly, SREG is much more accessible for in-house fabrication by individual
laboratories than cast iron or natural granite; parts can be cast at room temperature,
allowing the use of 3D printed moulds, and the raw materials are inexpensive and
readily available. Complex geometries can easily be obtained without the use of
advanced machine tools, and additional components such as mounting hardware or
threaded inserts can be inserted into the mould to produce highly functional parts
with minimal manufacturing effort. The main anticipated limitation of SREG for
STM applications is relatively poor thermal stability, due to mismatched coefficients
of thermal expansion between the EG and the steel reinforcement structure [103].
In this work this issue was mitigated by ensuring that no components which were
likely to introduce a thermal gradient were mounted to the STM head, and by
operating the STMBJ in an enclosure with a stable ambient temperature. In future,
multiple avenues for thermal drift compensation are available, such as integrating
carbon-fibre composites with negative coefficients of thermal expansion [103].

The SREG STM head developed in this work is composed of a stainless steel
internal frame encapsulated in cast epoxy granite. A review of the relevant literature
revealed no previously reported use of SREG in an SPM; this instrument therefore
serves to demonstrate the feasibility of the SREG approach for the construction of
a high performance SPM at low cost, using only simple tools.

The steel inner structure of the STM head consists of two laser-cut 316 stainless
steel discs separated by steel rods. A lathe was used to add a countersink to one end
of three of the rods to hold a steel ball bearing (retained with cyanoacrylate adhe-
sive): these ball bearings align with the kinematic mating surface on the baseplate
described in section [4.2.2] The mounting holes for the positioner assembly (see sec-
tion were hand drilled in the upper plate and then tapped with M2.6 threads:
hand-drilling was used instead of laser-cutting for these holes because the heating

from laser-cutting can harden the steel edges around small holes and make thread
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Fig. 4.5: A Venn diagram illustrating the suitability of SREG for STMBJ compared to a
range of other available materials. SREG provides an ideal compromise between
stiffness, damping capacity and ease of manufacture.

tapping challenging. A photograph of the inner frame before it was embedded in
epoxy granite is shown in figure [4.6p.

In order to ensure good bonding between the metal inner frame and the cast
epoxy granite, the metal parts were prepared as follows: all parts were sanded /roughed
to 60 grit, and a checkerboard pattern of approximately 1 mm deep grooves were
cut into any large flat surfaces (such as the faces of the steel plates) with an angle
grinder to provide a mechanical key for the epoxy granite. The parts were ultra-
sonically degreased and cleaned in acetone immediately prior to assembly. A small
amount of cyanoacrylate adhesive was used on each of the push-fit mating surfaces
between the end plates and the rods to ensure that they remained in place during
the curing process.

After assembly and preparation, the metal frame was encased in a 3D-printed
mould consisting of three interlocking outer segments and an inner plug. In order
to ensure a smooth surface finish on the cast EG the inner faces of the mould were
prepared by filling any imperfections with polyfill and then sanding all surfaces to
600 grit. Figure[d.6b shows the metal frame installed in the mould, before the outer
parts were clamped together around the frame using cable-ties.

Epoxy granite (EG), formulated according to the process outlined in section
4.2.4] was then gradually added to the mould under agitation until no more could
be pressed in. The full mould was agitated for 1 hour, and then left to cure for 48
hours. The mould was then opened and the cast part was removed and washed in

acetone before the post-cure, which consisted of 5 hours in an oven at 60°C.
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(c) (d)

Fig. 4.6: (a) The steel inner structure of the STM head prior to embedding in epoxy
granite (b) The steel inner structure of the STM head partially installed in the
3D printed mould for the epoxy granite outer frame (c) The sealed mould for
the SREG STMBJ head, prior to epoxy pouring (d) The cast SREG STMBJ
head curing inside the mould
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Fig. 4.7: A photo of the assembled SREG STMBJ head, with scan unit and cabling in-
stalled.

The EG surfaces of the assembled SREG STM head were then finished by sanding
to 120 grit on a belt sander and coating with acrylic lacquer.
The finished SREG frame is shown in figure [4.7]

4.2.4 Epoxy Granite Preparation

The formulation of the epoxy granite used in the fabrication of the STM is detailed
in table {11

Proportion (By Volume) Material

70% Sharp Sand

10% Black Mica

15% Epoxy Resin (EL2, Easy Composites Ltd)
5% Slow Hardener (AT30, Easy Composites Ltd)

Tab. 4.1: The formulation of the epoxy granite composite used in this work.

The process used to produce cast epoxy granite parts using this formulation was
as follows: a mould to produce the required cast part geometry was designed using
3D CAD. Supports for any additional components to be cast into the part (such
as the steel reinforcement frames used in the STM head, described in section
were built into the mould, which was comprised of multiple interlocking segments.
The moulds were then 3D printed in PLA on an FDM printer (Creality Ender 3
V2). The internal surfaces of the printed moulds were post-processed by filling any
small imperfections with a polyfiller and sanding to 600 grit.
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The internal volume of the mould was determined from the CAD model and
used to calculate the required volume of each component of the epoxy granite mix
according to the formulation specified in table . The sharp sand (selected for its
large, angular grains and higher granite/quartz content compared to soft sand) was
measured out by volume and dried in an oven at 200°C for 3 hours. The sand was
then mixed with black mica. The epoxy was mixed with slow hardener in a 100:30
ratio in a separate container before pouring in the sand/mica and stirring for 10
minutes to ensure an even mixture.

The epoxy granite mixture was gradually poured and compacted into the assem-
bled mould with intermittent agitation (using vibrations from a hand sander held
against the mould) to ensure no voids remained. The filled mould was agitated for
one hour, rotating intermittently, and then left for 48 hours to cure. The mould
was then opened and the part removed and washed in acetone. The part was then
placed in an oven for a 5 hour post-cure at 60°C. The cured part was finished by
sanding to 120 grit with a belt sander, cleaning with acetone, and finally spraying

with clear acrylic lacquer.

4.2.5 Probe Holder

The probe holder for the STMBJ was made from a beryllium copper pin-socket
(Samtec SS-101-T-2), which held a corresponding pin (Samtec TS-101-G-A) to which
the probe was soldered. This was affixed to a CNC milled aluminium plate for
mounting to the scan unit (see section . Connection to the probe was made
via a shielded cable (the details of which can be found in section [4.2.1]), taped down
in a ‘U’ shape to the aluminium plate for strain relief and to prevent the cable
from applying force to the probe holder. The aluminium plate was connected to
ground, and when installed onto the scan unit this resulted in a grounded enclosure
surrounding the probe holder for additional EM shielding. In order to prevent
current leakage from the probe to the grounded plate, a sapphire pad (Thorlabs
P255K2) was used as a high resistance standoff.

4.2.6 Low-Cost 3-Axis Inertial Nanopositioner

Ultra-high resolution positioning of the probe relative to the sample surface is essen-
tial for most measurement modes of an SPM system; however, a vast dynamic range
in the positioning capability is also necessary for practical operation. The probe
and sample must be separated by a macroscopic distance (at least a few mm) prior
to the start of a measurement, for sample/probe exchange. The positioning system
must therefore be able to traverse this distance, while maintaining the ability to po-

sition the probe with sub-nm resolution in 3D space during the measurement. This
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Fig. 4.8: A photograph of the STMBJ probe holder

represents a dynamic range (the ratio between the smallest step size and the largest
motion range needed) on the order of 1 x 10%. Typically, this obstacle is surmounted
using two separate motion regimes, denoted ‘coarse’ and ‘fine’ respectively. The
coarse motion is capable of long range traversal with lower resolution, while the fine
motion has more limited range but higher resolution. The transition between these
two domains is handled automatically by a ‘coarse approach’ algorithm, outlined in
section 4.3.2]

Often, SPM systems use a separate actuator (for example a motor-controlled
micrometer screw) for coarse motion, and coarse positioning is usually limited to
the Z axis. An alternative approach is to combine the coarse and fine positioners
into a ‘friction-inertia’ actuator, which interfaces a piezo actuator with a sliding
linear stage via a friction coupling. The friction-inertia positioner leverages static
and dynamic friction to enable two modes of operation:

The coarse motion mode is characterised by a two-phase ‘stick-slip’ stepping
motion. In the ‘stick’ phase, the piezo actuator performs a slow extension, moving
the stage forwards via the friction coupling. This is followed by the ‘slip’ phase,
where the piezo actuator retracts rapidly enough to break static friction, so that the
stage does not move as far in the slip phase as it did in the stick phase. The end result
is a net forwards motion of the stage. A stick-slip cycle constitutes a single coarse
step, and repeating this cycle allows the stage to be moved an arbitrary distance,
limited only by the maximum travel of the linear stage. Reversing the direction of
the piezo displacement during the slip and stick phases will reverse the direction of
the stage. The relationship between piezo drive signal and stage displacement over
several coarse steps is depicted in figure [4.9]

In the fine motion mode, the actuator is operated entirely within the static
friction ‘stick” mode, such that the motion of the piezo is directly coupled to the

stage.
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Fig. 4.9: An illustration of the piezo drive voltage and stage displacement over several
coarse steps of a friction-inertia nanopositioner

In 2022 Liao et al introduced an open source design for a low cost friction-
inertia piezoelectric nanopositioner, capable of both long range stepwise movement
for coarse positioning and the fine sub-nm movement required for SPM measure-
ments. A bespoke 3-axis nanopositioner based on an adaptation of this design was
created for use in the STMBJ. A number of modifications were made to the design to
reduce cost and increase ease of manufacture. For example, in the simplified design
presented here all three axes use identical parts, while in the original positioner the
7, axis uses a different design from the X and Y axes. In addition, all parts were
redesigned to only require machining on one face, eliminating additional reposition-
ing operations which would otherwise be required when machining the parts on a
3-axis CNC mill: this can be a considerable factor in the manufacturability of a
part, as care must be taken to ensure that the workpiece is re-aligned properly after
repositioning between each machining step.

The actuator consists of a stationary frame which holds a precision linear slide
(IKO Nippon Thompson BSP1025SL), and a moving stage mounted to the slide
table. The frame features a mounting surface for a piezo stack actuator (Thorlabs
PA4DGW) which is coupled to the slide by a magnet affixed to the piezo using
cyanoacrylate adhesive. Figure shows the individual components and assembly
process for a single axis. Three stages were manufactured and stacked orthogonally
to produce a 3-axis actuator, shown in figure

The total parts cost of the 3-axis actuator was £150.
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(b) (c)

Fig. 4.10: (a) The individual components of one stage of the nanopositioner, before assem-
bly. (b) The partially assembled stage, with piezo stack and magnetic coupling
installed (c) The fully assembled stage

Fig. 4.11: The assembled 3 axis nanopositioner prior to installation in the STMBJ head
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Fig. 4.12: Tllustrations of the temperature-controlled sample stage assembly built for the
STMBJ: (a) exploded view (b) assembled view

4.2.7 Variable-Temperature Sample Stage

The STMBJ was equipped with a custom sample stage with an integrated ther-
moelectric cooler (TEC) module (CUI CP1881-222) to allow the temperature of
the sample to be varied. This functionality is essential for measurements of single-
molecule thermopower which may be performed using this instrument in future.

The construction of the sample stage is illustrated in figure The TEC
was separated from the sample plate by a grounded copper shield followed by a thin
Mylar layer (chosen for its high resistance to minimise leakage currents). All parts of
the stack were affixed with cyanoacrylate adhesive. The sample plate itself consisted
of a copper disc 20mm in diameter, to which a shielded bias cable was directly
soldered. An S-clip made from tinned copper-plated steel, soldered to the surface of
the copper plate, held samples in place and provided an electrical connection to the
sample surface. The sample stage can be seen in the photograph in figure [£.4]

The TEC was powered by a benchtop variable power supply (RS PRO RS-
3005P), so that the temperature of the sample could be adjusted by changing the
output voltage of the power supply. Details of the calibration of the stage are

provided in section

4.2.8 Electronics

The electronic control and data acquisition system for the STMBJ is comprised
of a number of off-the-shelf subsystems, configured according to the block system

diagram presented in figure 4.13|
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DAQ

Signal generation and measurement is facilitated by a National Instruments USB-
6363 Data Acquisition System (DAQ). The DAQ features 32 analogue input channels
with sample rates up to 2 MHz and 4 analogue output channels with a maximum
update rate of 2.86 MHz. All input and output channels are capable of sampling
up to 16-bit resolution. Digitized input and output signals are transferred via USB
between the control PC and FIFO buffers onboard the DAQ. While this arrangement
lacks the fast real-time capabilities of more expensive dedicated SPM controllers,
the buffered I/0O stream and flexible onboard clock-routing allows the generation of
predefined waveforms and synchronous measurement of signals at the full speed of
the DAQ converters without USB communication overheads. This is sufficient for
STMBJ measurements, which typically do not require the same high speed real-time

feedback necessary for most imaging-based SPM modes.

Piezo Driver

The piezo stack actuators (Thorlabs PAADGW) have a maximum displacement of
2.3 pm over a drive voltage range of 0 — 150 V, corresponding to a sensitivity of 15.3
nm/V. Since a piezo actuator is a capacitive element, current is required to change
the drive voltage (and therefore position):

Recall that the charge stored in a capacitance C' is given by () = CV where V
is the potential difference across the capacitor, and that the definition of current is
I = %. Therefore the current needed to drive a piezo element with capacitance C

with a time-varying drive voltage % is given by equation .

The capacitance of the PAADGW piezo stack used in the STMBJ is 50 nF. In
the ‘slip’ phase of a coarse positioning step (see section , the piezo is driven
with a linear ramp of 45 V and frequency 1 kHz. From equation this requires a
drive current of 2.3 mA (and therefore a peak power of 100mW).

The analogue signals generated by the DAQ are not sufficiently high voltage to
drive the piezo elements without amplification. A Thorlabs MDT693B 3-channel
piezo driver was used to amplify the drive signals with a gain of 15 and a maximum
output current of 60mA [105]. The RMS output noise of the MDT693B is 1.5 mV,
less than 1 LSB at 16-bit. Hence the resolution of the DAQ drive signal is preserved.
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Fig. 4.13: A block diagram illustrating the control and data acquisition system of the
STMBJ.

Transimpedance Amplifier

The STMBJ used a Femto DLPCA-200 low-noise current amplifier connected to
the probe by a short length of shielded cable to amplify the junction current. The
DLPCA-200 offers a selectable gain from 1 x 10% to 1 x 10! nAV~!, and an input
bias current of 1 pA.

The amplifier was configured in the ‘low-noise’ mode with the input filter disabled
(‘full bandwidth’ mode). The bandwidth of the amplifier depends on the gain setting
used: at 1 x 108 nAV~! (the setting used in most of the experiments presented here)
the bandwidth is 7 kHz in low-noise mode . The gain setting was selected to
optimise the dynamic range of the amplifier for measurements of single-molecule
conductance at the chosen bias voltage (a bias of 400 mV was used throughout this

work).

4.3 Control Software

Custom software, comprised of a simple graphical user interface (GUI) and a cor-
responding backend written in Python, was developed to operate the STMBJ. The
software was designed to be readily extensible; additional modes of operation can
be added with minimal effort, and the software can be adapted to interface with
alternative hardware (for example different SPM controllers) without major changes

to the rest of the backend due to the modular design of the software.
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Fig. 4.14: The main window of the STMBJ control software Ul

4.3.1 User Interface

The graphical user interface (GUI) was implemented using the QT 5 framework with
PyQt5 Python bindings.

Main Window

The main window, pictured in figure [4.14] is split into sections which can be dy-

namically rearranged during use:

1. The drop-down toolbar at the top of the window provides access to the other
windows of the Ul

2. The quick-action bar on the left side of the window contains reconfigurable
shortcuts to launch predefined automated behaviours (for example the coarse

approach or measurement routines)
3. The control panel allows adjustment of general measurement parameters

4. The monitor panel shows measurement parameters (such as drive signals and

percentage completion of the measurement routine) in real time

5. The experiment panel on the right hand side of the window contains the avail-
able measurement modes and presets, organised in a tab structure. An arbi-

trary number of tabs can be added to contain user-defined routines.

In addition to the main window, the Ul has a number of dialogue windows to
provide additional functionality. Most of these additional windows contain the more
rarely used configuration settings and will not be discussed in full here. The most
frequently used dialog window is the coarse positioning window (figure , which

allows the user to control the 3-axis positioner in real-time. This may be used
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Fig. 4.15: The coarse positioning window of the STMBJ UlI, from which the 3D nanopo-
sitioner can be directly controlled in real time by the user

alongside the live camera view from a USB microscope to move the probe to the
desired region of the sample and bring the apex close to the surface prior to engaging
the coarse approach routine (see section {4.4)).

4.3.2 Measurement Routines

The control software features a number of automated control/measurement routines
that can be engaged by the user to perform different procedures and experiments.
Due to the extensible design of the software, new measurement routines can easily be
defined to extend the capabilities of the instrument in the future. The main control

and measurement routines included in the software are detailed in this section.

Feedback Loop

Feedback loops are control loops which compare a selected property of a dynamical
system to some target setpoint, and modify the parameters of the system to maintain
the selected property close to the setpoint [107]. In SPM, feedback loops are used to
maintain a constant probe-sample separation by holding some distance-dependent
measurement, parameter constant. In STM this parameter is the tunnelling current,
which follows an exponential dependence on the junction separation. While STMBJ
measurements typically operate open-loop, without feedback engaged, feedback is
still required to maintain the junction separation before and after measurements
in order to protect the tip and sample. The STMBJ control software engages the
feedback loop automatically whenever the tip position is not actively being controlled
by an open-loop measurement mode.

The most common form of feedback loop used in SPM is a proportional-integral

(PI) controller, where the control signal Z routed to the piezo at time ¢ is given by:

Z(t) = K,E(t) + K, / E(t)dt (4.2)

where K, is the proportional gain, K; is the integral gain and E(t) is the error

(the difference between the tunnelling current and the setpoint at time t) [108].
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In the feedback loop implemented for the STMBJ, the error was defined as the
difference between the log of the setpoint and the log of the measured signal, in
order to linearise the response of the feedback loop to displacement.

The proportional and integral terms were tuned iteratively to obtain stable per-
formance: if the gains are too small, the signal will deviate too far from the setpoint
and respond slowly to disturbances. If the gains are too high, the signal may over-

shoot the setpoint and/or exhibit unstable ‘ringing’ behaviour.

Coarse Approach Routine

SPM systems operate in two positioning regimes: the ‘coarse’ motion scheme pro-
vides the long range motion required for tip/sample exchange, while a high resolution
‘fine” scheme with limited range is used for nanoscale scanning during the measure-
ment. The coarse approach routine controls the transition between these positioning
regimes at the beginning of a measurement.

The coarse approach algorithm implemented for this instrument is illustrated by
the flowchart in figure [4.16] In summary, the algorithm is as follows:

First, the system measures the junction current I, and compares it to a user
defined setpoint I. If the current is less than the setpoint then the system performs
a fine extension of the Z piezo. If the Z limit (the maximum fine extension, by
default set to half the fine travel range to ensure enough dynamic range for the
feedback algorithm to engage when the setpoint is reached) is exceeded, the system
performs a coarse step. Note that in order to avoid accidental tip crashes, the coarse
step size must not exceed the Z limit. Once the current setpoint is exceeded, the
system holds the probe stationary and measures the average current over 100ms (to
avoid false triggering caused by transient increases in current). If the average current
exceeds the setpoint then the approach is considered complete and the feedback

routine is engaged to control the probe-sample separation.

G-Z Break Junction Routine

The most basic form of STMBJ experiment is the G-Z measurement, in which a
metallic contact is formed between the tip and surface, before withdrawing the tip
until the junction breaks while measuring the junction conductance.

The G-Z measurement routine defined in this work was as follows: at the start
of the measurement, the feedback system is engaged and the tip is at some small
controlled distance from the sample. The feedback loop is disengaged and the tip is
advanced towards the sample using fine positioning until the junction conductance
exceeds a user-defined setpoint corresponding to the formation of a metallic junction.

At this point the tip is advanced a further 0.2 nm to ensure a robust contact, before
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Fig. 4.16: A flowchart illustrating the coarse approach routine used in the STMBJ
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withdrawing the probe a predefined distance at a constant rate. The output clock
of the DAQ is routed to the input clock source during the withdrawal, such that
the motion of the tip is synchronised with the conductance sampling. After the
withdrawal is completed, feedback is re-engaged until a stable tunnelling current is

attained, at which point the measurement repeats automatically.

4.4 Operating Procedures

The procedures used to operate the STMBJ within this work are detailed in this

section.

4.4.1 Probe Preparation

Probe quality is of vital importance for STMBJ measurements. Cleanliness of the
apex is especially critical, as contamination can alter the tunnelling decay factor
[68] and even affect the coupling of molecules to the tip when forming molecular
junctions.

Probes for the STM break junction were prepared as follows: a 1 cm length of Au
wire (Goodfellow, 0.25 mm diameter, 99.99 + % purity) was soldered to a Au-plated
pin (Samtec TS-101-G-A, plastic housing removed prior to soldering). The entire
probe and pin were then sonicated in THF for 10 minutes to remove any flux or
other contamination from the soldering process. The assembled probes were then
plasma cleaned in air for 10 minutes and stored in a vacuum desiccator until needed.
Immediately prior to installation in the STM each probe was rinsed in IPA and dried
under nitrogen flow. The probe was installed in the STM by inserting the Au plated
pin into the matching socket on the nanopositioner z-stage (see section [4.2.6). After
installation the tip of the wire was cut in a pulling motion with a clean pair of wire
cutters prior to each set of measurements to provide a sharp, uncontaminated tip
apex. A careful coarse approach was then essential to maintain the quality of the
tip: for details of the coarse approach procedure see section [4.4.2]

4.4.2 Coarse Approach Procedure

The coarse approach procedure is responsible for bringing the tip and sample into
close enough proximity for tunnelling to take place, at which point the STM feedback
loop can precisely maintain the junction separation. To achieve this, the tip must
move from a position several mm away from the sample, to a few nm, without
contacting the sample (‘crashing’). A proper coarse approach routine is essential
for ensuring the condition of the tip apex and sample at the measurement site: this

phase of the measurement process carries the greatest risk of damage to the tip and
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Fig. 4.17: A screenshot showing the controls and live view of the junction available to the
operator during the manual phase of the coarse approach procedure

sample due to the relatively large and fast translations involved.

The first step of the coarse approach procedure is manually controlled: a USB
optical microscope is used to observe the tip-sample separation, and the Z axis of
the piezo-inertia actuator is operated in the coarse stepping mode to slowly move
the tip closer to the sample. If a reflective substrate (such as Au) is used, the
reflection of the tip on the sample surface can be used as a guide. Once the tip is
within approximately 100-250 um of the sample, the coarse motion is stopped and
the automated phase of the approach is initialised.

The automated approach phase takes a user-defined current threshold as a pa-
rameter to determine a successful coarse approach. This is set in software at the
start of the measurement and must be selected based on the details of the sam-
ple, as well as the current amplifier gain and bias voltage. The software-controlled
approach loop is described in detail in section [£.3.2] In practice it is sufficient to
understand that the software executes alternate coarse and fine extensions of the tip
towards the sample until the measured tip-sample current exceeds the threshold. At
this point the STM feedback loop (described in section engages automatically

and maintains this setpoint until the user triggers an experiment routine.

4.5 Calibration and Testing

4.5.1 FElectronics Calibration
Gain and Offset

In order to calibrate the total gain and offset of the measurement system, the STM
tip was replaced with a 100 MQ £5% resistor wired directly between the sample
plate and probe holder to simulate a junction with a known conductance of log(c%) =
—3.9. The conductance was measured over a range of bias values by performing an
I-V sweep. The error and bias offset voltage (found from the zero-crossing point
of the I-V sweep) were plotted as a function of sweep rate (figure . The error

and offset were both found to increase with sweep rate (perhaps due to the settling



4. A Custom Break Junction for the Characterisation of Single-Molecule Junctions 53

le7

s 9.4 20.0 4 140 4
=~ — —~ 120 A
v 9.2 $17.5 E
8 5 = 100 A
B 9.0 1 £ 15.0 128
9] o & 80
88 © 125 S
e =
o 3 5 607
3 8.6 % 10.0 £
3 & S 40
= i 7.5
8.4 204
T T T T T 5.0 T T T T T T T T T
0 250 500 750 1000 0 250 500 750 1000 0 250 500 750 1000
Sweep Rate (Hz) Sweep Rate (Hz) Sweep Rate (Hz)
(a) (b) (c)

Fig. 4.18: (a) Measured resistance of a 100 M resistor wired directly across the STM
junction as a function of bias sweep rate. (b) Percentage error in measured
resistance as a function of bias sweep rate. Note that the resistor had a specified
tolerance of 5%. (c) Zero-offset in bias sweeps as a function of bias sweep rate.

time of the DAQ ADC, stray capacitance or the bandwidth of the current amplifier),
however near DC the error and offset were found to be below 5% (the tolerance of
the resistor itself) and 20 mV respectively. If bias modulation is required for future
experiments, a more detailed investigation into the error observed at higher sweep

rates should be carried out.

4.5.2  Sample Temperature Calibration

The variable-temperature sample stage (detailed in section had to be cali-
brated to ensure accurate control of the sample temperature.

The relationship between the temperature of the sample stage and the voltage
applied to the TEC element was determined as follows: a K-type thermocouple
was affixed to the sample stage, and four different voltages were applied to the
TEC; the corresponding temperature change for each voltage (after a 180 second
thermalisation period) was recorded. This was repeated on three different days,
noting the temperature in the STM enclosure on each day in order to account
for variations in Peltier efficiency associated with changes in ambient temperature.
Figure |4.19shows the results of these calibration measurements. The uncertainty in
the temperature of the stage associated with typical day-to-day variations in room
temperature was estimated from these measurements to be approximately £1°C.
This could be improved in future by using a closed-loop TEC controller such as the
TED200C (Thorlabs, Inc.) which specifies an accuracy of £0.1°C.

4.5.3 Conductance Quantization

The conductance quantization predicted by the Landauer equation (described in
section [2.1]) provides an ideal benchmark for validating the conductance values mea-

sured by the STMBJ in I-Z mode. For I-Z measurements using a Au tip and un-



4. A Custom Break Junction for the Characterisation of Single-Molecule Junctions 54

75 —< Average AT
5.0 4
2.5 A

0.0 A

AT (°C)

—2.51

—-5.0 1

_75 .

-0.4 -0.2 0.0 0.2 0.4
Peltier Voltage (V)

Fig. 4.19: Calibration of the variable-temperature sample stage.

coated Au substrate, a Au junction is formed, which is gradually stretched during
the retraction phase until the contact is only a few atoms wide at its thinnest point.
In this region, each atom can be considered as a single perfect conductance channel
with conductance Gy. As the junction is stretched further and the number of atoms
(and therefore conductance channels) in the junction reduces one by one, discrete
conductance steps at integer multiples of GGy should be observed in the conductance
trace until the narrowest part of junction contains only one Au atom, corresponding
to a conductance of 1 Gy. After this threshold is reached the contact will break,
and the conductance trace will exhibit an exponential decay consistent with the
through-space tunnelling regime. The 1D conductance histogram is therefore ex-
pected to exhibit peaks at integer values of GGy. Since Gy is a physical constant, this
measurement is independent of the specific details of the junction and can be used as
a reference to confirm that the STMBJ correctly measures the value of conductance
plateaus.

Figure is a 1D conductance histogram for 1000 I-Z measurements performed
with the STMBJ on a AU substrate using a Au tip. Clear peaks at 1 Gg, 2 Gy and
3 (i are observed, corresponding to 1, 2 and 3 Au atoms in the tip-sample contact

respectively. This serves as a validation of the conductance values measured by the
STMBJ.
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Fig. 4.20: Conductance histogram for 1000 I-Z measurements on a Au substrate, exhibiting

peaks at integer multiples of Gg consistent with the conductance quantisation
predicted by the Landauer equation.



5. UNSUPERVISED CLUSTERING OF BREAK JUNCTION
MEASUREMENTS

STMBJ measurements on single molecules are stochastic in nature: each measure-
ment iteration entails the formation of a new molecular junction, the specific proper-
ties of which can have a significant effect on the measured signal [67]. For example,
variations in the coupling between the molecule and the STM tip/substrate can
change the conductance of the junction [66]. A typical STMBJ experiment will
therefore consist of many (on the order of several thousand) individual measure-
ments, from which a statistical description of the charge-transport properties of a
particular molecular junction can be derived [109]. This chapter details the imple-
mentation and testing of an unsupervised feature extraction and clustering process
for the analysis of these large datasets.

A number of different data analysis methodologies have been applied to the
analysis of the large datasets produced by STMBJ conductance measurements. The
oldest, and still most commonly employed, approach is to collapse the entire dataset
into a single conductance-distance histogram. The most probable conductance and
breaking length of the molecular junction can usually be obtained via this method.
Information about less frequent junction configurations with different average con-
ductances may be obtained also, provided that they occur frequently enough to
provide a sufficient signal-to-noise ratio for detection [72,/109).

The aforementioned approach is simple and intuitive, but has a number of sig-
nificant limitations: less frequently occurring conductance plateaus and subtleties
such as variations in the plateau shape are often not detected. This additional in-
formation, inaccessible to all-data histogram analysis, can provide insights into the
evolution and transport properties of the molecular junction [110]. In severe cases
an ‘all-data’ histogram analysis can fail to reliably distinguish any of the molecular
plateaus present in the data from the noise floor, obfuscating even the most probable
molecular conductance value [31].

In an effort to overcome the limitations of ‘all-data’ analysis techniques, some
form of data selection is often implemented to separate specific event classes from the
background by application of certain selection/filtering criteria |68|111H113]. These
so-called supervised selection methods, which filter the data based on presupposed

criteria specific to the experiment, can improve signal-to-noise ratio and potentially
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reveal less abundant event classes within the dataset [68]. However, the efficacy of
the data selection is dependent on the selection criteria used: assumptions must be
made about the data in order to choose sensible selection criteria (for example, an
assumption about the shape of conductance plateaus is often employed to eliminate
seemingly noisy or featureless traces [68]). This limits the ability of supervised data
selection to detect unexpected event classes. Additionally, the choice of selection
criteria introduces a potential source of bias in the interpretation of STMBJ data [67]
by discarding signal classes not anticipated by the researcher and emphasising traces
which match the selection criteria.

More recently, progress has been made in applying unsupervised and semi-
supervised machine-learning based techniques to the task of separating the different
signal classes present in STMBJ datasets [110}/111],114,[115].

The unsupervised clustering procedure developed in this work for STMBJ G-Z

data consists of four distinct steps:

1. Preprocessing

Data scaling, alignment and normalisation

2. Feature Extraction

Extraction of meaningful low-dimensional features from the raw data

3. Clustering

Organisation of data into clusters with similar features

4. Interpretation

Once clusters of similar traces have been obtained, they must be inspected
manually in order to obtain a physical interpretation of the data based on

specific domain knowledge

These steps are discussed in depth in sections to[5.4l The optimisation and

testing process and results are detailed in section [5.6]

5.1 Preprocessing

Prior to feature extraction, some simple preprocessing steps are applied to the raw
data:

First, the raw ADC input readings are rescaled to the actual measured current
by dividing each value by the gain of the current amplifier (see section . The
raw Z DAC output is scaled to the actual piezo displacement by multiplying by a

scale factor of 230 nmV !, derived from the sensitivity of the piezo stack element
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used in the actuator (15.3 nm/V) and the voltage gain of the piezo amplifier (15
V/V).

After scaling the data channels to the correct units, an alignment step was ap-
plied. As described in section[4.3.2] I-Z traces are acquired by first extending the Z
piezo until a certain current threshold representing a tip-sample contact (or ‘crash’)
is reached and then withdrawing some pre-set distance while recording the current at
fixed intervals. Due to the stochastic nature of the initial tip-substrate contact, the
distance (Z-offset) that the tip must withdraw before the initial contact is broken
and the [-Z trace moves into the tunnelling regime can vary significantly between
traces. In order to compare different I-Z traces, the Z-offsets of the individual
traces must be aligned to some common reference. This is accomplished by select-
ing a current threshold and aligning the Z origin of the individual /-7 traces to
the last point at which the current crosses below the threshold. The length of each
aligned trace was truncated from 4096 to 392 samples to ensure that all the traces
contained the same number of samples.

After alignment, the current (I-Z) traces were converted to conductance (G-2)
traces by dividing the current values by the applied bias voltage. The conductance
values were then rescaled by dividing by the quantum of conductance Gy and a log
scale was applied to obtain log(G%)—Z traces.

Finally, the traces were normalised such that all values ranged between 0 and
1 (a prerequisite for the feature extraction network described in section as
follows: upper and lower boundaries of log(G%), Gmae and Gy, corresponding to
the dynamic range of the amplifier were selected and the traces were cropped within
this range. The samples of the cropped traces were then normalised by applying the

following equation:

P =
’szn’ - |Gmax’

where ¢; and ¢f, i € {Z,i < 392}, are the elements of the trace g before and

(5.1)

after normalisation, respectively.
Figure and figure show a before-and-after example of the alignment

and preprocessing applied to two synthetic I-Z traces.

5.2 Feature Extraction

Each STMBJ measurement trace, after preprocessing (see section [5.1)), consists of
392 individual samples. For the purpose of identifying clusters of similar measure-
ments, these traces could be considered vectors in a 392-dimensional space. However,

this direct approach suffers from the so-called ‘curse of dimensionality’: identifying
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Fig. 5.1: (a) Two synthetic I-Z traces with varying z-offsets prior to preprocessing (b)
The same traces shown in (a), after preprocessing

clusters of similar vectors in a high-dimensional space can become increasingly chal-
lenging as the dimensionality of the space increases, and clustering algorithms tend
to under-perform on high dimensional data. This is because all points in the space
tend to appear equidistant from each other as the dimensionality increases [116,/117].
This somewhat counter intuitive phenomenon can be demonstrated through the fol-
lowing example:

For a k dimensional Euclidean space R*, Latin hypercube sampling was used
to generate a set y of n random points: x = {z; € R*|i € ZA1 < i < n}. The
Euclidean distance d between all pairs of points in y was then calculated in order
to obtain the maximum, minimum and average pairwise distances, denoted d,,qz,
dyin and d respectively. A simple measure of the ‘contrast’ C' of the distance metric

(i.e. the ability to identify differences in the distance between pairs of points) was
defined.

Aoz — A
C — max _ min 5.2
. (5.2

A smaller value of C' means that the total range of pairwise distances is com-
pressed around the average distance. A plot of C against k for 1000 points, presented
in figure[5.2h, reveals that as the dimensionality & of the space increases the distances
between pairs of points become increasingly similar. Figure |5.2b shows dqz /d and
Anin /3 separately to illustrate the concentration of distances around the mean. [118§]

It has been suggested that the use of fractional distance metrics, in place of
the most commonly used L2 (Euclidean) metric, can ameliorate the contraction
of distances in high dimensional space [116,/119]. However, a recent study found

no practical improvement in clustering performance in tests of various alternative
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Fig. 5.2: Plots showing the contraction of distances in Euclidean spaces with high dimen-
sionality k. dmaz, dmin and d are the maximum, minimum and mean pairwise
Euclidean distances over 1000 points randomly sampled by Latin hypercube sam-
pling from a k dimensional space.

distance metrics [117].

Feature extraction techniques, which create a projection from high dimensional
raw data to a lower dimensional ‘feature space’ (also known as the ‘latent space’) can
be used to avoid these difficulties by applying the clustering algorithm to the lower
dimensional features rather than to the data itself. Hence, clustering algorithms are
typically preceded by a feature extraction step in data analysis workflows [120].

Myriad approaches to feature extraction exist, each with different advantages
and limitations [111,|121]. An ideal feature extraction process for STMBJ should
identify a mapping with the following properties:

1. Continuity: the mapping between the data and the extracted features should

be continuous, such that similar traces are close together in feature space.

2. Disentanglement: each dimension of the feature space should correspond to
a single salient characteristic of the data. This encourages the extraction of
physically meaningful features, facilitating straightforward interpretation of

downstream clustering results.

3. Robustness: the extracted features should be independent of random corrup-
tions (e.g. the addition of white noise) of the input data. This is because
the extracted features should correspond to physically meaningful properties,

which remain unchanged in the presence of non-meaningful corruptions

[122]
These properties, or ‘meta-priors’ |123|, are identified based on assumptions
about the underlying distributions of the physical features of experimental STMBJ
G-Z traces.
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In the work presented here, autoencoder-based feature extraction techniques were
explored, including strategies to enforce the meta-priors identified above. A review of
the relevant literature has revealed no other studies considering the disentanglement

of learned representations of STMBJ data.

5.2.1 Autoencoders

The autoencoder (AE) is a type of unsupervised machine-learning model which
encodes an input into a lower dimensional representation and then attempts to
accurately reconstruct the original input from the encoded representation.

The original [124[125] (and perhaps still the most popular) implementation of the
autoencoder is the feedforward autoencoder, which consists of a multilayer neural
network split into an ‘encoder’ section and a ‘decoder’ section separated by a ‘latent
layer’” which is small compared to the dimensionality of the input data . The

architecture of a typical autoencoder is illustrated in figure |5.3

Input Encoder Decoder Output

Fig. 5.3: Hlustration of the architecture of a typical autoencoder network

The autoencoder network is trained to reconstruct the input of the network at
the output layer: since the architecture contains an ‘information bottleneck’ at the
latent layer, the encoder layers are encouraged to encode meaningful features of the
data in the latent layer, to enable accurate reconstruction by the decoder layers.
Therefore the encoder network can be used as a feature extractor to convert input
data to a lower dimensional representation containing its most important features.
The decoder network is not used for feature extraction, but it plays an essential role
in the training of the autoencoder:

The feedforward networks in the encoder and decoder portions of the autoencoder
can be considered universal function approximators . The encoder approximates
an arbitrary function E which takes input data g and maps it to z (the latent

representation).
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E(g) =z (5.3)

Likewise, the decoder is an arbitrary function D which maps z to an output g.

D(z) =g (5.4)

Since the goal of the autoencoder is to produce a reconstruction of the input
data, £ and D should be found such that g ~ g [126]. This is the purpose of the
‘training’ process.

In order to qualitatively assess the similarity between the input and output, it is
necessary to define a reconstruction error function A(g, g), which maps the tensors
g and g to a scalar corresponding to the difference between them. Several error
functions exist, with different applications. In this work the mean-squared-error
(MSE) function, which calculates the average of the squared error across the entire
input dataset, is used throughout. If x represents a dataset of n observations g;,
i € {Z,i < n}, the MSE function Aygg can be written:

N
- 1 N
Awmse(X: X) = N Z g — &l (5.5)
i=1

Neural networks are trained using stochastic gradient-based optimisation algo-
rithms [128] to adjust the weights w of the connections within the network such
that the objective function £(w) (also known as the loss function or cost function)
is minimised [129]. Note that in general it is not possible to determine if the algo-
rithm has converged to a global or local minimum. In its most basic configuration,

the objective function of an autoencoder can simply be the reconstruction error.

L(w) = Anse(x, X) (5.6)

Regularisation terms can also be added to the objective function to encourage
the learned representation to have specific properties, beyond simply minimising the
reconstruction error. The bottleneck in the network structure is itself a form of reg-
ularisation; if the latent layer had the same dimension of the input, the encoder and
decoder could simply learn the identity function to achieve perfect reconstruction,
without extracting any meaningful features [126]. Regularisation of some form is of-
ten necessary to avoid overfitting, especially as the depth of the encoder and decoder
networks increases. If the network has sufficient depth, the network could achieve
optimal reconstruction for any arbitrary dataset with only a single dimension in the
latent layer, by simply assigning an index to each training example and effectively

‘memorising’ the entire dataset. Clearly such a network would be completely unable
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to generalise to new data not present in the training dataset, and would not result
in the extraction of meaningful features.

Another drawback of an unregularised autoencoder is that the latent space is
not encouraged to be smooth/continuous or disentangled, since this has no effect
on reconstruction accuracy over the training dataset. This results in an inability to
generalise to examples outside of the training dataset. The lack of continuity and
disentanglement is also expected to lead to less interpretable results in downstream
clustering.

Despite these limitations, standard autoencoders have been applied as feature
extractors for STMBJ with success [114], although a tendency towards overfitting
and poor performance has been noted in some cases, prompting some to seek alter-
native implementations such as combining autoencoders with additional pre-trained

feature extractors based on transfer learning [115].

5.2.2 Variational Autoencoders

The variational autoencoder (VAE), introduced in 2013 by Kingma and Welling
[130], is a class of variational Bayesian methods which uses an autoencoder-style
architecture for variational inference. The VAE is often intuitively understood
as a standard AE with added regularisation, although the mathematical motiva-
tions of the two models are entirely different, and in fact the resemblance is largely
limited to the use of an encoder-decoder structure in training both models [131].
Nonetheless, the VAE can be used for feature extraction in much the same way as
the standard AE (see [5.2.1)), and offers a number of advantages in learning useful
reduced-dimensionality representations [132]. In particular, VAEs are well suited to
extracting disentangled features, and many of the best performing models in this
regard are based on the VAE architecture [133-136].

The operating principle of the VAE is based on variational Bayesian inference.
Consider the situation introduced in section [5.2.1] in which n individual STMBJ
measurements, g;, comprise a dataset y = {g;}, i € {Z,i < n}. In Bayesian
inference the data is considered to be fully described by a latent variable z which
encodes all physical properties influencing the measured data, and is distributed
according to a probability distribution function p(z) which represents the random
process from which the data emerges [130]. Of course, in a real-world measurement
both z and p(z) are unknown and can only be approximated a posteriori based
on observations (x). Bayesian inference provides the mathematical framework for
this process [137]. The VAE provides a versatile, efficient and scalable approach
to Bayesian inference [130]. The encoder E of the VAE maps the input data to
the parameters of a distribution function, and the decoder then samples a latent

variable z from this parametrised distribution and generates output data. Figure
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B.4] illustrates this architecture.
The objective function £(w) of a VAE is the sum of the reconstruction error A
(introduced in section [5.2.1)) and the Kullback—Leibler (KL) divergence Dy

The KL divergence quantifies the level of dissimilarity between the encoded dis-
tribution and an ‘uninformative prior’ distribution, which represents a weak assump-
tion about the distribution of the generative factors and is typically selected to be
a Gaussian with zero mean (1 = 0) and unit standard deviation (o = 1) [138]. The
KL divergence term in the loss function encourages the mapping of a continuous

latent space, from which feature vectors z can be extracted for use in clustering.

Input Encoder Decoder Output

Fig. 5.4: Illustration of the architecture of a typical variational autoencoder network

5.2.3 Enforcing Meta-Priors Via Regularisation

Three assumptions, or ‘meta-priors’ |[123|, regarding the properties of meaningful
features for STMBJ data are identified at the start of section [5.2] For completeness,

the identified meta-priors are repeated here:

1. Continuity
2. Disentanglement

3. Robustness

A number of regularisation strategies to enforce these meta-priors during the
training stage of the model have been proposed in the literature [123}134}135}/139,
140]. Regularisation refers to the process of making adjustments to the loss function
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or training process of the model in order to encourage specific properties of the latent

representation.

BVAE

The SVAE framework, introduced by Higgins et al. in 2017 [134], modifies the VAE
objective function (equation by introducing an additional hyperparameter (3
which can be tuned to enhance the disentanglement of the extracted features. The

[ factor adjusts the weight of the KL divergence term in the objective function.

L(w)=A+ BDxkr (5.8)

When = 1, the standard VAE objective function is recovered, and when 8 = 0
the objective function is equivalent to the standard autoencoder (equation .
For § > 1, the objective function more strongly encourages minimisation of the
KL divergence which increases the strength of the constraints on the learned latent
representations, in turn reducing the effective capacity of the information bottleneck.
This encourages the encoding of better disentangled features in the latent space [133].

Due to the constriction of the information bottleneck, a trade-off is expected
between disentanglement and reconstruction accuracy as ( increases [138]. A study
of SVAE in data classification applications [141] showed that this trade-off may
apply not just to reconstruction accuracy but also to downstream tasks such as
clustering. Notably however, at small values of 0 < 8 < 1 the classifier was observed
to achieve higher classification accuracy than both the standard AE (8 = 0) and
VAE (B = 1) cases. This suggests that small non-zero § values could be used to
provide regularisation and prevent over-fitting while approximating the autoencoder
case.

The aforementioned compromise between [ and reconstruction accuracy renders
the SVAE vulnerable to an issue known as ‘posterior collapse’: this is a local op-
timum in the objective where the posterior approximates the uninformative prior
regardless of the latent codes, such that the reconstructed output is unchanged with
varying input data [142(-144]. In this situation the extracted features become useless
for downstream clustering.

One possible approach to circumvent the trade-off between disentanglement and
reconstruction accuracy, as well as to prevent posterior collapse, is dynamic adjust-
ment of the capacity of the information bottleneck during training |138]144,/145].
This process is sometimes referred to as ‘KL annealing’, and typically involves ad-
justing the value of  during training.

Perhaps the simplest form of KL annealing is ‘linear annealing’: [ increases

linearly with each training epoch until some maximum value is reached, at which
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point  remains constant for the remainder of the training process [145]. In 2019,
Fu et al. [144] presented an improved ‘cyclical annealing’ schedule in which the
factor is continuously modulated throughout training.

The experiments with KL annealing presented in |144] and [145] were confined
to 0 < 8 < 1, where the maximum value of 3 during training corresponded to a
standard VAE. No examples of KL annealing applied to an STMBJ feature extrac-
tion context could be found in the literature. Section [(£.6.4 discusses the results of
a comparison of disentanglement and clustering accuracy for a VAE trained with
a cyclical annealing schedule compared to a standard VAE and AE, for synthetic
STMBJ data.

5.3 Clustering

In machine learning, clustering refers to the task of partitioning the elements of
a dataset into groups, or ‘clusters’, according to similarity [146]. While this task
is easily understood from an intuitive perspective, a rigorous definition of what
clustering means in a machine learning context is more challenging to formulate and
remains the subject of some debate.

Typical criteria for clustering are:
1. Similarity between elements of the same cluster should be maximised
2. Similarity between elements of different clusters should be minimised

[147]

Selecting the correct algorithm for a given clustering task is of vital importance.
A vast range of algorithms and variations are available, and a comprehensive re-
view of the various techniques is beyond the scope of this work (surveys of existing
clustering algorithms are available in the literature: |[147-149]).

In this work a Dirichlet process Gaussian mixture model (DPGMM) clustering
algorithm was utilised, which uses Bayesian inference with a nonparametric Dirich-
let process prior to optimise the assignment of samples to clusters. One notable
advantage of this method is that the number of clusters does not need to be selected
manually, as the clustering algorithm can dynamically add, remove or merge clusters
during the optimisation process. The algorithm used was sourced from the BNPy
python package [150}/151].

5.4 Interpretation of Break Junction G-Z 'Traces

Once an STMBJ dataset has been partitioned by the clustering algorithm, a physical

interpretation of the clusters must be obtained by manual inspection. Interpretation
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of an STMBJ trace, or a 2D histogram comprising many similar traces, typically
relies upon the identification of certain key features in the trace shape. These may

include:

e The presence of a conductance plateau

A plateau in the G-Z trace often indicates the formation of a molecular

junction

e The average conductance of the plateau

The average conductance at which a plateau occurs provides information
about the most probable conductance of the molecular junction. This may
depend on a number of factors, such as the binding configuration between the

electrodes.

e The length of the plateau

The length of the plateau indicates how far the junction may be stretched
before breaking. This may encode information about the length and binding

geometry of the molecule, as well as the mechanical stability of the junction.

e The slope of the plateau

If the conductance of the molecular junction changes with the mechanical
stretching caused by increasing electrode separation (Z) the plateau in the G-Z

trace will possess a slope.

e Switching, steps or other sharp conductance transitions

Sharp transitions in the conductance of the plateau, or the presence of
multiple distinct plateaus, can be indicative of some dynamic process in the
junction, such as reconfiguration of the binding geometry or supramolecular

interactions [152].

e Noise

The analysis of conductance noise in a G-Z trace can provide insight into

the electrode-molecule coupling [93] and the stability of the junction.

There exist a vast number of physical factors which can influence the shape of the
measured G-Z trace in an STMBJ measurement, and physical interpretation beyond
the most probable conductance is non-trivial. This section presents an overview
of some important factors which may affect the shape of STMBJ G-Z traces for

alkanedithiol molecules between Au electrodes (as studied in this work).
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5.4.1 Binding Sites on Electrodes

The anchor group of the molecule may bind to the electrodes in a number of different
configurations, corresponding to different sites on the metallic electrode surface. For
instance, the thiol anchor group of an alkanethiol molecule may bind to a Au(111)
electrode in three different configurations [152]:

1. Atop

Situated over a single Au atom.

2. Bridge

Situated between two Au atoms.

3. Hollow
Situated between three Au atoms.
The binding configuration may affect the stability, breaking length and conduc-

tance of the junction [152,[153]. Figure illustrates the different binding sites for

an alkanedithiol between Au electrodes.

(b) (¢)

Fig. 5.5: Illustrations showing three possible binding configurations of the molecule to the
Au electrodes: a Atop (b) Bridge (c) Hollow

5.4.2 Binding Strength

The strength of the coupling between the molecule and the metallic electrodes can
depend on various factors beyond the geometry of the binding site (discussed in
section. For example, thiolate molecules can form different types of bond with
the gold atoms in the electrodes, with different binding strengths, depending on the
loss or retention of the H atom in the SH anchor group upon bond formation [154].
If the H atom is lost, a covalent S-Au bond will be formed [155,[156] with a breaking
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strength of around 2 nN [71]. Conversely, if the H atom is retained (a so-called
‘protonated’ state) the S-Au bond will be a weaker coordination bond [154] with
a breaking strength of 0.6nN reported in the literature . Figure illustrates

these two types of bond for alkanedithiol molecules between Au electrodes.

(b)

Fig. 5.6: Illustrations showing two different types of bonding between the Au electrode
and the thiol/thiolate anchor group of an alkanedithiol: (a) Covalent bond (S-
Au)(b) Coordination bond (SH-Au)

The binding strength can influence the shape of a G-Z trace in a number of ways.
In the case of Au-alkanedithiol-Au junctions, the S-Au bond has been associated
with higher conductance, lower conductance noise and a steeper gradient in the
conductance plateau compared to the SH-Au coordination bond .

5.4.3 Deformation of Electrodes

As the Au-Molecule-Au junction is stretched during the retraction phase of the G-
7, measurement, tensile force is exerted on the binding sites of the molecule and
the Au electrodes. In the case of a covalent S-Au bond for a thiolate molecule,
this force may be as high as 2 nN (the breaking force of a S-Au bond). This
exceeds the breaking force of a Au-Au bond (1.6 nN) [71]; as such, considerable
reconfiguration and deformation of the geometry of the Au electrodes may occur
before the breaking of the junction. For example, Au atoms may be ‘extruded’
from the electrode, forming an atomic chain between the S-Au binding site and
the bulk of the electrode (illustrated in figure . This may extend the measured
breaking length of the molecular junction . Reconfiguration of the electrode
may also alter the binding configuration (see section [5.4.1)) and therefore change
the conductance of the junction, resulting in steps, spikes, or other sharp switching
features in the conductance plateau .
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Fig. 5.7: An illustration showing the extrusion of gold atoms from an STMBJ tip during
the retraction phase of a G-Z measurement.

5.5 FEvaluation of Clustering Methods

5.5.1 Performance Metrics

In order to compare the performance of feature extraction and clustering algorithms,
metrics must be defined by which key performance parameters can be quantitatively
evaluated. In this work, metrics for unsupervised accuracy and disentanglement were

selected based on a review of the suitability of existing metrics in the literature.

Accuracy

The clustering performance of the model was evaluated using the unsupervised clus-
tering accuracy metric (denoted Acc), a popular performance metric in the evalua-

tion of unsupervised clustering models, defined as:

N
1
Acc = max - Zl 01,m(cs) (5.9)

where N is the number of samples, and /; and ¢; are the ground truth label and
assigned label for the i, sample, respectively. M is the set of mappings between
the assigned labels and the ground truth labels; m is the optimal mapping between
the assigned labels and the ground truth labels, found using the Jonker-Volgenant
algorithm [157] implemented in the SciPy Python package [158]. Acc can take values

between 0 and 1: a value of Acc = 1 would indicate perfect clustering [159H161].

Disentanglement

A disentangled representation is generally understood to possess the following 3

properties:

1. Modularity: features are uncorrelated and causally independent from each
other
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2. Compactness: each generative factor of the data is encoded in a single feature

of the representation

3. Explicitness: the features encode all the important generative factors of the
data

[162]

Perhaps the most commonly used disentanglement metric is the mutual informa-
tion gap (MIG), in which the mutual information between all factors and features
is calculated, and the ‘gap’ between the highest and second highest mutual infor-
mation values is returned as the MIG |136]. The MIG provides a simple, robust
way to evaluate the compactness of a representation, but does not account for mod-
ularity [162]. In this work, disentanglement performance was evaluated using the
JEMMIG (joint entropy minus mutual information gap) metric, an extension to the
MIG which evaluates both modularity and compactness [162,]163]. JEMMIG can
take a value between 0 and 1, where 1 indicates perfect disentanglement.

The use of JEMMIG was also supplemented by qualitative evaluation of the fea-
ture space to support conclusions drawn regarding the disentanglement performance

of the models evaluated here.

5.5.2  Procedurally Generated Evaluation Datasets

In order to develop a robust and unbiased data analysis process and evaluate the
performance of different approaches, labelled datasets containing a controlled set of
defined event types was required. Procedurally generated ‘synthetic’ data was used
for this purpose since experimental STMBJ data is inherently unlabelled and could
contain unexpected event types (for example due to sample contamination). In
addition, since the true generative factors of experimental data are innumerable and
generally unknown, the application of disentanglement metrics (see section [5.5.1)) to
experimental STMBJ data is not possible in practice.

Two synthetic datasets were generated for use in this work: dataset I, a simple
dataset completely defined by 5 generative factors, and dataset II, a more complex
dataset more accurately representing real STMBJ data. Dataset I was used for the
tuning and development of the model, as well as for evaluating the disentanglement
performance, while dataset II was used as a final test to evaluate the accuracy of
the model on realistic data before application to real experimental datasets. Both
datasets were designed to exhibit features corresponding to real physical processes
observed in STMBJ data in the literature, as discussed in section [5.4}
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Dataset I: Known Generative Factors

Dataset I contains simple emulations of STMBJ G-Z traces, all of which contain
single conductance plateaus with added sinusoidal noise. Each trace is completely
defined by 5 continuous random variables, or ‘generative factors’, denoted f;, i €
{N, 1 < i < 5}, which correspond to:

e f1: conductance at the start of the plateau
e f5: conductance at the end of the plateau
e f3: length of the plateau

e f,: amplitude of sinusoidal noise

e f5: period (in nm) of sinusoidal noise

Each factor can take a value between 0 and 1, which maps to a predefined range
of values for the relevant parameters. Randomly sampling these factors allows a
unique synthetic trace to be generated.

Dataset I consists of 10,000 individual traces, evenly distributed amongst 10
classes. An example trace from each class is shown in figure Classes were
created by defining normal distributions with selected means and standard distri-
butions for each factor, and the traces within the class were generated by randomly
sampling from these distributions. The mean and standard deviation for each factor
in the different classes is presented in figure [5.9] Figure [5.10| is a principal com-
ponent analysis (PCA) projection of the generative factors of the dataset into 2D
representation, showing the distribution of the data in the factor space.

Despite its apparent simplicity, this dataset in fact presents a significant clas-
sification challenge. Since all traces contain plateaus, the only differences between
classes are in the shape of the plateau and noise properties of the trace. These subtle
variations are largely impossible to detect with all-data histogram based methods,
and are still much more difficult for clustering-based methods than datasets with
larger variations such as dataset 11 (see section or even typical experimentally
gathered data. Figures 5.8 and show that even by eye, it is easier in some cases
to distinguish the classes by their underlying generative features than by the G-Z
traces accessible to the model. Hence this dataset is expected to be a good test of

a model’s ability to extract meaningful features of STMBJ data.

Dataset II: Unknown Generative Factors

Dataset II is intended to more closely represent experimental STMBJ data than

dataset I, with increased noise and complexity and a wider range of distinct trace
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Fig. 5.8: Representative traces from each class in synthetic dataset I

types (such as traces with no plateau, or with multiple plateaus). As such, the
data cannot be readily summarised by a small number of generative factors, and
disentanglement metrics (see are not compatible with this dataset. Dataset
IT also features uneven proportions of the different event classes, while in dataset I
the data is evenly distributed across all 10 classes.

The synthetic data was generated using an exponential decay function to model
the current-distance dependence in a tunnelling junction. At certain predefined con-
ductance levels a plateau could be inserted to imitate the presence of a molecule in
the junction. Small random variations in the conductance and length of the plateau
were introduced between individual traces to simulate variations in experimental
data. A random z offset was also added to the entire trace to emulate real STMBJ
measurements, where the point at which the metallic junction breaks varies between
measurements. Various sources of noise were added to each trace to more closely
model experimental data. Two sinusoidal noise signals were superposed onto the

trace, one at 50 Hz frequency to simulate mains electrical noise and another at 0.2
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Fig. 5.9: Radar diagrams showing the distribution of factors for each class of traces in
synthetic dataset I

Hz to simulate the low frequency ‘flicker noise’ present in physical measurements.
The phase of these periodic noise signals was randomly varied between different
traces. Additionally, non-periodic noise based on a Gaussian distribution was added
to each sample to emulate the quantisation noise of the ADC.

Dataset II contains 10,000 traces, distributed across 10 classes in the proportions
shown in figure 5.11} The characteristics of each class were chosen to test the
capability of the classification algorithm to distinguish between some different event
types which may occur in an STMBJ measurement (see section ; in particular,
the dataset was designed to contain events which cannot be identified using all-
data histogram-based approaches. The dataset was also designed to closely match
the measurement parameters of the actual STMBJ measurements conducted in this
work: each trace contained 4096 samples distributed over a z range of 11.5 nm, and
the conductance range was matched with the dynamic range of the current amplifier
used in the STMBJ (see section [£.2.8). Figure shows example traces from each
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Fig. 5.11: A bar chart showing the number of traces in each class of synthetic dataset 11

Baseline Metrics

In order to provide a basis of comparison for later tests of the feature extraction and
clustering models, a baseline accuracy was obtained for an uninformative clustering
of synthetic dataset I. Cluster labels were randomly assigned to each trace in the
dataset, and the unsupervised clustering accuracy (Acc) was evaluated. This was
repeated 1000 times while varying the number of clusters in order to obtain a dis-
tribution. The results, shown in figure [5.13] reveal that randomly assigning cluster

labels cannot achieve an Acc score higher than 0.13 for synthetic dataset I.
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Fig. 5.12: Representative traces from each of the 10 event classes in synthetic dataset I1
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Fig. 5.13: Baseline plots of unsupervised clustering accuracy (Acc) for randomly assigned
clusters on synthetic dataset I. (a) Acc plotted against different numbers of
randomly assigned clusters (b) A histogram of all the baseline Acc values across
all tested cluster numbers

5.6 Testing and Optimisation

5.6.1 Base Model Configuration

The feature extractor investigated in this work was based on a SVAE implemented
in PyTorch. The initial configuration of the model was as follows: the encoder
consisted of an input layer with 392 nodes (to match the preprocessed STMBJ
traces used in this work), followed by a single 100 node hidden layer and finally the
latent layer, which initially contained 8 nodes (resulting in an 8-dimensional feature
space). The decoder was a symmetrical copy of the encoder, and ReLLU activation
functions were used between all layers. The output layer was conditioned with a
sigmoid activation function to ensure that the reconstructed traces were normalised,
since the ReLU function is unbound in the positive direction.

This base configuration was gradually optimised through a series of experiments

outlined in the following sections.

5.6.2 Optimiser Tuning

The AdamW optimiser [164], was selected for training the models studied in this
work. The main hyperparameters of AdamW are the learning rate, which controls
the coarseness of the steps taken when adjusting network weights, and the weight
decay, which adjusts the rate at which weights of the network decay with each
training step (a regularisation technique used to avoid overfitting) [165].

Due to constraints on processing time, a full hyperparameter optimisation could

not be performed, but in order to select adequate parameters a coarse grid search
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Fig. 5.14: A heatmap showing unsupervised clustering accuracy (Acc) of the base config-
uration (see section [5.6.1)) for synthetic dataset I over different hyperparameter
values for the AdamW optimiser

over 4 values of weight decay and 5 values of learning rate was performed, using the
initial model described in section and synthetic dataset I, described in section
Clustering was applied to the extracted features (see section for details on
clustering), and the unsupervised clustering accuracy, Acc (defined in section [5.5.1]),
was calculated for each set of parameters. A heatmap of the results is presented in
figure The results show that the downstream clustering performance strongly
depends on the learning rate, but has no clear dependence on weight decay. Note
that it is likely that the optimal parameters vary with different training duration and
model hyperparameters; a full exploration of this would require significant additional
computation time and is beyond the scope of this work.

Based on the grid search, the learning rate was set at 1 x 107 and the weight

decay was set at 1 x 10~ for all tests presented in this work.

5.6.3 Latent Layer Capacity

The capacity of the information bottleneck in VAE is directly connected to the
dimensionality of the latent layer(s). The network described in section was
trained from scratch for 512 epochs on dataset I (see section 12 times, with
an increased number of latent dimensions each time. The performance metrics for
the accuracy and disentanglement of downstream clustering applied to the features
extracted with each number of latent dimensions are presented in figure |5.15

The results reveal that the disentanglement score tends to be higher for features
extracted using lower dimensionality latent layers. This result may be understood

intuitively using similar arguments to those used to motivate SVAE (discussed in
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Fig. 5.15: Tests of the effect of VAE latent layer dimensionality on accuracy and disen-
tanglement metrics for the base configuration on synthetic dataset 1. (a) Acc
plotted against number of latent dimensions (b) JEMMIG plotted against num-
ber of latent dimensions

section : as the information capacity of the latent bottleneck is restricted, the
network is encouraged to learn only the most important generative factors (i.e. the
factors which have the greatest impact on the log-likelihood) in a disentangled rep-
resentation in order to make efficient use of the limited capacity [138]. Between 2
and 10 latent dimensions, the disentanglement score (JEMMIG) decreases as the di-
mensionality of the latent bottleneck is increased, as expected from the information
capacity argument. However, between 10 and 18 latent dimensions the disentan-
glement begins to increase again before reaching a local maximum at 18 latent
dimensions and falling sharply as the dimensionality increases through the range 20
to 24. This could be tentatively explained by the VAE beginning to encode more
of the generative factors into the increased capacity, until at some critical point the
information capacity of the latent representation is high enough that the VAE is able
to encode representations which minimise both reconstruction and KL loss without
disentanglement pressure. A more rigorous examination of the relationship between
disentanglement, information bottleneck capacity and latent layer dimensionality
may be informative. For example, a grid search comparing different § parameters
and latent layer sizes may elucidate any similarities between these two forms of
information capacity restriction.

The accuracy metric supports the notion that the feature extractor is ‘ignoring’
the less significant generative factors for lower dimensionality; while the dimension-
ality is lower than the number of generative factors (5) in the dataset, the accuracy
rapidly increases with each increase in dimensionality, suggesting that the VAE may
be prioritising encoding one factor per dimension in this region. Once the number

of dimensions exceeds the number of factors, the accuracy remains largely constant
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as the dimensionality increases.
Based on these tests, the dimensionality of the latent layer of the VAE was set
to 18 for all further work.

5.6.4 [ Annealing

The effects of cyclical 8 annealing (introduced in section on the performance
of the VAE model were studied, and both the standard VAE and the cyclically
annealed SVAE (denoted ‘CyclicalVAE’ here) were compared to a standard AE
model (obtained by setting 5 = 0).

Cyclical annealing was introduced by modulating the § parameter with a saw-
tooth waveform during training. The modulation was bound within the range
0 < B < 1 with a period of 64 epochs. Each model was trained for 512 epochs,
and figure [5.16| shows the evolution of the losses during training for each model,
alongside the modulation of the g value.

Clustering accuracy and disentanglement were evaluated over 10 different ran-
dom seeds to obtain average performance metrics. The results are presented in figure
A clear enhancement in clustering accuracy for both VAE-based models over
the standard AE feature extractor was demonstrated, with the cyclically annealed
BVAE (CyclicalVAE) obtaining the highest peak Acc score. The JEMMIG scores
showed a less pronounced enhancement: the standard VAE was found to have by
far the highest peak JEMMIG score, but the average score was similar to that of the
standard AE. The cyclically annealed SVAE obtained the highest JEMMIG score
on average.

In order to better understand the JEMMIG results obtained for each model (in
particular the surprising similarity between the evaluated performance for the VAE
and AE models), a more qualitative investigation of the feature space was performed:

First, 18 x 18 correlation matrices were plotted for the extracted features (i.e. the
correlation between each pair of features was calculated and plotted as a heatmap).
These are presented in figure [5.18] Note that the high correlation values on the
rising diagonal represent the perfect correlation between any feature and itself, while
high values in off-diagonal elements indicate correlations between different features.
Clearly, a representation with good modularity (see section could be expected
to possess lower off-diagonal values in the correlation matrix. Figure [5.1§| clearly
shows a substantial improvement in modularity in the learned representation for the
VAE over the AE model, while the cyclicalVAE appears to produce slightly higher
modularity than the VAE.

Next, 5 x 18 correlation matrices were plotted between the extracted features
and the generative factors of the dataset. These are presented in figure [5.19] Rep-
resentations with high compactness (see section are expected to distribute
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Fig. 5.16: Losses during training on synthetic dataset I for each of the feature extraction
models tested. (a) S factor versus epoch for AE (b) § factor versus epoch for
VAE (c) f factor versus epoch for Cyclical VAE (d) loss function versus epoch
for AE (e) loss function versus epoch for VAE (f) loss function versus epoch for
Cyclical VAE (g) reconstruction loss term versus epoch for AE (h) reconstruc-
tion loss term versus epoch for VAE (i) reconstruction loss term versus epoch
for Cyclical VAE (j) KL loss term versus epoch for AE (k) KL loss term versus
epoch for VAE (1) KL loss term versus epoch for CyclicalVAE
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Fig. 5.17: Comparison of performance metrics for a standard AE, standard VAE and a
BVAE with cyclical § annealing for synthetic dataset I. (a) Unsupervised clus-
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Fig. 5.18: Correlation matrices for the features extracted from synthetic dataset I by (a)
standard AE (b) standard VAE (c) SVAE with cyclical 5 annealing
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Fig. 5.19: Correlation matrices between the extracted features and the generative factors
of dataset I by (a) standard AE (b) standard VAE (c) SVAE with cyclical

annealing

information about the factors over as few feature dimensions as possible. Hence
a higher compactness should correspond to a matrix with only a few (or ideally
one) high correlation values in each row. Again, the standard AE appears to be
outperformed by both VAE models in this regard, while the CyclicalVAE demon-
strates the highest performance. However, the difference between models is less
pronounced when compared to the modularity comparisons in figure[5.18] This pro-
vides a possible explanation for the similar JEMMIG performance between the VAE
and the AE, suggesting that JEMMIG score is dominated by compactness, rather
than modularity.

In summary, the VAE model investigated here has shown a significant increase
in the modularity of extracted features compared to a standard AE, resulting in a
corresponding increase in downstream clustering accuracy. Additionally, introducing
cyclical annealing to the 8 term has been shown to further improve performance in

both clustering accuracy and disentanglement.

5.6.5 Application to Dataset 11

All previous tuning and tests were performed using synthetic dataset I. If the feature
extraction model is to be used for real-world data, it is important to verify that the
performance attained can be generalised to different STMBJ datasets without re-
tuning the parameters for the specific dataset. Hence the classification test presented
in section 5.6.4], in which the performance of AE, VAE and cyclical VAE models were
compared, was repeated using synthetic dataset II. Dataset II contains many event
types (such as double plateaus) and noise sources (such as wideband white noise and
simulated AC pickup) which are not present in dataset I, and therefore provides a
good test of each model’s ability to extract features from real data without specific
re-tuning. Details of synthetic datasets I and II can be found in section [5.5.2]

As in section [5.6.4] each model was trained for 512 epochs; the loss curves from
the training process are shown in figure [5.20}

After training for 512 epochs, each model was used to extract features from every
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Fig. 5.20: Losses during training on synthetic dataset II for each of the feature extraction
models tested. (a) S factor versus epoch for AE (b) S factor versus epoch for
VAE (c) f factor versus epoch for Cyclical VAE (d) loss function versus epoch
for AE (e) loss function versus epoch for VAE (f) loss function versus epoch for
Cyclical VAE (g) reconstruction loss term versus epoch for AE (h) reconstruc-
tion loss term versus epoch for VAE (i) reconstruction loss term versus epoch
for Cyclical VAE (j) KL loss term versus epoch for AE (k) KL loss term versus
epoch for VAE (1) KL loss term versus epoch for CyclicalVAE
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Fig. 5.21: Comparison of unsupervised clustering accuracy (Acc) for a standard AE, stan-
dard VAE and a SVAE with cyclical 8 annealing for synthetic dataset 11

element of dataset II. These 18-dimensional features were then clustered using the
DPMM-based algorithm discussed in section 5.3} This was repeated 10 times for
each model, with a different random seed each time. A box plot of the unsupervised
clustering accuracy (Acc) metric for all tests is shown in figure m The results
are similar to those found for dataset I, with the VAE and CyclicalVAE models
outperforming the standard AE. The VAE attained higher Acc scores on average
than the CyclicalVAE by a small margin, however the CyclicalVAE obtained the
highest peak Acc score. Interestingly, the average accuracy achieved by all models
for dataset II was higher than that for dataset I, despite the increased complexity of
the dataset. This supports the argument in section that despite the apparent
simplicity of dataset I compared to real-world data, the dataset presents a challeng-
ing benchmark test for clustering algorithms due to the qualitative similarity of all
the event types contained within.

Unlike dataset I, the generative factors of dataset II are unknown due to the
complexity of the procedural generation process used; hence the JEMMIG disen-
tanglement metric is not applicable to this test. Instead, the correlation matrix
approach introduced in section is used. Figure shows 18-dimensional cor-
relation matrices for the features extracted by each model. By comparison with the
equivalent result for dataset I (figure , it can be inferred that the enhanced dis-
entanglement observed for the VAE and Cyclical VAE persists for dataset 11, showing
that the VAE models are capable of learning disentangled representations even for

data with many unknown generative factors.

5.7 Application to Experimental Data

The real-world capabilities of the feature extraction and clustering algorithm pre-

sented here were evaluated for an experimental STMBJ dataset for Au-ODT-Au
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Fig. 5.22: Correlation matrices for the features extracted from synthetic dataset II by (a)
standard AE (b) standard VAE (c) SVAE with cyclical § annealing
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Fig. 5.23: All-data 2D and 1D histograms for the ODT dataset

junctions captured using the instrument developed in chapter [, The dataset con-
tained 7232 I-7Z traces, each obtained with a bias voltage of 0.4 V, a sample rate of

2 K Hz and a retraction rate of 5 nm/s.

5.7.1 Raw Data

The entire ODT dataset, consisting of 7232 traces, was compiled into 2D and 1D
conductance histograms (figure to test the feasibility of a traditional ‘all-data’
approach. From this it is possible to observe that a plateau does occur in some
traces, and that the most-probable conductance lies between 1 x 107° G and 1 x
10* Gy, in line with commonly reported values in the literature [67,/70} 72, 166].
However, it is not possible to infer the presence of multiple conductance values,
accurately determine the average breaking length, or observe any distance/time-
dependent behaviours such as switching. Clearly, the analysis of this dataset could

benefit from a clustering approach.
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Fig. 5.24: Correlation matrix for the 18 features extracted for the ODT dataset

5.7.2 Extracted Features

After training, an 18-dimensional feature vector was extracted for each trace.

The correlation matrix for the features is shown in figure While the gen-
erative factors are not available for real-world data, comparison with the results in
section [5.6.4] suggests that this correlation matrix indicates reasonable disentangle-

ment.

5.7.3 Clustering Results

The extracted features for the ODT dataset were clustered using the DPMM clus-
tering algorithm described in section[5.3] A total of 9 distinct clusters, labelled A to
I, were identified by the algorithm; a summary of how many traces were contained
in each cluster is provided in figure [5.25]

2D log(G/Gy)-Z histograms, alongside collapsed 1D log(G/Gy) histograms, for
each cluster are presented in figure [5.26] Comparison to figure demonstrates
that the clustering has revealed a wealth of information not accessible using the
all-data approach, including several distinct conductance plateaus. Discussion of

the physical interpretation of this clustering result is presented in section [5.7.4]

5.7.4 Interpretation

In section the experimental Au-ODT-Au STMBJ dataset was partitioned into
nine clusters. Five of these clusters (A, B, C, D and E) contain either no plateau, or

very short unstable plateaus which cannot be observed in the 2D /1D histograms in
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Fig. 5.25: A bar chart showing the number of traces in each of the 9 clusters identified for
the ODT dataset

figure [5.26] suggesting that these clusters correspond to G-Z traces where no stable
molecular junction was formed. The remaining four clusters (F, G, H and I) each
show evidence of molecular junction formation, but with different plateau shapes,
breaking lengths and average conductance values. The most probable conductance
and breaking lengths were determined for each group (where a conductance plateau
was present). These are summarised in table

Cluster log(G%) Breaking Length (nm)

A No plateau No plateau
B No plateau No plateau
C No Plateau No plateau
D No Plateau No Plateau
E No plateau No plateau
F —4.14+05 05+0.1
G —514+05 0540.1
H —49+09 04+0.1
I —44+04 08+£0.2

Tab. 5.1: A summary of the conductance and breaking length for each cluster.

Clusters F and I contain plateaus with similar conductance, log(G/Gy) = —4.1
and log(G/Gy) = —4.4 respectively. Cluster G contains a lower conductance plateau
(log(G/Gy) = —5.1). Cluster H contains a plateau with similar average conductance

(log(G/Gy) = —4.9) to that of cluster G, but with a wider range of conductance
values in the plateau. All the plateaus have similar breaking lengths around 0.5 nm,
with the exception of the plateau in cluster I which has an average breaking length
of 0.8 nm.

Inspection of the 2D histograms reveals differences in the plateau shapes

for each of these clusters. Cluster I contains a ‘flat’ plateau, with no discernible
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Fig. 5.26: 2D G-Z histograms of the 9 clusters identified for ODT

slope, while clusters F, G and H contain negatively sloped plateaus. Additionally,
cluster H exhibits large-amplitude conductance modulation, with a spatial period of
around 0.05 nm, corresponding to a frequency of around 115 Hz; this may simply be
attributed to a harmonic of AC line interference from some intermittent source which
did not affect all traces, or may correspond to some physical process in the junction
causing a periodic modulation of the conductance. The signal contributed by the
individual traces appears to be in phase (otherwise the periodicity of the modulation
would not be visible in the 2D histogram and average trace), which supports the
idea that this is a spatially dependent modulation of the junction conductance and
not an external time-varying noise source.

The distinctions between clusters A, B, C, D, and E are more difficult to decipher.
From the 2D histograms, these may be interpreted to be traces without molecular

plateaus, with different exponential decay factors. Upon manual inspection of the
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individual traces within cluster D, evidence of very short unstable plateaus was
observed. None of these clusters feature a pronounced enough plateau in the con-
ductance histograms for a statistically meaningful interpretation, and these clusters
are therefore excluded from the analysis as ‘empty’ clusters.

In order to further explore the differences between the identified clusters, plots
of the mean power spectral density (PSD) of the raw signal were produced for each
cluster (figure . It is immediately apparent that the clusters which most clearly
possess molecular junctions (F, G, H and I) tend to have higher 1/f noise, and in-
deed higher noise across the frequency spectrum than the other clusters. All clusters
appear to exhibit a peak in the 100-200 Hz range, possibly corresponding to the con-
ductance modulation observed in the 2D histogram for cluster H. This peak appears
sharper and more pronounced in the clusters which most clearly exhibit molecu-
lar plateaus, although the presence of similar peaks in the ‘empty’ plots suggests
that the observed conductance modulation may not originate within the molecular
junction. In future, access to lower frequencies in the PSD could be obtained by
pausing the probe motion periodically during withdrawal to obtain stable measure-
ments over longer periods. This may provide additional insight into the behaviour
of the junction, including how the charge transport mechanism changes throughout
the G-Z measurement [93].

The single-molecule conductance of ODT has been widely measured in the lit-
erature, with typical log(G/Gy) values around -4.4 [67,/72], comparable to clusters
F and I. Lower conductance states, such as that observed in clusters G and H, have
also been reported in studies of ODT and other alkanedithiols, and a number of
mechanisms (typically related to variations in the Au-molecule contacts) have been
suggested for the presence of multiple conductance states [66,68-70,(72,/167],168|.

One such study [72] has reported observation of three distinct conductance
states for Au-ODT-Au junctions formed by STMBJ: a ‘high’ conductance state
at log(G/Gy) = —3.6, a ‘medium’ conductance state at log(G/Gy) = —4.2, and a
‘low” conductance state at log(G/Gy) = —5.0. The high and medium states were
attributed to different binding geometries of the molecule to the Au electrodes (as
discussed in section : the high conductance state was assigned to the bridge
configuration (in which the binding site is between two Au atoms) and the medium
conductance state to the atop configuration (in which the binding site is located
directly on a single Au atom). The low state was attributed to a gauche defect in
the junction. The average conductance values for clusters F and I are in agreement
with the medium conductance state, while clusters G and H are consistent with the
low conductance state. No cluster corresponding to the high conductance state was
obtained in this work.

There is also a small difference between the log(G/Gy) values obtained for clus-
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ters F (-4.1) and I (-4.4), suggesting the existence of additional conductance lev-
els within the ‘medium’ conductance state. Indeed, a recent study [155] of Au-
alkanedithiol-Au junctions demonstrated the existence of two different molecule-
electrode binding regimes, with different conductance levels: the SH anchor group
of the molecule may form a covalent S-Au bond, or a weaker SH-Au coordina-
tion bond (this is discussed in section [5.4.2). Break-junction measurements of Au-
ODT-Au junctions obtained a value of log(G/Gy) = —4.0 for S-Au binding, and
log(G/Gy) = —4.3 for SH-Au binding. The S-Au binding case was also found to
produce a negatively sloped plateau, whereas the SH-Au binding case produced a
flatter plateau. Additionally the measured conductance noise was reported to be
lower for S-Au binding than SH-Au binding. These observations are consistent with
the conductance values (table, plateau slopes (ﬁgure and noise levels
for clusters F and I: hence cluster F may correspond to S-Au binding while cluster
I may be attributed to the SH-Au binding case. The aforementioned study [155]
only observed the S-Au binding case for in-solution STMBJ measurements, and
conversely only observed the SH-Au binding for ‘dry’ STMBJ measurements per-
formed on a SAM (the configuration used in this work). However, since an ‘all-data’
analysis approach was used, and the two conductance levels are close together, the
presence of S-Au binding traces in the latter measurement may not have been de-
tected. Hence the clustering result presented here may provide evidence that both
the S-Au and SH-Au binding configurations can occur for STMBJ measurements on
a ‘dry’ SAM.

In summary, a feature extraction and clustering process has been developed and
applied to an experimental dataset of G-Z traces. While the all-data analysis was
only able to extract a single average conductance value, the clustered data has
revealed several different conductance levels, consistent with observations of Au-

alkanedithiol-Au junctions in the literature.
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Fig. 5.27: Average PSD plots for each of the 9 clusters identified for ODT (signal converted
from conductance to raw DAQ input voltage)



6. THERMOELECTRIC CHARACTERISATION OF
MOLECULAR JUNCTIONS BY ATOMIC FORCE MICROSCOPY

Atomic force microscopy (AFM) is a powerful tool for studying multi-molecule junc-
tions (MMJs). Like STM, which is discussed in chapter 4, the AFM is a type of
scanning probe microscope, in which a nanoscale probe moves across the sample
surface and measures some interaction between the probe and sample in order to
obtain a topographic map of the sample surface. While STM measures the tun-
nelling current between an ultra-sharp tip and the sample, and is therefore typically
restricted to the imaging of conductive surfaces [169], the probe in AFM consists
of a microfabricated cantilever with a sharp protrusion at one end, the deflection
of which is used to measure a distance-dependent force acting between the probe
apex and sample surface. The net tip-sample force is a superposition of a number
of interactions, including van der Waals (due to noncovalent chemical interactions
between atoms/molecules in the tip and sample) and electrostatic forces (due to
variations in surface potential); the resulting relationship between force and tip-
sample separation is complex, as different contributions may dominate at different
ranges [6,(169,/170].

An ideal companion to STM-based single-molecule junction experiments, AFM
offers a larger contact area (typically in the range 1-1000nm? [41]) and controllable
contact force. Since its introduction in 1986 by Binnig, Quate and Gerber [20],
AFM has been extended far beyond simple topographic imaging, with numerous
advanced AFM modes allowing the measurement of various properties of samples
including electrical and thermal conductivity. Of particular interest for the study
of thermoelectricity in MMJs is ThAFM (thermovoltage AFM), a technique intro-
duced in 2010 by Reddy et al. [3], which facilitates the measurement of the See-
beck coefficient of a MMJ by contact-mode CAFM. The Seebeck coefficient, unlike
conductance, is an intrinsic property independent of the number of molecules in
parallel in the junction; hence thermoelectric measurements on MMJs can be com-
pared to equivalent measurements by other methods on single-molecule junctions,
potentially elucidating important differences between the behaviour of molecules in
ordered films/monolayers and their isolated single-molecule counterparts.

ThAFM is a variant of CAFM, which uses a conductive probe and sample stage

to provide electrical connections to both sides of the tip-sample junction. Unlike
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Fig. 6.1: An illustration showing the working principle of ThAFM.

CAFM, in which a bias is applied to the sample stage and the resulting current
through the junction is measured by a transimpedance amplifier connected to the
probe, in ThAFM the sample is grounded and a differential voltage amplifier is
connected across the junction (i.e. between the probe and the sample) to measure the
open-circuit thermovoltage. The sample stage temperature is then varied to measure
the variation in thermovoltage as a function of the temperature difference across the
junction; from this the Seebeck coefficient of the junction can be inferred [3].

The ThAFM technique is much less widespread than CAFM, and no turnkey
solutions exist for commercial AFM instruments: hence the necessary modifications
must be implemented in-house by individual labs, and a range of experimental setups
with varying levels of performance have been developed by different research groups.

This chapter details the development of a bespoke ThAFM module for use with
a commercially available Bruker multimode 8 AFM, intended to improve upon ex-
isting setups in a number of key areas including ease-of-use, reliability, measurement
stability and noise rejection. Additionally, the module is inexpensive and easy to
reproduce with off-the-shelf components: hence the setup detailed here could easily
be adopted by other labs, potentially helping to standardise the measurement and
simplify comparisons of results generated by different groups. In section the
main experimental challenges limiting the performance of ThAFM measurements
are described. In section the design, development and calibration of the appa-
ratus are discussed, and finally the full experimental setup is tested on a number of

widely-studied materials in section [6.3]

6.1 FExperimental Challenges

Although ThAFM is similar to CAFM in many ways, it presents a number of unique
experimental challenges. These are discussed in this section, and strategies to miti-
gate them are outlined.

One of the most important differences in instrumentation between CAFM and
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Fig. 6.2: A simplified circuit diagram of a thermovoltage measurement.

ThAFM is that CAFM is a current measurement while ThAFM is a voltage mea-
surement. The molecular junction typically presents a high impedance, due to
the nanoscale contact area of the junction and the low conductance of most or-
ganic molecules. For a high source impedance, voltage measurements are typically
more challenging than current measurements. Any non-ideal operational ampli-
fier has a finite input impedance which forms a potential divider with the source
impedance, resulting in a reduction in the measured voltage. For an amplifier with
input impedance Z;y, the voltage V,,, measured from a junction with impedance Z;
generating thermovoltage Vy, is given by:
ZIn
Vi = V,;h—ZIN s (6.1)
Figure illustrates the consequences of increasing source impedance on the
measured voltage for different amplifier input impedances. Clearly an amplifier
with an input impedance much greater than the impedance of the junction must
be used if the thermovoltage (and therefore Seebeck coefficient) is to be measured
accurately.
Another important challenge when measuring voltage from a high impedance
source is the offset voltage Vg arising from the input bias current Ip of the amplifier

flowing through the source impedance:

Vos = 1pZ; (6.2)

This offset voltage is added to the measured thermovoltage, and since it is a

function of the junction impedance it varies with stochastic fluctuations in the con-
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Fig. 6.3: An illustration of the effect of increasing source impedance on the measurement
of a 1 V DC signal for a given amplifier input impedance Zyy.

ductance caused by various factors including tip condition, junction geometry, vari-
ations in the number of molecules in the junction and the presence of water or other
mobile contamination on the surface [171]. These variations in the junction con-
ductance have a lesser effect on CAFM measurements because of the shorter time
scale of the measurement (so enough measurements can be obtained that the con-
ductance variations form part of a normal distribution around the most probable
conductance), and additionally CAFM measurements can employ bias modulation
and measure the resulting AC signal with a lock-in amplifier, eliminating the effect
of DC offsets. The ThAFM technique is a DC measurement and operates over a
longer time scale since the thermovoltage must be measured for multiple different
probe-sample temperature gradients and the temperature cannot be modulated as
quickly as the bias in AC CAFM measurements due to thermal inertia. Hence the

offset voltages caused by the input bias current of the amplifier can have a significant
effect on the stability of ThAFM measurements.

6.2 'Thermovoltage Application Module Development

As part of this work a custom expansion module has been developed to extend the
capabilities of a commercial AFM to include ThAFM measurements on molecular
junctions. Every aspect of the system, from the sensitive analogue electronics to
the physical integration with the AFM, has been carefully considered and optimised

considering the key experimental challenges identified in section 6.1} The resulting
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module is compact, simple to set-up and use, and offers performance competitive
with the best existing ThAFM implementations reported in the literature. This

section details the development and testing of the system.

6.2.1 Thermovoltage Amplifier

The thermovoltages measured in a typical ThAFM experiment are on the order of
10 4V, and amplification is required in order to attain an acceptable signal-to-noise
ratio. As discussed in section [6.1], careful consideration must be given to the details
of the amplifier circuit in order to attain optimum performance.

The first ThAFM setup introduced by Reddy et al. utilised a custom-built
thermovoltage amplifier [3] based on a design introduced for STM-based ‘scanning
thermopower microscopy’ measurements by Poler et al. in 1995 [2]. This amplifier
was comprised of a buffer stage made from two DiFET operational amplifiers (Burr-
Brown OPA128) configured as unity-gain voltage followers, followed by a simple
differential amplifier stage with a voltage gain of 48 dB. The (no longer manufac-
tured) Burr-Brown OPA128 op-amp was used for the input buffer due to its ultra-low
input bias current and low offset drift. The amplifier design also included a driven
guard to protect the sensitive buffer inputs from excess leakage current. A simple
schematic of this amplifier design is provided in figure 6.4, Here U; and U, make
up the unity-gain input buffer and Us is configured as a differential amplifier with
voltage gain Ry/R;. Uy is an additional unity-gain buffer used to drive a guard
which surrounds the probe input and protects it from leakage current.

Since the introduction of the technique in 2010, a number of research groups have
adopted ThAFM, often using a commercially available voltage amplifier. The most
commonly used amplifier for ThAFM is the Stanford Instruments SR560 low noise
preamplifier in a differential configuration. The SR560 uses a more sophisticated
signal path, consisting of a differential input buffer followed by two amplifier stages
interspersed with filters, as illustrated in figure [6.5] Many of the parameters of
the amplifier, such as total voltage gain, filter cutoffs and input configuration are
reconfigurable by the end user. The input stage is of most interest for this work, as
it largely defines the input bias current, impedance and offset drift of the amplifier.
Rather than using operational amplifier integrated circuits, the SR560 uses a discrete
differential amplifier constructed from individual matched JFET pairs (National
Semiconductor NPD5564) in its input stage [172]. These FETs have a gate leakage
current of around 3 pA, which defines the lower bound of the input bias current
for the SR560 amplifier. This is an order of magnitude greater than the 100 fA
input bias current claimed by Poler et al. for their custom built amplifier [2]. In
addition, amplifiers built from discrete components typically have higher input offset

voltage and drift than the equivalent integrated circuit, due to difficulty in precisely
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Fig. 6.4: A schematic diagram of the thermovoltage amplifier introduced by Poler et al.
in 1995 [2] and subsequently used by Reddy et al. in the first implementation of
ThAFM [3].

matching the values of discrete components and greater thermal gradients over the
larger circuit footprint, among other reasons. As a result, the SR560 requires manual
offset nulling, while the OPA128 is specified for a maximum offset of 500 uV owing
to laser-trimming of the thin-film resistors in the IC. The SR560 input stage is
likely designed to optimise noise and bandwidth performance for higher frequency

measurements, making it a sub-optimal choice for DC thermovoltage measurements.

::D 'O— o—
O Lo oy
Input Buffer /_ Amplifier 1 /- Amplifier 2
Filter 1 Filter 2

Fig. 6.5: A simplified representation of the signal path of the Stanford Instruments SR560
low-noise voltage preamplifier.

For the ThAFM implementation developed in this work, an instrumentation
amplifier topology was selected for the thermovoltage amplifier: the high input
impedance, low drift and low input bias current offered by instrumentation amplifiers
makes them ideal for this application. The instrumentation amplifier is a differential
voltage amplifier, and its topology is similar to the amplifier used by Poler et al. [2] in

that it is based on three operational amplifiers, configured as an input buffer followed
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Fig. 6.6: A schematic diagram showing the topology of a typical instrumentation amplifier.
The circuit elements inside the dotted line are usually contained within the IC,
eliminating the need for precise matching of external components.

by a differential amplifier stage (see figure ; the instrumentation amplifier differs
in the addition of a resistor, R¢, between the inverting inputs of the two operational
amplifiers that comprise the buffer stage, as well as matched resistors in the feedback
paths of the buffer amplifiers. This configuration is illustrated in figure [6.6, This
design offers a number of benefits over the simple buffered differential amplifier:
the input buffer now has a differential gain factor of 1 + 2R;/Rs but maintains
unity gain for common-mode signals. The differential amplifier stage (Us) applies
additional gain R3/Rs to differential signals and attenuates common-mode signals.
This means that the overall differential gain of the amplifier can be increased by
reducing Rg without changing the common-mode gain, resulting in a common-
mode rejection ratio (CMRR) which increases with overall gain [173]. This is a
very desirable characteristic as it allows high differential gain without signal-to-
noise ratio degradation or amplifier saturation caused by common-mode noise and
offsets present on both inputs. This design can also achieve very low offset voltage
and drift, especially when implemented as an integrated circuit (IC); the matched
resistor pairs are typically included in the IC and matched to a very high tolerance
by laser-trimming, while the single resistor R is located externally and can be used
to change the gain without introducing excessive offsets and drift due to resistor
mismatch and thermal variations.

For the sake of simplicity, and to ensure reproducibility between experiments, a
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fixed-gain configuration was chosen for the thermovoltage amplifier. The gain was
selected to give the best compromise between dynamic range and signal-to-noise
ratio; the gain must be large enough to accurately measure the thermovoltage, but
if the gain is too large the amplifier may saturate when measuring samples with
high Seebeck coefficients. The ADC converters of the Bruker Nanoscope 6 AFM
controller, used in this work to digitise the thermovoltage signal, offer 16 bit code
resolution over their 20V input range, resulting in an LSB voltage of 305 pV; in
order to detect a 10 4V change in thermovoltage the amplifier must have a voltage
gain of at least 30 dB. However, testing showed that the actual effective resolution
of the analogue input is limited by the input referred noise rather than the code
resolution, and so a higher gain is necessary. In this work a voltage gain of 54 dB
was selected in order to ensure that the signal level would be above the noise floor
of the ADC.

The specific instrumentation amplifier IC used in the thermovoltage amplifier
was carefully selected. From a wide number of options, three ICs were selected for
testing by comparing several important specifications (sourced from the manufac-

turer’s datasheets):

1. Input bias current
2. Input impedance
3. Offset drift

4. Cost

The specifications of the two established thermovoltage amplifiers previously
discussed were used as a basis for comparison. In the cases where specifications were
not available (for example the input bias current of the SR560), these parameters
were estimated based on the specifications of the components used in the front end.
The amplifier ICs selected for further testing were the INA821 (Texas Instruments),
AD8230 (Analog Devices) and INA116 (Texas Instruments). The bar plots in figure
[6.7] summarise the key specifications of these ICs compared to the SR560 and the
custom amplifier presented by Poler et al. [2,172,(174H176]

All of these amplifier ICs are instrumentation amplifiers, however each is imple-
mented using a different process (bipolar, CMOS and JFET for the INA821, AD8230
and INA116 respectively), resulting in some important performance differences in
key areas [177]:

The INAS821 uses a fairly traditional instrumentation amplifier topology based
on bipolar transistors [175]. However, while a typical bipolar amplifier might be

expected to have a much larger input bias current compared to FET or CMOS
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Fig. 6.7: Comparisons of important specifications for each of the amplifiers considered in
this work: (a) Input bias current (b) Input impedance (c) Input offset voltage
drift (d) Cost (estimated from bill of materials for the lab-built amplifiers, and
quoted from the manufacturer in the case of the SR560)

technologies , the INA&21 utilises so-called ‘super-beta’ transistors which have
significantly greater current gain than typical transistors; this results in a lower
input bias current, comparable to some FET input stages, while retaining the low
offset drift and 1/f noise associated with bipolar amplifier technologies [175//179)].
The ADS8230 is a CMOS process amplifier; typically CMOS-based amplifiers
exhibit higher input impedance and lower input bias current than bipolar amplifiers,
at the cost of higher 1/f noise, offset and drift . However, the CMOS process
allows the implementation of an ‘auto-zeroing’ topology which reduces the offset drift
(and by extension 1/f noise) of the AD8230 by more than an order of magnitude
compared to any of the other amplifiers considered in this work. This topology
is similar in application to the standard instrumentation amplifier in figure [6.6]
but works in a very different way: the input stage of the AD8230 consists of a

capacitive differential sample-and-hold stage, driven by an internal 6 kHz clock, in
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place of the dual op-amp buffer in a traditional op-amp. This stage provides the high
common mode rejection of the amplifier while minimizing drift. The second stage
is a more conventional differential amplifier which provides gain to the signal. Both
stages incorporate active auto-zeroing to minimize offset drift and 1/f noise. The
main disadvantage of this topology for a ThAFM application is the relatively large,
time varying input bias current due to the current needed to charge the sampling
capacitors during the short sampling period. [176]

The INA116 has many important internal similarities to the amplifier created
by Poler et al. [2] (see figure[6.4): in particular, it uses a dielectrically-isolated FET
(DiFET) front end and includes driven guard pins to minimise input bias current
and leakage. However, the INA116 benefits from being an integrated monolithic
instrumentation amplifier rather than a buffered differential amplifier built from
discrete op-amps. As a result, the INA116 offers a lower input bias current (3 fA
compared to the 100 fA reported by Poler et al.), higher input impedance and lower
offset drift [2,/174]. Asis typical of a FET-based amplifier, the INA116 has somewhat
higher offset drift than the transistor-based INA821 and the auto-zeroing AD8230,
but significantly lower input bias current and higher input impedance than both.
The INA116 also outperforms the SR560 in all the metrics considered.

Prototype amplifiers were constructed using each of these ICs so that their per-
formance could be compared in a real-world setting. A separate PCB was built for
each amplifier, with the same mounting hole configuration so that they could be
installed interchangeably within the shielded enclosure (described in section .
Each amplifier was configured with a differential gain of 54 dB.

The noise and drift of each amplifier circuit was characterised by connecting
both inputs to ground and recording the output signal for 80 minutes at a sample
rate of 820 Hz. Power spectral density periodograms, shown in figure [6.8] were
plotted from the resulting data and used to compare the noise and drift (1/f noise)
performance of each system. The SR560 previously used in the lab for thermovoltage
measurements was also included as a basis for comparison. Since ThAFM consists
of a DC measurement, the low frequency 1/f noise is the most important region of
the PSD to consider. The AD8230 is unique among the amplifiers tested in that it
exhibits no observable 1/f noise, due to the auto-zero topology. However, while the
INA821 does show a small 1/f noise trend, the actual noise power at low frequency
remains lower than that of the AD8230. In fact, the INA821 offers the lowest noise
across the frequency range tested of all the amplifiers tested here. The INA116 offers
comparable noise to the INA821 at higher frequencies, but ultimately exhibits the
highest 1/f noise of the three amplifier ICs. This is characteristic of a FET-input
amplifier, and consistent with the specified drift in the INA116 datasheet [174] (see
figure[6.7c). Nonetheless, the INA116 demonstrated two orders of magnitude lower
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1/f noise than the SR560 during the test.

After consideration of the parameters identified in figure and the measured
noise performance in figure[6.8, the INA116 was selected for use in the ThAFM mod-
ule. The INA116 exhibits slightly higher 1/f noise than the INA821 and AD8230, but
vastly outperforms both in other key areas (input bias current and input impedance).
The INA116 also exceeds the specifications of even the best amplifiers (such as that
introduced by Poler et al. [2]) previously used for ThAFM in all metrics considered.
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Fig. 6.8: Power spectral density plots of the output offset voltage between 0.01 Hz and 400
Hz for the amplifiers tested. Test was conducted over 80 minutes with inputs tied
together to amplifier ground: (a) SR560 (b) AD8230 (c) INA821 (d) INA116

6.2.2 Low Noise Dual-Rail Power Supply

The thermovoltage amplifier (described in section developed in this work
operates on a dual rail power supply from +4.5 V to 18 V. Such power supplies can
be readily obtained or constructed, but vary significantly in their output noise and
stability . A stable, low noise power supply is desirable for precision applications

since noise in the power supply rails of the amplifier will appear at the output,
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albeit attenuated according to the amplifier’s power supply rejection ratio (PSRR).
PSRR varies with gain and frequency: at 54 dB gain and < 100 Hz frequency, the
INA116 used in the thermovoltage amplifier specifies a PSRR of around 110 dB for
the positive supply and 90 dB for the negative supply. This is sufficient to reduce
the noise from typical switching power supplies, with ripple voltages on the order
of a few 100 mV, below the noise floor of the measurement. However, in case of
external factors limiting the PSRR, and in the interest of ensuring the best possible
performance from the amplifier, a lower noise linear power supply was selected.

A custom +5 V PSU was constructed, based on an open frame linear power sup-
ply module (PSU 303, Lascar) with low ripple noise specified as <5 mV. Combined
with the high PSRR of the amplifier, this should contribute < 1 uV of noise to the
output signal. The power supply module takes a mains AC input, and uses a step-
down transformer and bridge rectifier with smoothing capacitors to produce positive
and negative DC voltage rails. A pair of linear regulator ICs are then used to reject

ripple noise and create stable +5 V outputs. A schematic of this configuration is

provided in figure [6.9]
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Fig. 6.9: A schematic showing the workings of the dual-rail low-noise PSU used to power
the thermovoltage amplifier. From left to right is the mains AC input, followed
by a step-down transformer 77, a bridge rectifier with smoothing capacitors to
provide dual DC rails, and finally a pair of linear regulator ICs (U; and Us) to
create the low-noise +5 V outputs.

A custom 3D-printed enclosure was created to house the PSU module and provide
safe, convenient electrical connectors in place of the exposed screw terminals on the
module itself. A standard 3-pin IEC connector was used for the mains input, and a
3-pin XLR connector was used for the output. For safety reasons all external metal
surfaces (such as the XLR connector body) were connected to the earth pin of the

IEC connector. Threaded heat-set inserts were used to secure the lid of the enclosure,
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allowing for easy maintenance and inspection while remaining secure during normal
use. The enclosure was also outfitted with self-adhesive polyurethane rubber ‘feet’
(3M SJ5302) for vibration damping. Photographs of the assembled PSU can be
found in figure [6.10}

(a) (b)

Fig. 6.10: Photographs of the dual-rail power supply assembled for the ThAFM module a
lid removed b lid closed

During testing, standard XLR cables were found to transfer excessive vibrations
through the thermovoltage amplifier (mounted to the AFM head) into the junction.
To reduce vibration coupling a more flexible, lightweight XLR cable was made using
three separate silicone insulated wires with no outer jacket. This cable is shown in
figure |6.11]

TN

)

Fig. 6.11: A photograph of the custom flexible XLR cable made for the ThAFM PSU to
minimise transmission of vibrations to the AFM junction

6.2.3 Implementation

The physical implementation of the ThAFM setup within the AFM system requires

careful consideration: the performance of even a meticulously designed amplifier can
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be severely degraded when installed in a suboptimal configuration.
The physical layout of the ThAFM setup can have a significant effect on elec-
trical noise pickup, mechanical stability, and leakage current. Some key issues and

corresponding design guidelines have been identified, and are as follows:

e Long cables connecting the thermovoltage amplifier to the junction can intro-
duce significant noise and electrical instability via EMI pickup and microphon-
ics. Hence the amplifier should be located as close as possible to the junction
in order to minimise the length of these cables. Where long cable runs are nec-
essary, a balanced twisted pair configuration could be considered to improve
noise rejection, however this not ideal due to leakage current considerations

(see below).

e Any cables and electrical connections to the junction can introduce mechanical
instability. All cables should be flexible and lightweight. Longer cables, such
as the power supply cable for the amplifier, can be clamped down to the table
or some other heavy object to effectively decouple different sections of the

cable and reduce transmission of vibrations.

e In order to maintain the extreme low input bias current of the thermovoltage
amplifier, the conductive path from the probe to the input must be protected
from leakage currents arising from conduction pathways to other nearby con-
ductors at different potentials (the sample connection is less critical since it
is connected to ground directly). For example, if there is potential difference
of 100 mV between the input node and a nearby conductor, the resistance
between the two must exceed 10 T2 to maintain a leakage current below 5 fA.
The amplifier itself utilises careful layout and a driven guard trace around the
inputs to effectively mitigate leakage, but the connection to the probe remains
exceptionally vulnerable. A very short cable connected directly to the probe
with at least bmm air gap on all sides is preferred; if this is not possible a
triaxial cable with the inner shield connected to the driven guard can be used,
at the expense of reduced flexibility. The probe holder itself can also be a
source of leakage. The Bruker MMCHAM TUNA-compatible probe holder is
made from a non-conductive material and designed to isolate the probe from

all other conductors to reduce leakage.

The development of the ThAFM module was an iterative process, and a number
of different configurations were prototyped and evaluated before arriving at the
final design; the use of FDM 3D printing to fabricate the bespoke enclosures and

fittings facilitated inexpensive rapid prototyping, allowing different permutations to
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(a) . ()

Fig. 6.12: Photographs of an early prototype of the ThAFM system. (a) The electronic
modules which comprise the system, prior to installation on the AFM. (b) The
modules with the enclosure lids removed to reveal the internal electronics and
shielding.

be explored easily. An example of an earlier prototype of the ThAFM system can
be seen in figure [6.12

Of the various configurations tested, an ‘application module’ format was identi-
fied as providing the best balance of performance, ease-of-use and versatility: The
Bruker Multimode 8 AFM head features a mounting shelf for turnkey application
modules, available from Bruker, which can extend the capabilities of the instrument
(for example the “TUNA’ module enables CAFM measurements). A custom 3D-
printed enclosure, designed to be compatible with the application module mounting
shelf, was created to house the thermovoltage amplifier. The module features an
XLR connector for power input from the linear PSU (described in section , a
BNC connector for the thermovoltage amplifier output, and a power indicator LED.
The interior of the 3D-printed enclosure is coated with conductive copper tape,
connected to the amplifier ground, to provide shielding and reduce noise pickup.

The probe is mounted in a Bruker MMCHAM conductive holder, which is made
of a non-conductive material to minimize leakage and allows electrical connection
between the probe and application modules via a Au-plated pin socket. The sample
is mounted in a custom sample holder (illustrated in figure which isolates
the sample electrically from the built-in sample bias of the AFM using a Mylar
insulating layer (chosen to minimise leakage). The sample is secured by a copper
S-clip, which also provides the electrical contact to the top of the sample and allows
direct connection to the ThAFM module.

Two short (<3 cm), flexible silicone-insulated wires connect the probe and sample
to the inputs of the thermovoltage amplifier. Care was taken when routing these
wires to minimize leakage: for example, the grounded copper tape used for shielding
inside the module is omitted around the area where the wires enter the enclosure.

Additionally, these input wires are directly routed to the input pads of the amplifier,
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(a)

Fig. 6.13: Tllustration of the sample stage used for ThAFM measurements (a) exploded
view (b) assembled view (inset)

(a) )

Fig. 6.14: Photographs of the finished ThAFM module (a) Alongside a Bruker TUNA
CAFM application module for comparison (b) In-situ on the applications-ready
multimode AFM head

inside the driven guard traces, without touching any other part of the amplifier PCB
to further reduce leakage.

Photographs of the assembled ThAFM application module can be found in figure
0. 14

6.2.4 Temperature Control

In order to establish a temperature gradient across the tip-sample junction, the sam-
ple plate is heated while the probe apex is assumed to remain at ambient tempera-
ture, due to the high thermal conductivity of the Si cantilever substrate compared
to the surrounding air and the large thermal mass of the probe holder and AFM
head. This assumption has been shown to hold to within 5% error by Reddy et
al. using a mathematical model validated by a previous experimental study of
heat transfer in nanoscale contacts .

Bruker provides a sample heater compatible with the multimode AFM used

in this work, consisting of a resistively heated sample stage and a corresponding
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‘thermal applications controller’ (TAC) which uses feedback control to maintain a

constant temperature setpoint.

Heated Sample Stage Calibration

The TAC measures the internal temperature of the heated sample stage to provide a
feedback signal and control the sample temperature. Since the sample is mounted in
a separate sample holder which sits atop the heated stage, the actual temperature at
the surface of the sample differs from the temperature setpoint of the TAC and must
be measured using a separate temperature sensor located at the sample surface.
This is not feasible during ThAFM measurements, due to the additional current
leakage and mechanical noise introduced by positioning a temperature sensor close
to the junction; instead, a calibration curve was measured such that the true sample
temperature could be calculated from the TAC setpoint.

A precision bipolar junction temperature sensor IC (LMT84, Texas Instruments)
was mounted to the top surface of a piece of template-stripped Au on Si (the same
substrate used for the samples measured in this work, prepared as described in sec-
tion using a thin layer of cyanoacrylate adhesive. This was then installed
in the custom sample holder, described in section [6.2.3] which was affixed mag-
netically to the heated sample stage. The output of the temperature sensor was
recorded using one of the analogue input channels of the AFM controller while the
temperature setpoint of the TAC was varied in 5 K increments over a 30 K range. At
each temperature setpoint, the sample temperature was allowed to stabilise before
recording 32,768 temperature readings over a 256 second period (twice the duration
of a typical thermovoltage measurement).

In order to determine the relationship between the TAC setpoint and the actual
sample temperature, the mean value of the measured temperature was plotted as a
function of setpoint (see figure [6.15n). A linear relationship was observed between
setpoint temperature Tgeipoint and sample temperature Tgampre across the operating

range of the TAC; a linear fit yielded the following calibration function (in Kelvin):

Tsample = 0.76T getpoint + 76.12 (6.3)

Equation [6.3| can be used to determine the sample temperature for a given TAC
setpoint within the operating range of the TAC.

The uncertainty in sample temperature was estimated from the distributions
of measured temperatures across all setpoints: for each setpoint, the mean of the
temperature measurements was subtracted from all the measurements to align the
distribution around 0. All the measurements from all setpoints, after scaling, were

then collated into a single histogram, presented in figure [6.3p. Assuming a normal



6. Thermoelectric Characterisation of Molecular Junctions by Atomic Force Microscopy 110

distribution, the uncertainty in the sample temperature was then estimated from

the standard deviation as 0.1 K.
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Fig. 6.15: (a) A plot of sample temperature against TAC setpoint temperature over 7
setpoint values separated by 5 K increments. Each point corresponds to the
mean of 32,768 temperature readings over a 256 second period. A linear fit
applied to the data gives a calibration function which can be used to estimate the
sample temperature for a given TAC setpoint. (b) A histogram of all 229,376
individual temperature measurements, re-centred around 0 by subtracting the
mean temperature from all measurements at each TAC setpoint. The standard
deviation of the resulting distribution is £0.1 K.

6.2.5 Data Processing

A typical thermopower measurement consists of measuring several thousand thermo-
voltage samples at four different temperature setpoints (specific details are provided
in section . A least-squares fitting algorithm (implemented in SciPy [15§]) is
then applied to the resulting thermovoltage distributions to estimate the tempera-
ture dependence of the thermovoltage; the Seebeck coefficient is extracted from the
gradient of the fit.

The heated sample stage takes several minutes to reach a stable temperature at
each different setpoint, limiting the speed at which a measurement of the Seebeck
coefficient can be completed (since the thermovoltage must be measured at several
temperature setpoints). Obtaining enough complete measurements to obtain a ro-
bust estimate of the uncertainty from their standard deviation is therefore infeasible;
instead, the uncertainty in each measurement is obtained from the covariance ma-
trix of the least-squares linear fit, which takes into account the standard deviation
of the distribution of thermovoltages measured at each temperature setpoint. Upon

calculating the average Seebeck coefficient from multiple repeat measurements, the
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final uncertainty is obtained by summing the uncertainty of each measurement in

quadrature.

6.3 Testing

In order to calibrate the system and evaluate its performance, a series of test mea-
surements using samples with known Seebeck coefficients was performed. All mea-
surements were carried out with a Pt coated AFM probe (BudgetSensors ElectriMulti75-
G) in contact mode with zero scan size (point-mode). Each complete Seebeck
measurement, consisted of four temperatures, with 16,384 thermovoltage samples

recorded over 128 seconds at each temperature.

6.3.1 Au

As a control measurement, and to calibrate the offset due to the contribution of stray
thermovoltages (for example a thermovoltage arises from the copper-solder joint at
the sample stage when heated), the Seebeck coefficient of a bare Au(111) substrate
(prepared by template stripping, as outlined in section was measured. The
result of this measurement is presented in figure [6.16] A small positive Seebeck
coefficient of S = 1.38 £ 0.02 uV K ! was obtained for the Au-Pt junction. This
value is subtracted from all future measurements in order to obtain the true Seebeck
coefficient of each sample relative to a plain Au-Pt junction, accounting for constant

measurement offsets inherent to the instrumentation.

6.3.2 Cs

The Seebeck coefficient of a Cgy monolayer on a Au substrate, prepared by ther-
mal sublimation in UHV by Charlie Wells (see section for details on sample
preparation) was measured using the ThAFM application module, and a value of
S = —11.5 £ 1.2 uVK~! was obtained. The thermovoltage-temperature plot is
shown in figure [6.17]

Measurements of the Seebeck coefficient of Cgy using various SPM methods have
been reported in the literature. The sign of S is universally agreed to be negative,
corresponding to LUMO dominated transport. A value of —8.9 &2.2 uVK~! was
reported [78] from STMBJ with a Pt probe and Au substrate, although it is unclear
if the standard offset calibration step of subtracting the Seebeck coefficient of plain
Au was included in the reported figure. Another STM study [77] using a Au probe
and substrate measured an average S value of -18 uV K~!, although a wide range
of values from -40 uVK~! < S <0 uVK~! were reportedly observed across repeat

measurements, suggesting a large unspecified uncertainty:.
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Fig. 6.16: A plot of measured thermovoltage AV as a function of tip-sample temperature
difference AT for the control measurements performed on Au with a Pt probe.
A histogram on the right shows the distribution of the measured thermovoltage.
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Fig. 6.17: A plot of measured thermovoltage AV as a function of tip-sample temperature
difference AT for a Cgg monolayer on Au with a Pt probe. A histogram on the
right shows the distribution of the measured thermovoltage.
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Fig. 6.18: A plot of measured thermovoltage AV as a function of tip-sample temperature
difference AT for an ODT monolayer on Au with a Pt probe. A histogram on
the right shows the distribution of the measured thermovoltage.

In summary, the value of S = —11.54+1.2 uV K~ obtained here for a Cgy mono-
layer on Au with a Pt probe is consistent with values reported in the literature, and

appears to present a lower uncertainty than any previously reported measurement.

6.3.3 ODT

The Seebeck coefficient of a 1,8 octanedithiol (ODT) monolayer on a Au substrate,
prepared by self assembly in solution (see section for details on sample prepara-
tion) was measured with the ThAFM application module, and a value of S = 5.4+0.3
pV K~ was obtained. The thermovoltage-temperature plot is shown in figure [6.18]

Measurements of the thermopower of ODT are less frequently reported than for
Ceo, but transport is known to be HOMO dominated [181], resulting in a positive
sign of S. In 2021 an STMBJ study with a Au probe and substrate reported a value
of 54+2 pV K~ [73]. This is consistent with the value measured here, and again the
ThAFM system introduced in this work appears to measure the Seebeck coefficient

to a higher precision than previously reported measurements.

6.3.4 ZnPc

In order to test the application of the ThAFM system to an ‘unknown’ system, the
Seebeck coefficient of a ZnPc monolayer on a Au substrate, prepared by thermal sub-
limation in UHV by Charlie Wells, was measured. The thermovoltage-temperature
plot is shown in figure[6.19] A value of S = 4.4 + 0.4 uV K~ was obtained.
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Fig. 6.19: A plot of measured thermovoltage AV as a function of tip-sample temperature
difference AT for a ZnPc monolayer on Au with a Pt probe. A histogram on
the right shows the distribution of the measured thermovoltage.

Measurements of the Seebeck coefficient for ZnPc monolayer-scale films have not
been previously reported in the literature. However, a recent theoretical modelling
study has predicted HOMO mediated transport [85], corresponding to a positive

Seebeck coefficient, consistent with the measured result.



7. CONCLUSIONS

At the outset of this work, a clear necessity for a new generation of improved tech-
niques for the characterisation of molecular junctions via SPM was identified. The
development efforts presented here focused on the STMBJ technique for the for-
mation of single-molecule junctions, and the ThAFM technique for thermoelectric
measurements of multi-molecule junctions. The primary contributions of this work
are outlined below, followed by a number of recommendations for future work in
section [Tl

An extensible bespoke STMBJ platform was developed in order to facilitate
access to single-molecule junctions, a capability that had previously been missing
within the research group. The development of this instrument resulted in a number
of novel instrumentation contributions, including the first demonstration of the use
of steel-reinforced epoxy granite (SREG) parts, produced by casting in 3D printed
moulds, in the construction of an SPM. This approach was shown to effectively com-
bine the ease and flexibility of FDM 3D printing with the mechanical performance
of parts fabricated from alloys such as steel or cast-iron, providing a route towards
inexpensive rapid prototyping of SPM instruments.

Due to the stochastic nature of molecular junction formation in STMBJ, large
datasets containing measurements of many junctions are required in order to ex-
tract reproducible results. The application of feature-extraction algorithms to assist
in the segmentation and analysis of such datasets has become increasingly relevant
in recent years as a means of identifying patterns and sub-populations within the
dataset which are inaccessible to typical ‘all-data’ statistical approaches. An inves-
tigation into autoencoders as feature extractors for STMBJ was conducted in this
work, leading to the first implementation of a feature extraction algorithm based on
a cyclically annealed variational autoencoder in an STMBJ data analysis context.
The resulting data segmentation algorithm showed enhanced accuracy on synthetic
datasets compared to an equivalent algorithm using a standard autoencoder. Addi-
tionally, the role of disentanglement in feature extraction for STMBJ data analysis
was explored for the first time, and a new procedurally generated synthetic STMBJ
dataset with a known distribution of generative factors was introduced to enable
quantitative evaluation of the disentanglement of STMBJ feature extraction meth-

ods.
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ThAFM, a variant of CAFM which enables the measurement of the thermopower
of multi-molecule junctions, has long been one of the most important measurement
techniques used within the research group. ThAFM has been found to be a chal-
lenging technique, with instabilities in the thermovoltage signal due to various in-
strumentation challenges resulting in unreliable performance and large uncertainties
in the extracted Seebeck coefficients. As part of this work a bespoke self-contained
ThAFM module was developed based on a review of the limitations of existing sys-
tems. The new module cost less than £100 in parts to construct, and significantly
outperformed the setup previously used in the lab. Measurements of the Seebeck
coefficient were demonstrated for two benchmark molecules (ODT and Cgy) with
precision exceeding that of existing measurements reported in the literature. Fi-
nally, a measurement of the Seebeck coefficient of a ZnPc monolayer was presented
for the first time, supporting theoretical predictions of HOMO mediated transport
in the literature.

Many of the key contributions of this work are also applicable to many other SPM
techniques within molecular electronics and beyond. For instance, the demonstra-
tion of SREG as a viable composite material for the fabrication of SPM instruments
could provide others with a simple, inexpensive means to build high-performance
instrumentation for other applications with similarly demanding requirements for

rigidity and damping.

7.1 Recommendations for Further Work

While the instruments and techniques developed and evaluated in this work have
produced several novel contributions to knowledge, they largely represent incremen-
tal improvements to existing measurement techniques. Hence, future efforts should
aim to extend the capabilities of the platforms introduced here, towards new mul-
tivariate characterisation techniques to explore previously inaccessible correlations

between the diverse phenomena present in molecular junctions.

7.1.1 Towards Next-Generation Multivariate Break Junction Measurements

The STMBJ developed in this work demonstrated the capability to perform single-
molecule conductance measurements. However, the instrument was intentionally de-
signed with more advanced measurement techniques in mind, and extensibility of the
mechanical, electronic and software systems was one of the key design specifications
outlined in chapter ] Future development of this instrument should focus on ex-
tending the measurement capabilities to include multivariate measurements, where
multiple properties beyond conductance are measured simultaneously throughout

the junction formation and breaking process. Such measurements have become
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increasingly commonplace in recent years, with several groups routinely using si-
multaneous measurements of properties such as thermopower [73], mechanoresistive
responses to piezo modulation [182] and flicker noise [93] to extract additional in-
formation from break-junction measurements.

Most STMBJ instruments are limited by the capabilities of the control and
data acquisition system; typically either a modified commercial SPM controller or
a general-purpose DAQ (as was the case in this work) is used. The main limitation
of the former is the restricted ability to implement custom modes beyond those
intended by the manufacturer, while the latter often does not possess the same
multi-channel real-time DSP functionality of a dedicated SPM controller. Recently,
an open-source SPM controller named ‘Gwyscope’, which offers support for adaptive
scanning modes and other advanced capabilities, has been introduced [183]. The
open-source and modifiable nature of the Gwyscope controller could enable the
development of new STMBJ modes at the FPGA HDL level, affording unprecedented
access to advanced modulation, signal routing and real-time DSP capabilities.

In order to process the multi-channel data produced by the upgraded STMBJ,
further development of the unsupervised feature extraction and clustering algorithm
will be necessary. Disentangled feature extraction will be especially useful in this
context; encoding each generative factor into a single latent code simplifies the
task of identifying which of the measured properties of the junction is responsible
for a given clustering result. Future efforts should therefore focus on extending
the cyclically annealed SVAE to handle multi-channel data. Additionally, different
annealing schedules and values of 5 should be explored be as a possible route towards

further enhanced disentanglement and clustering accuracy.

7.1.2 Improved Temperature Control and Monitoring for Thermovoltage Atomic

Force Microscopy

The ThAFM measurement described in chapter [6] consists of thermovoltage mea-
surements at 4 different sample temperatures (with the probe held at ambient tem-
perature), from which the Seebeck coefficient can be obtained via a linear fit to the
thermovoltage-temperature data. This method, as implemented here, has several
drawbacks: firstly, the process of performing thermovoltage measurements at each
temperature is time consuming, since the temperature of the sample stage takes
time to stabilise. Secondly, the method assumes a linear relationship between ther-
movoltage and temperature gradient. Over large temperature ranges this is not
necessarily true, as the Seebeck coefficient itself is expected to vary with average
junction temperature [45}/184].

An improved temperature control system, with a wider temperature range (the

Bruker TAC is limited to a maximum sample temperature of 60°C) and the ability to
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measure sample temperature in real time would facilitate a different measurement
procedure, in which the sample temperature is continuously ramped over a wide
range and the thermovoltage and temperature gradient are recorded simultaneously.
This would improve throughput, since there is no need to wait for the temperature
to stabilise at multiple discrete setpoints, and allow the Seebeck coefficient to be
measured as a function of temperature, by fitting a non-linear curve to the data and

calculating the first derivative [184].

7.1.3 A Versatile Open-Source ‘Multi-Tool’ Module for Atomic Force Microscopy

The ThAFM expansion module developed here has achieved the stated objective
of adding precision thermovoltage measurement capabilities to a commercial AFM.
However, the current implementation is limited in that simultaneous electrical con-
ductance measurements are not possible: presently conductance measurements are
performed using the Bruker TUNA amplifier module, which cannot be installed at
the same time as the ThAFM module. Future work could remedy this by integrat-
ing a current amplifier and precision bias voltage source alongside the thermovolt-
age amplifier in the module, with a multiplexed input to provide quasi-simultaneous
measurements of thermopower and electrical conductance. This would allow the full
thermoelectric ‘power factor’ (S*G) to be characterised in a single measurement.
A wide dynamic range, high bandwidth amplifier for conductance measurements
of molecular junctions has been demonstrated in the literature using a Wheatstone
bridge front-end with an INA116 instrumentation amplifier IC [185]. Coincidentally,
this is the same IC used in the ThAFM module developed here; hence a simple
circuit to switch between the two different front-end configurations would allow
thermopower and conductance measurements using a single amplifier IC. The main
challenge is likely to be in developing a sufficiently low-leakage multiplexing circuit to
switch between the input configurations without adversely affecting the performance

of either measurement.
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Scanning Tunnelling Microscope Break Junction.

Thermal Applications Controller.
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VAE

Thermoelectric Cooler.

Thermovoltage Atomic Force Microscopy.

Tunnelling AFM.
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