
Chapter 1
Molecular Electronics: A Brief Overview
of the Status of the Field

Jan M. van Ruitenbeek

Abstract The developments in the field of molecular electronics have seen many
successes and many setbacks, but the field continues to inspire scientists around
the world, now more than ever. The interest is, certainly, for a large part in the
fundamental issues: molecules as conducting elements bring together questions
from various fields of study and lead to profound new questions. However, this
interest alone would not suffice to explain the large efforts in research. Indeed,
the prospects of developing electronics with better performance, higher density,
and new functionality are what motivates most of the research. In this introductory
chapter, I will attempt to take stock of the field, to evaluate what has been achieved,
and to identify the interesting challenges that lie ahead.

Keywords Molecular electronics • Organic electronics • Applications of molec-
ular electronics • Fundamental questions of molecular electronics

1.1 Definition of Molecular Electronics

Before we do so, we need to specify what we mean by the words molecular
electronics. Polymers [1] and organic molecular compounds [2] have been studied
widely for applications in electronics. Polymer and printable electronics are already
commercially available, and organic compounds are found in many commercial
organic light-emitting diode (OLED) displays. Plastic photovoltaic cells are in
production and are continuously improving in performance. Organic layers can be
spin coated or drop casted, where the organic matter in these structures is randomly
packed in the form of thin films, usually in contact with a metallic electrode at
the top and bottom of the layers. The thickness of these films is many times the
molecular diameter, so that only a small fraction of the molecules is in contact with
the electrodes.
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We will refer to this wide field of study and technology as organic electronics.
The applications mentioned above illustrate the relevance of these developments,
but there is a prospect for more advanced exploitation of the properties of molecular
building blocks when we connect just a single molecule, or a self-assembled
single layer of molecules, between metal electrodes. This adds serious technical
challenges, but provides access to the full quantum mechanics of electron transport
at the molecular scale, even at room temperature. This is expected to provide new
opportunities, e.g., in terms of functionality and miniaturization of electronics, and
opens up new areas of study of electron transport at the interface between chemistry
and physics.

In order to specify this latter field of study, we will call this molecular elec-
tronics, or single-molecule electronics, which we consider as a subfield of organic
electronics. Molecular electronics is concerned with devices which have each of the
molecules connected to electrodes at both their ends. This can be either in a single-
molecule configuration (for a comprehensive review, see [3]) or in large assemblies
of molecules, i.e., self-assembled monolayers (SAMs) [4]. In such SAMs, each
molecule is connected to both the top and bottom electrodes placed above and below
the layer. In contrast to the many concrete applications already found in organic
electronics, the subfield of molecular electronics is still in an earlier, exploratory
phase. Although first niche applications are entering the market here, for its full
potential to be developed, a lot of research is still needed, as I will argue below.

1.2 A Brief History

1.2.1 Molecular Monolayers: Langmuir-Blodgett Technique

As early as 1974, ideas were discussed of using organic molecules as electronic
circuit elements. The theoretical ideas outlined in the seminal paper by Aviram
and Ratner [5] could not be tested in experiments on individual molecules until
much later, because the technology had not yet been developed. On the other hand,
many steps had already been taken for studying the electrical transport properties
of monolayers of molecules. Based on earlier work by Lord Rayleigh and by Agnes
Pockels, Langmuir [6] and Blodgett [7, 8] had shown in the 1920s and 1930s
that it is possible to form ordered monolayers of amphiphilic molecules at the
liquid-air interface and that these layers can be homogeneously transferred to cover
solid surfaces. By this Langmuir-Blodgett (LB) technique, Mann and Kuhn [9] first
succeeded in reproducibly measuring the electrical resistance of a monolayer of a
fatty acid on top of aluminum bottom contacts. The top contact was applied, either
in the form of a liquid Hg electrode or it was formed by evaporation and deposition
of metals such as Au, Pb, and Al.

Aviram and Ratner had considered a � bridged donor-acceptor molecule, with
TTF (tetrathiafulvalene) as the donor and TCNQ (7,7,8,8-tetracyano-p-quino-
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dimethane) as the acceptor. This combination has never been realized literally in this
form but many donor-�-acceptor molecules have since been synthesized and tested
for diode characteristics. The first experimental observations of rectification by an
LB monolayer were reported in 1990, using hexadecylquinolinium tricyanoquin-
odimethanide as the active molecular layer between Mg and Pt electrodes [10] and
even between Al electrodes on both sides [11]. The mechanism for the observed
effects has remained under debate because the direction of rectification does not
match that of the mechanism proposed by Aviram and Ratner.

One of the central concerns in the experiments has been the role of the metal
contacts, notably the top contact. This remains also one of the challenges in more
recent experiments, as will be discussed below. The problems are threefold. First,
any defects in the LB film are likely to lead to the formation of a metallic short-
circuit connection between the top and bottom electrodes. By careful preparation of
the LB film and the metallic contacts, this problem can be controlled [12]. Second,
once a defect-free device has been achieved, the atoms in the metallic leads have
a tendency to migrate under the influence of the very strong electric fields. Indeed,
the electric field for an LB film thickness of 2 nm at an applied bias of 2V is as high
as 109 V/m. As a result, shorts develop after one or more current-voltage cycles.
The problem arises for metals with a high room-temperature atom mobility at the
surface such as gold, but also for Ti top contacts [13]. The third problem relates
to the deposition of metals by evaporation: under-coordinated metal atoms landing
from a hot source onto the top of the molecular layer are very reactive and likely to
damage the molecular structure of the LB film. Although many experiments suggest
that the results are independent of the method of applying a top contact, this is a
critical issue that should be considered.

Concerning the latter problem, several solutions have been tested over the years.
Metzger and his team have developed a system that allows cold deposition of metals
from the vapor phase [14]. The trick they introduced was to have the hot source
facing the reverse side of the sample, inside a chamber filled with an inert gas that
serves to thermalize the metal vapor and to allow the metal to deposit by diffusion on
the farside. The efficiency of this process is very low and this is perhaps the reason
why it has not been widely employed. The use of liquid Hg electrodes, as already
pioneered by Mann and Kuhn [9], was further developed into a versatile method
by Rampi and Whitesides [15]. The latter group elaborated the Hg electrode into a
mechanically adjustable microdrop and improved the technique by substituting Hg
with a Ga-In eutectic (EGaIn) [16], which marries the advantages of the flow of a
metal with the stability of a solid. Although Hg-drop and EGaIn electrodes are very
well suited for testing of the molecular layer conductivity, it is not a proper solution
for building microfabricated devices.

In order to circumvent the first two problems listed above, Akkerman et al. have
introduced the use of conducting polymers (PEDOT:PSS) as top contacts [17]. The
junctions show very high stability and reproducibility and a long shelf life. Another
original approach was taken by McCreery and colleagues [18], using sp2 carbon as
electrode material.
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A first demonstration of a device structure presented by Collier et al. [19]
attracted wide attention to the field. They used the LB technique to deposit a layer
of rotoxanes, which were expected to switch between two conductance states upon
applying a suitable bias voltage. The LB layer was deposited on top of microfabri-
cated Al/Al2O3 wires and covered by crossed wires in a second lithography step, by
deposition of a Ti/Al layer. Although the device showed the expected switching
behavior, follow-up experiments showed that similar switching effects can be
obtained in devices containing LB monolayers of nonspecific molecules, including
alkanes [20]. The mechanism of switching has been attributed to migration of metal
atoms in the electrodes, highlighting one of the main problems mentioned above.
The observed switching effect is interesting by itself for application purposes, but it
is not a specific molecular device property that we want to discuss here.

1.2.2 Molecular Monolayers: Self-Assembly

A chemistry-based method for growing molecular monolayers introduced in the
1980s has become very popular in recent years. In their 1983 paper, Nuzzo and
Allara [21] showed that sulfides adsorb onto Au surfaces from solution and form
densely packed coverages. Through later work as reviewed, e.g., by Love et al.
[22], the method of forming self-assembled monolayers (SAM) was extended to
many different substrate materials and many different anchoring groups. Under
proper conditions, many combinations of metal substrates, anchoring groups,
and molecular structures allow the formation of regular two-dimensional lattice
structures on metal surfaces. The molecules can be deposited from the gas phase
as well as from solution and bind by proper choice of a functional head group
that has specific affinity for the exposed surface. The functional head group is
commonly referred to as the anchor group, and molecules can be synthesized to
have anchor groups at both ends, such that binding to the top surface of the SAM
is enabled. Specifically the combination of Au surfaces with thiol anchoring groups
has been very popular due to the low chemical activity of the gold surface for most
contaminants and the specificity of the thiol binding.

Some of the first electrical measurements on SAM were done for n-alkyltri-
chlorosilane molecules, which form a dense layer on oxidized Si substrates [23].
While electron transport appeared to be extremely low, which was suggested to be
of use for improving insulation in silicon electronics, later experiments using metal
substrates showed a more systematic dependence of conductance as a function of
length of the molecules [24, 25]. We will return to this systematics below.



1 A Brief Overview 5

1.2.3 Single Molecules

The development of scanning tunneling microscopy (STM) by Rohrer and Binnig
in 1981 [26] has largely shaped many areas of nanoscience. Looking back it seems
a natural and logic step to study individual molecules by STM, but it still took
about 15 years before the first experiments were performed by Joachim, Gimzewski,
and coworkers [27]. They succeeded in imaging and contacting individual C60

molecules, employing an STM operating at room temperature under ultra-high
vacuum (UHV).

The fullerene C60 is a rather unusual molecule, which does not have a specific
functional group for anchoring to the metal electrodes. In order to broaden the
spectrum towards a wider range of molecular wires, the formation of SAM was
combined with STM [28–31] and conducting-tip atomic force microscopy (AFM)
[32]. In the approaches by Bumm et al. [28] and by Leatherman et al. [32], a suitable
substrate, usually Au(111), was covered by self-assembly with a dense layer of
alkanethiolate. The length of the alkanethiolate is tuned to match the length of the
molecule of interest, and the latter is inserted as isolated molecules, again by self-
assembly, at defect positions in the alkane lattice. Since the alkanethiolates have
a very low electronic conductance, the molecules of interest, usually conjugated
molecular wire structures having delocalized �-electrons, are observed as points of
high conductance in the STM images. Although the interface between the molecules
and the metal substrate is well-defined and stable by the self-assembly process,
the top contact is only made by tunneling over an ill-defined barrier distance. In
order to remedy this problem, Cui et al. [33] introduced a second self-assembly
step, where the top thiol group was allowed to bind with Au nanoparticles. The Au
nanoparticles are clearly visible in the AFM images and can be contacted by the
conducting tip of the AFM. Although this approach improves the measurements of
the single-molecule characteristics, the contact between the AFM tip and the Au
nanoparticles remains a source of variability.

The essential feature of STM and AFM is the capability to adjust the tip-
sample distance to the size of a molecule. The molecules of interest have a size
in the range from 0.5 to 10 nm, which is too small for standard lithographic
techniques. Several other methods have been developed to solve the problem of
creating nanogaps between two electrodes to match the size of the molecules, out
of which the mechanically controllable break junction (MCBJ) technique and the
electromigration break junction (EBJ) technique are the most popular. Since the gap
size between the electrodes and the positioning of the molecule cannot be done top
down, some form of self-assembly process is involved in all the techniques. The
MCBJ technique was originally developed in my group for the study of metallic
and superconducting atomic contacts [34, 35]. It was first applied by Reed et al.
for the study of single-molecule transport, by measuring the conductance across a
junction formed by breaking a gold wire in a solution of benzenedithiol [36]. The
MBCJ technique was later refined by introducing microfabrication [37, 38], which
made it more widely applicable.
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The EBJ technique was invented by Park et al. and first applied for the study of
electron transport across a single C60 molecule [39]. The technique makes use of the
electromigration force, by which a large current density is capable of displacing the
atoms of the current-carrying wire. Breaking a microfabricated wire by control of
the current through the wire creates a small tunneling gap, and when molecules have
been introduced to the surface of the wire, they are frequently found to bridge this
gap. A more elaborate discussion of single-molecule techniques will be presented
in Chap. 2.

Although the 1997 work by Reed et al. [36] is regarded as the first single-
molecule conductance experiment, in the strict sense of having a single molecule
that is chemically bonded between two metallic leads, for several years, it remained
difficult to demonstrate unambiguously that the observed signals are associated
with a single molecule of the type targeted in the experiment. In 2002, within a
year’s time, several papers appeared that clarified this problem using all three mayor
single-molecule techniques and opened new avenues for research. Employing the
EBJ technique, Park et al. [40] and Liang et al. [41] independently published data
on a metal-organic complex between metallic leads, where the doped Si substrate
serves as a gate electrode. By control of the gate potential, it was possible to control
the charge state of the molecule, and a conductance peak appeared at the crossing
point between charge states. In experiments employing the MCBJ technique, Smit
et al. [42] studied the simple model system of a single H2 molecule bound between
Pt electrodes. The simple structure and low mass of the H2 allowed identifying its
presence uniquely by vibration mode signals in the differential conductance and by
isotope shifts of these signals. Although the hydrogen molecule will not be useful
for electronics applications, the experiment provides a model system for which the
junction can be characterized in great detail.

Finally, employing an STM setup at ambient conditions in a solution of bipyri-
dine molecules, Xu and Tao demonstrated a method for statistically identifying the
conductance of a single molecule [43]. The procedure relies on making and breaking
cycles of contact between a Au tip and a Au sample immersed in a solution of the
molecules. During the breaking process, a single molecule frequently bridges the
gap between the metal electrodes, which is identified as a peak in histograms of
conductance values.

1.2.4 Present Status of the Field

The three experimental techniques described in the last paragraph have been at
the basis of most of the experiments that followed. The repeated breaking of
atomic contacts by STM in the presence of molecules allowed Venkataraman et al.
[44] to demonstrate a beautiful systematic exponential decrease of the electronic
conductance of alkanediamines. The conductance decreases as exp.�ˇN/, where N
is the number of carbons in the molecular chain and the factor ˇ was determined
as ˇ D 0:91 ˙ 0:03. Many similar experiments have confirmed this exponential



1 A Brief Overview 7

dependence with length, at least up to N D 12 [45]. There is wide consensus
that the factor ˇ for alkanes lies close to 1, which also agrees with results from
DFT-based theoretical analysis [46]. For conjugated molecular chain structures, ˇ

is significantly smaller [47].
The same experimental technique was also successfully employed for demon-

strating other systematics. In a series of molecules synthesized such that the angle
� between the planes of two adjacent phenyl rings could be varied, controlled by
chemical substitutions, it was shown that the conductance increases as cos2.�/ and
that this agrees with the results from model calculations [48, 49].

Once the methods were developed to introduce molecules with specific anchor
groups at both ends into the gap between the electrodes in an MCBJ setup [50],
this opened the way for detailed experiments and investigation of molecule-specific
properties. Among many other works, it led to the discovery of single-molecule
conductance switching under the influence of light by Dulić et al. [51]. The
combination of optics and molecular junctions was further exploited by detecting the
Raman signal associated with the molecule in a junction for which the conductance
was measured simultaneously, either in an EBJ setup [52] or an MCBJ device [53].

The later experiments provide examples of the many new tools that have
been developed for characterizing the molecular junctions and investigating their
properties. Indeed, it was soon realized that the main limitation of most MCBJ,
STM, or EBJ experiments is that the information obtained is limited to values of
conductance only, which leaves a lot of ambiguity in interpretation. Additional
properties that have been explored, illustrated in Fig. 1.1, include vibration mode
spectroscopy [42, 54–56], shot noise [57], mechanical force spectroscopy [59],
thermopower [60], electrostatic gating [61, 62], redox chemistry at the single-
molecule level monitored by conductance [63, 64], and local thermometry [65].

While most of the STM experiments are performed under ambient conditions
or in solution, recent work shows a promising development of more sophisticated
STM experiments under UHV conditions at helium temperatures [66–69]. These
techniques will be described in more detail in Chap. 2.

All this work starts with the design and synthesis of the appropriate molecular
compounds, which has advanced very rapidly as will be presented in Chaps. 4, 5,
and 6. Theory has progressed at equal pace, where concepts and techniques from
Landauer theory and mesoscopic physics were married with those from theoretical
chemistry [70–74]. Many predictions have been made of interesting new phenomena
that are uniquely uncovered by single-molecule junctions, including the prediction
[75] and observation [76] of Franck-Condon blockade, large negative differential
conductance [77], and the prediction [78, 79] and observation [80, 81] of quantum
interference between molecular orbitals. A more extensive discussion of theoretical
progress is given in Chaps. 7 and 8.

Summarizing, as a field of science, molecular electronics is starting to mature.
Robust probes have now been developed to study molecular conductance, both in
SAM and on the single-molecule level. Results on the same molecular species are
now being reproduced in different labs, and the toolbox of the research field is
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Fig. 1.1 A single hydrogen molecule bridging two Pt electrodes forms a model system that
permits many detailed tests. The differential conductance (a) shows sharp drops at characteristic
frequencies associated with the vibration modes of the molecule. The inset shows an example
where two modes are observed for the same molecular junction. The position of the steps in
the conductance for many experiments is shown in (b), and the interpretation of the features in
the differential conductance as vibration mode energies can be tested using isotope substitutions
of the molecule. The shift of the modes between H2 and D2 is close to the value of

p
2, as

expected. This permits verifying that the molecule forming the bridge is indeed hydrogen. By
further experiments exploiting shot noise (c), it is possible to show that the conductance is carried
by a single conductance channel. More precisely, the total conductance for this particular junction
is 1.01G0, which is the result of a dominant conductance channel with transmission 0.995 and
a small additional tunneling contribution of 0.015. This demonstrates that the bridge is formed
by just a single hydrogen molecule. Panel (d) illustrates the configuration that matches the data,
together with a calculation of the local density of states on the bridge (Reproduced by permission
from Refs. [42, 57, 58])
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Fig. 1.2 Number of publications on molecular electronics in each year of publication (Data based
upon ISI Web of Science, Thomson Reuters)

rapidly expanding. Figure 1.2 shows the evolution of the numbers of publications
each year having “molecular electronics” as topic. The total number exceeds 6500,
making molecular electronics one of the large research areas of nanoscience, and
the interest clearly continues to grow.

Before we continue to discuss which are the attractive issues for further studies
towards deeper fundamentals understanding and for developing applications, I will
first argue against the widespread suggestion that molecular electronics may one
day replace silicon electronics. This is not intended as discouragement, but intended
to highlight the realistic prospects for applications.

1.3 Will Self-Assembled Molecular Circuits Replace Silicon?

Semiconductor technology is driving a large part of the word economy, and the fact
that there are many signs that we are arriving at the end of the roadmap underlying
Moore’s law is making the industry nervous [82]. The industry is in urgent need
of new ideas and possibly revolutionary approaches. Molecular electronics is one
of the possible ways to go forward, but as I will argue here, it will not proceed by
simply replacing silicon transistors by molecular equivalents.

The initial excitement around molecular electronics derived from the vague
notion that molecules would someday replace transistors in today’s complementary
metal-oxide-semiconductor (CMOS)-based silicon technology, an idea that was
sometimes even voiced explicitly. Design of the proper links between the molecular
building blocks and choice of proper processing conditions would permit self-
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assembly of the complete circuit. Furthermore, the tools of organic chemistry would
allow design of the properties of all circuit elements, they could be produced such
that they are all identical at mole quantities, and they would represent the ultimate
limit in miniaturization. The self-assembly process would obviate the need for
investments in wafer-stepper machines, for which the costs explode as the sizes
of the smallest circuit details shrink. Although many of these attractive aspects of
molecules in electronics remain true and may be exploited in applications of some
form, as I will argue below it is useful to be aware that the initial dream in this sense
will never become a reality. This has been admitted by many, but has only seldom
been stated very explicitly.

One of the main reasons why this scheme cannot work, even in principle, is the
fact that the electronic wave functions on a molecule are phase coherent. This is
one of the reasons why many believe that molecules may be very attractive in elec-
tronics, but phase coherence also implies that the properties of two circuit elements
coupled in series do not simply behave as the connection of two classical circuit
elements in series. When coupling two molecules together, the wave functions of the
two combine into a coherent superposition that modifies the properties of both [83].
In general, the electronic transmission of a molecule is only defined in combination
with the properties of the connections and the strength of the coupling.

One possibility of circumventing this problem would be offered by reducing the
strength of the coupling of the molecule to its surrounding circuit. A molecule
will normally have a single conductance channel that dominates transport, which
provides a conductance of one quantum unit, 2e2=h, or about 0.1 mS under
conditions of perfect transmission. When we want to decouple the molecule enough
to prevent modification of its wave functions, we will need to introduce barriers that
reduce the transmission by typically three orders of magnitude at all connections.
The net conductance between any two leads then becomes of the order of 0.1 nS.
When, in addition, we want to conserve the operating voltage at about 1 V and the
clock frequency of silicon electronics to values of several GHz, we notice that the
amount of charge transmitted within a clock cycle is of the order of a single electron.
This will produce unwanted statistical fluctuations of the results of the computing
operations, will be extremely difficult to control the next circuit elements reliably,
and will impose a serious limitation on the fan-out, i.e., the number of next-stage
circuit elements that can be controlled be the present one.

The strategy of reducing the coupling between molecular circuit elements to such
a degree also implies that the single-electron description of coherent transmission
breaks down and that electron-electron interactions need to be taken into account.
Coulomb blockade will be important, even at room temperature. This means that
the properties of the circuit cannot be described by combining independent circuit
elements, but can only be described at the level of the complete circuit, which brings
us back to the problem that we started from.

Another approach for decoupling the molecular circuit elements could be
provided by placing metallic islands between each molecular stage, large enough
to provide decoherence of the phase of the wave functions. This has two serious
drawbacks: First, we lose most of the small-size advantage of the molecules.
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Second, we would need to arrange for the coupling between the molecules and the
metal islands to be strong in order for the electron current to remain large enough
to drive the next stage, as argued above. This will result in significant broadening of
the molecular level, which will wash out a lot of the specific molecular energy level
structure that we would like to exploit for the active device-specific operations.

Even if we were able to find solutions to handle these problems, the difficulty
remains of catching up with all the technology invested in CMOS in circuit design
taking care of heat dissipation, capacitive cross talk, and much more. For all of these
reasons, it seems obvious that molecular electronics can only work if we consider
entirely different circuit architectures or different applications that permit relaxing
some of the requirements and take advantage of the specific properties of molecular
circuit elements. Some of these ideas are briefly outlined below.

1.4 Intrinsically Quantum

After these critical remarks, it is important to emphasize that there are many
application perspectives and that between the present time and future applications,
there is fascinating science on our path. A large part of the fascination lies in the
fact that molecules are intrinsically quantum objects and that we may explore and
exploit this fact, even at ambient conditions.

An exciting aspect of molecular conduction is the fact that the energy scales
involved are such that quantum effects are expected at room temperature. In this
sense, single-molecule electronics forms a natural extension of mesoscopic physics.
An illustrative example is the observation of quantum interference in charge trans-
port. In mesoscopic physics, interference has been shown to govern the conductance
in gold rings with a diameter of 1 micrometer at cryogenic temperatures [84]. In
molecules with sizes as small as 1, nanometer interference effects are expected
at room temperature. This has first been recognized in theoretical works [79] and
very recently, the first experiments have been done [80]. New switchable devices or
sensors come within reach once destructive interference (with low conductance) can
be turned on and off in a controlled way. However, the consequences of quantum
interference reach much further as it may govern thermoelectric properties or spin-
spin interaction, enabling new functionality [85].

A molecular wire is maximally exposed to its environment, which poses chal-
lenges in incorporating the environment in the description. A molecule exchanges
energy with its surroundings through the exchange of vibration modes (phonons),
electromagnetic modes (photons), electronic excitations, and composite excitations
such as plasmons. It is also influenced by static and dynamic electric fields, magnetic
fields, pH and chemical composition in general, temperature, and more. Their
influence on transport properties is not understood in detail and provides one of
the main challenges of the field. On the other hand, the strong interaction with
the environment also creates a lot of opportunities. Some molecular devices show
switchability, while the molecule in the junction has no built-in functionality [85].
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In this case, the interaction with the electrodes, either via the electric field or via
the current, induces the necessary bistability for switch operation. By control of
the environment, a fully symmetric molecule can function as a strongly asymmetric
diode [86].

Another tantalizing possibility arises from non-conservative current-induced
forces. Such forces are held responsible for electromigration in microscopic metal
wires. However, more recent work by Tchavdar Todorov and others suggests an
interesting connection with the presence of nearly degenerate vibration modes that
could be engineered for switching properties in an organic molecule or even for
driving nanoscale motors by a dc current [87, 88].

The intrinsic quantum nature of molecules highlights two legitimate goals for
further research: fundamental understanding and applications. Below a sketch of
promising developments for both directions is given.

1.5 Challenges for Applications

Self-assembly will be an essential part of most molecular electronics applications,
and this process needs to be optimized for success rates at the single-molecule level.
A clear advantage of SAM devices is that the molecular building blocks are all
identical, while the variations in coupling of the individual molecules are averaged
away. In addition, functionalities can be built in by chemical design, examples
of which include switches, rectifiers, and sensors. However, to fully exploit this
potential, a good understanding of the molecule-electrode interface is crucial.
Single-molecule devices serve as model systems to study these interfaces, as they
do, for instance, not suffer from pinhole shorts that SAMs may have. Importantly,
single-molecule devices can provide the feedback loop to make the required steps in
our understanding and control. In an ideal feedback loop, synthesis of molecules is
followed by experimental characterization of single-molecule junctions, for which
by now various approaches are available. The experimental results form the input
for theoretical modeling and the latter would dictate the synthesis of a new class
of molecules with improved performance. In this way, single-molecule electronics
becomes an enabling field for large-area device applications based on molecules.
These include both SAM-based devices and organic electronic devices, as will be
illustrated below.

The metal-molecule interface plays a crucial role in understanding molecular
device behavior. This holds not only for the mechanical coupling but also for
the electronic coupling, governing charge transport through the junction. The
mechanical coupling is based on the stability of chemical bonds, which provide
the driving force for self-assembly. Traditionally, the Au-S bond has been the most
popular one, but recent research focuses on alternative binding schemes. In fact, this
has become an active field of current research that has seen a strong development
in the last couple of years [89]. Apart from the mechanical stability, the binding
configuration also determines the electronic properties of the junction. Coupling a
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molecule to metallic electrodes has two important effects on the molecular energy
levels. First, the molecular levels are broadened and, generally speaking, the broader
the levels, the higher the off-resonance conductance. Second, charge transfer near
the interface may lead to significant shifting of the molecular levels. This shifting
has important implications for transport, as the position of the molecular levels
with respect to the Fermi energy of the electrodes determines its charge transport
properties. In fact, this is used in current organic devices to optimize injection
barriers by a methodology that we call interface engineering. For example, an SAM
sandwiched between an organic layer and a metal electrode acts as an intermediate,
reducing the injection barrier [90].

The perspectives for applications naturally separate into short-term and long-
term perspectives. The first applications of molecular electronics have started to
appear [91] and, just as this example illustrates, the earliest applications will
most likely not rely on single-molecule junctions. In addition, applications of
single-molecule layers formed by self-assembly are already being explored for the
engineering of work functions of metallization layers. Charge injection into organic
conducting layers, such as those being developed for solar cells, can be optimized
by a proper choice of molecular surface coating [92]. Although the principles of
the process are now reasonably well understood, the optimization and detailed
understanding require still a large effort. A third promising application near the
horizon is the use of redox-active molecules to improve properties of flash memory
in combination with standard silicon transistors [93, 94].

One of the most attractive proposals for employing molecules in electronics is
the use of cross-bar array architectures [95, 96], as illustrated in Fig. 1.3. It opens
the way towards high-density memory, which could be implemented initially as

Fig. 1.3 Schematic structure of a cross-bar array structure employing a layer of molecules as
active components at the nodes. Ideally the molecules switch between high-conductance and low-
conductance states above a threshold value of the applied bias. The right panel illustrates the need
for blocking current through parallel paths. When the circled nodes are in the high-conductance
state and we want to read the information in node C5, the information read will be confounded by
parallel current paths as shown by the dashed lines. The larger the array, the more abundant are
such parallel paths



14 J.M. van Ruitenbeek

Fig. 1.4 Scanning electron micrographs of a 160 kbit molecular memory device. It contains 400
Si bottom nanowire electrodes having a 33 nm pitch, seen as the light gray area connected by
“T” in (a), and 400 Ti nanowires on top with the same pitch, visible as the light band diagonally
stretching the image. The nodes are formed by about 100 rotoxane molecules deposited as an LB
layer. Panel (b) is a zoom of the central area with a top wire highlighted as red and a bottom wire
as yellow. The further zoom in (c) shows the central area of about 2500 bits, where the scale bar is
200 nm (Reproduced by permission from [96])

relatively small arrays incorporated into and added onto standard CMOS circuits.
A test structure containing 160,000 molecular junctions was fabricated by Green
et al. [96] using an LB monolayer of rotaxanes as the active component; see Fig. 1.4.
Although only 25 % of the junctions tested showed an on/off ratio larger than 1.5, the
work demonstrates that some of the hurdles can be taken. Apart from the application
as memory, such cross-bar arrays can be used for processing, using reconfigurable
logic [95].

In its simplest implementation, each node is connected to a single bottom wire
and a single cross wire on top. The problem of defective molecular junctions can
be accommodated by the embedding structure into a fault-tolerant architecture.
Nevertheless, reducing the number of defective junctions will greatly enhance the
success of the devices, and this problem is probably predominantly associated with
improvement of the deposition and bonding of the top contact wires to the molecular
layer and the quality of the SAM.

The schematic in Fig. 1.3 shows the basic structure. The minimal requirements
are the need for a molecule that can be self-assembled into a densely ordered layer
and deposited on the bottom wires and a molecule that behaves as a well-defined
switch between a low-conductance and a high-conductance state upon application of
a bias voltage above a suitable threshold value. Although the rotaxanes demonstrate
some intrinsic switching behavior, there is much room to improve the on/off ratio
and the reliability by searching for other molecular components.

For a practical device, we will need to add further components, which could also
be implemented as molecular layers. First, it will be necessary to add a diode in
series with the switches at each node [97]. The need for such diodes is illustrated
in the right panel of Fig. 1.3. Without diodes, a large cross-bar array would have
a multitude of parallel conduction paths that would mask the information for
individual bits. We further need to demand a high rectification ratio Rrr between
forward and reverse bias for these diodes because the number of parallel current
paths scales with the size of the array. In the worst case, when all nodes have
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their switch closed (i.e., “on”), the ratio of the signal current to the current through
parallel paths is 2=.N � 1/ C Rrr=.N � 1/2 for an N � N array. Even for a modest
1 MBit memory, the requirements would be Rrr > 106, which is quite demanding.
The solution will be to implement large numbers of smaller arrays embedded into
CMOS electronics.

Finally, when we introduce a diode, it impedes the process of writing information
to the molecular switch by a current bias of either polarity. This could be taken
care of by a molecular Zener diode. Although such Zener diodes have not been
discussed widely in the context of molecular electronics, the principle may also be
implemented by combining two resonant tunneling diodes [98].

Apart from considering different computer architectures, there are ample further
possibilities for which optimization in speed is not required, such as for disposable
or wearable electronics. As argued above, electronics based on such molecular
SAM are not expected to outperform existing silicon devices, but they will be
complementary, will profit from cheap processing technologies, and will enable
new applications and functionality. ” For electronics applications that rely less on
dense packing of bits and high switching speed, such as disposable electronics, the
requirements will be different than those for high-density computing and memory
applications. The former will typically make use of SAM of molecules over
relatively large areas. It will, then, be important to reduce defects in the SAM or
make the device structure insensitive to them.

An aspect that is seldom discussed is the fact that the molecular compounds that
have been studied to date at the single-molecule level have a conductance that is
far too high for such applications. The conductance for single-molecule junctions
usually covers a range down to 10�7 of the conductance quantum or 10�7 S. SAM
of molecules having a conductance at this bottom end of the range and covering an
area of 1 mm2 would make a total conductance of 10 S. In other words, at a bias of
only 1 V, this device would draw a current of 10 A. The conclusion should be that
for such applications, it will be necessary to extend the range of investigation of
molecular conductance towards much smaller values.

For the longer term, it remains very attractive to investigate truly single-molecule
electronics applications. One of the main difficulties that we will need to address is
that of keeping single molecules stable at a reproducible transmission. It is likely
that metal electrodes will not be the best choice to deal with this problem. Possibly
covalent bonds can be explored for bonding to other electrode materials such as
Si [99, 100] or graphene [101, 102]. While single-molecule junctions are ideal
for testing concepts, for applications, it will be necessary to solve the problem
of interfacing the molecules with lithography or find other solutions for creating
stable gaps between the electrodes. A lot of progress in this direction has already
been made as recently reviewed by Cui et al. [103]. Such single-molecule devices
will also need to be forgiving in the variability and fluctuations in the molecular
anchoring and conformations.

Most of the research directions discussed above are connected to electronics in
some way. However, there are important developments that connect to very different
fields such as microbiology and medicine. Sequencing and read-out of DNA and
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other biopolymers has evolved into a main field of research and development. The
techniques currently in use in sequencers rely almost exclusively on biochemical
methods. The advantages of a direct read-out of biopolymers by physical methods
are obvious, and several groups are working towards these goals [104–108]. One of
the approaches taken is the read-out of sequences of monomers by differentiating
the levels of tunneling current [105, 106, 108]. Ideally one would like to controllably
drag a biopolymer past a nanometer-size gap between two metallic electrodes and
read off the nature of each of the building blocks passing by. Many steps in this
direction have been taken, and larger consortia are now being formed for bringing
this application to the market. A more extensive discussion is given in Chap. 9.

1.6 Challenges for Fundamental Understanding

Obviously, as applies to all of the discussions in this chapter, it is not possible
to give an exhaustive list of all points of interest. The items given below are
inevitably colored by personal preference, but should still serve to outline the scope
of challenges open for research.

Starting with one of the most fundamental issues, the question of whether an
accurate prediction of electronic conductance of a molecular junction can be given
is still open. For molecules having a strong hybridization of the molecular orbitals
with the metallic states of the leads, a coherent transport description works very
well [42]. At the other end of the spectrum, molecules that have only a weak tunnel
coupling to the leads can be understood within the framework of Coulomb blockade
of discrete charge states of the molecule [109]. The intermediate regime has been
understood at the level of idealized models, but experiments on individual molecules
are usually compared with theory for one of the two extreme conditions. For most
molecules for which the off-resonant zero-bias conductance is measured, the results
are compared with DFT-based calculations that take electron-electron interaction
into account only at a mean field level. Equally important, the role of image charges
is very large and has only started to be included in the discussion [61, 110]. For a
more extensive discussion of these open problems, I recommend the book by Cuevas
and Scheer [3].

The nature of the bond between the molecule and the metal electrodes is of
obvious importance. We have only partial understanding of the nature of the binding
of the molecules to electrodes (anchoring) in terms of bond strength and electronic
transport. The interesting question is whether these two are correlated in any way.
This is a critical question for interface engineering and well-defined SAM for
applications. The answer to this question will depend on the nature of the electrode
material, where metals should probably be distinguished from materials such as
graphene, which allow for covalent bonding.

In regular metallic transport experiments, it is very difficult to set up an electron
distribution that is locally very far from equilibrium. Molecular junctions open this
window toward electron transport far from equilibrium. Under these conditions, we
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can probe the details of electron-phonon interactions, dissipation, and relaxation. As
a result of the large voltage bias and the associated large current density, electrons
have access to many types of relaxation mechanisms, including vibration modes,
photons, plasmons, and spin excitations. This coupling works also in the other
direction: because the molecule is exposed to the environment, electron transport
is sensitive to fields of all these types. These effects can be further amplified by
quantum effects such as interference of transport through multiple atomic orbitals
[81].

In this way, single molecules form an exceptional platform for testing many
phenomena under extreme conditions. There is a wide interest in spin transport,
and interaction of the electron spin with the electronic and nuclear spins on the
molecule, where the research connects to the field of spintronics [111, 112]. Seebeck
coefficients and thermal transport can be engineered and investigated at the single-
molecule scale, which will boost progress in thermoelectric energy conversion
[113]. Electrochemistry can be investigated down to the single-molecule level [64],
and more generally the specificity of the interaction of the molecule with its chemi-
cal environment can be investigated through its electronic conductance. The extreme
current densities open the way for microscopic investigations of electromigration,
where recent predictions suggest that such forces could be harnessed for developing
dc-current driven nanomotors, acting as waterwheels in the electron flow [87].

Finally, many important challenges connected to applications stand out: molec-
ular junctions having diode characteristics [114], voltage-controlled switching [85],
and negative differential conductance [77] have been demonstrated, but in view
of the applications discussed above, there is much need for improvement of these
properties and for investigation of other principles leading to the desired properties.

1.7 Outlook and Conclusions

Many of the points mentioned above have been widely discussed and are part of
active research worldwide. Thinking further into the future, it will be attractive to
consider the possibilities of building three-dimensional networks by self-assembly.
Can we come up with mechanisms and architectures to do this? Some inspiration
may come from the self-assembly of two-dimensional networks that employ the
recognition and selective bonding of engineered strands of DNA [115]. Although
DNA serves the purpose of self-assembly very well, it is a very poor conductor,
if not a very good insulator. We would need, instead, to use flexible conducting
molecular wires and find new avenues for targeted self-assembly. Examples of
such long self-assembling conducting wires have been demonstrated by Tuccitto
et al. [116], and other examples are discussed in Chaps. 5 and 6. Ideally, the target
connections would be controllably activated by setting its electrical potentials or by
reversible chemical modifications. Such 3D reconfigurable networks would have
very interesting properties and offer perspectives for signal processing through
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neuromorphic networks. The challenge is clearly formidable and the time scale for
achieving this is likely longer than any of the other applications discussed.

From a scientific point of view, as well as from an applications perspective, the
conclusion should be that the future of the field of molecular electronics is bright. At
which point we find ourselves in the development of the field, we can only answer
with certainty much later, but Fig. 1.2 and the list of interesting open problems
discussed here suggest that the field will continue to grow for some time to come.
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