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ABSTRACT

Molecular electronics is a scientific endeavour that, for 60 years, has offered the promise of new
technologies in which molecules integrate with, if not entirely replace, semiconductor electro-
nics. En route to the attainment of these ambitious goals, central aspects underpinning the pursuit
of this science have proven critical to the development of related technologies, including organic
photovoltaics (OPV) and organic light-emitting diodes (OLEDs). Looking ahead, new opportuni-
ties in the field abound, from the study of molecular charge transport and the elucidation of
molecular reaction mechanisms, to the development of biocompatible and degradable electro-
nics, and the construction of novel chemical sensors with exquisite sensitivity and specificity. This
article reviews historical developments in molecular electronics, with a particular focus on
Australia’s contributions to the area. Australia’s current activity in molecular electronics research
is also summarised, highlighting the capacity to both advance fundamental knowledge and develop
new technologies. Scientific aspects considered include capabilities in: single molecule and
molecular—monolayer junction measurement; spectroscopic analysis of molecular components
and materials; synthetic chemistry; computational analysis of molecular materials and junctions;
and the development of theoretical concepts that describe the electrical characteristics of
molecular components, materials and putative device structures. Technological aspects considered
include various aspects of molecular material design and implementation, such as: OPV and OLED
construction, sensing technologies and applications, and power generation from heat gradients or
friction. Missing capabilities are identified, and a future pathway for Australian scientific and
technological development envisaged.

Keywords:
molecular switches, nanotechnology, organic electronics, technology relevance levels.
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Molecular electronics and its community of allied endeavour

Molecular electronics, at its most basic level, involves processes in which electrical
current is passed between two macroscopic electrodes through single molecules. The
core concepts and ideas apply also to small collections of molecules, as well as to very
many molecules arranged in well-ordered monolayers, contacted between the electrode
surfaces. The molecular components in these electrode-molecule—electrode junctions,
although often synthetic and designed to feature or test some specific structure—property
relationship, can be drawn from across the chemical and biological landscape. In essence,
molecular electronics is concerned with, and driven by, the charge injection processes at
the molecule-electrode interface and associated details of the molecule—electrode cou-
pling, linked with intramolecular charge transport properties (Fig. 1a). In film-based
devices, intermolecular charge transfer may also play a role in the overall electrical
response of the ‘large area’ junction (Fig. 1b). As such, the science of molecular electro-
nics underpins studies of biological processes involving electron transport, as well as
charge injection and transport in conducting polymers and organic semiconductors.
Many of the concepts involved in molecular electronics research also strongly overlap
with exciton science, as the motion of excitons through molecular materials can be
considered as the coupled transport of opposite charges; consequently, much of the
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molecule; and (b) ‘large area’ molecular junctions.

fundamental science is in common across both fields. Given
that exciton transport is critically important in photo-
synthesis and underpins organic light emitting diode
(OLED) and organic photovoltaic (OPV) function, the conse-
quences of results from molecular electronics extend far
beyond the mimicry of the function of semiconductor elec-
tronic components. Consequently, many new applications of
processes based on the science of molecular electronics are
being envisaged, from nanoscale biological and mechanical
detectors and sensors to molecular thermoelectric materials
and logic circuits.

This article stems from discussions at the ‘Molecular
Electronics’ Symposium at the RACI2022 National Congress
held in Brisbane, Qld, Australia, in July 2022. This was the
first meeting in which a large cross-section of the molecular
electronics community in Australia came together to present
and propose diverse ways of advancing both the fundamen-
tal science and technological applications of molecular elec-
tronics. The concept of this meeting, chaired by Jeffrey
Reimers and Paul Low, originated from an informal gather-
ing of some members of the Australian community at the
2017 RACI Centennial Conference in Melbourne, including
Andrew Abell, Thomas Becker, Simone Ciampi, Maxwell
Crossley, Nadim Darwish, Deanna D’Alessandro, Daniel
Kosov, George Koutsantonis, Matthew Piggott, Koushik
Venkatesan and Jingxian Yu. The 2022 Symposium featured
21 speakers, covering numerous chemistry sub-disciplines
and allied areas including: organic chemistry, inorganic
chemistry, physical chemistry, polymer chemistry, materials
chemistry, computational chemistry, device physics, nano-
technology and electrical engineering.

Origins

Landauer-Biittiker theory

The origins of molecular electronics stem from some critical
pioneering works drawn from diverse areas of study, and a
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summary of a select few of these fundamental aspects is
useful before considering current research and technology
directions. In 1957, while at IBM, Rolf Landauer constructed
a theory that showed the relationship between electrical
conductance and the scattering properties of a single-
channel quantum conductor.'”) This was subsequently
extended through work with Markus Biittiker to a more
generalised multi-channel case linking the scattering ampli-
tudes of electrons passing through a quantum junction and
the conductance of the junction, which was reported almost
30 years after the description of the original model.}

The resulting Landauer and Landauer-Biittiker models
employ the concept of the transmission coefficient (T(E))
which describes the probability of an electron wave of
energy E propagating between probes connected to the
channel (i.e. the source and drain electrodes connected to
a molecule in a two-terminal molecular junction, such as
that illustrated in Fig. 1a). At low temperature, the electrical
conductance (G) of a molecule or nanoscale object can be
described by the Landauer equation (Eqn 1).

G = GoT (Ep) 1)

where G, is referred to as the quantum of conductance
(Go=2e*/h=77S; e is the electronic charge, h is
Planck’s constant). The transmission -coefficient (T(E))
describes the passage of de Broglie-like electron waves of
energy E (eV) through the junction from the source to the
drain. By evaluating T(Eg), the transmission coefficient at the
Fermi energy (Ep) and the conductance of the junction (G)
can be determined at zero voltage. In these scattering mod-
els, the transmission coefficient is a function of the molecular
structure and molecule—electrode coupling, and it follows
that, through molecular design, it is possible to control the
wave patterns entering and exiting the molecule at the points
of contact within a molecular junction, and hence the elec-
trical conductance. Variations of this allow the conductance
at high voltage to be determined, demonstrating features
such as reactivation. A range of other physical properties
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can also be derived from the T(E) function, such as the
Seebeck coefficient, S, which is related to the slope of T(E)
at Er (Eqn 2),

(2)

E=F

dE

where Sy = aT (a is the Lorentz number, T is temperature, K,
and E is energy, eV), and the notion of electron wave trans-
mission through multiple channels (molecular energy levels)
in a junction leads to the identification of quantum interfer-
ence effects.!!

Jaklevic-Lambe experiments and IETS

Early experimental advances in the identification and study
of molecular junctions arose from the work of Jaklevic and
Lambe, while exploring the properties of lubricants in bear-
ings, in 1966 at the Ford Motor Company.!* Large area
junctions were fabricated on a vacuum deposited 2000-A-
thick Al film, on which was grown a 30-A-thick layer of
native oxide. Exposure of the substrate to vapour of a target
molecule (acetic or propionic acid in the original report)
resulted in self-assembly of a molecular monolayer, which
was subsequently top-coated with a 1-um-thick Pb elec-
trode. The junction conductance (G) was found to increase
at specific voltages (V) corresponding to characteristic
vibrational frequencies of the molecular structures (v)
within the junction (i.e. eV = hv).

The observed conductance increases can be attributed
to additional tunnelling channels arising from inelastic
electron-molecule interactions (Fig. 2). The resulting phe-
nomena give rise to a technique now known as inelastic
electron tunnelling spectroscopy (IETS), and in principle
the vibrational spectrum of a molecule trapped within a
junction can be deduced from the interface conductivity.')

(@)

Elastic

> tunnelling

Ee

Further early experiments carried out by Mann and Kuhn
in 1971 demonstrated Simmons-like sigmoidal current—
voltage responses and an exponential decay of junction
current with the length in a homologous series of fatty
acid salts in large area Al-monolayer-M (M=Hg, Al, Pb,
Au) junctions. Together these observations are consistent
with predominant contributions from electron tunnelling
through the monolayer to the junction current on these
structures and length scales, and provide a basis for further
interpretations of the length dependent conductance of
related single molecule junctions. ™

The Aviram-Ratner rectifier proposal and Hush’s
electron-transfer theory

Beyond the behaviour of molecules as simple tunnel barri-
ers, the introduction of chemical functionality enables a
more complex electrical response in molecular junctions.
Most significantly, in 1974, Arieh Aviram and Mark
Ratner, while at IBM and New York University, described
how electrochemical processes at the molecular termini of a
donor-accepter compound, coupled with an intramolecular
charge transfer step, could result in current rectification
across a molecular junction, and hence emulate the propert-
ies of semiconductor physics on the angstrom-molecular-
length scale.®! The Aviram-Ratner rectifier presented
concepts in a form familiar to the synthetic chemical com-
munity (Fig. 3), and inspired further efforts to rationally
design and synthesise molecules with some specific electrical
function.

From a chemical perspective, the behaviour of the Aviram-—
Ratner rectifier has usually been interpreted using Hush’s
adiabatic theory of electron transfer’”’! and its quantum-
mechanical description of electron density. Central to this
was Hush’s understanding of mixed-valence compounds and
associated processes of intramolecular electron transfer,®!

Elastic
tunnelling

P

Inelastic

} tunnelling

Er

Fig. 2. An energy band diagram of a molecular junction illustrating the principles of IETS. (a) Under a small negative bias at the left electrode,
an electron can elastically tunnel through an idealised wire-like molecule in the gap to the right electrode giving rise to an Ohmic-like current
that increases linearly with increasing bias. (b) As the bias is increased, when the tunnelling electron has sufficient energy to excite a molecular
vibration (eV 2 hv), the tunnelling electron can lose energy to this mode, opening a new inelastic tunnelling channel, and increase the tunnelling
probability, leading to increased conductance. The change in tunnelling current results in a deviation of the linear -V response, which is more

readily detected as a step in the dI/dV plot or a peak in the d2I/dV? plot.
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Fig. 3. The Aviram—Ratner rectifier. Under forward bias, reduction
of the acceptor (A — process i) and oxidation of the donor (D —
process ii) at the respective molecule—electrode contacts is followed
by intramolecular charge transfer across the saturated bridge (pro-
cess iii). A substantially greater reverse bias is required to drive
current in the opposite direction, giving rise to the proposed rectifi-
cation behaviour.

concepts that remain important in molecular electronics to
this day."“! In 2003, Hush presented ‘An overview of the first
half-century of molecular electronics’, capturing many of
these ideas in that discussion."

Beginnings of molecular electronics research
in Australia

Research in the field of molecular electronics in Australia
can perhaps be considered as commencing in the 1970s
when Hush returned home from the UK, where he had
commenced his academic career, rising through the ranks
from Assistant Lecturer at the University of Manchester, to
Lecturer and Reader in the Department of Chemistry at the
University of Bristol, to found the Department of Theoretical
Chemistry at the University of Sydney. With George Bacskay,
Hush pioneered the application of electric fields within ab
initio calculations,''*'*! inventing techniques widely applied
to this day using modern computational approaches such as
density-functional theory (DFT). Indeed, understanding how a
molecule responds to an imposed field is one of the critical
elements of molecular electronics, being only slightly per-
turbed at low fields while being oxidised or reduced at
high ones. This theory allows these processes to be computa-
tionally modelled, permitting understanding of electric-field
based measurement methods and electric-field induced
chemical reactions.''* Extended to non-equilibrium situa-
tions embodying the Landauer-Biittiker approach, ! it leads

562

Oi‘ CN
oA
CrobriAA

A

Fig. 4. Examples of the Paddon-Row norbornylogous-bridged
donor—acceptor compounds used in early studies of long-range
charge transfer.

to the non-equilibrium Green’s function (NEGF) methods™®!
used universally today to study molecular devices.!'>~'°]

Noel Hush directly influenced a large part of the growing
Australian research community, and through the 1980s he
began collaborations with others that led to significant
research programmes. Collaborators included Michael
Paddon-Row, whose long and rigid alkanes provided the
means to understand many processes in natural and artifi-
cial light-harvesting systems (Fig. 4).1*°) In turn, Michael
Paddon-Row went on to influence the careers of new gener-
ations of researchers with research interests at the interfaces
of electrochemistry and electron transfer at interfaces and in
junctions, including Justin Gooding and, through him,
Nadim Darwish and Simone Ciampi.?!~>%

With Jeffrey Reimers, Noel Hush also worked on general
methods for calculating molecular conductivity,*>! observ-
able effects of applied and intrinsic electric fields,*?*! and
showed how protein electric fields controlled primary charge
separation in purple bacteria.”®°>?! Their student Gemma
Solomon then rationalised modern IETS measurements.'>*
Later, she was to depict the basis for the modern field of
modulating quantum interference effects to control molecular
conductivity.****! Gemma travelled to Brisbane from her
current position as Professor of Chemistry at The University
of Copenhagen to give the opening Keynote Lecture of the
RACI2022 Molecular Electronics Symposium.

A further synthetic initiative focusing on molecules for
molecular electronics in Australia was commenced by
Maxwell Crossley in 1987, making rigid fused-porphyrins
from diones and tetraones and diamines®”-*®! on a precisely
controlled molecular architecture that provide extended-
conjugated mi-systems that may model the idealised propert-
ies of ‘molecular wires’ (Fig. 5).1*°~*!1 Examples of linear
architectures were synthesised with then student Paul
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Early model systems from the Crossley group and collaborators, designed, synthesised and studied to explore: (a) wire-like

properties; (b) connection to external sites’; () molecular switching; (d—f) directional electron-transfer, rectification and fundamental

aspects of the photosynthetic electron-transfer cascade.

Burn,®>*! and synthetic strategies for the preparation of

systems with more elaborate geometries developed,!**!
allowing junction components with up to four attachment
points based on a cruciform arrangement to be pre-
pared.***) Molecular switches were incorporated into the
‘wires’ to control electronic coupling,**! as were ‘crocodile
clips’ or anchor groups for attachment to gold and related
electrodes.'? Linked, linear multi-component molecular com-
pounds with a charge-transfer gradient, designed to mimic
photosynthetic reaction centres in plants, were also synthe-
sised and show through-component uni-directional electron
transfer, consistent with rectification.'****! Incorporation of
a unidirectional barrier, in the form of a molecular switch,
to through-molecule conduction was also explored giving

rise to a new motif for chemically controlled rectifica-
tion.[*”)  Molecular structures for the directed self-
assembled molecular n-bit shift register memory devices
were also designed,™ ! although realisation of such ambi-
tions were hampered by the technological state of molecular
junctions at the time.

The synthetic efforts linked back through collaborative
efforts with Hush, to establish structure-property relation-
ships influencing valence orbital ordering in these porphyri-
nic systems,'®! while with Hush and Reimers the Crossley
team extended their studies to explore the potential molecu-
lar electronic applications of these components in terms of
the electronic coupling mediated by these structures, 852531
To aid these explorations, different inter-porphyrin linking
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units were explored, and a number of linked donor-acceptor
compounds synthesised and studied extensively.[*>*&5%
From these fundamental studies of through molecule electro-
nic coupling and donor-acceptor interactions, artificial
light-harvesting systems were also synthesised and stud-
ied7-48551 that broke contemporary records for long-lived
photochemical charge separation. The tetra-extended por-
phyrins proved very useful in developing up-converters,'>®!
as Timothy Schmidt and colleagues demonstrated, breaking
previously perceived efficiency limitations (60 v. 11%)7!
and optimising conditions.!*® In work with Reimers, linked
inter-porphyrin units also proved to be very useful for expos-
ing fundamental shortcomings with DFT computational
methods,'®* which led to new generations of approaches
that today are widely successful through chemistry and phy-
sics applications involving electron transfer,[°°-62]

The next generation(s)

Organic and polymer technologies

Following his PhD with Maxwell Crossley, Paul Burn went to
the UK where he worked closely with physicist Richard Friend
and Andrew Holmes to establish a distinguished career that
developed many of the chemical structures that underpin
plastic electronics and OLED emitters.'®®! Subsequently, he
returned to Australia to found one of Australia’s leading
groups developing organic OLED,®*®>1 0pv®®¢71 and sens-
ing!®®%?! technologies, and spearhead the University of
Queensland’s Centre for Organic Polymer Electronics
(COPE). Andrew Holmes also returned to Australia, founding
a parallel leading group with strong connections to CSIRO’s
flexible electronics group.””%”7%! These and other researchers
are now significantly funded through The Australian Centre
for Advanced Photovoltaics'”*! and other funding provided by
the Australian Renewable Energy Agency (ARENA).

Organometallic science development

The 1990s and beyond saw initiatives in studies of electron
transfer chemistry from within the inorganic and organo-
metallic communities flourish. A diverse range of bi- and
poly-metallic structures were pursued to further studies of
mixed-valence complexes and intramolecular electron trans-
fer. These works are exemplified by the studies of teams
including Dennis Arnold and Graeme Heath, who demon-
strated the curious effects of the interplay of electronic
structure and thermodynamic stability of the various
members of redox products derived from carbon-rich
ligand-bridged metalloporphyrins,!”>”®! including highly
delocalised mixed-valence derivatives with unusually small
comproportionation constants (Fig. 6).17]

Through the 2000s, Richard Keene and Deanna
D’Alessandro used polypyridyl ruthenium and osmium
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Fig. 6. Examples of the Heath and Arnold buta-I,3-diyn-1,4-diyl
bridged metalloporphyrins.

Fig. 7. Examples of the D’Alessandro and Keene sterochemically
active polypyridyl complexes.

complexes to demonstrate the influence of a wide range of
fundamental structural, electronic and environmental factors
on the intervalence charge transfer transition in mixed
valence complexes,””®7! including stereochemical effects,®!
ion-pairing leading to thermochromicity,'®! and spin-orbit
coupling,’®**3! as well as exploring intervalence exchange
processes taking place between more than two sites
(Fig. 7).[84:85]

‘Wire-like’ bimetallic organometallic mixed-valence
systems with carbon-rich bridging ligands were explored
by Michael Bruce and Paul Low with collaborators Karine
Costuas and Jean-Francois Halet at the University of Rennes,
building on the Australian expertise in UV-Vis-NIR and IR
spectroelectrochemical methods offered by Graeme Heath
and Stephen Best to gain access to the critical spectroscopic
information that underpinned those studies.®®! Later, work
between Paul Low and Martin Kaupp used a combination of
spectroelectrochemical measurements and DFT calculations
with Hartree-Fock (HF) rich global or local-hybrid func-
tionals to explore the role of molecular conformation and
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dynamics in the underlying electronic structures of these
species, adding nuanced interpretations of the inter-
valence charge transfer (IVCT) band envelope beyond the
Hush two-state model.’®®% In turn, these have led to a
broader sphere of Australian interest in the electrical prop-
erties of molecular junctions containing metal complexes, "’
and mixed-valence solids based on metal-organic and coor-
dination frameworks. !

West Australian focused initiative

A wide range of basic skills underpinning molecular electro-
nics have now been developed, including fabrication of
nanoscale gap electrodes using electromigration, ! electro-
chemical™®! or lithographic®*' methods, as well as the
formation of similar structures using mechanically con-
trolled break junction (MCBJ),!” scanning tunnelling
microscopy-based break-junction (STM-BJ),*®! current dis-
tance spectroscopy NP7 or current time (telegraphic
noise or blinking, I(t)) methods.'”®" A focus hub for this
type of technology in Australia was needed, and this was
achieved through concerted efforts at UWA and Curtin. This
included the acquisition of dedicated STM facilities at UWA
in 2015 to underpin activities in the general area of molec-
ular electronics, led by Paul Low, George Koutsantonis and
Tom Becker, through collaboration with the team of Richard
Nichols, Simon Higgins and Andrea Vezzoli at the University
of Liverpool. At Curtin, the arrival of Nadim Darwish in
2016 to spearhead a concerted STM, atomic force micros-
copy (AFM) and STM-BJ initiative added additional capacity
to the measurement teams in the West, and was further
augmented by Simone Ciampi’s initiatives in single-
molecule electrochemistry, molecular and semiconductor
electrochemistry research, and more recently research into
AFM-based triboelectric generators. This hub has produced
Australian-based research addressing critical modern needs
such as the integration of molecular and silicon electro-
nics,°%1%7 and the exploration of quantum circuit laws in
molecular junctions.°%:102]

Latest Australian research at RACI2022

The work presented at the symposium mostly focused on
basic science development, with some burgeoning industry
connections aimed at new technology development, but
then often mention of established technologies that embody
molecular electronics such as OLED and OPV manufacture.
Indeed, transferring basic science into commercial products
was a thread that ran throughout the meeting. Information
concerning basic scientific development, and impending or
actual commercialisation, is often the easiest to obtain, as
researchers in intermediary levels are often constrained by
issues such as intellectual property protection and company
advantage. Overall, the latest Australian research reflects
significant collaboration of Australian researchers between

themselves, often in different institutions, collaboration
with overseas researchers, and new initiatives with
Australian and international companies.

The maturity of research from basic science towards
commercialisation is commonly discussed in terms of tech-
nology relevance levels (TRLs), such as those specified by
the ISO 16290:2013 standard.!*°® This approach presents
nine levels representing the maturity of a commercalisable
concept:

« TRL 1 - basic principles observed

« TRL 2 - technology concept formulated

« TRL 3 - experimental proof of concept

« TRL 4 - technology validated in laboratory

« TRL 5 - technology validated in relevant environment
(industrially relevant environment in the case of key
enabling technologies)

« TRL 6 — technology demonstrated in relevant environment
(industrially relevant environment in the case of key
enabling technologies)

« TRL 7 - system prototype demonstration in operational
environment

« TRL 8 - system complete and qualified

« TRL 9 - actual system proven in operational environment
(competitive manufacturing in the case of key enabling
technologies or in space)

In Australia, basic science spanning TRLS 1-2 is often funded
by e.g. Australian Research Council (ARC) Discovery Project
(DP) grants or National Medical Health and Research
Council (NHMRC) Ideas Grants (IGs). Moving on to TRLs
3-5, industry partners are typically required, with funding
coming from ARC Linkage Program (LP) or NHMRC
Development Grants. CSIRO is often involved in projects at
this level and beyond. Going beyond often involves state or
federal funding directed at achievable commercial outcomes
on the time scale of a few years. We consider the research
presented at RACI2022 in terms of its type and connected-
ness, considering also apparent TRLs.

Theory

Although many recent advances in molecular electronics are
based on new experimental science, modern theory also
forms a key platform underpinning the science and technol-
ogies being developed in Australia. In general, theory is used
to assist in developments from TRL-1 to TRL-6, ranging from
developments of the fundamental concepts upon which new
technologies can be created to helping with fine-tuning of
properties needed to make stable, economically practical,
products. Starting with TRL-1 basics, the second Keynote
Speaker at the RACI2022 Molecular Electronics symposium,
Michelle Coote, described advances led by chemical model-
ling in which complex single-molecule chemical reactions
are controlled within the extraordinary electric fields
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Fig. 8. An illustration of the electrostatic catalysis of a Diels—Alder
reaction within a molecular junction.

Ar

Ar
Ar = 3,5-bis(trihexylsilyl)phenyl

Fig. 9. An example of the Peeks and Anderson butadiyne-linked
porphyrin cyclic oligomers, designed to probe (anti)aromatic ring
currents in molecular rings.

generated across a molecule within a molecular junction
under bias. Beyond the theoretical concept at TRL-2 to
TRL-3, the phenomena of electric-field induced chemical
reactions on the single-molecule level have been demon-
strated through collaborative experimental and theoretical
work performed by Nadim Darwish, Simone Ciampi, Gordon
Wallance, Michelle Coote and colleagues (Fig. 8).['°%

At the level of basic science TRL-1 to TRL-2, similar
electrostatic effects on bonding and reactivity have since
then been scaled up to larger metallic electrodes, ' °>! dem-
onstrated in semiconductors,!°®! and even harnessed on the
surface of statically charged plastics'’®”! and of gas bub-
bles.[1°81 An essential aspect of theoretical development is
the understanding of the device physics of the assembled
devices. In this way, chemical modelling becomes connected
with fundamental understanding of the underlying device
physics, both for scientific and technological purposes.
Aiding this, a discussion of the influence of dynamic
solvent-molecule interactions within a molecular junction
and the influence on electrical properties were described
by Daniel Kosov."'°%'%1 Other results from computational
modelling presented by Martin Peeks at the meeting, sup-
ported by experiment, showed magnetic control of ring cur-
rents, aromaticity and persistent quantum coherence in large
multi-porphyrin nanoring structures (Fig. 9).1'*'~''3 This
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Fig. 10. Examples of molecular switches based on: (a) photo-

chemical processes of dihydropyrenes; and (b) mechanical stretching
and compression of a |,l'-diethynyl ferrocene.

research also included a survey of the correlations between
aromaticity, delocalisation and molecular conductance.

The computational cost of first-principles calculations often
used at TRL-1 to TRL-6 may be limiting for the development
of the basic science and applications of molecular electronics.
Fast approaches using the DFTB electronic-structure package
combined with NEGF calculations were pioneered by
Gemma Solomon.!*'*! Improved methods for electronic-
structure calculations have recently been developed by
Alister Page.[''>''7] These approaches have been applied
e.g. to the understanding of carbon nanotubes"'®! and
boron nitride™® nanotubes, practical molecules with proper-
ties underpinned by the principles of molecular electronics.

Basic science of switching and rectification,
TRL-1 to TRL-3

The ability to switch molecules between different conduct-
ance states, and to emulate electrical functions such as recti-
fication, will be central to new technological applications of
molecular electronics. Many investigators at RACI2022 pro-
vided descriptions of molecular components and systems
with classical electronic functions, including presentations
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An example of a ferrocene-based molecular rectifier. A self-assembled film of FcCﬂTCFcC|5H3OSH on a Pt electrode

top-contacted by eutectic gallium—indium alloy (eGaln) to which the HOMO and HOMO-| of the bis(ferrocenyl) headgroup are
pinned. At negative (forward) bias the charge tunnels from the bis(ferrocenyl) headgroup through the alkyl tail to the Pt drain
electrode. The resulting mixed-valence complex is stabilised by the proximity to the negatively charged eGaln electrode, from
which a second tunnelling step completes the circuit. Under reverse bias, as a result of orbital pinning, there are no readily
accessible molecule energy levels within the bias window, and current can only flow by direct tunnelling through the entire
molecular junction. The different mechanisms lead to rectification ratios of 6.3 x 10°.

by George Koutsantonis on the development of molecular
photoswitches (Fig. 10a),/°*'*! and further aspects of
molecular switching phenomena based on valence tautomer-
isation in metal complexes by Colette Boskovic,!'?”! work
now being done also in collaboration with Paul Low.[?!
Other aspects of molecular switching within single-molecule
junctions were discussed by Andrew Abell and Jingxian Yu
who presented the construction of nanoscale piezoresistors
based on the mechanical compression and extension of 1,1’-
diethynyl-functionalised ferrocene cores within an STM-BJ
(Fig. 10b).1122

Further examples of ferrocene-based molecular electro-
nics, using self-assembled monolayer large-area devices,
were presented by Max Roemer who described results of
studies of molecular diodes carried out in the lab of
Christian Nijhus from The Netherlands. These components,
based on remarkably simple ferrocene complexes including
mixed-valence derivatives, use remarkably precise control
over molecule-electrode coupling and sequential versus
direct tunnelling pathways to achieve very high ON/OFF
conductance ratios (Fig. 11).1'?*'24 In addition, key syn-
thetic methodologies to the ferrocene-based diodes!**! and
related long-alkanoyl organics'?%'?”! were presented.

Chemical control of device design, through directed syn-
thesis, is always paramount in molecular electronics. Insights
concerning structure-property relationships governing the
electrical characteristics of single-molecule junctions formed
with metal complexes were presented by Masnun Naher from
the Low group."?®! Koushik Venkatesan demonstrated the
retention of intrinsic molecular function within large-area
nanofabricated devices (Fig. 12).1%°) These devices were
assembled by taking advantage of a conformal layer of metal-
lic nanoparticles on top of a self-assembled molecular mono-
layer to form a top-electrode contact. Subsequently, these

(@) (b)

Dielectric Dielectric
Pt
Sio, Sio,
(c) (d)
Dielectric Dielectric |/ / '/ /¢
| I
Sio, Si0,

Fig. 12. The steps in Venktaesan’s hybrid device fabrication strat-
egy: (a) Pores are etched into a dielectric film on a Pt electrode;
(b) selective self-assembly of an alkanedithiol monolayer on the
exposed Pt surface; (c) solution deposition of metallic nanoparticles
on the exposed self-assembled monolayer (SAM) top-surface;
(d) thermal evaporation of the top-contact electrode.

were reinforced by direct metal evaporation, providing impe-
tus to discussions of strategies to progress from studies of
single molecule junctions towards true device applications.

New applications foci: to TRL-3 and beyond

Modern scientific advances have driven a considerable
resurgence in molecular materials science, indicating the
critical role that molecular electronics plays as an enabling
science underpinning modern technologies. Indeed, much of
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the discussion at RACI2022 focused on molecular materials
and their applications.

Prashant Sonar provided a summary of self-organised
arrays of carbon-dot emitters (derived from human hair as
a rather unexpected source of bio-waste!) for OLED applica-
tions."**) For sensing applications, he also described
organic field-effect transistor design strategies.!>"]

Andrew Abell presented means of establishing peptide-
based biomolecular electronics (Fig. 13).1'*3! He also
described the use of modified electrodes to permit

B

S
NH

o
—— Q;z " — T \(NH
NH [Zn(H 0), I

7 TI)

G=3.96x10"°G,

G=544x10"°G,

Fig. 13. Molecular junctions containing a thiol-modified peptide;
calculated conductance values increase significantly upon coordina-
tion by zinc ions as a result of the increased electron density brought
by the metal ion into the molecular backbone.

(a (b)

electrochemical transduction of peptide-protein interac-
tions to demonstrate the power of hybrid systems for bio-
sensing.!’**! In a similar vein, Matthew Griffith described
techniques for biocompatible electronics. >

Agustin Schiffrin described the use of optical waves to
induce rapid switch-on (~1 fs) of conductance properties in a
dielectric insulator, which holds promise for high speed data
processing.!'**! His current research within the ARC Centre
of Excellence in Future Low-Energy Electronics Technologies
deals with the synthesis of low-dimensional (i.e. 1-D, 2-D)
organic and metal-organic nanostructures and nanometar-
ials with tailored electronic and optoelectronic properties
(e.g. 1-D spin-crossover networks,/'*®! 2-D correlated-
electron metal-organic frameworks, field-induced chemical
switches!®”1). For this purpose, he employs methods of
supramolecular chemistry on solid surfaces, with atomic-
scale structural and electronic characterisation by low-
temperature scanning probe microscopy techniques.

Finding new ways to extract usable energy from waste is
at the forefront of modern research, with applications rang-
ing from local energy generation, to nanoscale on-site energy
production, to applications in the burgeoning space industry.
Integrating electronic and materials design concepts for
energy applications therefore becomes critical. Building
on the fundamental aspects of the molecule-electrode inter-
face in molecular electronic science, Matthew Griffith
described design strategies to improve charge generation
by controlling molecular composition'*® and then morphol-
ogy of organic semiconductor nanoparticles for solar cell
applications (Fig. 14),/'**1 while Zhigang Chen described
work on the detection and utilisation of thermal gradients

[ N R = n-octyl, 2-ethylhexyl

K(C1DH21

CioHa4 CgHy7

568

C8H17

C10H21

Fig. 14. Griffith’s (a) polymer donors
and (b) molecular and (c) polymer non-
fullerene acceptors (NFAs) used in the
construction of organic semiconductor
nanoparticles of controlled composition
and morphology.
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Fig. 15. The motion of a Pt tip over an alkyl monolayer modified
silicon substrate generates a triboelectric current, the magnitude of
which is sensitive to both the monolayer chemistry and the substrate
doping.

Fig. 16. Venkatesan’s Au"-based emitters. The strongly s-donating
carbene is introduced to raise low-lying dd states and the LUMO, in
order to reduce non-radiative decay and blue-shift the emission,
whereas the chelating dianionic ancillary ligand increases rigidity of
the molecular structure to further reduce non-radiative decay rates
and improve the thermal stability of the resulting complexes.

in thermoelectric materials."*” This includes the possibility
of using flexible materials,"'*"1 as well as high-efficiency
devices. 4!

Simone Ciampi presented the use of molecularly modi-
fied Si surfaces for triboelectric power generation at the
nanoscale (Fig. 15).1'**) Substrate doping, monolayer sur-
face chemistry and substrate surface shapes were found to
be important for efficient power generation,'** with many
observations defying initial intuition, such as the greater
influence of substrate doping on the generated triboelectric
currents than chemically induced changes in adhesive forces
between the monolayer and the dragging tip, thus providing
significant challenges for basic science.

Koushik Venkatesan presented new conceptual design
approaches (Fig. 16) to the design of deep-blue emitting

SiPrly

I

Fig. 17. Examples of bridged pentacene dyads used to explore
singlet fission and long-lived multielectron states.

n-heterocyclic carbene (NHC) based platinum(II) bisalkyne
systems and the first proof of concept OLED device based on
NHC gold(III) cyclometalated molecular systems. These new
design principles provide new avenues to solve the signifi-
cant challenges in OLED technology.!#>-14%1

Australian work in communities underpinned by molecu-
lar electronics also often takes a strong applications focus. In
particular, New South Wales already has a Smart Sensing
Network (see https://www.nssn.org.au/) that involves
researchers in molecular electronics including Matthew
Griffith and Justin Gooding. There also exists a national
Centre of Excellence in Exciton Science (see https://
excitonscience.com/), including Jared Cole, Alison Funston,
Ken Ghiggino, Christopher Hall, James Hutchison, Jacek
Jasieniak, Girish Lakhwani, Dane McCamey, Paul Mulvaney,
Salvy Russo, Timothy Schmidt, Trevor Smith, Asaph Widmar-
Cooper and Wallace Wong, making solar cells,[”%150-152]
upconverters,'*”*!531 solar concentrators,"'>*!  optically
switchable conductors,'®! etc. Spin physics is an area that
can also be closely related to molecular electronics, with
overlap with the exciton community and OPV community
coming from Murad Tayebjee and Dane McCamey’s use of
magnetic resonance approaches to be the first to observe spin
quintets in closed shell molecular dyads which are designed to
boost solar cell currents (Fig. 17).[156-158]

Multidisciplinary research

Multidisciplinary work at TRL-1 to TRL-2 has always been at
the forefront in molecular electronics, and as indicated in
parts above, many recent Australian examples arise from
well-developed and productive collaborative teams that
bring diverse skills and methods to bear on significant prob-
lems. These partnerships include:
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(ii)

The development of technologies for embedding
single-molecule aspects into standard silicon-chip
manufacture, achieved by Nadim Darwish, Simone
Ciampi, Jeffrey Reimers and Daniel Kosov.[!%%:1¢0]
Paul Low and George Koutsantonis with the leading
experimental and computational groups of Richard
Nichols, Simon Higgins and Andrea Vezzoli at the
University of Liverpool, UK, and Colin Lambert at
Lancaster University, UK.[!19-128]

(iii) Teams formed between the Low group and Wenjing

Hong’s team at Xiamen University, China, and Martin
Kaupp’s group at Technische Universitat Berlin to
explore the effects of the position and conformation
of pendant groups on interference effects in molecular
junctions"®"  and mixed-valence complexes! ®*
respectively.

(iv) Collaborative studies of methods for the assembly of

‘top-contact’ electrodes and electrical characteristics of

Table I. Capabilities pertaining to single-molecule and large area junction fabrication and measurements.
Location and contact Capability External funding sources References
Curtin, Simone Ciampi Conductive AFM and macroscopic junctions ARC [143.144.171]
Curtin, Simone Ciampi Carriers life-time semiconductor AFM measurements ARC [143]

Curtin, Nadim Darwish

Monash, Agustin Schiffrin

Low-temperature (4 K) STM, STS, ncAFM

STM break junction and electrochemical STM break junction ARC

[24,100, 159, 166, 172]

[137,167-169,173,174]

UWA, Paul Low STM break-junction ARC [101,102,128.175]
UWA, Paul Low Top-contact metallation strategies ARC L163.176-178]
Table 2. Capabilities pertaining to spectroscopic measurements.
Location and contact Capability External References
Funding
sources
Curtin, Simone Ciampi Electrochemistry coupled to single photon Counting and fluorescence microscopy ARC [108.179]
Macquarie, Koushik Venkatesan Absorption and photoluminescence spectroscopy L146-149]
Curtin, Nadim Darwish Magnetic force microscopy
Melbourne, Trevor Smith, Ken Femtosecond transient spectroscopy (UV/Vis, NIR, IR) ARC [18o.181]
Ghiggino, Christopher Hall
Melbourne, Trevor Smith Time-correlated Single photon counting (TCSPC) ARC [182.183]
Melbourne, Trevor Smith Fluorescence lifetime imaging microscopy (FLIM) ARC [184.185]
Melbourne, Trevor Smith Photocurrent microspectrosopy ARC L1ee]
Melbourne, Trevor Smith, Ken Nanosecond-gated spectroscopy ARC Le7n
Ghiggino
Melbourne, Trevor Smith Single molecule fluorescence spectroscopy, polarised, total internal reflection, super- ARC [188-1%0]
resolution
Monash, Agustin Schiffrin Wavelength-tunable (650—15 000 nm) femtosecond laser for pump-probe ARC
spectroscopy and THz time-domain spectroscopy
UNSW, Timothy Schmidt Femtosecond and nanosecond transient absorption and photoluminescence ARC [58.191-195]
spectroscopy ARENA
UNSW, Timothy Schmidt Time-correlated single-photon counting ARC ren
ARENA
UNSW, Timothy Schmidt Magnetic field effects on photoluminescence ARC [38.192]
ARENA
UNSW, Murad Tayebjee Femtosecond stimulated Raman and transient absorption spectroscopies, time- ARC
resolved THz spectroscopy and magnetic-field variants of the above ARENA
UWA, Paul Low UV-Vis-NIR/IR spectroelectrochemistry ARC 189,162, 196-198]
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large area junctions by the Low group and the Cea and
Martin groups at the University of Zaragoza.!'®*!

(v) Colette Boskovic with leading computational chemist
Lars Goerigk.!'®%

(vi) Max Roemer and George Koutsantonis with world-
renowned nanotechnologist Christian Nijhuis at the
University of Twente,'%*'2*! including the additional
Australian collaborators Nadim Darwish and Simone
Ciampi.[165’166]

(vii) Extensive national and international collaborations
involving Agustin Schiffrin, including Udo Bach,
Michael Fuhrer,!'3®! Jennifer MacLeod and Chris
Ritchie, concerning synthesis, as well as Jared
Cole, Nikhil Medhekar,'3%137:1671 Ben Powell and
Muhammad Usman''®®'! concerning theory and
computation.

Current Australian capabilities

The significant body of Australian research described above
has resulted in a critical mass of expertise in experimental
synthesis and measurement capacity, computational capa-
bility and theoretical modelling directed towards studies
of intramolecular charge transfer and charge transport
in molecular junctions, light absorption and emission, exci-
ton transport, etc. Embracing TRL-1 to TRL-6, Australia

therefore has significant capacity in terms of both the
basic science underpinning molecular electronics and in
the creation of new devices based on this science. These
capabilities are summarised in Tables 1-7 listing the
Australian institution, contact personnel, capabilities,
sources of external funding and key references. Beyond
these, lies a wider body of the Australian national research
effort that draws on the concepts of molecular electronics
and associated areas of science and technology, exemplified
by the substantial programs in organic polymer electro-
nics'®*°°1 and molecular materials with large non-linear
optical response. %!

Tables 1-4 focus on general issues such as the experi-
mental and conceptual capabilities that, in principle, could
be put to use in manifold applications. Table 1 pertains to
single-molecule device and large-area junction fabrication
and measurement capability, for which significant capabili-
ties exist at Curtin, Monash and UWA.

Table 2 pertains to capabilities in spectroscopic measure-
ments. These are always relevant in terms of characterising
molecular devices, but can take on greater significance if the
device of interest involves absorption or emission of light.
Thus this table includes overlap between molecular electro-
nics capabilities and related ones pertinent to OPV, OLEDs,
exciton science, etc., with the table entries not fully reflecting
the full scope of these broader communities. Available capa-
bilities include a wide range of picosecond or femtosecond

Table 3. Capabilities pertaining to chemical synthesis.
Location and contact Capability External funding References
sources
Adelaide, Andrew Abell, Linear peptides, constrained peptides and photoswitchable peptides ARC [199.200]
Jingxian Yu
Curtin, Nadim Darwish, Nanomaterials, including 2-D, electrosynthesis ARC [108,201-204]
Simone Ciampi
Macquarie, Koushik Small molecules and conjugated polymer synthesis with redox and ARC [146-149]
Venkatesan luminescence properties, biosensors, large area device fabrication, sensor SNSF
and OLED device fabrication
Melbourne, Colette Switchable metal complexes, redox-active ligands ARC [121,205-209]
Boskovic
Melbourne, David Jones, Organic semiconductors including dyes and conjugated polymers ARC [70.71,153,154.210-214]
Wallace W
allace Wong ARENA
Monash, Agustin Schiffrin Nanomaterial synthesis (including organic and metal-organic) by molecular [137.167-169.173.174]
beam epitaxy
Sydney, Maxwell Crossley Small molecule synthesis, particularly porphyrins, designed for functionality ARC [37-43,45,47.48.51-59]
as molecular switches, connectors, light harvesting, upconversion, [215]
photonics and sensing
Sydney, Matthew Griffith Nanomaterial synthesis (organic and composite blends) by miniemulsion ARC [139.216-218]
It ificati
ultrasonification NHMRC
UWA, Paul Low, George Small molecule synthesis, conjugated carbon-rich molecules and materials, ARC [102.219-222]
Koutsantonis organic and organometallic compounds and complexes, anchor groups and Vari
arious

strategies
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Table 4. Capabilities pertaining to computational modelling and theoretical development.

Location and Capability External funding References
contact sources
Adelaide, Jingxian Yu Computational modelling of the conductivity and spectroscopy of NCI [122.199,200]
molecules and single-molecule junctions
Adelaide, Jingxian Yu Electron transfer kinetics and dynamics in peptides [199.200.223]
Curtin, Simone Digital simulations of electrochemical systems ARC (o7
Ciampi
Flinders, Michelle Design of molecules with switchable spin states, conductivity and ARC NCI [104.224,225-228]
Coote spectroscopy. Computational modelling of the reactivity, conductivity,
aromaticity and spectroscopy of molecules and polymers
James Cook, Daniel Modelling of noise in nanoscopic devices [229-238]
Kosov
James Cook, Daniel Alternating currents in nanoscopic devices [239-241]
Kosov
James Cook, Daniel Effects of current on the natures of molecular junctions, including non- [242-247]
Kosov adiabatic effects
James Cook, Daniel Current-induced chemical reactions in junctions and solvent control [110,248-250]
Kosov
James Cook, Daniel First principles NEGF calculations of conductivity in nanoscopic devices [160.251-253]
Kosov
Newcastle, Computational modelling of structure and growth of nanomaterials, CVD ARC [115-118.254)
Alister Page processes, condensed phases and interfaces
Machine learning and computational method development NCI
Newcastle, Machine learning and computational method development ARC [255.25¢]
Alister Page
3 NCI
UTS, Jeffrey Reimers Computational modelling of the conductivity and spectroscopy of NCI [14.31,48,159.160.251,257-259]
molecules, self-assembled monolayers, materials and molecular junctions ARC
UTS, Jeffrey Reimers Theory development for molecular devices NCI [14.25,33,114.260-263]
ARC

Table 5. Capabilities pertaining to sensing technologies.
Location and contact Capability External funding References
sources
Adelaide, Jingxian Yu Electrochemical impedance spectroscopy ARC [133]
Curtin, Simone Ciampi Attoamper current, dielectric, lock-in techniques, charge measurements (down ARC [107.143,264,265]
to picocoulomb), life-time semiconductor charge carriers measurements
Curtin, Nadim Darwish, Electrochemical impedance spectroscopy ARC [203.266]
Simone Ciampi
Macquarie, Koushik Luminescent biosensors SNSF [2671
Venkatesan
Sydney, Maxwell Crossley Molecular biosensors [268-271]
Sydney, Matthew Griffith Patch clamp electrophysiology, electrochemical impedance spectroscopy ARC, NHMRC [134.272-274]

time-resolved measurements, single-photon measurements,
and various microscopies and imaging methods. Significant
capabilities of particular relevance to aspects of molecular
electronics research are identified in Curtin, Macquarie,
Melbourne, Monash, UNSW and UWA.
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As George Koutsantonis has been known to observe,
without molecules there cannot be molecular electronics,
and so at the heart of the field is the ability to synthesise
pertinent molecules; identified relevant synthetic capabili-
ties are listed in Table 3. Particular expertise includes the
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Table 6. Capabilities pertaining to PV and OLED technologies.

Location and contact Capability External funding References
sources

Curtin, Nadim Darwish Silicon passivation ARC [275,27¢]

Melbourne, Colette SQUID magnetometer equipped with UV-Vis photomagnetism capabilities ARC LIEF

Boskovic

UniMelb, David Jones, Solution processed solar cell fabrication and characterisation ARC, ARENA OIS 210218

Wallace Wong

Sydney, Matthew Griffith Device fabrication (nitrogen glovebox, spin coater, thermal evaporator, ARC, NHMRC [276-281]
SonoPlot inkjet printer, roll-to-toll printing)

Sydney, Matthew Griffith Steady state characterisation (current—voltage under calibrated solar ARC, NHMRC [138.262-284]
simulator, external quantum efficiency measurements)

Sydney, Matthew Griffith Transient electrical characterisation (charge carrier lifetime (transient ARC, NHMRC [73.285-288]

photovoltage), charge carrier mobility (transient photocurrent, photoCELIV),

carrier density measurement, capacitance—voltage

Table 7. Capabilities pertaining to power generation from heat or motion.

Location and contact Capability External funding sources References
Curtin, Simone Ciampi Triboelectric generators ARC [143.144.171]
QUT, Zhi-Gang Chen Thermoelectric generators ARC [118-120]
Table 8. Technique combinations required for molecular electronic device development.
Desired products Fabrication technology Gate control Chip
integration
Molecular transistor, Mechanically controllable break junction Electrostatic Yes
integrated circuit, sensors Electromigration nanogap Electrostatic Yes
Electrochemical deposition Electrostatic Yes
Nanoimprint lithography” Electrostatic Yes
Self-aligned lithography” Electrostatic Yes
On-wire lithography® Electrostatic Yes
Molecular memory Crosswire or crossbar Not possible Yes
General devices Scanning probe microscopy Electrochemical No
Surface-diffusion-mediated deposition Not possible No
Lift-and-float approach Not possible No
Nanopore or nanowell Not possible Yes
Buffer interlayer-based junction Not possible Yes
On-edge molecular junction Not possible No

AEspecially suited for sensor applications.

synthetic chemistry of peptides, nanomaterials, metal com-
plexes, organic functional units including switches and con-
nectors, and light absorbers, emitters and upconverters.
Capabilities are identified at: Adelaide, Curtin, Macquarie,
Melbourne, Monash, Sydney and UWA.

Table 4 pertains to computational and theoretical capa-
bilities identified as prioritising molecular electronics

outcomes. Capabilities range from basic research into the
theory of molecular junctions, to their detailed simulation,
to properties simulations, to design of new devices
and experiments. Capabilities are identified at: Adelaide,
Curtin, Flinders, James Cook, Newcastle and UTS.

The final three tables consider molecular electronics
applications being developed into new technologies.
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Table 5 is for sensing technologies that apply to both single-
molecule detection and detection of small molecular layers.
This can include detection of currents down to the attoam-
pere level (tens of electrons per second), capacitive charging
down to the picocoulomb level, electrochemical impedance
spectroscopy, patch-clamp electrophysiology and molecular
biosensor construction. Applications are being developed at:
Adelaide, Curtin, Macquarie and Sydney.

Use of molecular electronics concepts is also being
applied to the development of PV and OLED technologies,
as exampled in Table 6. Applications include silicon passi-
vation, SQUID magnetometry, device fabrication by inkjet
printing and device testing, with development happening at
Curtin, Melbourne and Sydney.

Finally, Table 7 pertains to novel methods of power
generation at the nanometre level, possibly for powering
nanoscale electronic circuitry. This is currently only being
developed at Curtin, but many possibilities pertain for the
future.

Desired new capabilities

Device-oriented research, up to TRL-6, generally requires
access to a range of techniques, often preferably located in
the one facility. Some conceivable products, and the needed
technologies, are listed in Table 8. To empower these are
other technologies, based on Tables 1-7, and missing capa-
bilities needed to further advance molecular electronics
development in Australia are identified to be:

(i) There is no mechanically controlled break-junction
(MCBJ) capacity in Australia. This is an alternate route
to single-molecule measurements that would add to, or
else complement, existing STM-based single-molecule
break-junction facilities in Western Australia.

(i) Similarly, there is no electromigration capacity in
Australia that could be used to fabricate nanogaps
and place molecules within them.

(iii) A nanofabrication platform in which new molecular
electronic devices could be developed is needed. This
would involve ‘large area’ junctions and top electrode
deposition, and electromigration-lithography nanogap
formation. This would complement existing facilities
and any new MCBJ or electromigration capacity.
Applications could include: thermoelectrics, triboelec-
trics, single molecule sensing to open up applications in
security threat detection and mitigation, personalised
health, omics, single molecule reactions, biodegradable
or green electronics, biosensors, etc.

(iv) A dedicated electron-beam lithography facility for
characterisation of fabricated devices, as well as for
device fabrication. For fabrication, a unit running at
150 keV intended to burn line of size <4 nm would be
appropriate.
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(v) A cryogenic-temperature fabrication and characterisa-
tion facility. There are several low-temperature STMs
in Australia, but these are for dedicated purposes. To
focus on molecular electronics requires an ultra-high
vacuum (UHV) chamber with: (i) tools of molecular
beam epitaxy for deposition and material growth
from the gas phase, (ii) electrospray ionisation source
for compounds such as large molecules that cannot be
sublimated, (iii) load-lock and UHV sample transfer
suitcase for loading ex situ grown materials coupled
to another UHV chamber for characterisation (e.g.
low-temperature STM-STS-ncAFM-electron transport
including applied magnetic field) could open the door
to a large variety of samples and avoid compatibility or
contamination issues.

Outlook

Molecular electronics has advanced a long way from its
inception and the early dreams that it could provide an
alternative to silicon semiconductor electronics. The control
of charge between two electrodes mediated by a molecular
structure is intrinsically a phenomenon that occurs on the
nanoscale or smaller, and hence represents the ultimate in
miniaturisation. Most possibilities would still appear yet to
be explored. Current work explores sensors, biosensors,
power generation, light emission, molecular-scale control
logic, but much more can be envisaged.

The expanding horizons of Australian molecular electronics
are highlighted by the appointment of Nobel Laureate
Professor Sir Fraser Stoddart to a position in the School of
Chemistry at UNSW. Already engaged in battery research with
UNSW’s Dong-Jun Kim,**>2%°) he brings access to his current
world-leading advances in molecular electronics.%*-2%%]

More broadly, the transformation of molecular electronics
from scientific curiosity to present reality is witnessed by
the rise of companies such as Roswell Biotech, merging
proteomics and sensing technologies with molecular electro-
nics to achieve unprecedented results (see https://www.
roswellbiotech.com/). Australia is ideally suited for the
development of this type of game-changing industry.
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