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Introduction

What does the future hold for electronic devices? To what extent can their
dimensions be reduced in the future? Forty years ago, the gate length of a tran-
sistor was approximately 10 μm; however, over the past few decades, traditional
transistors have shrunk dramatically and now reach dimensions of about 3 nm
in research devices [1, 2]. The further miniaturization of electronic devices
remains extremely challenging, which is primarily due to either technique
limitations or lack of fundamental understanding of transport mechanisms
[3]. In this sense, it is remarkable that chemically identical molecules, with
sizes on the order of 1 nm, can be synthesized in bulk while accomplishing a
variety of electronic tasks, including conducting wire, rectification, memory,
and switching; thus, they might have the potential to partly replace traditional
solid-state device counterparts in the future. Comprehensive experimental
findings in electron transport through individual molecules introduce the idea
that beyond traditional complementary metal oxide semiconductor (CMOS)
technologies, the ultimate goal for shrinking electrical circuits is the realization
of molecular-scale/single-molecule electronics because single molecules consti-
tute the smallest stable structures imaginable [4–7]. Molecular-scale electronics,
which is the concept of creating functional electrical circuits based on properties
inherent in individual or ensemble molecules, have several unparalleled advan-
tages in comparison with silicon-based electronic devices. Firstly, the extremely
reduced size of the molecules in order of 1 nm may enable heightened capacities
and faster performances. Moreover, such small size of the molecule provides the
ability to surpass the limit of conventional silicon circuit integration. Secondly,
the abundant diversity in the molecular structures, which can be changed via
flexible chemical designs, may lead to a direct observation of novel effects as
well as the fundamental discovery of physical phenomena that are not accessible
by using traditional materials or approaches. Thirdly, another attractive feature
of this approach is the universal availability of molecules due to the ease of bulk
synthesis, thus potentially leading to low-cost manufacturing.

In fact, molecular-scale electronics is currently a research area of focus because
it not only meets the increasing technical demands of the miniaturization of
traditional silicon-based electronic devices but also provides an ideal window of
exploring the intrinsic properties of materials at the molecular level. Generally,
molecular-scale electronics refers to the use of single molecules or nanoscale
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collections of single molecules as electronic components [2, 8–10]. The primary
theme in this field is the construction, measurement, and understanding of the
current–voltage responses of electrical circuits, in which molecular systems
play an important role as pivotal elements [11]. Indeed, over the past decade,
we observed significant developments achieved in both experiments and theory
to reveal the electronic and photonic responses of these conceptually simple
molecular junctions [5–12].

The history of molecular-scale electronics is surging forward with great
momentum, and outstanding scientists have provided significant contributions
to the development of molecular-sale electronics. Briefly, several pioneering
studies were performed in the 1970s at the laboratory of Hans Kuhn along with
Mann and coworkers [10, 13–15]. They developed the first effective self-assembly
techniques (via molecular bond formation) to prepare molecular structures
in which organic molecules adhered to solid substrate surfaces without using
simple dispersion forces. Additionally, these groups reported a few of the earliest
reproducible electrical transport measurements through molecules. After Mann
and Kuhn’s study, there were a number of important follow-up experiments and
measurements [10]. During the same period, a visionary concept of exploiting
the intrinsic functionalities of molecules for electronics (i.e. a single molecule
could function as a rectifier) was sketched out by Aviram and Ratner [16]. Then,
the desire of using molecules as functional units in electronic circuits moti-
vated many researchers over the next few decades. A significant development
occurred in 1982 with the development of a scanning probe microscopy (SPM)
[17]. The SPM is a powerful technique regarded as a milestone in the history of
molecular electronics, by which both the surface topography and its transport
information can be addressed [18]. By using the SPM, Weiss and his colleagues
performed the first experiment resembling transport through single molecules,
thus launching a promising approach to realizing the goal [19]. Nonetheless, the
SPM technique is limited to lab experiments and cannot be directly applied to
realistic device fabrication. In addition to the development of the SPM, various
techniques based on either metal or carbon nanoelectrodes have been intro-
duced for single-molecule studies in the following years, including mechanically
controllable break junctions, electromigration breakdowns, electrical chemical
depositions, and surface diffusion mediated depositions [20–23].

The success of these techniques led to an explosion interest in using individual
molecules in molecular-scale electronics and significantly promoted the devel-
opment of the field. With improved measurement capability, a number of new
effects beyond electronic transport, including electron-mechanics, thermoelec-
tricity, optoelectronics, quantum interferences, and spin transports, were dis-
covered at the single-molecule level [6, 24–27]. In contrast to metal electrodes,
non-metal materials, such as conducting polymers and carbon-based materials,
can be regarded as molecules themselves, and they possess a natural compatibility
with the traditional silicon-based technique and excellent mechanical flexibil-
ity [28, 29]. Hence, the past decade was an exciting developmental period for
non-metal-based molecular electronics. For example, nanotubes and graphene
have been used as point contacts for creating robust single-molecule junctions
with desired functions, thus paving the way for practical applications [30, 31].
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The theory developed for interpreting the current–voltage characteristics in
molecular junctions began to appear in the 1990s. The early approach was to use
the Landauer formulation to explain the electron transport behavior [32, 33]. In
this simple picture, the charge transport through the molecular junctions was
interpreted in terms of elastic scattering with a key parameter, known as the
“transmission coefficient,” which describes how effective a molecule was in scat-
tering the incoming electron from the right lead into the left lead. Additionally,
more powerful formulations, including the non-equilibrium Green’s function
(NEGF) approach, Breit–Wigner formula and Simmons model, have been used
to interpret the electron transport behaviors through a molecule [34–37]. In
particular, the NEGF approach demonstrated the capability of combining both
the elastic and inelastic effects with the metal–electrode coupling and gating
effects [38]. However, practical molecular junctions are really complex, and the
development of advanced theories that consider all of the factors, including
real molecules, electrodes, molecule–electrode interfaces, electron–phonon
interactions, spin–orbit interactions, and electron–solvent couplings, is of
significant importance to the comprehensive advancement in the field [34]. The
motivation for the theory development is far from saturated, and significant
efforts are needed to reduce the gap between the theoretical calculations and
the experimental data.

Nonetheless, numerous challenges need to be addressed before single-molecule
devices can be used as commercial products. The basic challenge involves deter-
mining the structure–function relationships for the electronic transport (intra-
or intermolecular) through a junction containing one or a few molecules. It is a
complicated engineer since the behaviors of the molecular devices are strongly
dependent on the electrode fabrication process, selection of electrode materials,
contact chemistry, and number of molecules to be tested. Unlike traditional
semiconductors that use a standard product line, there are no standard processes
for molecular device fabrication thus far. A small variation in each process may
result in a large change in molecular devices. The resulting challenge is the
reproducibility. Generally, the passing current detected is small (∼nA) when
the target unit scales down to the single-molecule scale, and thus the current is
sensitive to the environmental changes, e.g. contamination, radiation, humidity,
temperature variation, and other external vibrations. Furthermore, molecular
aging is another factor that leads to reproducibility problems. Another pri-
mary challenge involves developing a technology for the mass production of
single-molecule devices at low cost. Although the molecules can be synthesized
in large quantities, most widely used techniques, such as electron beam lithog-
raphy (EBL) for nanoelectrode fabrication, are expensive for mass production.
Decreasing the unit size and increasing the integration level without sacrificing
cost remains a difficult task in the future.

Although it is a long way to achieve commercially available molecular elec-
tronics, basic researches in this area have advanced significantly. Specifically,
the drive to create functional molecular devices has pushed the frontiers of both
measurement capabilities and fundamental understanding of varied physical
phenomena at the single-molecule level. The field of molecular electronics has
become a fascinating playground for scientists to explore new fundamental
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concepts and new applications. Several recent articles focused on specific exper-
imental aspects of molecular electronics [11, 39–51]. In this comprehensive
book, we offer a broad overview of this field, with a particular focus on several
vital issues, such as fabricating techniques for molecular junction, discovering
novel physical phenomena, using characterization techniques, and develop-
ing strategies for integrating molecular functionalities into electronic device
configurations. We address the primary advances with the most general appli-
cability and emphasize new insights into the development of efficient platform
methodologies for building reliable molecular electronic devices with desired
functionalities by using a combination of programmed bottom-up self-assembly
and sophisticated top-down device fabrication. To do so, we first summarize a
number of different efficient approaches for forming molecular-scale junctions
and discuss various experimental techniques for examining these nanoscale
circuits in detail. Then, we highlight the major contributions and new concepts of
integrating molecular functionalities into the electrical circuits, which have been
neglected in most previous books. Furthermore, the perspectives and key issues
that are critical to the success of the next-generation single-molecule devices
toward practical applications are discussed, such as device reproducibility,
system integration, and theoretical simulation. These analyses are valuable for
thoroughly understanding how device fabrication processes, such as the testbed
architectures used, molecule number and defect density tested, as well as the
nature of the electrode–molecule interface, influence the intrinsic properties of
the molecules, which are of crucial importance to the development of future
practical molecular electronic devices.
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2

Metal Electrodes for Molecular Electronics

In molecular electronic junctions, where molecules are used as electronic
device components, the electrical signal comes in and out of the molecules
via contact-coupled electrodes. The electrodes can be classified as metal or
non-metal electrodes. The development of molecular electronics initially started
from the use of metal electrodes. Hence, we first summarize the development
of molecular devices based on metal electrodes and then move to those based
on non-metal electrodes, particularly carbon-based electrodes. The typical
methods for the different electrodes are listed in Table 2.1. It can be observed
that each method has its own unique advantages as well as the disadvantages.

2.1 Single-Molecule Junctions

The initial idea of using individual molecules as active electronic elements pro-
vided the impetus to develop a variety of experimental platforms to probe their
electronic transport properties. Among these platforms, single-molecule junc-
tions based on a metal–molecule–metal architecture have received considerable
attention and contributed significantly to the fundamental understanding of
the physical phenomena required to develop molecular-scale electronic devices
[1]. As mentioned earlier, the scanning probe microscopy (SPM) technique is
regarded as a milestone in the history of molecule electronics because it has
made a great contribution to the development of molecular electronics and
continues to promote the advancement of molecular electronics in the future.

2.1.1 Scanning Probe Microscopy Break Junctions

Scanning probe microscopy typically includes both scanning tunneling
microscopy (STM) and atomic force microscopy (AFM). STM plays a unique
role in the field of molecular electronics via STM break junctions. The most
commonly used method is the in situ molecular break junction technique, as
skillfully demonstrated by Tao and coworkers [2, 3]. This in situ method can
rapidly create thousands of molecular junctions by repeatedly moving a tip
in and out of contact with the substrate electrode adsorbed with the sample
molecules. The tip movement can be precisely controlled by a piezoelectric
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8 2 Metal Electrodes for Molecular Electronics

Table 2.1 Comparison of molecular junctions fabricated by different approaches.

Methods for molecular
junctions

Number of
molecules

Gating
control Addressability Fabrication Yield

Scanning probe
microscopy

Single Electrochemical Difficult Sophisticated H

Mechanically controllable
break junction

Single Electrostatic No Sophisticated H

Electromigration
nanogap

Single Electrostatic Yes Sophisticated L

Electrochemical
deposition

Single Electrostatic Yes Sophisticated H

Surface-diffusion-
mediated deposition

Single No No Sophisticated H

Lift-and-float approach Ensemble No Difficult Straightforward H
Liquid metal Ensemble Electrochemical Difficult Straightforward H
Nanopore or nanowell Ensemble No Yes Straightforward M
Nanoimprint lithography Ensemble No Yes Sophisticated H
Self-aligned lithography Ensemble Electrostatic Difficult Straightforward M
On-wire lithography Ensemble No Difficult Sophisticated M
Buffer interlayer-based
junction

Ensemble No Possible Straightforward H

Crosswire or crossbar Ensemble No Possible Sophisticated M
On-edge molecular
junction

Ensemble No Difficult Straightforward H

CNT-based junction Single Electrostatic Yes Sophisticated M
Graphene-based junction Single Electrostatic Yes Sophisticated H
Silicon-based junction Ensemble No Difficult Sophisticated M
Polymer-based junction Ensemble No Difficult Sophisticated M

In the yield column, H, M, and L indicate the high, middle, and low yield, respectively.

transducer (PZT), which is constructed with lead zirconate titanate. Typically,
the molecules in the study have two end groups that bind to the tip and the
substrate electrodes. The molecules have an opportunity to bridge both the tip
and the substrate electrode when the tip is brought close enough to the substrate,
as indicated in Figure 2.1. The tip is then pulled away from the substrate to break
the metal–molecule–metal junction. By accurately controlling the movement of
the tip, i.e. changing the distance between the tip and the substrate, the number
of bridged molecules can be changed [3].

The conductance can be measured as a function of the relative tip displacement
to yield conductance traces. Xu and Tao reported a simple and unambiguous
measurement of a single-molecule conductance, achieved by repeatedly form-
ing thousands of gold–molecule–gold junctions [2]. The conductance histograms
were constructed from thousands of conductance traces revealed well-defined
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Figure 2.1 (a) STM-based technique used to form single Au–molecule–Au junctions. When
the Au tip moves near the Au substrates, which are covered with target molecules,
Au–molecule–Au junctions are formed. When the Au tip is pulled away, the molecular bridges
then lose contact with either the tip or the Au substrate. Source: Reproduced with permission
from Tao [4]. Copyright 2006, Springer Nature. (b) Single-molecule conductance
measurements. The conductance of a gold–gold contact decreases in quantum steps as the
tip is gradually pulled away from the substrate. The corresponding conductance histogram
illustrates well-defined peaks near 1G0, 2G0, and 3G0 due to the conductance quantization.
After the gold–gold contact is completely broken, a new series of conductance steps appear
due to the formation of the molecular junctions. A conductance histogram shows peaks near
0.01G0, 0.02G0, and 0.03G0, which can be ascribed to one, two, and three molecules,
respectively. Source: Reproduced with permission from Xu and Tao [2]. Copyright 2003, AAAS.

peaks at integer multiples of a fundamental conductance value. This observation
provides a method to identify the conductance of a single molecule. By using the
conductance histograms, Cheng et al. demonstrated that the formation of a direct
Au—C bond was likely and determined that the conductance of these molecular
junctions is ∼100 times larger than that of the other binding groups [5]. By com-
paring the Au–N, Au–S, Au–P, and donor–acceptor bonds, Venkataraman et al.
discovered that the binding strength and the conductivity gradually increased
from Au–NH2R and Au–SMeR to Au–PMe2R [6, 7]. A detailed discussion related
to the electrode–molecule contact interface can be found in a review article by
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the Guo and coworkers [8]. These findings offer a new method for creating repro-
ducible and highly conducting metal–organic contacts.

A technique closely related to STM is AFM, in which a force is used to control
the tip-positioning [9]. The difference between AFM and STM should be noted.
In STM, current instead of force is used to control the tip-positioning. Because
the conductance properties of the molecules are generally unknown, the position
of the probe with respect to the molecules is ambiguous, which may result in the
penetration of the tip into the monolayer in the STM experiments. Conversely,
with independent feedback signals, AFM allows the probe to be controllable in
either the contact or the non-contact mode, thus effectively avoiding the tip pene-
tration. However, one disadvantage of AFM is that the electrical properties of the
target molecules are unavailable. To solve this problem, a significant improve-
ment was demonstrated by Wold and Frisbie who described a new approach for
the formation of metal–molecule–metal junctions by placing a conducting AFM
tip in contact with a metal-supported molecular film, which is known as the con-
ducting probe atomic force microscopy (CP-AFM) technique [10]. Although the
conducting probe tip of the CP-AFM coated with a metallic layer is larger than an
atomically sharp STM tip, the CP-AFM method measures both the mechanical
and the electrical properties of the molecules simultaneously [3, 11]. By using the
CP-AFM method, Aradhya et al. measured the conductance of pyridine deriva-
tives and simultaneously acquired consistent force traces during the junction
elongation, thus providing a quantitative characterization of the van der Waals’
interactions at the metal/organic interfaces, as indicated in Figure 2.2 [12, 13].

In the STM or CP-AFM experiments, once the molecular junctions are formed,
the tip (top electrode) can be fixed, and the characterization of the electron
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Figure 2.2 Working principle of AFM: (a) Schematic of a 4,4′-bipyridine junction formed
between a gold-coated AFM tip and a gold substrate. By using a laser beam, the deflection of
the cantilever can be monitored, and the corresponding mechanical force between the tip and
the sample can be obtained. (b, c) Experimentally measured conductance (upper panel) and
corresponding simultaneously acquired force (lower panel) traces during the junction
elongation of bare gold junctions (b) and molecular junctions (c). The shaded areas in the
upper panel represent high-conductance molecular regimes. The shaded areas in the low
panel represent structural rearrangements within the high conductance regime. The dashed
lines indicate a complete rupture of the molecular junctions. Source: Reproduced with
permission from Aradhya et al. [12]. Copyright 2012, American Chemical Society.
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transport through the molecule junction can be performed [14, 15]. To date,
STM and AFM have revealed many interesting phenomena in single-molecule
junctions, such as large magnetoresistance [16, 17], spin-split molecular orbitals
[18], Kondo resonance [19], Coulomb blockade effect [20], negative differential
resistance behavior [21, 22], strain-induced binding configuration [23], and
redox switch [24, 25], significantly accelerating the development of molecular
electronics. Additionally, over the past few decades, the electron transport
pathway through the molecular junctions [26, 27] and the charge transport
mechanisms [5, 28, 29] have been further understood. Correspondingly, these
single-molecule junctions represent the possibility of achieving the ultimate goal
of miniaturizing the electrical circuits and providing ideal platforms for probing
the quantum transport phenomena.

In particular, experiments on individual molecules by using scanning probe
microscopies have led to further insights into the quantum electronics of
the molecular systems [30–32]. The conductance properties of solid-state
mesoscopic structures are primarily dominated by quantum effects at low
temperatures. For example, if partial electron waves propagating through the
two branches of a ring-shaped mesoscopic structure interfere destructively
with each other, the conductance will be suppressed. Conversely, if they inter-
fere constructively, the conductance will be enhanced. For certain classes of
molecular junctions, a similar quantum interference is expected to occur as the
electron waves propagate through the molecular orbitals (or quasi-degenerate
electronic states) that are separated in both space and energy [33, 34]. Guédon
et al. reported the observation of a destructive quantum interference in the
charge transport through the molecular junctions [31]. They synthesized a few
rigid-conjugated molecular wires. Two exemplary molecular structures (AQ-DT
and AC-DT) are illustrated in Figure 2.3. The two-dimensional conductance
histograms indicated that the conductance of the AQ-DT was nearly 2 orders
of magnitude lower than that of the AC-DT, as seen in Figure 2.3. This result is
remarkable because the energy difference between the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
levels is extremely similar for these molecules, and the two types of molecules
possess the same end groups and a similar molecular length. Combined with
the density functional theory (DFT) calculations, they demonstrated that there
were three unaligned localized molecular orbitals (LMOs) for the AQ-DT. Thus,
the electron can be transported through two different pathways via the LMOs,
thereby yielding the phase difference within the HOMO–LUMO gap, i.e. the
partial waves interfere destructively, which results in a poor conductance of the
AQ-DT. Their investigation revealed that it is possible to control the degree of
interference and change the value of the molecule conductance through chemical
modifications of the molecular structure. Most of the studies have focused on
quantum interference (QI) of the π-channel. Very recently, a series of saturated
silicon-based molecules consisting of a σ-system bicyclo[2.2.2]octasilane moiety
with the destructive quantum interference have been proposed [35].

The occurrence of the destructive quantum interference strongly depends on
the molecular structure as well as the temperature. In an experiment, the vibra-
tions are inherent to any molecular junction, particularly at room temperature.
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Figure 2.3 Quantum interference (a) Logarithmically binned two-dimensional histograms for
dI/dV values versus a bias voltage V . The color scale indicates the number of counts. Right
panel: Similar chemical structures of the investigated molecules AQ-DT and AQ-DT. Due to the
destructive interference, the conductance of the AQ-DT is 2 orders of magnitude lower than
that of the AC-DT. Source: Reproduced with permission from Guedon et al. [31]. Copyright
2012, Springer Nature. (b) Two-dimensional conductance–displacement histograms for
junctions with molecules 1 and 2; Inset: Chemical structures of the investigated molecules
with single-(1) and double-(2) backbone molecules. Due to the constructive interference, the
conductance of a double-backbone molecular junction is two times higher than that of a
single-backbone junction. Source: Reproduced with permission from Vazquez et al. [30].
Copyright 2012, Springer Nature.
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At a high temperature, the vibrations coupled to the electronic states may
provide a strong decoherence mechanism in the molecular junctions, where the
electron transport is governed by destructive interference effects. Consequently,
the destructive interference between the involved pathways can be quenched
[34]. With an appropriate molecular structure design, it is possible to observe
the constructive quantum interference phenomenon. Vazquez et al. provided
direct evidence for constructive quantum interference in molecular junctions
at room temperature [30]. As indicated in Figure 2.3b (inset), they synthesized
a series of molecular systems that contained either one backbone or two
backbones in parallel that were bonded together co-facially by a common linker
on each end. The conductance measurements indicated that the conductance
of a double-backbone molecular junction could be two times higher than that
of a single-backbone junction, thus providing clear evidence for constructive
interference as electrons were transported through the parallel molecular wire
components under ambient conditions at room temperature.

2.1.1.1 Beyond Traditional SPM Break Junctions
In the STM or AFM methods, one challenge is that even though molecules are
adsorbed onto the substrate and form a well-defined molecule–substrate bot-
tom contact, the tip–molecule contact is typically less well defined [3]. Moreover,
due to the relatively large size of the tip, it will be difficult to directly address
individual molecules if the tip attempts to contact the molecular layer, and the
number of sandwiched molecules will be uncertain, which prevents the absolute
conductance and electrical properties of the target molecule to be determined.
Fortunately, different research groups have presented novel strategies to reduce
the number of addressed molecules and create well-defined (strong) top contacts
over the past few years, as indicated in Figure 2.4. These strategies can be classi-
fied as tip modification and substrate modification.

(1) Electrochemical jump-to-contact scanning tunneling microscopy break junc-
tion (EC-STM). Zhou et al. developed an electrochemical strategy for STM
break junctions by establishing a chemically well-defined metallic contact
through a jump-to-contact mechanism between the tip and the substrate, as
indicated in Figure 2.4a [36, 42]. The gold tip is fixed above the substrate, and
the tip is electrochemically deposited in situ with a foreign metal of interest
until a bridge between the tip and the substrate is formed. Different foreign
metals, such as Cu, Pd, and Fe, were successfully used to form a thin nanowire
to bridge the tip and the substrate [36, 43]. When the tip was pulled away
from the substrate, the elongation of the bridged nanowires generated two
atomic-scale sharp electrodes, which made it feasible to form single-molecule
junctions. The strategy presented in their study not only extends the capabil-
ity of STM break junctions to create a variety of metal nanowires for fur-
ther investigations, but also provides opportunities to generate well-defined
metal–molecule–metal junctions with a variety of choices of metals in the
junctions.
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Figure 2.4 SPM-based molecular junctions. (a) Electrochemical jump-to-contact scanning
tunneling microscopy break junction (EC-STM). Source: Reprinted with permission from Zhou
et al. [36]. Copyright 2013, American Institute of Physics. (b) Attaching nanotubes to a
metal-coated AFM tip. Source: Reprinted with permission from Wilson and Macpherson [37].
Copyright 2009, Springer Nature. (c) C60-terminated SPM break junction. Source: Reprinted
with permission from Leary et al. [38]. Copyright 2011, American Chemical Society. (d) Inserted
target molecules into an ordered array of reference molecules. Source: Reprinted with
permission from Bumm et al. [39]. Copyright 1996, AAAS. (e) Substrate-modified SPM junction.
Source: Reprinted with permission from Smaali et al. [40]. Copyright 2012, American Chemical
Society. (f ) Nanoparticle-based SPM junction. Source: Reprinted with permission from Cui et al.
[41]. Copyright 2001, AAAS.

(2) Nanotube-tip-based SPM break junction. In addition to producing smaller
tips, the AFM researchers make great efforts to develop tips that were long
enough, provided faithful representations of the surface topographies with
high resolution, and mechanically non-invasive. Carbon nanotubes have
demonstrated considerable potential to be used as AFM tips [37]. The main
features of the carbon nanotubes are their nanometer-scale diameters,
high aspect ratio, and remarkable mechanical and electrical properties.
The carbon nanotubes were first used as AFM tips five years after their
discovery [44]. It should be noted that to electrically probe molecules
using this method, it should be ensured that the nanotubes are metallic;
otherwise the electrical interpretation would be complicated. There are two
key aspects to the fabrication of the nanotube AFM tips: attachment [45, 46]
(the nanotube must be fixed to the AFM probe) and modification [47]. The
fabrication, modification, and application of the nanotube-based SPM can
be found in the article [37]. It is expected that with a proper modification
to the end of the nanotube, it is feasible to form nanotube–molecule–metal
junctions and characterize the properties of these molecular junctions, as
shown in Figure 2.4b. To improve AFM to even higher resolutions, Gross
et al. replaced the metal tip of conventional AFMs with a single molecule
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of carbon monoxide (CO) [48, 49], which is extremely stable as well as
subject to significantly smaller van der Waals forces when in close proximity
to a sample. To demonstrate their new tool, the researchers applied their
AFM tips to several types of molecules, and the observed spacing between
individual atoms was as small as 0.14 nm, thus dramatically improving the
resolution of AFM.

(3) C60-terminated SPM break junction. One of the challenging goals of molec-
ular electronics is to wire exactly one molecule between two electrodes due
to the different coordination modes of the anchor group, especially under
ambient conditions. To solve this problem, Leary et al. described a new and
straightforward method for unambiguously addressing a single C60–Fl2–C60
molecule on a metal surface [38], as indicated in Figure 2.4c. Their strategy
used C60-terminal groups as molecular beacons to make molecules to be
visualized, which allowed the single molecule to be accurately targeted
using STM. The C60 groups not only provide a clear visual signature for
the molecule but also serve as the effective anchoring groups. Once the
tip and the surface are wired, the manner in which the conductance of
a purely one-molecule junction evolves with time can be monitored by
stretching the molecule in the junction, observing the characteristic current
plateaus upon elongation, and performing a direct I–V spectroscopy.
Thanks to C60 spherical geometry and the multi-interaction configurations
of its carbon atoms with metal electrodes, it has been widely used as
molecular bridges between two electrodes in break junctions, and different
experiments had been performed to reveal this new class of molecules,
which allows incorporation of many linkers between the two C60 termini.
For example, Moreno-García et al. investigate charge transport in C60-based
dumbbell-type molecules recently [50]. Two distinct single molecule
conductance states were observed, depending on the pressure exerted by
the probe on the junction, thus allowing the molecule to function as a
mechanically driven molecular switch.

(4) Molecule layer-modified SPM junction. One advantage of the SPM technol-
ogy is that the gap size between the tip and the substrate can be continu-
ously and accurately changed. By using a tip-withdraw strategy, the number
of wired molecules can change, and the single-molecule junctions can be
addressed. However, it will be a significant challenge to address the individual
molecules when the molecule only possesses one bonding group, for which
the tip-withdraw strategy did not work efficiently. One way to solve this prob-
lem is to embed target molecules into the matrix of another, which is often
the less conducting molecule, as shown in Figure 2.4d. Bumm et al. presented
an approach to study the current through high-conductance molecular wire
candidates inserted into a non-conducting alkanethiol monolayer [39]. In this
approach, the target molecules were taller (higher) than the surrounding poor
conducting molecules, thus ensuring that only the target molecules were con-
tacted. This strategy provides a method to study single-molecule electrical
properties when the in situ break junction technology is unavailable.

(5) Substrate-modified SPM junction. Clement et al. reported a new approach
that allows the conductance of up to a million of junctions to be measured
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within a single CP-AFM image [51], as indicated in Figure 2.4e. They first
fabricated a large array of single crystal Au nanodots on a highly doped sil-
icon substrate. Then, a molecular layer was formed at the nanodot surface.
Finally, a conducting AFM tip was driven to contact the molecules, and a
metal–molecule–metal–silicon junction was subsequently formed. Because
the diameter of the nanodots is less than 10 nm, the number of adsorbed
molecules can be less than one hundred [40]. Because the Au nanodots are
fabricated by using electron beam lithography (EBL) and an annealing pro-
cess, which have high geometrical, positional, and crystal uniformity, this
approach is useful for studying electron transport through molecular junc-
tions.

(6) Nanoparticle-based SPM junction. The nanoparticles have a smaller size
compared with the traditional SPM tip and can be easily visualized by using
the SPM technology, thus suggesting a potential application for molecular
break junctions. Cui et al. [41] presented an approach using a conducting
AFM to contact gold nanoparticles capped by alkanedithiol molecules,
which were embedded in a matrix of alkanethiols molecules. The octanethiol
monolayer acts as a molecular insulator, which isolates the dithiol molecules
from one another. The thiol groups at the top of the film are attached to the
nanoparticles by incubating the monolayer with a gold nanoparticle solu-
tion. A gold-coated conducting AFM probe was used to locate and contact
individual particles bonded to the monolayer, as indicated in Figure 2.4f.
The measured I–V characteristics can be categorized into several distinct
sets of curves that are integer multiples of a fundamental curve, and the
fundamental curve presents the single-molecule I–V response. In addition
to measuring the molecular conductivity, this approach can avoid the effects
of variations in the contact force and other problems encountered with the
non-bonded contacts. One drawback of this strategy is that, because the Au
nanoparticles are typically coated with an organic surfactant layer, the tip
and the nanoparticle may form an additional tunneling junction (Coulomb
island). Consequently, the electron transport between the tip and the
substrate via the nanoparticle may exhibit Coulomb blockade effects [20].

2.1.1.2 Applications of SPM Beyond Electron Transport
The application of SPM in molecular electronics is not only limited to measuring
the properties of the electron transport through the molecular junctions, i.e. SPM
has been extended to vast regimes. We tentatively classify these additional SPM
applications into five groups, which are presented in the following paragraphs.

(1) Imaging. SPM allows the single-molecule structure, bond structure [52, 53],
and charge distribution with sub-molecular resolution to be imaged [54]. In
this attractive field, several pioneer groups provided significant contributions
[48, 49, 52, 55, 56]. Here, we just provide one of the pioneering studies. de
Oteyza et al. used a non-contact AFM to investigate the reaction-induced
changes in the detailed internal bond structure of individual molecules on
the silver surface [55]. Both the reactant and the final products were probed
at the single-molecule level. Their bond-resolved images revealed how the
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thermally induced complex bond rearrangement resulted in unexpected
products. Combined with the DFT calculation, they proposed a detailed
reaction pathway.

(2) Optoelectronics and stereoelectronics. Addressing the optical properties
and understanding their influence on electronic transport in individual
molecular-scale devices, known as “molecular optoelectronics,” is an area
with potentially important applications. However, the mismatch between the
optical (approximately at the micrometer scale) and the molecular-length
scales (approximately at the nanometer scale) became an obstacle to the
experimental investigations. The SPM technique reduces this obstacle and
plays an important role in the single-molecule optoelectronic studies in two
aspects: optical spectroscopies and optical control [1]. Raman is a typical
optical spectroscopy method. Recently, Liu et al. used the STM-based break
junction technique combined with the Raman spectroscopy to perform
simultaneous conductance and Raman measurements on single-molecule
junctions, thus providing detailed structural information [57]. Experiments
that probe electroluminescence, which is photon emission induced by a
tunneling current, also offer insight into the structure–conductance correla-
tions. For example, Qiu et al. demonstrated the simultaneous measurement
of differential conductance and photon emissions from individual molecules
by using STM [58]. Instead of depositing molecules directly on a metal
surface, they used an ultrathin alumina insulating film to decouple the
molecule from the metal. This critical improvement prevents the metal
electrodes from quenching the radiated photons, and the emitted photons
carry additional molecular fingerprint information. For an advanced tech-
nical overview from a different perspective, readers can refer to two recent
comprehensive reviews on molecular optoelectronics [59, 60].
Over the past few decades, chemists have made considerable efforts to
develop a fundamental understanding of stereoelectronics to establish
how the electronic properties of molecules relate to their conformation;
the recent developments of the single-molecule STM technique provide
the tools to change the conformation with a level of control previously
unimagined. For example, by using the STM technology, Venkataraman
et al. performed a systematical conductance measurement of biphenyl
junctions as a function of the molecular twist angles, thus building a
comprehensive mapping of how the junction conductance changes with the
molecular conformation [61]. In another example, Su et al. demonstrated
the dependence of single-molecule conductance on a stereoelectronic
effect in permethyloligosilanes with methylthiomethyl electrode linkers
[62]. This result occurs because the strong σ conjugation in the oligosilane
backbone couples the stereoelectronic properties of the sulfur–methylene
σ bonds that terminate the molecule. Additional discussion regarding the
conformation-induced switching is provided in Section 9.7.

(3) Heating. Local heating is known to be an important factor in the design of
conventional silicon-based microelectronics. It is natural to question how
important this effect is in the electrode–molecule–electrode structures.
Huang et al. investigated the current-induced local heating effects in single
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molecules covalently bound to two electrodes by measuring the force
required to break the molecule−electrode bonds [63]. Because the break-
down process is thermally activated, the breaking force can be used to extract
the effective temperature of the molecular junction. They demonstrated
that the local temperature of a 1,4-benzenedithiol-based (BDT) molecular
junction could be raised to 463 K by applying a bias voltage of up to 1 V. The
heat dissipation and transport in the molecular devices remain poorly char-
acterized due to experimental challenges. Lee et al. used custom-fabricated
scanning probes with integrated nanoscale thermocouples to investigate
the heat dissipation in the electrodes of single-molecule junctions [64].
Their results clearly related the electronic transmission characteristics of
the atomic-scale junctions to their heat dissipation properties, thus enabling
the study of heat transport in atomic and molecular junctions, which is
an important and challenging scientific and technological goal. From an
opposing perspective, another interesting and challenging issue is how to
use the environmental heat, such as converting heat energy to electricity at
the molecular level. We highlight the recent significant advances in thermo-
electricity by using different molecular junction platforms in Sections 5.3
and 9.7.

(4) Mechanics. Mechanical forces can be used to manipulate the molecular junc-
tion geometries [65, 66] and the molecular orbital alignments by pulling and
compressing a single molecule junction [67]. Tao and coworkers performed
a pioneering study to determine the change in the electromechanical prop-
erties of a molecular junction as the junction was stretched and compressed
[67]. It was found that the conductance increased by more than an order of
magnitude during stretching and then decreased as the junction was com-
pressed. This finding was attributed to a strain-induced shift in the molec-
ular orbital toward the Fermi level of the electrodes, thus leading to a res-
onant enhancement of the conductance. By using the CP-AFM technology,
Xu et al. performed simultaneous force and conductance measurements on
Au metal–molecule–metal junctions. In their experiment, the spring con-
stant of the molecular junction and the dependence of the conductance on
the stretching force were determined [68]. By controlling the stretching force
and the stretching rates, the breakdown mechanism of the molecule junc-
tions [66] and the breaking mechanism of the nanotubes were revealed [69],
which possessed extremely high tensile strengths.

(5) Nanolithography. In addition to its well-known capabilities discussed earlier,
SPM recently demonstrated significant potential for patterning material
structures at the nanometer scale. It has received attention from not only
the scientific community, but also the industry. By using STM, the single
atoms can be directly manipulated to form a nanostructure [70]. The AFM
equipped with a gold-coated tip can be used to provide a localized electron
source for exposing ultrathin poly(methyl methacrylate) (PMMA) resists to
make a pattern [71]. Furthermore, SPM can be used to make nanostructures
by material deposition in which the STM tip acts as an emission source
[72, 73]. Recently, Pires et al. presented a new method to pattern molecular
resists with a half pitch down to 15 nm by using the local desorption of a
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glassy organic resist with a heatable SPM probe [74]. He et al. presented the
well-patterned nanogap electrodes fabricated by mechanically scratching
the graphene-based substrate with an AFM tip [75]. A detailed discussion on
the SPM-based nanolithography can be found in the review paper [76–78].
As a molecule is sandwiched between electrodes to form an electrode–
molecular–electrode junction, the properties of electron transport are
not only determined by the molecule itself, but also influenced by
molecule–electrode contacts, and the latter may sometimes dominate
electron transport. Unfortunately, the nature of the electrode–molecule
contacts, i.e. the specific geometry of the contact, is hard to be controlled.
It is a great challenge to reveal the role of contact/bonding geometry in
determining the measured current and deserves a further investigation.
To address this issue, Xu and coworkers reported a systematical study that
focuses on molecule–electrode contact effects on the conductance of a
single molecule by combining an STM break-junction method with STM
PZT modulation [79–81]. In order to address the dynamic geometry of
the molecule/electrode contact, an AC voltage was applied to the PZT to
regularly change the distance between the substrate and tip, thus the contact
configurations were correspondingly modulated. The transient conductance
of the molecular junctions during the separation process was monitored
simultaneously, as shown in Figure 2.5 [81]. In the experiments, a widely
studied molecule (octanedithiol, C8) with bonding groups at both ends was
chosen as the test molecule.
They first measured the conductance of the single C8 molecule without
PZT modulations. The transient conductance is presented in Figure 2.5a,b.
It is found that approximate 40% of the conductance curves show clear
conductance plateaus during the separation process, and the conductance
plateaus are mostly around the integer multiples of 2.5× 10−4 G0 (major
peaks) with very small fluctuations. In contrast, the conductance curves
show many fluctuations when the PZT modulations were applied. Especially,
additional minor conductance plateau (about one quarter of 2.5× 10−4 G0)
was observed as shown by Figure 2.5c,d. This major peaks and minor peaks
were attributed to the two S–Au contact configurations, namely, top contact
and hollow contact, which means that PZT modulations can reflect detailed
contact geometry during the junction stretching process.

2.1.2 Mechanically Controllable Break Junctions

2.1.2.1 Work Principle and Advantages
The idea of mechanically controllable break junctions (MCBJs) was initially
introduced by Moreland and Ekin to investigate the tunneling characteristics of
superconductors in 1985 [82, 83]. Muller and van Ruitenbeek further developed
this idea to investigate the atomic point contacts during 1989–1998 [84–86].
This MCBJ method was first used by Reed and coworkers to measure the
properties of single molecules in 1997 [87, 88]. The work principle of the MCBJ
is relatively simple with unique advantages, and it has been widely used in the
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Figure 2.5 Single-molecule conductance measurement with and without contact
configuration modulations. (a) Schematic illustration of a single-molecule conductance
measurement without contact configuration modulations. (b) Transient conductance curves
of a 1,8-octanedithiol molecule covalently bonded to two gold electrodes. The measurements
were performed in toluene containing 1 mm octanedithiol without PZT modulation. The
major conductance plateaus are mostly around the integer multiples of 2.5× 10−4 G0 with very
small fluctuations. (c) Schematic illustration of a single-molecule conductance measurement
with contact configuration modulations. The experiment was carried out by superimposing a
small AC voltage to the PZT while repeatedly stretching the molecular junction by using the
STM break-junction method. (d) Typical curves obtained with PZT modulations. The
conductance fluctuates around the major conductance value of 2.5× 10−4 G0 with a phase
shift of about 180∘ and new plateau below the major conductance value was observed.
Source: Reproduced with permission from Xu [81]. Copyright 2007, John Wiley and Sons.

field of molecule electronics. A detailed study with respect to the fabrication
progress, application, and outlook of the MCBJ techniques can be found in a
recently published report [89].

As shown in Figure 2.6a, an MCBJ setup typically consists of three parts:
a flexible substrate containing a macro-fabricated metal wire or patterned
nanostructure, a push rod to break the nanostructure, and a counter support
to bend the substrate. In the early stages of the MCBJ setup, a small piece of a
metallic wire with a notch in the middle is fixed onto a flexible substrate [82].
The substrate can be bent due to the three-point counter support configuration.
A vertical (Z direction) movement of the push rod, which can be accurately
controlled by an operator, can exert a force on the flexible substrate. When the
substrate is bent, the metal wire starts to elongate, resulting in a decrease in
the cross section at the notch. A further elongation will eventually lead to a
complete fracture of the metal wire at the notch point. After breaking the metal
wire, two clean facing electrodes are automatically generated. The distance
between the electrodes can be accurately controlled by bending or relaxing the
substrate. After integrating the molecules with anchoring groups at both ends
into the tunable gap, the opposite electrodes can be bridged, and the electronic
properties of the molecules can be addressed.
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Relax Bend

(b)(a)

Figure 2.6 MCBJ setup and work principle. (a) Side-view schematic of the MCBJ setup. A MCBJ
setup mainly consists of three parts: a flexible substrate containing a patterned nanostructure,
a push rod for breaking the nanostructure, and a counter support. (b) Working principle of the
MCBJ setup. A suspended metal bridge with a constriction is micro-fabricated onto the
substrate. When the push rod exerts a bending force on the substrate, the movement (ΔZ) in
the Z direction causes an elongation of the constriction until a break occurs in the metal
bridge, resulting in the formation of two separated nanoscale electrodes. The gap size (ΔX)
between the two electrodes can be precisely controlled by bending or relaxing the substrate.
Source: Reproduced with permission from Xiang et al. [89]. Copyright 2013, American
Chemical Society.

Due to the mechanical configuration of the three-point bend apparatus, as
indicated in Figure 2.6b, a long vertical movement (ΔZ) of the push rod will
result in only a short horizontal gap size change (ΔX) between two electrodes.
The attenuation factor, r, is defined as r = ΔX/ΔZ. Here, ΔX is the gap size
change between the two nanoelectrodes, and ΔZ is the displacement of the push
rod. The attenuation factor can be estimated by a geometrical configuration
of the setup [90]. In a typical nanofabricated chip, the attenuation factor can
be estimated as r = ΔX/ΔZ = 6ut/L2, where u is the length of the suspended
metal bridge, t is the thickness of the substrate, and L is the distance between
the outer supports above the spring steel substrate [90, 91]. For instance, u
is approximately 1× 10−3 mm in an EBL-defined sample, t is approximately
0.3 mm with a spring steel substrate, and L is approximately 30 mm in our
homemade MCBJ setup. By using these parameters, we can determine that
r =ΔX/ΔZ = 6ut/L2 = 6× 10−3 × 0.3/30× 30 = 2× 10−6, which indicates that the
gap size can be controlled with sub-ångström precision and that the mechanical
stress can be accurately changed. Also, the attenuation factor can be accurately
calculated from the data obtained in the experiment (tunneling current versus
displacement of the push rod) [92]. Briefly, the gap size change (ΔX) can be
deduced from the measured tunneling current, and the corresponding displace-
ment of the push rod (ΔZ) can be recorded by the driven software of the push
rod. Then, the value of r can be calculated based on the formula r = ΔX/ΔZ.

Typically, there are three types of driving approaches for the push rod: piezo-
electric actuator [93], motor via gear-coupling [94, 95], and motor via differential
screw [96]. For the first type, a piezoelectric actuator generally comprises a longi-
tudinal effect-type laminated piezoelectric element. When a voltage is applied to
the piezoelectric element, it will expand in the horizontal direction, and a push



22 2 Metal Electrodes for Molecular Electronics

Motor

Piezo

Chip

(a) (b) (c)

1 2

Push rod
Push rod

Motor

1
2

Figure 2.7 Schematic of three typical types of MCBJ setups. (a) Piezoelectric actuator, in which
the displacement of the push rod is driven by the piezo actuator. (b) Motor drive via
gear-coupling. The small gear (1) couple the large gear (2), reducing the movement speed of
the push rod. (c) Motor drive via differential screw. The tiny pitch difference between screw (1)
and screw (2) guarantees a precise control of the push rod.

force will be generated to bend the substrate, as illustrated in Figure 2.7a. The
advantage of this strategy is that the movement of the push rod can be precisely
controlled with nanometer accuracy in a sensitive feedback system. The disad-
vantages of this strategy are that (i) it is relatively expensive for a piezo actuator
push rod, especially when a long-distance movement of the push rod is required;
(ii) typically, only a weak force can be generated in the cryogenic environment,
e.g. 4K, and the weak force makes it hard to bend the substrate. For the second
type, a motor via gear coupling is used to drive the push rod, in which the move-
ment speed of the push rod can be rapidly reduced, as shown in Figure 2.7b. Using
gear-coupling combined with a smart motor, the movement of the push rod can
be accurately controlled. The flaw in this strategy is that a tiny discrete movement
of the push rod always exists due to the mechanical gear-coupling, resulting in a
discontinuous change in the gap size. For the third type, a differential-screw push
uses two screws with different pitches, as indicated in Figure 2.7c. The slight pitch
difference between screw 1 and screw 2 enables operators to accurately control
the movement of the push rod with high resolution while simultaneously guar-
anteeing a continuous gap change.

The MCBJ technique has several advantages. (i) The MCBJ setup can be eas-
ily integrated with other systems, such as a Raman spectrometer or high vac-
uum transmission electron microscopy (TEM) system, due to its small size and
flexible configuration [97, 98]. (ii) The influence of contaminants is decreased
because a fresh break cross section of the gold bridge is mechanically created
in the MCBJ experiment without additional chemical treatments [99]. (iii) With
advanced lithographic techniques, the electrodes can be scaled down to molec-
ular dimensions, which make it well suitable for single-molecule measurements
[100]. Moreover, the number of bridged molecules can be changed by accurately
controlling the gap size, e.g. a few molecules will break from one of the elec-
trodes due to a further increase in the gap size. (iv) The most impressive feature
of the MCBJ technique is its high mechanical stability of the system in compar-
ison with other techniques, such as the STM technique [89]. Because the elec-
trodes are rigidly fixed to the same substrate at a short distance (less than 1 μm
by the advanced lithographic fabrication), the length of the freestanding parts
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is significantly shorter than the tip in a typical STM setup, which results in an
extremely stable electrode with a high resonant frequency. Furthermore, as dis-
cussed earlier, the amazing attenuation factor spontaneously leads to the fact that
the motion of the push rod (ΔZ) causes a reduced horizontal displacement (ΔX)
in the electrodes by several magnitudes. This attenuation indicates that any dis-
turbing effect from the push rod, e.g. mechanical vibration, thermal expansion,
or voltage instability with piezoelectric component, can be strongly suspended.

In addition to the important advantages of the MCBJ technique, the main dis-
advantages can be described. (i) The MCBJs cannot be operated in a manner
similar to the crossbars to address a specific cross-section, which limits the poten-
tial applications in information processing. (ii) Unlike the STM technique, the
MCBJs cannot obtain the surface topography of the sample. Nevertheless, as a
fundamental research technique with considerable mechanical stability, MCBJs
are powerful and practical for investigating single-molecule properties.

2.1.2.2 MCBJ Chip Fabrication
The fabrication of the MCBJ chip is summarized in Figure 2.8. According to
the fabrication methods, there are three main types of MCBJ chips: mechani-
cally cut-based, electrochemically-deposition-based [106], and nanofabricated
[90, 107]. Based on the structure of the chip, it can be classified as a two-terminal
chip [102] or a three-terminal chip [108]. In the three-terminal chip, one of
the electrodes generally operates as the gate electrode by which the electron
transport can be modulated, and the other two electrodes are used as the source
and the drain electrodes.

(a) (b) (c)

(d) (e) (f)

500 nm

500 nm

Au Au

Si gate

500 nm 500 nm

Al gate Au gate

Figure 2.8 Typical MCBJ chips. (a) Mechanical cut to create a notch on the gold wire. (b)
Electrochemically-deposition-based electrodes. Source: Reproduced with permission from Yi
et al. [101]. Copyright 2006, John Wiley and Sons. (c) EBL-defined electrodes on flexible metal
substrates. Source: Reproduced with permission from Lortscher et al. [102]. Copyright 2006,
John Wiley and Sons; (d) Suspended gating (indirectly contacted) above a doped silicon
substrate. Source: Reproduced with permission from Parks et al. [103]. Copyright 2010, AAAS.
(e) Back gate in direct contact with the source and drain electrodes. Source: Reproduced with
permission from Perrin et al. [104]. Copyright 2013, Springer Nature. (f ) Side gating with a
nanometal electrode. Source: Reproduced with permission from Xiang et al. [105]. Copyright
2013, American Chemical Society.
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An early low-cost macrofabricated chip for an MCBJ experiment is presented
in Figure 2.8a. A thin metal wire, normally less than a few millimeters in diam-
eter, was fixed onto an insulated flexible substrate by using two drops of glue. A
notch was created by using a knife through a mechanical cut in the middle of the
metal wire to allow it to easily break when subjected to a bend force. These types
of chips are cheap and simple to fabricate. The disadvantages of this macrofabri-
cated chip can be described as follows. (i) The large size and the rough surface of
the electrode are not quite suitable for a single-molecule investigation. (ii) Con-
tamination may occur because the mechanical cut is typically performed in an
ambient environment. (iii) There is a limited attenuation factor, which indicates
that the mechanical stability of the macrofabricated chips is not as good as that
of the microfabricated chip.

The chips for the MCBJ experiments can also be fabricated by using elec-
trodeposition on template electrodes that were predefined on the substrate
(Figure 2.8b) [101, 109, 110]. The initial electrodes, which have a relatively
large gap, are generally fabricated using optical lithographic techniques on the
substrates. The gap is then narrowed and fused by depositing specific atoms
onto the electrodes. The fused nanobridge can be reopened by controlling the
substrate bend configuration. This strategy, which combines the electrochemical
deposition advantages with the MCBJ advantages, e.g. the use of optical lithog-
raphy instead of EBL, is facile for the fabrication, and the gap size can be changed
in situ [111]. The disadvantage of this strategy is that the fabrication process is
time-consuming, and contamination is likely due to the electrochemical process.

Recently, advanced EBL and reactive ion etching (RIE) techniques were used
to fabricate the MCBJ chip based on a flexible substrate [102, 105]. Figure 2.8c
illustrates a typical EBL fabricated MCBJ chip [102]. The chip fabrication process
consists of several key steps: (i) an isolating layer (polyimide or silicon dioxide
several micrometers thick) is spun onto the substrate, such as thin silicon wafer,
spring steel sheet, or bronze sheet; (ii) a standard EBL process is performed to
define the metal wire with a constriction in the middle; and (iii) the isolating layer
is partly removed by an RIE to obtain a suspended metal bridge.

A significant development of the MCBJ is the introduction of gating control.
Ralph and coworkers initially reported the implementation of both electrostatic
gating and mechanical adjustability within the same single-molecule device by
adding a bottom gate electrode to a mechanically controlled break junction [112].
To fabricate the bottom-gated chip, a thick silicon dioxide film was first grown on
top of a doped silicon wafer. Then, an EBL process was performed to pattern the
gold electrode structure. Finally, hydrofluoric acid was used to remove the SiO2
under the gold electrode, thus suspending it above the silicon substrate. In this
chip, the doped conductive silicon was used as the gate electrode, as shown in
Figure 2.8d. This newly designed chip combines both the ability to mechanically
adjust the spacing between the electrodes and the ability to shift the energy levels
of the molecules.

Zant and coworkers further developed the bottom gate architecture for the
independent mechanical and electrostatic tuning of charge transport [104, 113],
as shown in Figure 2.8e. In contrast to previous gated mechanical break junc-
tions, the source–drain electrodes are suspended above the gate electrode, and
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the fabricated source–drain electrodes are in contact with the gate electrode via
a thin Al2O3 insulator. It was demonstrated that the electrical continuity of the
gate electrode was maintained upon the bending of the substrate and success-
fully achieved mechanical and electrical control of charge transport through the
nanoscale island by using such bottom gating. The technique was further applied
to the molecular electronics investigation, which clarified the dominant role of
the image-charge effects in the single-molecule junctions. A minor fault in this
design is that the available gap size range was limited to avoid the partial breakage
of the gate dielectric.

Inspired by the bottom gating, Xiang et al. proposed a new design for the MCBJ
chips by adding a side-gate electrode near the source–drain electrode [105], as
shown in Figure 2.8f. By using the advanced EBL and RIE methods, a suspended
metal bridge and a gate electrode in plane were fabricated simultaneously. The
Au gate electrode was located a few nanometers away from the suspended
metal bridge. By using this non-contact side-gate electrode, the position of the
molecular energy level was shifted, and the electron transport characteristics
were modulated. The advantage of this design is that the gate electrode can
remain unchanged during the operation, i.e. the fracture of the gate electrode
can be avoided when one tries to break the metal wire or to obtain a large gap
by deeply bending the substrate. The shortcoming in this design is that the gate
efficiency is average and strongly depends on the distance between the gate
electrode and the molecular junctions.

2.1.2.3 MCBJ Applications
Due to their advantages, e.g. excellent mechanical stability, continuously precise
tunable gap size, atomic scale electrodes, and minimum contamination, MCBJs
have been extensively used for investigating molecular electronics [32, 114, 115].
Here, we highlight several significant reports detailing the applications of the
MCBJs. Additional information on the MCBJ-based functional devices is pre-
sented in Chapter 9. A review of the overall applications of the MCBJ can be
found elsewhere [89].

(1) Surface-enhanced Raman scattering. Surface-enhanced Raman scattering
(SERS) , which provides fingerprint information of the molecules, has been
a subject of renewed interest since the late 1990s, primarily motivated by
the observation of SERS from single molecules. Detailed information on
the SERS technique is addressed later in Section 7.4. Here, we just show
the novel idea to combine the MCBJs with the SERS technique. Tian et al.
reported a combined SERS and MCBJ method to measure the SERS signals
of molecules located inside the nanogap between two electrodes [97]. The
enhancement of the SERS intensity with decreasing gap sizes was observed,
indicating that the signals were obtained from the molecules inside the
gap. These experiments provide us with a better understanding of the
mechanism of the SERS and lead to detecting and studying single molecules.
Later, simultaneous measurements of the conductance and the SERS were
performed in a solution by using nanofabricated MCBJ electrodes, and
the geometrical and electronic structural dynamics of a single-molecule
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junction was revealed [116]. The dynamics of the 4,4′-bipyridine motion
were observed between the vertical and the tilting configurations in the Au
nanogap, i.e. a slight increase in the tilting angle of the molecule could lead
to an increase in the energies of the Raman modes and a decrease in the
conductance of the molecular junctions.

(2) Electron transport. Due to the feature of continuous precise control of the
gap size, the size between electrodes can be reduced to be as small as that of a
single atom, assisting the formation of metal–molecule–metal junctions and
the investigation of electron transport. For example, the conductance of sin-
gle organic molecules wired by chains of metal atoms was recently addressed,
revealing that hybrid junctions can exhibit a metallic-like conductance, and
the conductance is insensitive to further elongation of the junction [117]. Liu
et al. determined that single naphthalene and anthracene molecular junc-
tions could exhibit well-defined high conductance values (∼0.3G0), which
are close to the values of the metal atomic contacts [118]. The high con-
ductance was attributed to a direct π-binding of the molecules to the Au
electrodes. This study demonstrated that the direct π-binding method is one
of the promising approaches to fabricate highly conductive and structurally
well-defined molecular junctions. Van der Zant and coworkers studied the
effects of electrode separation on the molecular orbital levels in porphyrin
metal complex-bridged molecular junctions based on the MCBJs [104]. They
found that both the occupied and unoccupied energy levels moved signifi-
cantly toward the Fermi level upon reduction of the electrode spacing, e.g.
increasing the electrode separation by a few ångströms could lead to a sub-
stantial increase in the transport gap and level shifts as high as hundreds of
millielectronvolt. Supported by the DFT calculations, the dominant role of
the image-charge effects was clarified in the single-molecule junctions. The
conductance and electron transport characterization of different metal com-
plexes were also extensively studied using the MCBJ method [111, 119, 120].

(3) Control of the spin state. Single-molecule spintronics investigate the elec-
tron transport through magnetic molecules (such as transition-metal com-
plexes) that have an internal spin degree of freedom. A detailed introduction
of molecular spintronics can be found elsewhere [121]. To understand and
control individual molecules, it is important to read and further control their
spin state. Ralph and coworkers performed experiments in which they con-
trollably stretched individual cobalt complexes while simultaneously mea-
suring the current flow through the molecules. It was demonstrated that the
molecule’s spin states and the magnetic anisotropy can be manipulated in the
absence of a magnetic field by modifying the molecular symmetry through
stretching the molecular junction, revealing a new mechanism of spin control
in single-molecule devices [103]. Weber et al. measured the electronic trans-
port through a single-molecule junction containing two coupled spin centers
that were confined on two Co2+ ions by using the MCBJ method [122]. It was
demonstrated that the electronic states of the coupled spin system could be
repeatedly switched between the pseudo-singlet state and the pseudo-triplet
state by applying a finite bias. More details are presented in Section 9.5.
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(4) Vibrational states. The changes in the molecular conformation, contact
geometry, and molecular vibration in the electron transport can be revealed
by inelastic electron tunneling spectroscopic (IETS) and noise spectroscopic
measurements [123, 124]. By combining the IETS with mechanical control
and electrode material variation, Kim et al. successfully separated the
effects of the contact geometry and the molecular conformation [123]. This
experiment demonstrated that the mechanical strain of different electrode
materials could be imposed onto the molecules, thus opening a new route
for controlling the charge transport through individual molecules. Tsutsui
et al. reported the observation of inelastic contributions to the electrical
conductance and current fluctuations in single-organic molecule junctions
[125]. They analyzed the conductance fluctuations in molecular junctions
under a high field and found stepwise increases in the current oscillation
amplitudes at distinct voltages, indicating that the field-induced current
noises originated from inelastic excitations of vibration modes inherent to
the target molecules. Recently, a combination of the real-time conductance
fluctuations and the noise spectroscopy measurements on a series of
single-molecule junctions employing the MCBJ technique demonstrated
that the telegraph-like current fluctuations at room temperature should
not originate from either the electron trapping or detrapping processes
or the molecule re-conformation, thus putting light on the fundamental
understanding of the current fluctuation mechanism [99, 126].

One limitation of the MCBJ applications, especially the application in the pro-
duction of highly integrated molecular commercial devices, is the out-plane push
rod components. In other words, the movement of the push rod is out of the
source–drain plane, which blocks the on-chip mass fabrication and hinders the
further reduction in the device dimension. Also, it is difficult to use this MCBJ
method to control the number of junctions simultaneously, which limits its com-
mercial application. To overcome the problem mentioned previously, the follow-
ing strategies can be potentially used: (i) a novel push rod is required. It has been
reported that a micrometer-scale motor has been put into use, which may be
utilized as a potential push rod to reduce the device size in the future; (ii) Discov-
ering a new architecture that is not limited to a three-point apparatus may lead
from fundamental research to application-related research. For example, Chao
et al. introduced an idea to fabricate a completely on-chip structure by using a
thermal actuator that generated rectilinear displacements and forces by lever-
aging deformations [127]. Although this idea remains in the theory simulation
stage, the experimental realization of this idea will be helpful in mass produc-
tion; and (iii) as an additional option, one can use a terahertz wave (optical wave)
to replace the traditional push rod. For example, a structure can be designed that
is similar to a bi-material micro-cantilever [128]. This biomaterial cantilever will
be deformed and deflected when it is exposed to the terahertz radiation. With
a suitable on-chip design, this cantilever deflection can be used to form a junc-
tion within one plane. Thus, multi-junction controllability and highly integrated
molecular electronic devices may be available.
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Recently, Hong and coworkers has conducted a series of research and
obtained good achievements by the MCBJ technique. For example, they
explored photo-thermal reaction processes of a photochromic dihydroazulene
(dha)/vinylheptafulvene (vhf) system [129]. To probe the photoreaction process
of dha-6, the in situ UV irradiation system was introduced to the MCBJ setup.
In the initial state (dha-6 solution without UV irradiation), all the molecular
junctions are formed by trapping the dha-6 into the nanogaps (dha-6 junction).
With UV irradiation (365 nm), the dha-6 undergoes a ring-opening process
of the five-membered ring to form vhf, as shown in Figure 2.9a. Simultane-
ously, they obtained corresponding conductance–distance traces. They finally
found the reversibility and multiple switching possibilities during the reaction
using the well-distinguished conductance states of single-molecule dha/vhf
junctions [129]. Statistical analysis of the break junction experiments provides
a quantitative approach for probing the reaction kinetics and reversibility,
including the occurrence of isomerization during the reaction. Another research
is about the switching of charge transport pathways via delocalization changes in
single-molecule metallacycle junctions, as shown in Figure 2.9b. They found that
the conductance of the metallacycles junction with phosphonium group is more
than 1 order of magnitude higher than that without phosphonium group. Based
on X-ray diffraction and UV−Vis absorption spectroscopy, they revealed that
the attached phosphonium group makes metallacycles more delocalized, which
shortened the preferred charge transport pathway and significantly enhanced
the single molecule conductance. At the same time, they reported the feasibility
of the conductance distinction of two small molecule isomers (DPP derivatives,
2,5-dihexyl-3,6-bis(4-(methylthio)phenyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione [SDPP] and DPP derivatives, 2-hexyl-4-(hexyloxy)-3,6-bis(4-(methylthio)
phenyl)pyrrolo[3,4-c]pyrrol-1(2H)-one(SPPO [SPPO]) in single-molecule junc-
tions by using the MCBJ technique, as shown in Figure 2.9c. They demonstrated
that combination of stimuli-response and quantum interference can be an
efficient strategy to enhance isomer recognition and conductance switching in
single-molecule junctions.

Low-dimensional structures, such as atomic and molecular junctions, are
promising thermoelectric materials with quantum confinement effects. Tsutsui
et al. introduced a novel device to simultaneously evaluate the conductance
and thermopower of atomic and molecular junctions [132]. As shown in
Figure 2.10a, a microheater consisting of Pt coils with a 300 nm line-space was
fabricated by using the original structure of microchips. Thus, the device can
generate a temperature gradient where an electrode close to the Pt coil is hot
due to Joule heating from a variable voltage and the other electrode away from
the Pt coil is cold, and simultaneously, the local junction configurations can
be adjusted by the MCBJ setup, as shown in Figure 2.10b [132]. The negative
thermopower in the Au atomic chain is observed at a low voltage, which mirrors
the quantum nature. However, there is positive thermopower at an increased
voltage, which is ascribed to the disordered Au nanocontacts that result from
excessive local heating. Meanwhile, a sensitivity of the thermoelectricity on the
atomic contact configurations or the BDT molecular junction was observed. The
microheater-embedded MCBJ, as an improvement on the MCBJ, is a direct and
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Figure 2.9 Latest developments of original mechanically controllable break junction (MCBJ) techniques. (a) Schematic of the MCBJ measurements during the
photo-conversion of dihydroazulene under the in situ ultraviolet (UV) irradiation (top). Typical individual conductance–distance traces recorded in break
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Source: Reproduced with permission from Li et al. [130]. Copyright 2017, American Chemical Society. (c) Schematic of an MCBJ setup and the two
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Figure 2.10 Modifications of a basic MCBJ configuration. (a) Optical microscopic image of a
microheater-embedded MCBJ consisting of a Pt coil (gray) and a free-standing Au junction
(yellow) on a polyimide-coated phosphor bronze substrate. (b) Schematic of a
microheater-embedded mechanically controllable break junction with hot and cold
electrodes at room temperatures. Source: Reproduced with permission from Morikawa et al.
[132]. Copyright 2014, The Royal Society of Chemistry. (c) Schematic illustration of MCBJ
electrodes symmetrically placed in a liquid container with a diameter of 2 mm. Source:
Reproduced with permission from Doi et al. [133]. Copyright 2014, American Chemical Society.
(d) The formed Au electrodes are covered with SiO2 except the fresh breakage surface with an
area of approximately 80 nm× 80 nm. Source: Reproduced with permission from Arima et al.
[107]. Copyright 2014, AIP Publishing LLC. (e) The chips with the membranes are then clamped
onto a stretching mechanism consisting of a sample holder which carries the chip and a fine
tip controlled by a uniaxial piezostage. Source: Reproduced with permission from Waitz et al.
[134]. Copyright 2008, American Institute of Physics. (f ) A sample showing three gratings on
the left and the right side of the constriction (top) and light-induced conductance change
(bottom). Source: Reproduced with permission from Benner et al. [135]. Copyright 2014,
American Chemical Society.

powerful approach to probe low-dimensional thermoelectric structures by using
thermopower measurements [136].

In previous sections, the basic MCBJ was introduced in detail. However,
it is difficult to investigate some additional phenomena, such as thermoelec-
tricity; therefore, the basic MCBJ needs to be modified. To tackle the current
noise-jamming problem in electrolyte solutions, as this noise probably affects
electrical signals through the junctions, Doi et al. modified the basic MCBJ
to determine the mechanisms responsible for the background current [133].
Figure 2.10c shows a scanning electron microscopy (SEM) image of an MCBJ
with a nanogap formed by the self-breaking method, and the nanogap is
symmetrically immersed in a cylindrical structure with a diameter of 2 mm.
Subsequently, NaCl aqueous solutions with various concentrations fill the
cylindrical structure, with an external electrical field applied to control ionic
transport. The results revealed that the current noise increases as the ionic
concentration increased. By solving the time-dependent Nernst−Planck and
Poisson equations, it was observed that the applied field and length of the
nanogap produced a significant effect on the ionic response. The experimental
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and theoretical results are conducive to the exploration of the background
current and lay a good foundation for follow-up studies. To suppress the effects
of electronic noise and ionic current in an electrolyte solution, Taniguchi and
coworkers proposed a SiO2-coated MCBJ method where the electrodes in MCBJ
are entirely enclosed with a thin SiO2 layer [107]. As shown in Figure 2.10d,
two SiO2 layers that are under and on top of the electrodes, respectively, were
deposited by a chemical vapor deposition based on the E-beam lithography
technique.

In addition, the contact between pushrod and chips generally is straight shape.
Sheer et al. achieved a single-atom contact by fabricating silicon membrane sub-
strate and fine tip as shown in Figure 2.10e. With this method, it allowed to con-
trol more than one junction on the same chip. Detailed explanation can be seen in
Ref. [134]. Recently, Sheer et al. further integrated line gratings into the metallic
leads that increased the surface plasmon polarizations (SPP) excitation efficiency;
see Figure 2.10f [135]. They found a clear distance and polarization dependence of
the conductance enhancement, demonstrating the direct impact of surface plas-
mon polariton (SPPs) to the conductance change by both thermal expansion and
photo-assisted transport (PAT). These innovative structures and results have a
huge impact on the design of opto-nanoelectronic devices whose conductance
is controllable by the excitation of SPPs [135]. Due to the increased attention on
single molecular junctions, there will be more modifications of MCBJ devices in
the near future.

In general, the mechanical force is generated by a motor or piezo actuator in
MCBJs. There exists another form of the mechanical force to prepare nanoscale
junctions, such as a thermally mechanical stress [137–140]. Wang et al. proposed
a double-V shaped symmetrical structure based on a thermal actuator [137]. The
working principle is shown in Figure 2.11. In brief, a suspended double-V shaped
beam was prefabricated on the silicon substrate. The four pads at the end of the
V shaped beams were fixed on the substrate, and the two beams were connected
in the middle part via a nanobridge as shown in Figure 2.11a. Deformation of
the beams will appear due to the thermal expansion when an external electric
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Figure 2.11 Structure of the double-V symmetrical model. (a) Diagram of the initial double-V
shaped structure. Au beams with a nanobridge were suspended on the Si substrate. Inset:
diagram of nanobridge before deformation. Bottom: the front view of the structure. (b)
Schematic of the structure after deformation upon the thermal heating. All these four ends are
fixed, when they are applied an electric current, the V beam would expand outwards due to
the Joule heating, and finally made the fracture of the nanobridge between two beams. (c)
Major structural parameters for the double-V symmetrical model. (L: beam length, w: beam
width, 𝜃: beam angle, d: distance between two V-shaped beams, 𝛽 : corner angle). Source:
Reproduced with permission from Wang et al. [137]. Copyright 2017, World Scientific
Publishing.
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voltage is applied to the beams, resulting in the displacement of two beams in
opposite directions. Subsequently, the nanoconstriction in the middle part will
be stretched as shown in Figure 2.11b. Ultimately, the stretch force will lead to
the break of the constriction and thus the formation of nanoelectrodes.

In addition, they put forward a strategy to precisely adjust the period of metal
nanograting in situ based on the double-V shaped symmetrical structure by
designing horizontal nanograting and vertical nanograting on the nanobridge
part, in which the period of nanograting can be modulated with sub-nanometer
accuracy in two opposite directions [137]. The stronger force and larger dis-
placement of the V-shaped structure can be achieved by increasing the current.
It is expected that the V-shaped structure proposed will find various applications
in high bandwidths and highly integrated single-molecule devices and nanoscale
sensors.

2.1.3 Electromigration Breakdown Junctions

The phenomenon of electromigration has been well-known for over one hun-
dred years. In an applied electric field, the momentum of the moving electrons
can be transferred to the metal atom, which results in the gradual movement of
the atoms. Electromigration has been considered as the primary failure mode
in microelectronic circuitry for a long time. Recently, it has been well suited to
fabricate nanogapped electrodes and molecular-based devices [141]. Generally,
a constriction is fabricated in the metal (e.g. gold) wire for nanogap formation.
The current density is largest at the constriction part, which favors electromi-
gration. A local reduction in the constriction width increases the local current
density, thus leading to the eventual breakage of the nanowire into two distinct
(source and drain) electrodes. To incorporate the molecules into the electromi-
gration breakdown junctions (EBJs), two different approaches were developed.
One approach is to deposit the molecules onto the electrode surface, after which
the breaking process is performed [142]. The other approach first breaks the
nanowire and then assembles the molecules into the separated electrodes [143].

In contrast to the MCBJs, the nanogapped junctions formed by electromigra-
tion cannot make substantial repeatable measurements with the same junction.
Thus, a large number of devices need to be fabricated to examine the statisti-
cal behaviors of the molecular junctions [144]. Additionally, two primary issues
need to be carefully handled when processing the electromigration procedures.
The first is to heat in the breakage of a nanowire. The second is the gap size con-
trol. When the gap distance is comparable with the molecular length, only then
it is possible to bridge the two electrodes by molecules. To control the gap size,
several strategies have been introduced, which are addressed later in detail.

Although electromigration is a thermally assisted process that requires Joule
heating to start gap formation, excessive heating should be avoided because
it can result in undesired melting of the metal, destruction of the molecules,
and formation of gold debris (islands) inside the gap [145]. Unintentional metal
debris in the gap interferes with the insertion of the molecules of interest
and may mask the intrinsic molecular signals [145, 146]. This metal debris
can exhibit the same behavior as the molecules, e.g. similar current–voltage
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characterization, Coulomb blockade, and Kondo effect [146–148]. To distinguish
the molecular transport from the transport through small gold grains or other
imperfections, three strategies are typically used: (i) The lead–molecule coupling
in three-terminal devices can be used to realize this distinction because metal
grains and molecules exhibit completely different behaviors on the gating voltage
[145, 146]; (ii) Using specific characterization techniques, e.g. inelastic-tunneling
spectroscopy, addresses the molecular vibration modes to realize the distinction
[142, 149]; and (iii) Using functional molecules, i.e. the molecules with mag-
netic properties or light-sensitive molecules, will behave differently from that
expected for gold grains [150]. To reduce the metal debris in the nanogap, one
relatively simple method is to reduce the resistance in series with the junction.
By minimizing the total series resistance of the system, the temperature should
be kept low during the electromigration process [151].

2.1.3.1 Device Fabrication
The wire with a constriction was typically defined by using optical lithography
or the EBL. By employing the lithographic technique, different types of metal
wires were prepared. Following the electromigration process, different types of
nanogaps, such as gold nanogaps [151], zinc nanogaps [152], nickel nanogaps
[153], silver nanogaps [154], platinum nanogaps [155], and palladium nanogaps
[156], were fabricated. In addition to the standard lithographic method used
to fabricate the metal wire, several novel methods were recently reported. (i)
Optical lithography combined with focused ion beam (FIB) lithography. Asghar
et al. reported the use of an FIB to “scratch” and remove a thin layer of gold
wires predefined by optical lithography. The scratch results in thinning of the
metal wire at the designated point, which is unavailable by using the standard
optical lithography. Combining FIB scratching with electromigration provides
an elegant approach to create nanoscale break junctions at an exact location with
an extremely narrow distribution of the nanogap sizes [157]. (ii) Electrochemical
deposition combined with electromigration. Valladares et al. reported a method
to repeatedly generate a nanogap [153]. In brief, an electrochemical deposition
technique was used to bridge two electrodes. During the deposition process,
a metal atom was deposited at the predefined electrodes, and the gap width
decreased exponentially with time until the electrode gaps were eventually
bridged. Once the bridge was formed, the ex situ electromigration technique
was used to reopen the nanogap. (iii) Evaporation synchronized with electromi-
gration. Naitoh et al. developed a procedure for the fabrication of Au electrodes
by using evaporation synchronized with electromigration [158]. The key point is
that the electromigration process was performed simultaneously with the metal
evaporation process. It was demonstrated that the application of this method
can form nanogaps with a gap size as small as 1 nm, and the gap size can be
simply controlled by changing the magnitude of the applied voltage.

In addition to metal materials, non-metal materials, such as graphene
[159, 160] and single-walled carbon nanotubes (SWCNTs) [161], can use
the electromigration technique to fabricate the nanogap. For example, Zhang
et al. reported visualizing the electrical breakdown of suspended graphene
sheets [160]. By using a pulsed electrical breakdown technique, narrow gaps
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were formed in suspended single to few-layer graphene devices. It was observed
that the broken region started from the center of the graphene sheet and
expanded. Upon a further increase in the amplitude of the pulse voltage,
the graphene sheet was completely broken but remained freestanding. This
observation underscores the potential of all-carbon devices to be integrated with
graphene electronics. An additional discussion on molecular devices based on
carbon-based electrodes is provided in Section 3.2.

Because a gate electrode can be easily fabricated on the substrate by using
the standard lithographic technique before the electromigration process, the EBJ
is especially advantageous in creating three-terminal device configurations, in
which the molecule energy level can be changed based on the applied gate voltage
[147, 150]. The gate coupling efficiency factor (𝛼), which describes the effective-
ness of the molecular orbital gating, is of key importance to a three-terminal
device. For example, if 𝛼 = 0.1 eV V−1, then the molecular orbital energy changes
by 0.1 eV when 1 V is applied to the gate electrode. To obtain a large gate coupling
efficiency, two conditions need to be satisfied: (i) a large local electrostatic field is
generated upon the gate voltage [146]; and (ii) the molecule resides near the gate
metal–dielectric interface to reduce screening by the electrodes [142].

Typically, two types of gate geometries were used. The first type, noted as
bottom gating, is commonly used [146, 147]. In this geometry, a gate electrode is
fabricated beneath source–drain electrodes that are separated by an insulation
layer. Currently, two materials are frequently used for bottom gating: highly
doped Si substrates with a thermally grown SiO2 layer on the surface and Al
strips with a native oxide Al2O3 layer on the surface. An example of the Al gate
electrodes is provided in Figure 2.12. Two factors, which are (i) a higher relative
dielectric constant of the Al gating and (ii) a thinner insulation layer (Al2O3),
result in the gating efficiency of aluminum-based devices to be higher than that
of silicon-based devices [146].

The second geometry is an in-plane side-gate electrode, in which the gate elec-
trode and the source–drain electrodes are located in the same plane [145]. In this
geometry, the electrical field is enhanced by the thickness of the gate electrodes,
especially on the gate side compared with a typical back-gate configuration.
Generally, to directly visualize the electromigration process and discriminate the
trapped molecules/metal clusters from dusts inside the gap, a TEM requires the
use of electron transparent substrates, which are non-compatible with the most
common three-terminal devices that have a back-gate electrode. This side-gate
geometry is relatively compatible with the transmission electron microscopy
inspection and can overcome this problem. Besides these advantages, the
side-gate geometry also faces the challenge, that is, the gating potential could be
screened by the source–drain electrodes, which means that only the molecules
facing the gate electrodes can be influenced by the gate electrodes.

2.1.3.2 Gap Size Control
As mentioned earlier, controlling the gap size is of key importance to the elec-
tromigration method. The earlier electromigration approaches that used a single
voltage ramp normally yielded a thermal runaway and a random distribution of
the gap sizes. Most of the gap sizes are larger than hundreds of nanometers,
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Figure 2.12 Electromigration breakdown molecular junctions. A nanogap was obtained by
breaking Au wires by using the electromigration technique. (a) SEM image of the device
pattern. The entire structure was fabricated on an oxidized silicon wafer. The yellow regions
represent the Au electrodes, and the purple region represents the oxidized Allium gate
electrode. (b) Gate-controlled I–V curves measured at 4.2 K of an Au–octanedithiol–Au
junction. Inset: Device structure and schematic. Source: Reproduced with permission from
Song et al. [142]. Copyright 2009, Springer Nature.

resulting in the unsuitability for the single molecule investigation. There are two
typical strategies, i.e. self-breaking and feedback-control, used to control the gap
size between the eventually formed electrodes.

Self-breaking The self-breaking method has recently proven to be an efficient
technique for reducing the gap size and avoiding the nano-debris formation
[162]. In this method, a nanosized metal junction is gradually shrunk by using
a typical electromigration procedure where bias ramps are applied repetitively.
When the metal junction was narrowed to the atomic size, the active break-
ing process was stopped, and the junction was held under a very low field
condition. The atom-sized contact then ruptures spontaneously due to the
thermal fluctuations, efficiently avoiding excessive heating. By employing this
self-break method, O’Neill et al. demonstrated that no signs of metal clusters or
metal islands inside the gap, a problem that is often observed in the traditional
electromigration techniques [162]. Tsutsui et al. demonstrated that 0.5 nm
electrode gaps could be achieved by using the MCBJ technique assisted with the
self-breaking method [163].

The self-breaking process is relatively easy for gold (Au) electrodes at
room temperature due to the high mobility of the Au atoms and the residual
stress on the wire after electromigration. However, for other metals, such as Pt,
self-breaking is not possible at room temperature due to the higher activation bar-
rier. Fortunately, Prins et al. found that self-breaking did occur at a temperature
approximately 100 ∘C or higher. Based on these results, they developed a method
by which they performed electromigration and self-breaking of Pt nanowires at
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lifted temperatures. Then, the sample was cooled to room temperature to freeze
the atomic mobility. This process results in nanogaps that are free of metallic
clusters and relatively stable at room temperature for months [155].

Feedback-control A feedback-controlled electromigration (FCE) technique was
recently developed, which actively adjusted the applied voltage in response to
the changing conductance of the weak link to controllably create the nanoscale
junctions [148, 164]. The distinctive advantage of the FCE is that the feedback
is used to ensure that the nanogap formation occurs through electromigration
at a regulated onset temperature in the constriction region, and a small gap
size can thus be obtained. Unlike earlier electromigration approaches that
used a single voltage ramp, the FCE typically uses a programmed algorithm to
govern the electromigration process [165, 166]. For example, Xiang et al. used
a LabVIEW-programmed voltage algorithm to control the electromigration
process [165]. The process for their method involved four steps. (i) An initial
voltage bias was applied to the metal wire, and the initial wire resistance was
measured. (ii) A bias voltage was then increased gently in a ramp, and the wire
resistance was measured simultaneously. (iii) When the resistance change ratio
exceeded a predefined threshold, the applied voltage was reduced by 5%. (iv) A
new reference resistance value was measured again, and the cycle was repeated.

In addition to the resistance as well as the effective conductance, the noise
can also be used as a feedback signal. Dong and Parviz observed that the mea-
sured relative current noise immediately before the nanogap formation increased
2 orders of magnitude higher than the resistance in the first stage of the elec-
tromigration process [167]. The considerable change in the current noise during
the electromigration process makes it an attractive candidate to be used as a
parameter in the control feedback loop to break the wires. They also presented
initial results for using the noise to control the disassembly process. In a typical
two-terminal system, a fixed bias voltage U0 is applied to the junction resistance
as well as the series lead resistance. Consequently, as electromigration begins to
shrink the junction, the junction resistance increases, and the voltage that falls
to the junction increase. The power dissipated in the junction increases pro-
portionally to the junction resistance, which may cause a thermal runaway and
destroy the junctions. To overcome this problem, Schönenberger and coworkers
developed a highly reproducible method to fabricate metallic electrodes with a
nanometer separation by using four terminal devices [168]. The four terminals
comprise two symmetric pairs of contacts. In one pair, the bias voltage U0 is
supplied, and in the other pair, the voltage drop U J over the junction is simul-
taneously measured. Regardless of the actual value of the junction resistance,
the source maintains a constant U J value. This novel design effectively avoids the
thermal instability because the power over the junction will decrease with a fixed
U J and an increased junction resistance.

The limitation of the FCE is that it is time-consuming to fabricate a complex
circuitry because the formation of multiple nanogaps requires each junction to
undergo the FCE process individually. To overcome this problem, Johnston et al.
developed a technique by using the FCE that permits the simultaneous fabrica-
tion of dozen of nanogaps at room temperature in a single processing step [169].



2.1 Single-Molecule Junctions 37

In their experiments, the formation of parallel nanogaps is achieved by a balanced
simultaneous process that uses a novel arrangement of nanoscale shorts between
the parallel constrictions where the nanogaps are formed. This technique can be
potentially used for constructing complex circuits of molecular-scale electronic
devices.

2.1.3.3 Electromigration Applications

Imaging the Electromigration Process Several research groups found that the
gaps formed during electromigration may contain metal nanoparticles that
might produce artifacts for the molecular signals [148, 170, 171]. Taychatanapat
et al. addressed this issue by observing the electromigration process in real
time within an SEM [172]. It was found that the amount of series resistance
in the electromigration circuit is a critical parameter in controlling the overall
morphology of the junction after electromigration. This study provides a direct
confirmation that the simple voltage ramp with no added series resistance in
the circuit gradually changes the wire morphology without the formation of any
visible nanoparticles.

Unfortunately, SEM images of the nanogaps do not have the sub-nanometer
resolution required to view the detailed structure of the nanogap; thus, it is a big
challenge to view the electromigration process at the atom-scale resolution. To
address this critical issue, Strachan et al. prepared electromigrated nanogaps on
free-standing SiNx membranes that are transparent to the high-energy electrons
and are thus compatible with the TEM at a sub-nanometer resolution [173]. It
was determined that the junction pinched away from the edges of the original
leads for the samples prepared by using the FCE technique. They pointed out that
the electrodes were clear of residual debris left from the evaporation procedures,
and it was possible to avoid potential parasitic conductance channels through
spurious metallic particles by using the electromigration samples.

Moreover, Strachan et al. used real-time TEM imaging to monitor the dynam-
ics of the FCE process at the sub-nanometer scale, which was not accessible to the
earlier electromigration investigations [166]. It was determined that well-defined
crystal facets appeared during the nanogap formation, indicating a layer-by-layer
electromigration process. Furthermore, it was observed that the electromigra-
tion process is reversible, e.g. the void can be refilled with gold atoms when the
applied voltage is reversed. This finding is clear evidence that the nanogap does
not melt during the FCE process, which is contrary to what occurs during the
single voltage ramp procedure.

Although several attempts have been made to develop electron transparent
substrates and perform two-terminal transport measurements in addition to the
TEM inspection [166, 174, 175], it is a considerable challenge to perform these
measurements with bottom-gated devices. Gao et al. first demonstrated a tech-
nique to perform three-terminal transport measurements that were compatible
with the ex situ TEM inspection [176]. An electron-transparent Si3N4 membrane
was used as the substrate, and A Cr/Au layer was deposited on the backside of
the membrane, which served as the back gate. The nanogaps were formed on
the membrane by using electromigration. The three-terminal electron transport
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measurements were performed without molecules at cryogenic temperatures,
and the Coulomb blockade features were observed. After the transport measure-
ments, the Cr/Au back gate was removed to make the substrate transparent, and
the TEM inspection was conducted ex situ again on these samples. The TEM
inspection revealed the presence of a few nanoparticles in agreement with the
transport measurements. In other words, the sample topology deduced from the
differential conductance (dI/dV ) plots agreed with the one used for the TEM.
This technique can be used to reduce the ambiguous interpretation by providing
more information on the sample topology and the structure.

Inelastic Electron Tunneling Spectroscopy (IETS) With the I–V characterization, it
is difficult to distinguish the molecular transport from the transport through
small gold debris or other imperfections [146]. Molecule-specific features (such
as vibrational modes or gate coupling) can distinguish the presence of single
molecules in the gap from spurious gold dots [143]. An IETS provides not only a
characterization technique to identify the molecules in the junctions, but also
important insights into how the interaction of tunneling charge carriers with
molecular vibrational modes influences the overall charge transport character-
istics. Most of the IETS studies have been performed based on the enormous
number of molecules in the monolayer junctions. At the single-molecule level,
Song et al. measured the vibrational signatures of the molecular junctions by
using the IETS, which was confirmed by the estimated conductance [177]. The
Au–S stretch mode was clearly observed in the measurement, and the IETS were
extremely sensitive to the chemical structures of the target molecules, suggesting
that a reliable metal–molecule contact was formed. The IETS provided unam-
biguous experimental evidence of the existence of molecules in the nanogap elec-
trodes fabricated using the electromigration technology.

Surface-Enhanced Raman Spectroscopy Surface-Enhanced Raman spectroscopy
(SERS) is a useful tool for accessing vibrational and chemical information down
to the single-molecule level. The SERS typically relies on plasmon excitations in
metal nanostructures to concentrate the incident radiation. Generally, the SERS
platforms involve metal nanoparticles to generate the required electromagnetic
enhancements. The electromigration technique provides a true nanoscale gap
between the extended electrodes instead of discrete sub-wavelength nanopar-
ticles. The ability to fabricate precise gaps on demand combined with the
simultaneous electronic transport measurements of the nanogap provides the
fingerprint information of the molecules [178]. Ward et al. used the nanoscale
gap structures prepared by using the electromigration technology to perform
simultaneous measurements of the electronic transport and the SERS [179].
It was observed that the conductance changes often correlated with sudden
changes in the intensity of different sets of Raman modes. These correlated
fluctuations in the tunneling conductance and the SERS intensity could not
be explained by the changes in the gap configuration due to the fact that the
tunneling conductance depended exponentially on the gap geometry (e.g.
conductance could change by a factor of 10 for a 0.1 nm change in the gap
separation); however, the electromagnetic enhancement was not as strongly
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affected by the gap size. The experiments suggested that both the SERS and the
conductance changes were most likely due to changes in the conformation and
the binding of the individual molecules, indicating a single- or few-molecule
SERS sensitivity.

Typically, incident light with an electric field polarized across the gap (along
the nanowire) is well known to induce the strongest SERS enhancements [97].
Surprisingly, Herzog et al. observed that for a nanogap located within a nanowire,
the greatest enhancement and resulting SERS signal occurred when the electric
field of the incident light was polarized along the gap (transverse to the nanowire)
[180]. This polarization dependence was interpreted by the striking asymmetries
in the nanogap fabricated by using the electromigration technique. Due to the
intrinsic asymmetries of the nanogap, the dipolar plasmon mode that resonated
transversely across the nanowire coupled with dark multi-polar modes, thus
causing the intense hybrid plasmon modes to be significantly stronger than
that of the longitudinal modes in the structures. These results put light on the
understanding of the nature of plasmons in the asymmetric structures and open
the possibility of further geometric optimization of the near field-far field. In
a further study, the same group developed the Raman technology to address
vibrational and electronic heating in situ in nanoscale junctions fabricated by
using the electromigration technology [181]. When the current flowed through
the molecules, the inelastic processes transferred energy from the electrons
to the local molecular vibrational modes. In the presence of optical radiation,
direct optical absorption and the decay of plasmon excitations produced hot
electrons and holes in the metal. These hot electrons and a hot substrate can
excite the molecular vibrational modes during the Raman scattering processes.
It was demonstrated that the SERS could be used to determine the effective
temperature in the molecular junction regime. By measuring the Stokes spec-
trum, anti-Stokes spectrum, and electrical transport characterization, it was
revealed that the mode-specific vibrations could be pumped by both optical
excitation and direct current with effective temperatures exceeding several
hundred degrees Kelvin. These experiments open a new window to investigate
local heating in the molecular junctions [181].

Kondo Effect When a quantum dot (e.g. nanocrystal and nanotube) is attached
to the metallic electrodes via the tunneling barriers, the electron transport is
dominated by single-electron charging and energy-level quantization [182]. As
the coupling to the electrodes increases, higher-order tunneling and correlated
electron motion will lead to new phenomena, including the Kondo effect, which
results from the exchange interaction between an unpaired localized spin and
the conduction electrons in the metallic electrodes. Most of the studies on the
Kondo phenomena in quantum dots were typically performed on systems where
precise control over the spin degrees of freedom was difficult. By using a chem-
ical design, the spin and the orbital degrees of freedom can be controlled for
those molecules (e.g. metal ion complex), thus providing a new system for the
Kondo phenomena investigations. Liang et al. first reported the observation of
the Kondo effect in single-molecule junctions, where an individual divanadium
molecule was trapped in the nanogap by the electromigration method and served
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as a spin impurity [182]. In the differential conductance maps (dI/dV as a func-
tion of the gate voltage V G and the source–drain voltage V SD), a diamond-shape
pattern was observed, indicating the achievement of a single electron transistor.
More significantly, the Kondo resonance (i.e. a sharp zero-bias conductance peak)
was clearly observed, and it was demonstrated that this Kondo resonance could
be tuned reversibly by using the gate voltage to alter the charge and the spin state
of the molecules.

In another example, the Kondo effect in C60 single-molecule junctions was
investigated [183]. Yu et al. used the electromigration technique to fabricate
C60-based single-molecule transistors, and demonstrated that each of them could
act as a single-electron device in the Coulomb blockade regime at low tempera-
tures. Interestingly, sidebands parallel to the zero-bias peak were observed, thus
indicating the conduction processes that involved both multi-body correlations
and inelastic coupling to the vibrational modes. In the same year, Pasupathy
et al. measured Kondo-assisted tunneling by using C60 molecules in contact with
ferromagnetic nickel electrodes fabricated by the electromigration method [184].
It was demonstrated that the C60 molecules could be strongly coupled to nickel
(Ni) electrodes to exhibit the Kondo effect. More importantly, it was revealed
that ferromagnetism could suppress Kondo-assisted tunneling; however, Kondo
correlations were still present within the ferromagnetic electrodes. They found
that a Kondo peak split was strongly affected by the magnetic moment alignment
in the two electrodes under an applied magnetic field, hence proving a new
window to modulate the Kondo resonance.

2.1.4 Electrochemical Deposition Junctions

As mentioned earlier, it is difficult to use the MCBJ method to fabricate an inte-
grated microchip due to the drive apparatus [89]. The electromigration method
is unlikely to reproducibly fabricate nanogaps with a precise tunable width [177].
Unlike the electromigration and the MCBJ methods, electrochemical method,
e.g. electrodeposition or electrodissolution, is reversible and device-compatible
[185–187]. By electrodepositing metal atoms onto a specific face of the elec-
trodes, the gap between two facing electrodes can be sequentially narrowed. The
electrochemical process can be reversed in an electrodissolution mode for con-
trolled etching/dissolution of the metal atoms from a wire/electrode; thus, the
gap can be widened.

The working principle of the electrochemical deposition method is sophisti-
cated [186]. Briefly, an array of original metal electrode pairs was fabricated by
using the EBL [187, 188] or optical lithography [189] techniques on a chip (such
as thermally oxidized Si wafer). The separation between two facing electrodes
in each pair was normally larger than dozens of nanometers. It should be noted
that the electrodes were typically covered with Si3N4 [188], SiO2 [189], or pho-
toresists [101], except for a window exposing the gap region of the electrodes to
the electrolyte for electrochemical deposition and etching. This insulating layer
reduced the leakage current due to ionic conduction. When a voltage was applied
between the counter electrode (CE) and the working electrode (WE) in the elec-
trolytes, the metal ions were reduced to metal atoms at the surface of the WE.
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The gap was then reduced due to the electrodeposition of the Au atoms onto the
electrodes layer by layer. By using the electrochemical deposition, different met-
als can be deposited to form junctions of heterogeneous compositions, e.g. the
deposition of Cu on Au leads [190].

A key issue of the electrochemical method is the use of a feedback system
to precisely control the gap width. There are several strategies using different
experimental parameters as feedback signals to control the gap size. (i) Using the
electrochemical current and the electrolyte conductance as a feedback indicator
to critically monitor the gap width, especially when the gap is narrowed below
the sub-micrometer scale [185, 191]. The electrodeposition process was stopped
by switching off the potentiostat when the conductance reached a preset value.
This provides an accurate and reproducible way to control the gap width below
a couple of nanometers. (ii) Using the tunneling current as a feedback indica-
tor to accurately monitor the electrochemical deposition or etching [186, 192].
During the electrodeposition process, the current flow between the two work
electrodes was monitored throughout the experiment. Initially, the current was
small due to the ionic leakage current; however, it increased rapidly when the gap
was small enough to detect a tunneling current across the gap. The tunneling cur-
rent served as a feedback signal to control the deposition process. This method
provides the possibility of achieving a suitable gap fitting different molecules.
However, this promising method has a limitation: the gap width range is small;
typically, the gap is less than 1 nm because it is based on the detection and the
feedback of the tunneling current. (iii) Using the electrode potential (V gap) as
the feedback indicator [189, 193]. In the previous report, both of the facing elec-
trodes served as the WE, and the metal layer was deposited on both of them
simultaneously. Tian and coworkers introduced a new design in which the pair
of facing electrodes served as the WE and the reference electrode (RE) [189, 193].
Experiments were performed on this new electrode arrangement by applying a
controlled current between the WE and the CE, as shown in Figure 2.13a. Metal
atoms were deposited layer by layer only on the WE, and the gap width between
the WE and the RE was reduced. The value of V gap (between the WE and the
RE) decreased and eventually reached zero, thus indicating that the WE and RE
electrodes were fully connected. In this way, the monitored V gap can be used as a
feedback signal to control the gap width. The disadvantage of this strategy is that
the asymmetric deposition will result in asymmetric electrodes, as illustrated in
Figure 2.13b–e. (iv) Utilizing high-frequency impedance in the feedbacks system
[194, 195]. Liu and coworkers reported a new system that demonstrated an inter-
esting frequency dependency on the final gap size. In their design, both electrodes
of the gap were used as cathodes to symmetrically deposit the metal. The sym-
metric design guaranteed that the current signal traveled only in the symmetric
circuit loop, and the faradic current was recorded independently on the electro-
chemical workstation. The amplitude of the AC voltage (V m) recorded at one
electrode decreased as the gap distance was close enough. The time evolution
of V m in a complete deposition process is strongly dependent on the frequen-
cies, thus making it a promising tool to control the gap size [194]. (v) Using a
self-termination reaction to control the gap size. Majima and coworkers demon-
strated a self-termination reaction during electroless gold plating (EGP), which
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Figure 2.13 Electrochemical deposition. (a) Schematic drawing of the experimental setup. A
pair of original facing gold electrodes was fabricated on silicon wafers. Three electrodes were
used: counter electrode (CE), work electrode (WE), and reference electrode (RE). The gap was
reduced by electrochemically depositing metal atoms on the WE. (b) The original electrodes
were separated by two micrometers; (c–e) Layer-by-layer metal atom deposition using
different constant current densities: 1.0 mA cm−2 (c), 0.4 mA cm−2 (d), and 0.1 mA cm−2 (e).
Source: Reproduced with permission from Liu et al. [189]. Copyright 2005, Elsevier.

provided a uniform gap separation with different initial separations [196, 197].
They designed and implemented a chemical reaction in which the growth of the
plating layer in the space between the electrodes was self-terminated. Briefly, the
probability of the ions and the reducing agent accessing the nanogap decreased as
the gap narrowed opposition to other areas. Therefore, the electroless plating rate
between the electrodes decreased as the gap separation decreased, even becom-
ing zero when no plating ions were transported into the nanogap. By using this
method, nanogap electrodes for nanodevices with a separation of 3.0 nm were
simultaneously mass-produced at a yield of 90% [197].

The structure of the electrochemically deposited material can be tuned by the
deposition current [189], electrode potential [101], electrolyte concentration
[189], and plating mode (pulse or DC) [198]. After systematic studies, Liu et al.
pointed out that it was essential to select a suitable constant current (Idep) to
ensure that the deposited layers were smooth and compact rather than rough or
loose [189]. They found that a relatively small deposition current led to a more
uniform and compact electrode, as shown in Figure 2.13b. Yi et al. reported
that the morphology of the electrode surface could be modified by the applied
electrochemical potential [101], which created nanoelectrodes with rounded
surfaces at high over potentials and needle-like surfaces at low over potentials.
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Although the electrode shape and the gap size can be accurately controlled by
the electrochemical deposition method, this deposition method cannot offer a
gap size change in situ, e.g. the gap size cannot be changed to match the length of
the target molecules after the molecule is integrated into the gap. To overcome
this problem, two strategies were introduced, i.e. deposition combined with the
MCBJ [106, 109, 110] and deposition combined with the STM [43, 110, 199].
Three groups did the main contributions to the combined deposition method
with the MCBJ method, i.e. Tian’s group, Tao’s group, and Mayer’s group. It was
demonstrated by Tian and coworkers that the chip fabricated by the deposition
method can be further etched to obtain a suspended metal bridge [106]. By using
an MCBJ setup, the substrate of the chip can be bent to break the metal bridge
mechanically, offering a tunable gap size in situ. In this way, a series of molecule
junctions can be fabricated with a high yield, and the properties of the single
molecules can be correspondingly investigated [97, 109]. Tian and coworkers
also presented an electrochemical strategy to extend the capability of the STM
break junctions to create nanowires as well as nanogaps by using various met-
als [43, 200]. The principle of the approach was based on the electrochemical
atom on an STM tip. The tip was driven toward the surface to a sufficiently close
distance within an extremely short period of time to allow a jump-to-contact
occurrence, which led to the transfer of the deposited atoms from the tip to the
substrate surface to create a nanoconstriction. Subsequently, the nanoconstric-
tion was gradually stretched and eventually broken to create two sharp nanoelec-
trodes. This strategy has been successfully proven to measure the conductance of
Cu, Pd, Fe, and various single molecules.

2.1.5 Surface-Diffusion-Mediated Deposition Junctions

The introduction of molecular devices into integrated circuits will most likely
use the metal evaporation and deposition technique to form top contacts; how-
ever, this approach often results in the metal atoms penetrating or damaging the
molecular layer. McCreery and coworkers reported a method of forming “soft”
metallic contacts on the molecular layers by using surface-diffusion-mediated
deposition (SDMD), in which the metal atoms were deposited remotely and then
diffused onto the molecular layer [201, 202]. By employing the SDMD method,
one can eliminate the problems of penetration and damage.

The SDMD fabrication process is illustrated schematically in Figure 2.14.
In brief, pyrolyzed photoresist films (PPF) or carbon films were fabricated on
thermally oxidized silicon wafers. PPF/carbon provides the necessary surface
chemistry to allow the formation of a C—C bond between the conducting
PPF and the molecular layer. A patterned SiO2 mask was fabricated on top of
the PPF surface by optical lithography. An RIE process was used to etch the
unprotected PPF and optimized to create a nearly vertical sidewall beneath the
etching mask. The undercutting caused the etching mask to overhang the under-
lying PPF sidewall, as shown in Figure 2.14b. Then, the molecular layers were
electrochemically grafted to the PPF/carbon sidewall, resulting in a covalently
bonded molecular layer. Lastly, metallic contacts (Au) were deposited by using
electron beam evaporation in a vacuum chamber followed by a diffusion process



44 2 Metal Electrodes for Molecular Electronics

(a)

(b)

(c)

(d)

(e)

SiO2

PPF

Au

Au

SiO2

Diffusion

N

N

N

N

N

N

N

N

C
a

rb
o

n

PPF

SiO2

SiO2

SiO2

PPF

SiO2

SiO2

PPF

Molecular
layer

Figure 2.14 In situ surface-diffusion-mediated deposition technique. (a–d) Schematic of the
SDMD process (a) SiO2 etching mask was patterned on a PPF layer by optical lithography. (b)
Sidewall was formed via reactive ion etching. (c) Molecular layer was adsorbed on the surface
of the PPF layer. (d) Au surface diffusion during metal deposition mediates second contact
formation. Source: Reprinted with permission from Bonifas and McCreery [201]. Copyright
2010, Nature Publishing Group. (e) Schematic of the atom-diffusion process to complete the
molecular junctions. One terminal of molecules was attached to the conductive carbon
sidewall, and another terminal of molecules was attached to the diffusion gold atom. The
overhanging SiO2 mask prevented the depositing Au atoms from directly landing on the
molecular layer. Source: Reprinted with permission from Bonifas and McCreery [202].
Copyright 2011, American Chemical Society.

to complete the formation of the molecular junctions. It should be noted that
for direct electron-beam evaporation on the molecular layers, metal deposition
occurred in a direction normal to the molecular surface, without shielding the
molecular layer from radiation from the evaporation source. However, for the
SDMD process, the deposition angle can be varied with respect to the surface,
and the overhang of the etching mask shadowed the molecular layer from direct
impingement of both incident metal atoms and radiation from the evaporation
source. The key step in the SDMD process is that electronic contact with the
molecular layer was achieved via surface diffusion of the deposited metal atoms
toward the molecular layer, as indicated in Figure 2.14e.

The remote deposition and diffusion method reduces the metal atom momen-
tum and allows the kinetic energy and the heat of the depositing metals to
be dissipated away from the molecular layer. Thus, the SDMD method can
eliminate the molecular damage caused by heating and metal penetration.
In the experiment, the conductance steps were clearly observed during the
process when the metal atoms contacted individual molecules one at a time
within a monolayer. The conductance histogram extracted from the real-time
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conductance curves indicated clear multiple peaks, which were dependent
on the types of target molecules. Hence, the ability to fabricate molecular
junctions containing single to tens of molecules “one molecule at a time” was
really demonstrated. The molecular junctions fabricated by using this method
exhibited excellent yield (typically >90%) and reproducibility and allowed the
effects of the molecular-layer structure, thickness, and work function of the
contact materials on the conductance to be examined.

2.2 Ensemble Molecular Junctions

In addition to the single-molecule junctions, ensemble molecular junctions,
which are formed from more than a few or self-assembled monolayers (SAMs)
of molecules, are another important branch of molecular-scale electronics.
Currently, there are mainly three universal strategies for forming ensemble
molecular junctions for large-area electrical measurements: (i) direct forma-
tion of metal electrodes by using either electron beam/thermal evaporation
or electrochemical deposition, (ii) incorporation of electrically conducting
polymers/nanomaterials as an electrode, and (iii) utilization of liquid metals as
electrodes. The following section details the fabrication of ensemble molecular
junctions by using different state-of-art methods, including lift-and-float,
liquid metal contact, nanopore and nanowell, on-wire lithography (OWL),
nanoimprint lithography, crossbar or crosswire, self-aligned lithography, buffer
interlayer-based junctions, and on-edge molecular junctions (OEMJs).

2.2.1 Lift-and-Float Approach

The flotation of metals on target substrates provides an efficient way to over-
come the physical damage that is involved in most vacuum deposition proce-
dures for top contacting. This method relies on capillary interactions, induced by
the liquid–solid interfaces between two solids, and a common liquid for trans-
ferring thin solid metal films onto solid substrates modified by molecules. The
idea, termed as a lift-off float-on (LOFO) approach, was inspired by the sample
preparation in transmission electron microscopy experiments to deposit GaAs
on foreign substrates [203] and primarily developed by Cahen et al. [204–206].

Briefly, the general procedure for the LOFO approach includes four steps, as
shown in Figure 2.15: (i) evaporating the metal film, denoted as a leaf, onto a
solid support, such as a glass slide; (ii) detaching the metal leaf from the solid
substrate and floating it at the liquid surface; (iii) adsorbing a molecular layer
onto the substrate or the metal film or both to add molecular functionality; and
(iv) attaching the metal film to the target substrate by using a liquid mediated
process to complete the metal–molecule–substrate junction.

By using the LOFO method, several different types of molecular junctions, such
as Au–molecule–GaAs, Au–molecule–Si, and Au–molecule–ZnO, were created
and deeply investigated by Cahen and coworkers [204, 208, 209]. Vilan et al. first
reported the fabrication of the Au–molecule–GaAs junction by using the LOFO
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Figure 2.15 Schematic description of the lift-off, float-on (LOFO) procedure: (a–c) Lift-off of
the evaporated leaf (metal layer) from a glass slide. (a) The glass slide is partly inserted into a
detaching agent to induce the peeling process. (b) The disjoining pressure detaches the leaf
from the glass substrate. (c) The metal leaf floats on solvent due to the capillary interaction. (d,
e) Float-on of the leaf on the solid substrate. (d) The metal pad floats on the substrate
adsorbed with molecules. (e) The solvent is rapidly removed to prevent the wrinkling of the
leaf. (f ) The metal/monolayer/substrate is completed. Source: Reprinted with permission from
Haick and Cahen [207], Copy right 2008, American Chemical Society.

approach [204]. By adsorbing a series of functional molecules, whose dipoles var-
ied systematically, onto single crystals of n-type GaAs semiconductors, diodes
were produced with an effective barrier height that could be tuned by using the
molecule’s dipole moment. These barrier heights correlated with the change in
the work function of the GaAs surface after molecular modification. Remarkably,
it was demonstrated that the molecules could control the electrical characteris-
tics of the metal–semiconductor junctions without the need for electrons to be
transferred onto and through the molecules. These results suggest that the prop-
erties of electronic devices can be tuned by using molecular dipoles instead of
actual electrons being transported through the molecules [204].

Later, Salomon et al. replaced GaAs with ZnO to form Au–molecule–ZnO
junctions and demonstrated that the molecular control over the effective barrier
height was more effective with ZnO (ionic semiconductor) than that with GaAs
(covalent semiconductor) [209]. Their results further proved that the molecular
dipoles could control the electrical characteristics of semiconductor–metal
junctions, without needing electrons to pass through the molecules due to
the electrostatic interactions between the substituent groups of the adsorbed
molecules and the top metal contact. These systematical experiments performed
by Cahen and coworkers demonstrated that the free semiconductor surface,
e.g. surface state density, could dominate the junction behavior instead of direct
metal–semiconductor interactions [210].

Normally, Au is used to fabricate the top electrode (metal leaf ). To lift off con-
tacts between the gold and the substrate, the LOFO method requires a detaching
agent, such as HF or acetic acid solutions. For gold, this may be an easy treatment,
but it is too harsh for other metals, such as Ag, Al, and Cu (used for low cost fabri-
cation of molecular junctions). Because these metals react vigorously with alkalis
and acids to form metal-hydroxides and halides, such contamination hinders the
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stable electronic contact to the molecules. Recently, Ikram et al. put forward a
relatively simple method for forming Ag and Al electrical contacts on the soft
surfaces of monolayer molecules without using chemical etching treatments. In
their experiments, the glass substrates were first spin-coated with a thin layer of
the starch solution as a sacrificial layer. Then, Ag contacts were formed by screen
printing conductive silver pastes onto the glass substrate, and similar contacts of
aluminum were also deposited onto the glass substrates using thermal evapora-
tion. With this method, metal contacts can be easily lifted off by dissoluting the
sacrificial layer in water.

The primary advantage of the LOFO method is that the pinholes involved in
the atom deposition, physical damages due to the overload force, and chemical
damages expected from the electrochemical deposition can be relatively avoided.
Another advantage of the LOFO method is that it is relatively suitable for study-
ing biological molecules. This LOFO method does not rely on the actual chemical
binding of the molecules to the top metal layer, and the surfaces that are to be
bound are kept wet until the establishment of the electrical contact at (or very
close to) room temperature, which makes it suitable for electronic devices incor-
porating biological molecules. Beside these advantages, challenges in the LOFO
method remain, even though several improvements had been introduced to over-
come these challenges [205, 211]. For example, it is a considerable challenge to
accurately control the force between the floating electrodes and the substrates,
e.g. it is hard to behave like an AFM to make a defined contact between the top
electrodes and the molecules. In fact, the repulsion between the floating film and
the substrate is often observed, which may generate an additional air gap between
the top electrode and the molecular layer. Additionally, it is difficult to completely
prevent wrinkling of the thin metal film (float film) during contacting process.

Melosh and coworkers further developed a polymer-assisted lift-off (PALO)
process to overcome the wrinkling problem and made a big step toward actual
integrated molecular devices [206]. This method allowed for the transfer of
the top parallel electrodes onto molecular films without experiencing macro-
scopic distortion or damage. The key component is a hydrophobic polymer,
i.e. a backing layer on the top electrodes, thus guaranteeing the mechanical
stability and a thermodynamic driving force to eliminate wrinkling. By using this
technique, high-quality metal–electrode devices can be fabricated in parallel
over a wide range with lithographically defined geometry. Furthermore, the
floating parallel electrodes were transferred to the substrates to create a cross
bar structure. No shorted molecular junctions were observed for over 90% of
the examined devices. The PALO method combined several advantages of the
nano-transfer-print (denoted as nTP, which will be introduced later) and the
LOFO methods, namely, parallel electrodes fabrication, small electrode sizes,
high-quality metal films, and non-damaging deposition.

2.2.2 Liquid Metal Contact

The liquid metal contact is relatively stable and can effectively prevent problems
that are encountered with the direct evaporation of metal top contacts, such as
metal atom penetration into the junction and mechanical damage. Reynolds and
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coworkers first introduced a method to use liquid metal electrodes to form the
molecular junctions [212, 213]. By using a clean mercury (Hg) drop electrode as
the top electrode, electrical measurements were performed on multilayer molec-
ular films. In their experiments, a number of different bottom contacts based on
barium, cadmium, calcium, copper, and lead were used [212]. They found that a
mercury drop was the satisfactory material at the time to form a contact with low
resistance and without physical damage.

The principle used to form the Hg–molecule–Ag is relatively simple, as illus-
trated in Figure 2.16 [214]. The junction can be formed by a mechanical contact
between an SAM on a mercury drop and an SAM on the silver film supported
by a silicon wafer. An SAM-coated silver film was placed in a beaker and cov-
ered with a hexadecanethiol-containing solution used to form the SAM on the
Hg drop. The SAM on the Hg drop was formed in situ on the drop surface sus-
pended from a syringe. A micromanipulator allowed mechanical contact between
the SAM on the Hg drop and the SAM on the Ag film. The diameter of the Hg
drop was ∼1 mm, and the contact area was ∼5× 10−3 cm2. A related junction
in which the organic film was sandwiched between two mercury drops was also
possible [215, 216]. Similarly, the Hg–molecules–Si junction can be generated by
placing an Hg drop on the monolayer above the silicon wafer by using the hanging
mercury drop electrode apparatus [217].

Using an Hg drop as an electrode has several advantages [216]. Firstly, the Hg
surface, as a liquid, is free of structural features e.g. edges, terraces, and pits,
which normally result in defects in the adsorbed monolayer. Secondly, the formed
junctions are stable and reproducible, i.e. less than 20% of the junctions form
short circuits. Thirdly, Hg forms well-ordered SAMs after coming into contact
with the target molecules for a short time, and Hg can host a large variety of
molecules [218]. Finally, the Hg drop can conform to the topography of the solid
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Figure 2.16 Schematic illustration of the fabrication of the Hg–molecule–Ag junction. The
electrical junction was formed by the mechanical contact of the two SAMs. SAM (1) indicates
the SAM on the solid Hg electrode, and SAM (2) indicates the SAM on the Ag electrode. The Hg
drop was suspended from a syringe and assembled molecules in situ. Source: Reprinted with
permission from Chabinyc et al. [214], Copyright 2002, American Chemical Society.
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surfaces, thus forming a good conformal contact with the molecular layers on a
solid surface. However, Hg may have harmful effects on the health of the user,
which is a disadvantage of this method.

The method based on liquid metal alloy electrodes was developed by White-
side and coworkers [219–224]. They initially introduced an idea where eutectic
gallium–indium (EGaIn) could replace Hg and be used as one of the electrodes
[220, 223, 224]. The work function of EGaIn (∼4.2 eV) is close to that of Hg
(∼4.5 eV); however, EGaIn does not flow until it experiences a critical surface
stress. In their experiments, an EGaIn drop suspended from the needle of a
syringe was brought into contact with the bare Ag surface, and the syringe
was then raised until the EGaIn separated into a conical tip. The top EGaIn
tip protruding from the needle did not typically retract into a semispherical
droplet. Thus, the contact area can be dramatically reduced [224]. The thin
Ga2O3 layer (∼1 nm) on the surface of the EGaIn electrode due to oxidation
may play an important role in the system. This film of Ga2O3, which is similar
to a protective layer, helps prevent the formation of metal filaments, leading to
high yields of the molecular junctions. The effects of the Ga2O3 thin films were
extensively investigated, and it was demonstrated that the molecular structure of
the SAM, and not the characteristics of the Ga2O3 film, dominated the observed
electron transport behavior [221]. This method also has disadvantages: it suffers
from user-dependent variations in the details of the formation of tips and the
SAM//GaOx/EGaIn contacts, and the mechanical stability of the junctions is
limited by the details of the micromanipulator on which the top electrode is
mounted [225].

Combined with optical lithography, Whitesides and coworkers further pre-
sented a method for fabricating small arrays of tunneling junctions based on
liquid metal alloy electrodes. These junctions had EGaIn top electrodes stabi-
lized in microchannels and ultraflat silver bottom electrodes [223, 225]. These
junctions by using the EGaIn did not require a clean room, ultrahigh vacuum,
toxic substances, such as the previously used Hg, or a second SAM. By using this
method, several significant results on the electron transport through molecules
were achieved, such as the following: (i) The role of the binding group and the
purity of the thiols in the performance of the molecular diodes were revealed
[226]; (ii) The dependency of the tunneling decay coefficient on the topography
of the bottom electrodes as well as the rate of charge transport on the molecule
structure were studied [227–229]; and (iii) The effects of the molecule struc-
ture and the molecular interaction on the electron transport were extensively
addressed [220, 230, 231].

Nevertheless, the optical lithography process is time-consuming and relatively
high cost for production. Wan and coworkers put forward a low-cost strategy
to form the molecular junctions sandwiched between the tin/indium electrodes,
known as capillary tunnel junctions [232, 233]. The capillary tunnel junctions are
formed within a commercially available capillary fiber with a ∼0.1 mm diameter.
As illustrated in Figure 2.17, there are three primary steps used to prepare this
type of capillary tunnel junction. (i) The melted tin or indium is filled into the fiber
to a target height due to the capillary effect, which happens when the temperature
is slightly higher than the melting point of tin or indium. The fiber will be filled
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Figure 2.17 Schematic of
the preparation procedure
for a capillary junction. (a)
The fiber is filled with liquid
tin or indium via the
capillary effect at high
temperatures. (b) The end
point of the fiber is
immersed into the solution
to form an SAM on the solid
metal (tin or indium) surface
at room temperature. (c)
The SAM modified fiber is
inserted into another fiber
with a larger diameter filled
with tin to complete the
molecule junction. Source:
Reprinted with permission
from Liu et al. [233].
Copyright 2004, American
Chemical Society.

with solid tin or indium when it is cooled to room temperature. (ii) The end point
of the fiber is then immersed into the molecule-containing solution to obtain an
SAM at the metal surface. (iii) The SAM modified fiber is subsequently inserted
into another fiber with a larger diameter filled with tin or indium to seal the SAM
inside the capillary fiber. Finally, the molecule junction will be completed as the
temperature is again cooled to room temperature.

The molecular junctions based on the capillary fibers were stable and could be
used permanently. Tin or indium was selected as the electrode materials because
of their relatively low melting points and wide applications in optoelectronic
devices. Both tin and indium are the main constituents of transparent conductive
glasses. Moreover, the naturally existing hydroxyl groups at the tin oxide or
indium oxide surfaces provide a potential for functionalization via molecular
self-assembly approaches. The primary limitation of this method is that the
contact area as well as the distance between the two electrodes is fixed as the
junction is formed. Another disadvantage of this method is that physical damage
to the molecular layer may appear when the small fiber is inserted into the large
fiber to complete the molecular junction.

2.2.3 Nanopore and Nanowell

The molecular junctions fabricated via a hole, such as a nanopore or a nanowell, to
our best knowledge, were first introduced by Reed and coworkers [88, 234, 235].
The starting substrate for the nanopore device fabrication was a double-sided
polished silicon wafer, on which a thin Si3N4 layer was deposited. By using opti-
cal lithography, RIE, and wet etching techniques, a window of the silicon nitride
membrane suspended over the silicon wafer was obtained. All of the following
processes were performed based on this silicon nitride membrane [235]. (i) A
hole with a bowl-shaped geometry (∼50 nm in diameter) was created through
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Figure 2.18 Schematic of the molecular device structure based on a hole: nanopore versus
nanowell. (a) Nanopore based molecular junctions. A pore was made through the Si3N4
membrane via etching. The top Au electrode was obtained by evaporating Au onto the top
side of the membrane, which filled the top end of the pore. After self-assembling the
molecules on the top electrode, the pore was filled to complete the molecular junction by
evaporating Au onto the bottom side of the membrane. (b) Nanowell-based molecule
junctions. A hole was drilled through the SiO2 layer to the bottom Au layer. After
self-assembling the molecules on this bottom electrode, the hole was filled with Au to
complete the Au–molecule–Au junction.

the membrane through the EBL and RIE methods, as shown in Figure 2.18a. (ii)
An Au layer (∼200 nm thickness) was evaporated onto the top side of the mem-
brane, which filled the pore with Au and worked as the top electrodes. (iii) The
sample was then immediately transferred into a solution to assemble a molec-
ular layer on the top electrode surface. (iv) Then, the sample was loaded into
a vacuum chamber to thermally deposit the bottom Au electrode to complete
the Au–molecule–Au junction. Because several delicate processes were involved
during the sample fabrication, the electrical behavior typically varied from sam-
ple to sample. Song et al. presented a statistical method to determine the intrin-
sic electronic transport properties of these SAM-based devices [236]. Another
disadvantage of this nanopore strategy is that the fabrication yield of the molec-
ular junctions is relatively low (∼2%) due to the metal atom penetration into the
molecular layer, which creates a short device during the period of evaporating the
bottom Au electrode [236]. Several improved processes had been introduced to
reduce the short phenomenon, such as using a packed assembled monolayer, low
temperature evaporation metal atom, and precisely controlling the atom evapo-
ration rate [235].

Nanowell-based molecular junctions were first presented by Tour and cowork-
ers [234]. The nanowell is a planar device as opposed to the nanopore, in which
a hole is created through the wafer. As illustrated in Figure 2.18b, the nanowell
devices were fabricated on silicon wafers that had pre-patterned gold electrodes
covered with silicon dioxide. By using the FIB technique instead of the EBL tech-
nique, a small hole (10–40 nm in diameter) was drilled in the silicon dioxide layer
[234]. A hole with a diameter as small as 1 nm was also reported by employing
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the FIB technique [237]. Due to the small size of the hole, the yield of the short
devices was reduced. Furthermore, in comparison with the nanopore, the fabri-
cation process was simplified in three aspects: evaporating at a faster deposition
rate, performing the evaporation on an uncooled substrate, and eliminating the
step of bottom electrode evaporation [237]. However, the formation of the metal
filaments that short the junctions cannot be completely eliminated by directly
evaporating the metal atoms above the molecular layer, especially for those holes
with a large diameter. In order to overcome this shorting problem and increase
the yield of the molecular junctions, a conducting buffer layer can be inserted
between the metal layer and the molecular layer, thus preventing the damage to
the molecular layer. The conducting interlayer can be a highly conductive hybrid
polymer PEDOT:PSS [238], multilayer graphene [239], or SWCNT layer [240].
The strategy of inserting a conducting interlayer to create large-area molecular
junctions will be addressed in detail in Section 2.2.7.

2.2.4 On-Wire Lithography

This procedure, which is known as on-wire lithography (OWL), combines
advances in the template-directed synthesis of nanowires with the electro-
chemical deposition. OWL was initially introduced by Mallouk and coworkers
[241]. The initial idea for OWL is similar to the method discussed in the
Section 2.2.3, i.e. nanopore-based junctions. A primary difference between
them is that the pore in the OWL is fabricated based on the polycarbonate
membrane instead of silicon wafers, and the polycarbonate membrane is com-
pletely dissolved in dichloromethane. After removing the membrane, nanowire
segments with a sandwiched molecular layer can be obtained, thus forming
the metal–molecule–metal junction. Later, this idea was further developed and
popularized by Mirkin and coworkers, in which a precisely controlled gap was
initially obtained [242–244].

As shown in Figure 2.19, the OWL procedure can be briefly described as
follows: [242] (i) The typical electrochemical growth of pillars consisting of
multiple layers of at least two different metals in a porous alumina template,
in which one of the metal layers is used as a sacrificial segment; (ii) removal of
the template, thus producing nanowires with different segments; (iii) formation
of a layer of silica (thickness is approximately half of the nanowire diameter)
on the nanowire-coated substrate by using plasma-enhanced chemical vapor
deposition. Then, the nanowire with a silica supporting layer was released from
the substrate by the ultrasonic cleaner; and (iv) removal of the sacrificial segment
from the wire by using wet etching to generate nanowire structures with gaps
accurately controlled by the length of the original sacrificial segments. It is
anticipated that OWL could dramatically boost the development of molecular
electronics.

The last critical step is to bridge the nanogaps with the molecules, and two dif-
ferent strategies have been presented to bridge the gap with the molecules. (i)
“Dip-pen nanolithography” so called the DPN strategy [246]. In this strategy, an
atomic force microcopy is used, and the molecules are delivered from the AFM
tip to the gap area of the nanowire via a capillary transport in a manner similar to
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Figure 2.19 On-wire lithography. (a) Schematic of the OWL for fabricating metal electrodes.
(b) Schematic illustration of the click chemistry within the nanogaps prepared by the OWL.
The junction was closed by a stepwise in-gap oligomer assembly. Source: Reprinted with
permission from Maryor. [245]. Copyright 2008, American Chemical Society.

that of a dip pen. Thus, the molecules are immobilized onto the microelectrodes
and fill the gap. This strategy is suitable for a larger gap size. Qin et al. success-
fully deposited conducting polymers into a 13 nm gap by using the DPN method
and studied the transport properties with and without the conducting polymer
[242]. (ii) Self-assembly. In this strategy, the molecules are self-assembled onto
the electrode surface. The molecule will bridge the two opposite electrodes when
the molecular length is comparable with the gap size between the electrodes
[245]. However, there is a mismatch in the length because the molecule length is
typically a few nanometers, whereas the gap size is generally dozens of nanome-
ters. Fortunately, the nanowire, which is dozens of nanometers in diameter, and
sub-3-nm gaps were obtained by using fine control and optimization of the con-
ditions in each fabrication step [243, 247, 248].

As discussed earlier, the previous study on the molecular junction fabrication
primarily relies on the ex situ syntheses of molecular wires followed by the
subsequent insertion of the molecules into the gap separated by the nanorods.
In this ex situ approach, the molecular length should be similar to the gap size,
which limits the yield of the molecular junction. To circumvent the problems,
Mirkin and coworkers used click chemistry for the in situ modular synthesis
of molecular wires to bridge OWL-fabricated nanogaps [249]. Click chemistry
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is a synthetic approach popularized by Sharpless and coworkers that involves
controlling reactions step by step [250]. The general scheme for bridging
the nanogaps by using click chemistry for molecular junction fabrication is
illustrated in Figure 2.19b. Firstly, 4-ethynyl-1-thioacetylbenzene was assem-
bled into a monolayer on the surfaces of the electrodes, which are located at
opposite ends of an OWL-fabricated nanogap (Step 1). Then, the device was
immersed in a solution containing 2,7-diazidofluorene. One of the azide groups
in 2,7-diazidofluorene reacted with the alkyne group from Step 1 to form a
1,2,3-triazole unit at one end, and the azide group at the other end was left
unchanged (Step 2). This structure can be further extended through a reaction
with 2,7-diethynyl-fluorene (Step 3), which, in turn, can react again with the azide
groups. By following the appropriate number of reaction cycles, the molecular
wires grow from the opposing electrodes and eventually bridge the nanogap. One
advantage of forming molecular wires by using the click methodology within
the OWL-fabricated nanogaps is that in situ fabrication is challenging for other
existing testbeds due to the limited gap space or solution-processable problems.
By monitoring the process through Raman spectroscopy or X-ray photoelectron
spectroscopy, one can watch and confirm the gap closed process [251, 252].

The advantages of using the OWL method to form nanoelectrodes include
(i) the ability to fabricate sub-5-nm gaps in high yield with precise dimensional
control (the diameter of the wire is controlled by the template-pore diameter,
and the length of the wire and the size of the gap are controlled electrochem-
ically) [248]; (ii) the remarkable simplicity, stability, and reproducibility of
the OWL method to offer a transport testbed; and (iii) the flexible selection
of the source and drain electrode materials by thermally depositing different
types of metals [247]. Recently, the applications of the OWL technology have
dramatically increased beyond molecular junctions, such as the fabrication of
nanotube-bridged nanorods [253, 254], graphene ribbons by using OWL-based
nanomasks [255], free-standing nanorings [256], and resettable electronic logic
gates [257], enhancement of the electric field/Raman spectroscopy [258–260],
and biological applications [243].

2.2.5 Transfer Printing Techniques

In an attempt to reduce electrical shorts between the contacts, mercury droplets,
lift-off float-ons, nanowells, and OWL were introduced and successfully demon-
strated the ability to increase the yield of the molecular junctions. Although these
approaches are able to produce laboratory test structures, they are not easily
scaled up for the fabrication of circuits and systems containing molecular devices.
In this sense, the nanotransfer imprinting lithographic (NIL) approach is rapid
and simple and occurs readily under ambient conditions, offering a promising
approach to fabricate integrated molecular devices.

Melosh and coworkers first introduced this novel approach to fabricate
top-contact electrodes in Au/1,8-octanedithiol/GaAs junctions [261]. As illus-
trated in Figure 2.20, their nanotransfer printing procedure can be briefly stated
as follows: (i) the GaAs substrate is first etched to remove the native oxide
layer and then immediately exposed to 1,8-octanedithiol to form an SAM on
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Figure 2.20 Schematic of the nanotransfer printing procedure. (a) The GaAs substrate is first
etched in concentrated NH4OH or HCl and then immediately exposed to a 1,8-octanedithiol
vapor or solution for self-assembly. (b) The gold-coated elastomeric PDMS stamp is brought
into contact with the treated substrate. (c) Removing the stamp from the substrate completes
the nanoimprinting process. The Au on the PDMS stamp is bonded by the molecules and
transferred to the molecule-coated GaAs substrate. Source: Reprinted with permission from
Loo et al. [261]. Copyright 2003, American Chemical Society.

the GaAs surface; (ii) a gold-coated elastomeric polydimethylsiloxane (PDMS)
stamp is brought into contact with the substrate, and the GaAs-molecule-Au
junctions are formed; and (iii) removing the stamp from the substrate completes
the printing process. The elasticity and the mechanical conformability of the
PDMS stamp ensure a good contact at the stamp/substrate interface. Because
the adhesion of Au to PDMS is poor compared with the Au–S bonding, the
stamp can be easily removed from the substrate to complete the pattern-transfer
process. Subsequently, current–voltage and photoresponse experiments were
performed. It was determined that the current densities were independent of
the contact area for the NIL-fabricated devices, thus confirming that the current
distribution is uniform in the NIL-fabricated junctions.

In the NIL approach, direct Au/GaAs contact can be successfully avoided and
move a big step forward to fabricate integrated molecular devices. However, chal-
lenges for reliable interface remain. One challenge is that the top electrode rough-
ness may generate small gaps between the metal and the organic monolayer, lead-
ing to unreliable electrical responses. In other words, it is difficult to obtain an
ultrasmooth surface when a metal layer is evaporated on the PDMS mold, which
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may generate an additional air gap and obstruct the analysis of the actual molec-
ular properties. Hacker and coworkers demonstrated a novel fabrication route
for high-quality molecular junctions bonded to ultrasmooth silicon and ultra-
smooth gold by using a flip-chip lamination approach [262]. Generally, it is easy
to obtain large-area ultrasmooth silicon bottom electrodes; however, obtaining
the ultrasmooth top gold electrodes is quite difficult. To generate an ultrasmooth
gold layer, Hacker et al. directly evaporated a gold layer onto an ultrasmooth Si
substrate previously treated with a fluorinated releasing layer. This ultrasmooth
gold layer can be attached by using the stamp (similar to PDMS). After peeling it
off from the silicon substrates, the ultrasmooth gold layer attached to the stamp
can be obtained. Then, the functional molecules were self-assembled on this gold
layer. Lastly, the gold electrodes and another silicon electrode were laminated
together to form a high-quality molecular junction.

Another challenge for the NIL is the resolution limitation. Generally, the
potential minimum dimension of the NIL has been limited to approximately
50 nm due to the deformation, collapse, and merging of the molds during
transfer printing, resulting from the low modulus of the elastomeric molds.
Although a relatively improved resolution of 20 nm was reported by adjusting the
modulus and the surface energy of the elastomers [263], the partial deformation
and degraded quality of the elastomeric molds still remain significant issues.
The resolution of the NIL can be enhanced by using hard molds with a block
copolymer (BCP) self-assembly [264]. Jeong et al. reported an NIL method to
create a pattern with sub-10-nm resolution by using the BCP self-assembly [265].
The microphase separation of two mutually incompatible blocks in a BCP led to
the formation of ordered arrays with sub-30-nm structures. After the transfer of
the BCP films onto the substrate, they could be converted easily into sub-10-nm
SiOx nanostructures by employing plasma oxidation treatments. It was further
demonstrated that the BCP patterns with a line width of 8–16 nm could be
successfully transferred onto a wide range of materials. The resolution of the
NIL can also be enhanced by employing soluble polymer. Sanetra et al. reported
that junctions with half-pitches down to 50 nm could be fabricated in a parallel
process. In their experiments, the transfer of the top electrode was facilitated
by a water-soluble polymer film, which supported the lifting process of the
nanometer-sized electrode and enhanced the yield of the transfer process [266].
The primary disadvantage of the NIL is that it requires a molecular layer that
adheres to the top contact, usually with a thiol group, which restricts the materials
that can be used [206]. Here, we only present a brief introduction and discussion
to the NIL technique. The detailed technique development, wide application,
and limitation of the NIL technique can be found elsewhere [267–269].

One promising device architecture to achieve next-generation memory and
logic devices based on metal–molecule–metal junctions may be the cross-
bar/crosswire latch [266, 270, 271]. Because it can be fabricated in parallel, it has
the potential for achieving high-throughput production with low cost [272]. In
the crossbar and crosswire methods, electrodes are placed on top of each other
with a sandwiched molecular layer. A crossbar is a set of rectangular block wires
with microscopic dimensions that cross each other with a functional layer in
the cross-points. The critical step in the fabrication of the molecular junctions
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is to apply the metal top electrode array above the bottom electrode array.
In principle, the top electrode can be fabricated by metal deposition through
a shadow mask consisting of parallel lines [273]. However, vapor-deposited
metals normally create shorts in the SAMs due to the filamentary growth,
even though several novel techniques have been introduced to reduce this
problem [274–276]. Alternatively, the nanotransfer printing (stamp printing)
[261, 277, 278] and the direct metal-transfer [279, 280] techniques were used to
fabricate the high-yield crossbar structures, in which shorting was eliminated.

In reality, the SAMs typically have defects due to several reasons: (i) step edges
due to the roughness of the electrode surface; (ii) pin holes or filaments formed
during the top electrode evaporation; and (iii) impurities or residuals on the
electrode surface introduced in the lithography process. To reduce defects in
the SAMs, Nijhuis and coworkers presented a method to create a crossbar array
based on Ga2O3/EGaIn stabilized in the microchannels in a transparent polymer
(PDMS) [281]. The primary fabrication process is schematically depicted in
Figure 2.21a. In their experiments, an ultraflat template-stripped silver (AgTS)
electrode embedded in a cured optical adhesive (OA) was used as the bottom
substrate. The pattern of Ag electrodes was fabricated by using a standard
lithography technique. Then, a glass substrate was affixed to the silver electrode
pattern by using a cured UV-curable adhesive. An OA interacts strongly with the
Ag and the glass support but not the wafer. After cleaving the Ag/adhesive/glass
composite from the wafer, the bottom substrate was obtained. Subsequently,
a microchannel in the PDMS was aligned perpendicularly to the bottom elec-
trodes after the SAMs were formed. Lastly, the microchannels were filled with
Ga2O3/EGaIn to complete the crossbar device. The crossbar devices fabricated
by using this method have a few clear advantages. (i) They are mechanically
stable, and it is possible to perform J–V measurements over a broad range of
temperatures. (ii) They do not require metal deposition, either by electron-beam
evaporation or by sputtering directly onto the SAMs, to form a top electrode.
(iii) They do not suffer from alloying between the metal electrodes or require
intermediate layers of the conducting polymer’s processing steps.

Recently, Shimizu et al. presented a process known as polymer-assisted
lift-off (PALO), which is a promising printing technique that rapidly forms
crossbar junctions [206, 282]. The fabrication process is shown in Figure 2.21b.
(i) The PMMA was spin-cast as a hydrophobic backing layer onto the metal
electrodes, which was previously patterned on a sacrificial substrate. (ii) The
Si substrate was then slowly dipped into a buffer solution of acetic acid, where
the polymer–Au layer was detached from the substrate and floated on top of
the aqueous solution without wrinkling due to the surface tension of the water.
(iii) The crossbar device was assembled by floating the metal–polymer film
onto a bottom substrate, which was patterned with the bottom electrodes and
adsorbed with the molecules. Due to the hydrophobicity of the polymer and the
molecular film, the polymer was drawn into contact with the substrate once an
initial point of contact was made. (iv) Lastly, the crossbar device was completed
after the polymer layer was removed via etching. This PALO method allows for
the transfer of a top metal contact onto molecular films without macroscopic
distortion or damage. The key component is a hydrophobic polymer backing
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Figure 2.21 Schematic of the two types of crossbar fabrication. (a) Processes for
microchannel-assisted crossbar formation. An ultraflat, template-stripped silver (AgTS)
electrode embedded in a cured optical adhesive (OA) was used as the bottom electrode. Then,
a microchannel in a transparent PDMS was brought perpendicular to the bottom electrode.
Lastly, the microchannels were filled with Ga2O3/EGaIn to complete the crossbar devices.
Source: Reprinted with permission from Nijhuis et al. [223]. Copyright 2010, American
Chemical Society. (b) Processes for producing PALO crossbars. The PMMA was spin-cast as a
hydrophobic backing layer onto the electrode-patterned substrates. Subsequently, the
metal–polymer layer was lifted off onto the water surface upon immersion of the substrate.
The crossbar device was assembled by floating the metal–polymer film onto a bottom
substrate followed by the removal of the PMMA to complete the crossbar device. Source:
Reprinted with permission from Shimizu et al. [206]. Copyright 2006, John Wiley and Sons.

layer on the preformed top electrodes that provide mechanical stability and a
thermodynamic driving force to eliminate wrinkling. Originally, this technique
was developed to generate and transfer electrodes in the large micrometer range.
Sanetra et al. presented a modified PALO-based process that combined soft
lithography and nanoimprint lithography [266]. It was demonstrated that not
only was it a low-cost technique but also highly integrated crossbar junctions
with half-pitches of 50 nm could be also fabricated in a parallel process.

In addition to the crossbar architecture, another similar and popular archi-
tecture used to form molecular junction is crosswire architecture [267]. As
early as decades ago, Lieber and coworkers selected different types of nanowires
to produce the crossed wire junctions [283]. They demonstrated that an
electric-field-directed assembly could be used to create highly integrated
nanowire arrays. The crossed nanowire junctions were obtained by using
layer-by-layer alignments with the electric field applied in orthogonal directions
in the two assembly steps [283]. Later, Yoon et al. reported a versatile and highly
scalable crossed-nanowire molecular junction device that enabled the direct
measurement of current–voltage–temperature characteristics simultaneously
with inelastic electron tunneling and Raman vibrational spectra on the same
junction [284]. In their experiments, the bottom electrode was fabricated via
a lithographical process. A separately synthesized nanowire with a flat surface
was used as a top contact. To accurately position the top wire perpendicular to
the bottom wire preassembled with an SAM, a dielectrophoretic method was
used. This highly flexible nanofabrication process allows wide variations in the
wire diameters and the types of nanowires, with expansion to diverse materials,
including semiconductors, superconductors, and nanotubes [284].
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A primary challenge in fabricating the crossbar-/crosswire-based molecular
junctions is to form an intimate contact between the molecular layer and the
second electrode, i.e. it is not easy to form a tight molecule/electrode contact
in each cross-point, especially when it is fabricated via the transfer printing
method without an external compression force. Kushmerick et al. proposed a
new type of crosswire-based tunnel junctions, in which a molecular monolayer
was sandwiched between two macroscopic gold wires under a controllable force
[285, 286]. As shown in Figure 2.22a, the wires were mounted in a custom-built
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Figure 2.22 Schematic of the crosswire-based tunnel junctions. (a) Schematic of the crossed
wire tunnel junction controlled by the Lorentz force. The crossed wires were mounted in a
custom-built test, and the wire spacing was controlled by the Lorentz force; the DC current in
one wire deflected it in a magnetic field to bring the wires gently together to form a junction
at the contact point. Inset: I–V characteristics of the metal–molecule–metal junction. Source:
Reprinted with permission from Kushmerick et al. [286]. Copyright 2003, American Chemical
Society. (b) Molecular heterojunctions based on the strained nanomembranes. The left image
depicts the device structure before the membrane rolling, and the right image depicts the
device structure after rolling. The strained layer consists of a metallic nanomembrane
patterned on top of a sacrificial layer. Once the sacrificial layer is selectively removed, the
strained layer curls toward the Au finger structure, which was previously adsorbed with the
molecular layer. After the rolling process, the tube-shaped electrode rests on top of the Au
finger, thus establishing a molecular junction. Source: Reprinted with permission from Bufon
et al. [287]. Copyright 2011, American Chemical Society.
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test stage so that they were crossed and the wire spacing was controlled by the
Lorentz force; the DC current in one wire deflected it in a magnetic field [286].
The deflection current was slowly increased to bring the wires gently together
to form a junction at the point contact. The I–V characteristics of the junctions
were obtained by ramping the bias voltage (V ) while monitoring the current
flow (I) across the junction (Figure 2.22a, inset). In this crosswire testbed, the
features of these types of junctions were analyzed, and the characterization
of the different types of molecules was studied [285, 286]. Additionally, the
vibronic contributions to the charge transport as well as the selection rules in
the IETS were revealed [149, 285]. Kushmerick and coworkers further applied
this Lorentz force-assisted crosswire method to different materials, providing a
primary contribution to this testbed [288]. However, the number of contacted
molecules and their orientation on the wire were not well-defined because of the
surface curvature of the wires in the device architecture [289].

Another strategy used to form a tight contact between the top wire and the bot-
tom wire is illustrated in Figure 2.22b, in which metal–molecule–metal hetero-
junctions were fabricated based on rolled-up metallic nanomembranes [287]. The
strained layer consists of a metallic nanomembrane patterned on top of a sacrifi-
cial layer. Once the sacrificial layer is selectively removed, the strained layer rolls
toward the Au finger structure, where the alkanethiol SAM that has chain lengths
considerably larger than the roughness of the finger surface was pre-assembled
on the surface. After the rolling process, the tube-shaped electrode is placed on
top of the Au finger, establishing an electrical connection through the SAM. The
strained nanomembrane-based electrodes provide a soft yet robust contact on
top of the SAM, where short circuits via pinholes are largely prevented. Due to
the nature of this fabrication approach, the devices can be patterned in paral-
lel on-chip and even be integrated with preexisting structures on a wafer. The
primary challenge for fabricating this type of structures lies in the ability to accu-
rately control/adjust the force between the tube electrode and the SAM, even
though the metal electrode can intimately contact with the molecular layer.

2.2.6 Self-Aligned Lithography

When using the click chemistry strategy, extra attention should be given to the
“bridge” molecules. These “bridge” molecules may be randomly attached to arbi-
trary points on the electrodes or even bind both of their surface-active groups
to the same electrode, reducing the yield of the molecular junctions. In order to
mitigate this problem, one potential approach is to select a bifunctional molecule
such that only one end of the molecule reacts with the electrode; the second func-
tional group has no affinity for the electrode. Then, a second molecule is used to
bridge the gap between the termini of the first molecule. The second molecule
is selected to have a double affinity for the second functional group of the first
molecule but no affinity at all for the electrode surface, e.g. cobalt ions [290]. To
test this strategy within molecular electronic devices, a new technique, known as
self-aligned lithography, has been created to fabricate molecular-scale electrical
testbeds [251]. With this self-aligned electrodes, they demonstrated that reac-
tion chemistry offers molecular materials an overwhelming amount of diversity
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and functionality and could provide a method for nanoscale electronics to be
synthesized rather than fabricated.

The primary steps to produce nanoscale electrodes via the self-aligned litho-
graphic approach are depicted in Figure 2.23. Firstly, a thin layer of ZrO2 was
deposited onto a clean silicon wafer by using atomic layer deposition. The first
Al/Pt electrode (∼200 nm wide, ∼3 nm thick) was defined by the EBL. To obtain
the narrowest gaps, a thin SiO2 was added between the Pt and the Al films to
aid the subsequent removal of the thin Al film. After being exposed to ambient
oxygen, a native oxide layer was formed on the Al surface; the oxide on the edge
of the Al film produced an overhanging structure over the Pt electrode, as shown
in Figure 2.23b. Then, the second electrode (∼30 nm wide), which consisted of
2.5 nm Pt defined by electron-beam evaporation/lithography, overlapped with
the first electrode, as indicated in Figure 2.23c. The overlapping part and the oxi-
dized aluminum were removed using a tetramethylammonium hydroxide solu-
tion to complete the nanosized gaps (Figure 2.23d). The key advantage of this
technique is that it is a self-aligned lithographic process capable of producing
large numbers of molecular-scale gaps with a remarkably high yield.

Kim and coworkers presented another simple semiconductor process to
fabricate nanogap arrays for potential applications in molecular electronics,
as shown in Figure 2.24 [291]. The basic idea behind the fabrication is using
suspended silicon nanowires as a mask for the metal evaporation [292]. The
gap size is controlled by the height of the suspended Si nanowire, width of
the Si nanowires, and evaporation angle. It was demonstrated that sub-10-nm
gap arrays could be achieved by using this method. To verify the practical
viability of the nanogap array, the fabricated nanogap devices were applied to
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Figure 2.24 Nanogap array
fabrication. (a) A schematic diagram
of the nanogap arrays fabricated via
a suspended silicon nanowire mask.
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buried oxide was used as the
substrate. (b) Side-view SEM image
of the metal nanogap arrays. The
gap size between the opposing
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Source: Reprinted with permission
from Yu et al. [291]. Copyright 2009,
John Wiley and Sons.

DNA-mediated single-charge tunneling devices, and revealed the electrical
properties of the DNA-linked gold nanoparticles [291].

2.2.7 Buffer Interlayer-Based Junction

SAMs may offer a promising route that might lead to the fabrication of reliable
devices by using the nanopore or nanowell techniques. Unfortunately, electrical
shorts in SAMs are often formed during the vapor deposition of metal thin films
for the top electrode, which causes electrical shorts in the molecular junctions
and low device yield of the junctions. An efficient way to prevent the penetration
of the metal atom into the SAM and avoid shorting is to insert a buffer interlayer
between the top electrode and the SAM. The material for the buffer interlayer can
be nanoparticles [241], aluminum oxide [293], conducting polymers [238, 294],
and graphene [239, 295].

Akkerman et al. first reported a method for manufacturing high-yield
molecular junctions with diameters up to 100 μm [238]. The reported method
involves processing the molecular junctions in the holes of a lithographically
patterned photoresist and then inserting a conducting polymer buffer layer
between the metal top electrode and the SAM. The detailed fabrication process
is illustrated in Figure 2.25. (i) A thin chromium adhesion layer and a 40 nm gold
bottom electrode were vapor-deposited onto silicon wafers with a thermally
grown oxide. (ii) A photoresist was spin-coated onto the wafer, and holes were
produced using a standard photolithography technique. (iii) The substrate was
submerged in a freshly prepared ethanol solution containing alkane dithiol.
After the self-assembly of the alkane dithiolate on the bottom gold electrode,
a water-based suspension of poly (3,4-ethylenedioxythiophene) stabilized with
poly (4-styrenesulphonic acid) (PEDOT:PSS) was spin-coated on top of the
SAM with a thickness of a hundred nanometers. (iv) The top gold electrode was
vapor-deposited through a shadow mask. Lastly, the exposed PEDOT:PSS was
removed by RIE, in which the top electrode acted as a self-aligned etching mask.
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Figure 2.25 Processing steps of large-area molecular junctions. (a) The bottom gold
electrodes were deposited on a silicon wafer. (b) The photoresist was spin-coated onto the
wafer, and holes were photolithographically defined in the photoresist layer. (c) A highly
conductive polymer PEDOT:PSS was spin-coated above the photoresist layer as a top
electrode. A self-assembled molecule layer was sandwiched between a gold bottom electrode
and the conducting polymer. (d) The junction was completed by the deposition of gold on top
of the polymer through a shadow mask, and the redundant PEDOT:PSS was removed by
reactive ion etching. Source: Reprinted with permission from Akkerman et al. [238]. Copyright
2006, Springer Nature.

The junctions fabricated by using this method demonstrated excellent stability
and reproducibility, and the obtained conductance per unit area was similar
to those achieved by using other methods. This simple fabrication process is
potentially low cost and could lead to practical molecular device fabrication.

Later, Boer and coworkers did further contribution to systematically utilize this
type of technology (e.g. the image potential, barrier height, and tunneling decay
coefficient (𝛽) in this large-area junction were determined [296, 297]; the effects
of molecular concentration and the fabrication parameters to the electrical
characterization were investigated [298, 299]; and the bias window as well as the
application regime were expanded [300, 301]). Moreover, the stability of this type
of large-area molecular junctions was analyzed by the same group [302]. It was
demonstrated that this molecular junction was quite stable under ambient con-
ditions for more than two years. Additionally, a transition temperature of 50 ∘C
was observed, above which the resistance decreased exponentially with temper-
ature. They also observed that the contact resistance and the transition voltage
of the PEDOT:PSS–interlayer molecular junctions decreased as the temperature
increased, which was attributed to the increased grain size of the PEDOT-rich
cores and the removal of the residual water from the PEDOT:PSS–molecules
interface [303]. By using the conducting polymer interlayer technique, the
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functional molecular electronic devices on both the rigid and flexible substrates
were further investigated by Lee and coworkers. The stability of the molecular
junctions on the flexible substrates was tested under mechanical stress con-
figurations [304], the electrical properties of the redox molecules [305], and
photoswitching molecules were thoroughly investigated [306].

Although the fabrication of the PEDOT:PSS-based molecular electronic
devices is very useful for producing high-yield molecular devices, the use of a
conductive polymer has a few limitations and presents a few uncertainties to
be used as a platform for molecular electronics. (i) The electrical properties of
these molecular junctions may be influenced by the thermal treatment. The low
transition temperature (50 ∘C) limits the process window during the fabrication
and the temperature window during operation [302]. (ii) The contact between
the PEDOT:PSS and the molecules is not fully understood. The resistance of the
devices fabricated by using this technique is sensitive to the temperature and
is different to those of the molecular junctions that do not have the polymer
interlayer due to the poor contact between the PEDOT:PSS and molecules.
(iii) The electrical characterization of the junctions depends on the type of
the isolating layer (photoresist or SiO2) and the molecular contact groups
(hydrophilic or hydrophobic) [307], which may limit its further application.
Thus, it is eager to develop alternative solid-state molecular device structures
beyond the PEDOT:PSS-based molecular structure.

Graphene, with its outstanding electronic properties, chemical stability and
mechanical properties, is considered to be a good electrode candidate for molec-
ular junctions [308]. Wang et al. first reported a new approach for fabricating reli-
able solid-state molecular devices using multilayer graphene as the buffer inter-
layer [239]. Instead of spin-coating the conducting polymer above the SAM, they
transferred a multilayer graphene film onto the SAM surface as the buffer inter-
layer by using chemical vapor deposition, as shown in Figure 2.26. The proper-
ties of the interface between the graphene and the molecules were statistically
investigated. It was demonstrated that these graphene-based devices had a low
resistance comparable with those of pure metal–molecule–metal devices, and the
yield of these molecular devices was found to be approximately 90%, regardless
of the properties of the contact groups (hydrophobic or hydrophilic). Particu-
larly, this new method produced excellent durability, thermal stability, and long
lifetimes for the devices.

An additional branch of graphene research, which is to chemically exfoliate
graphite oxides into individual graphene oxide (GO) sheets and subse-
quently convert them into chemically derived graphene (CDG), provides a
low-cost solution-processing route that can be incorporated into large-area
molecular junctions. Recently, Nørgaard and coworkers reported the use of
solution-processed ultrathin CDG films for non-destructive fabrication of the
molecular electronic junctions [295]. Molecular features, such as non-linear
charge transport properties and molecular length dependence of the junction
resistance, have been confirmed in this CDG-based junction. Due to the tunable
optoelectronic properties of the GO, it was predicted that the GO would be
an attractive material for the optoelectrical applications [295]. One year later,
they further employed ultrathin GO films as transparent top contacts for light
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Figure 2.26 Graphene-based large-area molecular junctions. (a–c) Junction fabrication
process: (a) SAM of alkanethiol on the exposed Au bottom electrode. (b) Alkanethiol molecular
layer sandwiched between the Au bottom electrode and the graphene top electrode. (c) The
junction was completed using Au vapor deposition above the graphene film. (d) Histogram of
the logarithmic current densities at 1 V with different types of top electrodes (PEDOT:PSS,
graphene and Au, respectively). Source: Reprinted with permission from Wang et al. [239].
Copyright 2011, John Wiley and Sons.

switchable solid-state molecular junctions [309]. The flexible, conductive, and
transparent GO films permitted the molecular monolayers to be photoswitched
in situ while simultaneously enabling the charge transport measurements across
the molecules, thus resulting in a significant development for the application of
large-area molecular junctions.

2.2.8 On-Edge Molecular Junction

OEMJs were independently and nearly contemporarily developed by sev-
eral groups [310–313]. Unlike planar metal break junctions, the OEMJs are
out-of-plane (perpendicular) to the junction plane. It is a prerequisite to fabricate
an inorganic tunnel junction with exposed vertical side edges for the OEMJ
approach. On the exposed side edges, the molecular channels are covalently
bridged over the insulator gap. The primary strength of the OEMJs lies in its
enabling larger numbers of control experiments, in which the actual effects aris-
ing from the bridged molecules can be addressed because molecules are able to be
curtailed to retrieve the characteristics of the original bare junctions [310, 312].

A popular method for producing an OEMJ is chemical etching. Chemical
SiO2 etching was used in pioneer OEMJ experiments (Figure 2.27a,b). After the
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Figure 2.27 Schematic of OEMJ devices. (a, b) Molecular junction designs before (a) and after
(b) attaching molecules. Source: Reprinted with permission from Tyagi [314]. Copyright 2005,
Royal Society of Chemistry . (c–e) Fabrication process for molecular junctions. (c) Using SiNx as
an insulator layer. (d) Etching SiNx to obtain the exposed electrodes. (e) Bridging the molecular
channels across the gap between the top and the bottom electrodes. Source: Reprinted with
permission from Ashwell et al. [310]. Copyright 2007, Royal Society of Chemistry.

etching process, the yielded gap size between two conducting silicon elec-
trodes (∼7 nm) was larger than the typical physical length of the molecules
[313]. Correspondingly, a multistep chemistry approach was used to tether
the molecules with nanoparticles to increase the effective length of the con-
ducting channels [313]. The use of metallic electrodes enables a simple and
more stable metal-molecular binding. To connect the molecules to the metal
electrodes instead of the semiconducting surface, Tornow and coworkers
produced molecular electrodes with an altered design in which the vertical gap
on the exposed edges was produced by selective etching of a gallium arsenide
(GaAs) spacer between two aluminum gallium arsenide (AlGaAs) electrodes
[315]. Subsequently, the gold metallization of the exposed AlGaAs edges was
performed to produce highly conducting electrodes for molecular bonding. The
average gap (∼8 nm) between the electrodes was suitable for the selective long
molecular junctions. Ashwell et al. made an improvement to reduce the gap size
by introducing a thin layer of silicon nitride (SiNx) between the gold electrodes,
as shown in Figure 2.27c–e [310]. Hence, a minimum vertical separation of
∼3.5 nm between two gold electrodes on both sides was produced. After the
molecular channels were bridged over the silicon nitride gap, a >3 order increase
in the effective device current with respect to the background current was
observed. The device current reverted to the background level after breaking
down the molecular channels in their experiments, thus substantiating the fact
that the increased current originated from the molecular channels.

In OEMJs, an important issue is that the background current, i.e. the leakage
current passing through the insulator layer [316], should be engineered to be
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considerably smaller than that through the molecular channels. To reduce the
leakage current, one can increase the thickness of the insulator layer; however,
this method is limited by the fact that one should keep the insulator thickness
smaller than the physical length of the molecules to form a junction. The leakage
current of a tunnel junction can be reduced by using additional three methods:
(i) shrinking the junction area to reduce the leakage current. For example, Chen
et al constructed a Pt–AlOx–Pt junction by using a chemical etching protocol and
achieved a typical junction area of∼200× 200 nm2 with a leakage current as small
as ∼0.04 pA [311]; (ii) growing high-quality ultrathin insulators. The leakage is
strongly affected by the morphology, materials, and quality of the insulator layers;
and (iii) creating atomically smooth bottom electrodes. An atomically smooth
bottom electrode enables the use of thinner insulators and simultaneously yields
a low leakage current.

Recently, Pang et al. developed a method to acquire both the electrical and
chemical information by combining the on-edge strategy with the nanopore
approach [317]. For these devices, the tunnel gap was defined as a dielectric
layer (Al2O3) with a thickness of ∼2 nm, deposited by atomic layer deposition.
RIE was used to drill a nanopore through the layers so that the tunnel junction
can be exposed to the molecules in the solution. After the metal electrodes
were functionalized with recognition molecules, which can capture the DNA
nucleotides, the identities of the individual nucleotides were revealed by the
fluctuating tunnel current associated with the single-molecule binding events.
Due to the small size of the nanopore (few micrometers in diameter), the
experiment can be performed in an analyte solution with a relatively small
leakage current. Therefore, the chemical information can be obtained. It was
clearly demonstrated that the junctions produced signals that changed with the
DNA nucleotide in solution. Furthermore, the devices provided clear signals of
the nanomolar concentrations of the analyte and operated reliably for several
hours [317].

The OEMJ design possesses the following merits. Firstly, the molecules are
only attached onto a prefabricated tunnel junction via surface chemistry; hence,
no damage is caused to the molecular channels. In other approaches, e.g. the
direct deposition of the top metal electrode on to the molecular monolayer, the
molecules’ properties are likely to be changed due to the penetration of the metal
atoms; the application of an intense electric field during the electromigration step
for generating a nanometer gap may alter the molecule’s property. Secondly, dif-
ferent types of metals, including a single molecular magnet and complex molec-
ular clusters, can be used for the electrodes, even the bottom and top electrodes
can be fabricated with different types of metals, respectively. Conversely, other
approaches are limited to a few types of metals. Thirdly, the OEMJs can be pro-
duced in an extremely large-scale integrated circuit layout by using conventional
microfabrication techniques, thus offering a low-cost approach.

The challenging issue of the OEMJs is the extreme difficulty of exploring the
charge transport properties through individual molecules. The effective number
of attached molecular channels is governed by the width of the bottom elec-
trode. To host only single molecules, the width of the bottom electrode needs
to be decreased to a few nanometers in width, and its mechanical stability needs
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to be maintained, which is an intractable task. The additional limitation of the
OEMJ method is that the introduction of a third electrode or a gate electrode
to control the electron transport is not straightforward. Thus far, only chemical
gating is available for the OEMJ method. Potential strategy for adding a solid gat-
ing electrode can be described as follows: (i) burying an inner conducting core
inside the insulation layer, in which the conducting core can be used as the gat-
ing electrode; and (ii) using the FIB technique to cut the wire (contains three
layers, metal–insulation–metal), which will result in a gap of few nanometers in
width to appear around the cutting point. One side of the gap can be used as the
source–drain electrode, while the other side can be used as the gate electrode. In
this way, new functional devices with electrical gating may be available.

2.2.9 Suspended-Wire Molecular Junctions

Suspended-wire molecular junctions (SWMJs) was developed from the OWL,
which we had introduced in the Section 2.2.4 [241, 318–320]. The main difference
between them is that OWL self-assembled molecules between two segments of
a nanowire and SWMJs self-assembled molecules on the surface of nanowires.
This suspended wire molecular junctions method was originally proposed by Noy
et al. [321]

SWMJs were fabricated by trapping Au or Ag nanowires, which were capped
with an SAM of desired molecules onto lithographically defined Au leads by using
a dielectrophoresis technique. Thus, NWs needs to be prepared firstly and the
detailed fabrication technique can be found in the reference [321]. Once the Au
and Ag NWs are covered by SAMs, the NWs are trapped between two Au leads by
dielectrophoresis to form the “suspended wire” junctions. Briefly, a drop of NWs
in solution is placed on the sample, while an AC voltage (∼1 MHz frequency) is
applied between a biased electrode and an RE (see Figure 2.28) for a few minutes.
The drop is then washed away and blown dry with nitrogen. Noy et al. demon-
strated that the yield of suspended nanowires in this process is about 40% [321].
They also proved that although the nanowires that were completely covered with
a molecular layer could potentially form two molecular junctions in each SWMJ,

Biased
electrode

Nanowire Counter electrode

Reference electrode

Si/SiO2
Molecular junction

Figure 2.28 Schematic of the electrophoresis setup. AC bias is applied between a biased
electrode and a reference electrode for a few minutes. After the formation of suspended
nanowire, the drop is then washed away and dried with nitrogen. The molecular junction will
be formed between the end of nanowire and CE. Source: Reprinted with permission from Noy
et al. [321]. Copyright 2010, John Wiley and Sons.
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only one junction per suspended nanowire (and a metal to metal contact on the
other end) was formed.

Some major advantages of this technique are as follows: Firstly, the distance
of the gaps in the junctions can be accurately controlled by the length of the
molecules; Secondly, the molecular junctions are stable and easy to be integrated
with other systems; Thirdly, a large number of molecular junctions can be inte-
grated on-chip and have both high production and high success ratio. Because of
these advantages, SWMJs have been used in the following aspects:

(1) Demonstrating the effect of plasmons on the conductivity of molecular junc-
tions. The surface plasmon (SP) fields formed in the ∼1 nm gap between the
metal surfaces is particularly important due to the wide range of applications
in single-molecule detection [322–335]. However, because of the small
regions, it is also a great challenge to accurately determine the magnitude
of plasmonic fields in ∼1 nm scale gaps. SWMJs can solve this problem. The
size of the gaps in the junctions can be varied and precisely determined
by the embedded molecules, thus enabling unequivocal determination of
plasmonic field enhancements in nanogaps that are 1–2 nm in scale [336].
Noy et al. initially used SWMJs to demonstrate the response of molecular
junctions to SPPs [321]. Laser irradiation of selected junctions (laser light
impinges on one side of the nanowire where the junction is located) was
carried out by using a microscope and laser polarization parallel to the
nanowires. Finite-difference time-domain (FDTD) simulations showed that
plasmon was excited and propagated along the nanowire to the other side of
the structure. They estimated the temperature increment under the lasers to
be not more than 5 K, thus the current change due to temperature variation
can be negligible. Based on the fact that the observed current enhance-
ment seems to be related to the wavelength and laser power, the current
enhancement is explained by a photon-assisted tunneling mechanism (we
will address this point in Section 9.1.2.3 in more detail). One year later,
Arielly et al. compared a set of junctions based on alkyl thiolated molecules
with identical HOMO–LUMO gap and different lengths, and observed an
exponential dependence of the plasmonic field enhancement on gap size,
which confirmed the photon-assisted tunneling mechanism [336]. They
further observed a current rectification phenomenon of the molecular
junction upon laser irradiation. The current rectification was described
quantum mechanically by the PAT theory. According to this model, under
light irradiation a certain fraction of the tunneling charge across a gap
undergoes inelastic scattering events as a result of the interaction with the
oscillating (SP) field. They pointed out that the magnitude of rectification
could be used to accurately determine the effective oscillating potentials in
the junctions induced by the irradiating laser.

(2) Detection of redox events in molecular junctions. Redox molecular junctions
have great promise for nanoelectronics because they exhibit large nonlin-
ear effects in the current–voltage response, such as negative differential



70 2 Metal Electrodes for Molecular Electronics

(c)

VDC

VAC

0.41 V

0.36 V

0.28 V

p++-Si(a)

(b)

Figure 2.29 Description of the experimental system for real-time detection of redox events in
molecular junctions. (a) Schematics of monolayer-covered Au nanowires suspended on
lithography-defined Au contact pads on top of an oxide covered Si substrate. Alignment of
nanowires is achieved by dielectrophoresis by using an AC voltage, VAC, between a common
contact pad and the underlying heavily doped Si substrate. Measurement of a certain junction
is performed by applying a DC voltage, VDC, between the common pad and the relevant
floating pad. (b) Schematics of a part of a mixed monolayer with one 6-(ferrocenyl)hexanethiol
molecule and diluting thiol-alkyl chains. The ferrocene group is coupled to one side of the
junction via an alkyl chain, and to the other via space. (c) I−t traces showing two-level
fluctuations signals at different bias voltages. Source: Reprinted with permission from Arielly
et al. [338]. Copyright 2014, American Chemical Society.

resistance and hysteresis [337]. Arielly et al. report the experimental system
by employing suspended molecular junctions, which enabled real-time
detection of redox events in molecular junctions at low temperatures and
revealed stochastic fluctuations in current−time (I−t) traces under constant
voltage biases [338]. They found that this two-level fluctuating signal in
current−time traces was potential-dependent amplitude and frequency, see
Figure 2.29. Also, they have measured hundreds of SWMJs with monolayers
of molecules such as alkanes with various lengths and various oligophenylene
ethynylenes. In all these junctions, a two-level fluctuation signal had never
been observed. They argued that the fluctuations were caused by slow redox
reactions, which changed the redox state of the molecules. On this basis,
they established the laser pulse-pair sequence (LPPS) scheme to monitor the
oxidation state of the molecule within a junction with picosecond resolution
and to determine the value of the relevant redox rate constants, which is
found to be (80 ps)−1 [339].

(3) Measuring the heating accompanying plasmonic structures under illumina-
tion. Precise determination of the temperature of illuminated junctions is
crucial in molecular electronics. Previously optical methods to character-
ize the local temperature lack the spatial resolution to probe hot spots with
few nanometers in size and therefore typically report average values over a
diffraction limited length scale [340–344]. Nachman et al. demonstrated that
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IETS of molecular junctions can be used to precisely measure the tempera-
ture of plasmonic hot spots with spatial accuracy under illumination, since
the shape and width of the IETS peaks strongly depend on the local tem-
perature [345]. We can envision that a combination of such a measurement
with other optical methods such as Raman imaging, could be used to pre-
cisely determine the heat dissipation properties of structures and materials
with nanoscale spatial resolution.
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3

Carbon Electrodes for Molecular Electronics

While ordinary metal electrode-based molecular junctions remain operational,
different experimental platforms based on non-metal materials have been
constructed, thus leading to new possibilities for molecular-scale electronics.
Among these new testing systems, carbon electrode–molecule junctions, where
carbon nanomaterials, including single-walled carbon nanotubes (SWCNTs)
and graphene, are used as point contacts, are particularly promising because
of their unique advantages. Firstly, both SWCNTs and graphene are molecular
chemicals made entirely of sp2-hybridized carbon atoms arranged in a honey-
comb lattice [1, 2], thus offering a natural compatibility with organic/biological
molecules. Secondly, these crystalline carbon nanomaterials exhibit extraordi-
nary electronic properties with high stability and chemical flexibility due to their
𝜋-conjugated skeletons. Unlike mobile metal electrodes, they are atomically stiff
and naturally functional at their ends. When lithographically patterned as point
contacts, they are end-functionalized by carboxylic acid groups. These functional
groups could be used to form robust covalent bonds at the molecule/electrode
interface through amide linkages that can endure chemical treatments and
external stimuli, thus significantly improving the device stability. Thirdly, they
are easily available in large areas through bottom-up chemical approaches and
can be easily micro-/nanofabricated onto a large range of substrates with high
accuracy. Finally, another unique feature of these nanocarbons results from the
fact that the low-dimensional nature is molecular in size, ensuring the number
of bridged molecules down to the single-molecule level. Because of all of these
features, carbon nanomaterials, such as SWCNTs and graphene, are most likely
better suited as nanoscale electrode materials for molecular electronics, as
commented in the special issue of Nature Nanotechnology in June 2013 [3]. In
this chapter, we detail the methodologies used to develop robust molecular
electronics platforms based on SWCNTs and graphene.

3.1 Carbon Nanotube-Based Electrodes

Since their discovery in the 1990s [4], carbon nanotubes have led to a significant
amount of research due to their tremendous potential applications in the chem-
ical, physical, and electrical fields [5]. Although they have the simplest chemical

Molecular-Scale Electronics: Concept, Fabrication and Applications,
First Edition. Xuefeng Guo, Dong Xiang, and Yu Li.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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composition and atomic bonding configuration, their electronic properties are
highly dependent on chirality and diameter. This structural dependence leads to
infinite electrical diversity and richness, thus offering unlimited opportunities
to tune the energy alignments between the tubes and the molecules of interest.
Another important distinction between SWCNTs and metal contacts is that
SWCNTs are molecularly sized in their diameter, centimeter-scale long, and
functional on their ends (not their sides). Therefore, in conjunction with the
remarkable properties mentioned earlier, SWCNTs are good contacts for
modular single-molecule devices. To form the SWCNT electrodes, there are
several efficient ways to cut the SWCNTs and obtain nanogaps, such as focused
ion beam (FIB) etching, electrical breakdown, and lithography-defined oxidative
cutting. The FIB etching method uses high-energy ion beams to etch the
SWCNTs as well as the substrates [6]. After FIB etching, the tube edges were
treated with nitric acid to introduce the carboxylic acid end groups. Then, these
functional groups were used to bridge the individual DNA molecules, allowing
direct electrical measurements of DNAs by using the SWCNT electrodes. The
key step is that the interelectrode spacing was controlled by adjusting the ion
beam current and the exposure time, which is challenging due to the use of the
high-energy ion beams. In the following discussions, two reliable methodologies
with more universality to build molecular devices based on SWCNT point
contacts, including electrical breakdown and lithography-defined oxidative
cutting, will be primarily introduced.

3.1.1 Electrical Breakdown

Similar to the formation of metal electrodes by using electromigration pre-
viously discussed, the electrical breakdown of the SWCNTs will occur when
a high-density current passes through them, eventually resulting in a gap by
truncating a complete tube [7]. It was determined that the size of these gaps
was extremely sensitive to the air exposure because this electrical breakdown
was initiated by oxidation at a particular power in air [8]. This result implies
that nanogaps with different sizes could be achieved in the middle region
of a nanotube by varying the proportion of the oxidative gas in the cutting
environment, potentially providing a way to fabricate the SWCNT electrodes.

In 2004, two independent studies on miniaturized organic transistors based on
carbon nanotube electrodes were reported by Qi et al. [9] and Tsukagoshi et al.
[10]. In the former study, molecular-thickness pentacene was deposited into the
gap on a single SWCNT fabricated by the electrical breakdown (Figure 3.1a).
The reported size of the nanogaps could be reproducibly controlled in the range
of 1–3 nm by varying the lengths of the SWCNTs with a ∼2 nm diameter. The
scale of this channel is only able to accommodate several organic molecules of
interests, which could circumvent the low carrier mobility problem to afford
ballistic organic field-effect transistors (OFETs) with high performances. It was
demonstrated that the smallest OFETs based on the SWCNT electrodes with a
channel length of L≈ 1–3 nm and a width of ∼2 nm indicated a strong capability
of effective conductance modulation (Figure 3.1b). However, in ultrashort
OFETs with bulky metal source/drain (S/D) electrodes that were lithographically
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Figure 3.1 SWCNT electrodes for ultra-small OFETs. (a) Top: Schematic demonstration of a cut
SWCNT with a nanoscale gap used as the source and drain electrodes of an OFET. The doped Si
serves as a back gate. Middle-left: AFM image of a cut SWCNT (diameter≈ 2 nm, and gap size
measured to be ∼6 nm after correction of the tip size effect). Middle-right: AFM image of a
vapor-deposited pentacene crystallite bridging a cut SWCNT. Bottom: Drawing of a pentacene
crystallite bridging two SWCNT electrodes. (b) Ids–Vds curves for a device recorded at Vgs = −3,
−2, −1, 0, and 1 V at room temperature. Inset: An AFM image of the SWCNT after electrical
cutting and before pentacene deposition. (c) Ids − Vgs curves (at Vds = 1 V) for the same device
at T = 4 and 2 K. Source: Reproduced with permission from Qi et al. [9]. Copyright 2004,
American Chemical Society.

patterned as the control, the electrostatic gating was ineffective due to the
screening of the gate electric fields by the S/D electrodes. In addition to the
measurements at room temperature, this study also tested the properties of
the devices with different-sized nanogaps at low temperatures (e.g. 2 and 4 K).
When the size (1–3 nm) of the nanogaps approached that of the pentacene,
step-like features were observed in the I–V spectra (Figure 3.1c), which could
be related to the tunneling currents through the discrete molecular orbitals
of the pentacene while the devices with larger gaps became insulated in the
entire gate-voltage range. In the latter study conducted by Tsukagoshi and
coworkers [11], the device structure was fabricated similarly. They revealed that
the electrode leads are composed of six-membered carbon rings, common for
the compositing unit of pentacene, which will facilitate local epitaxial adhesion
due to the commensurate absorption of the van der Waals force connection,
thus resulting in an effective electron injection. Additionally, the carbon nano-
material electrodes have a smaller difference in the organic molecules regarding
the thermal expansion coefficient compared with that of metal electrodes.
This difference ensures the stiffness of the molecule–electrode interface, thus
providing additional possibilities for temperature-dependent measurements. For
example, the carbon nanotube-based device was still conductive when cooled
to 4.2 K, whereas several organic transistors with metal electrodes exhibited
no conduction below the liquid-nitrogen temperature because the connection
interface was damaged due to different degrees of expansion. The advantages of
using carbon nanotubes as electrodes promise new opportunities for forming
new types of molecular FETs and exploring the intrinsic transport properties of
few and even single molecules [12–15].
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By following the impressive studies mentioned earlier, Marquardt et al.
[16] conducted single-molecule electroluminescence measurements based on
molecular devices by using free-standing SWCNTs as electrodes. Similarly,
these SWCNT electrodes with a nanogap of <10 nm were fabricated controllably
through the electrical breakdown in combination with the regulation of the
oxygen partial pressure. The organic molecules of interest with special designs
were incorporated into the nanogap using two types of interactions: electrostatic
attraction between the polarizable 𝜋-systems (oligo(phenylene ethynylene)
[OP]) on both sides of the molecules and the nanotube electrodes and 𝜋–𝜋
stacking between the terminal phenanthrene units and the nanotubes, both of
which could produce a strong connection, thus ensuring the execution of the
systematical experiments (Figure 3.2a). Generally, for use as efficient electrodes,
an SWCNT with an excellent metallic transport property is required; however,
the amount of delocalized electrons should be limited to avoid the quenching of
the excited state of the molecule because the low-level orbital in the excited state
is necessary for luminescence (Figure 3.2b). Fortunately, the metallic carbon
nanotubes have perfect ballistic transport properties with a simultaneous
suppressed degree of electron delocalization, thus ensuring the successful
observation of electroluminescence (Figure 3.2c). This finding is remarkable
because it provides visible evidence for the current flow through rigidly mounted

NDI

chromophore

30 μm

OPE rod

Phenanthrene

π-system

7.5 nm

(a) (c)

(b)

v

Figure 3.2 Single-molecule electroluminescence. (a) Chemical structure of the molecule,
which consists of a central 2,6-dibenzylamino core-substituted naphthalenediimide (NDI)
chromophore (blue), two oligophenyleneethynylenes (OPEs) rods (red), and phenanthrene
anchor units (green). (b) Schematic drawing of the device geometry. (c) Optical micrograph of
an image acquired for 20 minutes with one device under a bias of V = 4 V and without external
illumination. A bright electroluminescent spot is visible at the location of the biased carbon
nanotube–molecule junction. Source: Reproduced with permission from Marquardt et al. [16].
Copyright 2010, Springer Nature.
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carbon nanotube–molecule junctions and the likelihood of obtaining molecular
light-emitting devices with different emission chromophores.

In another study, Wei et al. [17] developed a new process through a combina-
tion of the electrical breakdown and the electron beam-induced decomposition
(EBID) to fabricate nanotube nanogaps with a controllable size. In the process,
wide nanogaps of approximately 10–60 nm were initially formed on the nan-
otubes by using a high-density current (Figure 3.3a,b) followed by exposure to
organic vapors (such as ethanol or toluene) to absorb the organic molecules in the
cavity or on the surfaces of the nanotubes (Figure 3.3c). Then, the scanning elec-
tron microscopy (SEM) provided an electron beam with an appropriate energy to
induce the EBID to regulate the gap size of the nanotube electrode while avoid-
ing the destruction of the carbon nanotubes (Figure 3.3d). Because this process
allowed an in situ and real-time characterization during the nanotube diameter
broadening and nanogap narrowing process, it is relatively feasible and facile to
control the nanogap size in a relatively accurate manner. Importantly, after the
EBID process, a 𝜋-conjugated surface stemming from the deposition of sp2-rich
amorphous carbon was formed, thus offering the option to develop molecular
electronics by bridging the circuits with similar 𝜋-conjugated molecules, such as
DNA, through 𝜋-stacking interaction (Figure 3.3e,f ).

(a) (b)

(c) (d)

(e) (f)

+ –

Carbon coatingOrganic molecule

ss DNAss DNA

SiO2

n++ Si

Figure 3.3 Schematic diagram of fabricating nanotube electrodes by the EBID. (a) Building a
nanotube transistor. (b) Cutting the nanotubes by using the electrical breakdown. (c)
Adsorbing organic molecules on or in the carbon nanotube (CNT). (d) Irradiating the gap of
the CNT with an electron beam for in situ observation in the SEM. (e) Assembling DNA
molecules between the CNT electrodes by being immerged in a DNA buffer solution. (f )
Measuring the electronic properties of the bridged DNA molecules. Source: Reproduced with
permission from Wei et al. [17]. Copyright 2008, American Chemical Society.
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As described previously, the electrical breakdown methodology is useful for
achieving nanoscale gaps within carbon nanotubes with relative controllability
and efficiency. Although the electrical breakdown method has achieved remark-
able progress, several considerable challenges remain, such as the lack of precise
control of the gap size and electrode geometry, weak interfacial connection due
to 𝜋-stacking or the van der Waals forces caused by physical absorption, and
complex extra treatment to obtain different degrees of vacuum. Therefore, there
is a significant need to develop new techniques to readily fabricate nanogaps
in a fully controllable manner, which is of particular importance to advance
molecular-scale electronics for either rigorous scientific research or large-scale
potential industrial applications.

3.1.2 Lithography-Defined Oxidative Cutting

Chemically, carbon nanotubes are composited by sp2-hybridized carbons, which
can be easily activated by using programmable techniques, thus providing sev-
eral opportunities to establish new connections with the outside world, such as
the carboxylic group. Driven by this proposal, Guo et al. successfully developed
a reliable method in 2006 to fabricate nanoscale gaps in SWCNTs based on a
combination of high-resolution electron beam lithography (EBL) and precise oxi-
dation by oxygen plasma [18]. At the cutting position, the SWCNT leads with the
carboxylic groups will be terminated, making it possible to form a robust connec-
tion between the SWCNTs and the molecules by using chemically covalent bond,
such as the amide linkage. This result is remarkable because the covalent link-
ages significantly improve the device stability. This fact is of crucial importance
to develop functional SWCNT-molecule single-molecule junctions that function
as sensors and switches, thus leading to practical molecular devices.

The lithography-defined oxidative cutting process for fabricating SWCNT
point contacts is described in the following text. Briefly, arrays of SWCNT-based
transistors fabricated by using photolithography are spin-coated by a blanket
layer of poly(methyl methacrylate) (PMMA), where an ultra-small window is
open to expose individual SWCNTs through high-resolution e-beam lithogra-
phy. Then, oxygen plasma is injected through the lithography-defined window
to produce two-faced electrodes capped with carboxylic groups by precise
local oxidation, which offers access to linking with molecules containing amine
terminations through amidation (Figure 3.4). It should be noted here that
the size of these nanogaps could be controlled through different degrees of
oxidation, i.e. varying the time of exposure to oxygen. Under optimal condi-
tions, such carboxylic group-functionalized SWCNT electrodes, separated by
a molecular-length gap, can be produced with 20−25% yields. This type of
molecular electronic device can be used to explore the intrinsic properties of
individual molecules or achieve special functions, which are determined by the
designation of corresponding molecules i.e. the core component of the devices.

This lithographic method has three remarkable advantages as listed in the
following text. Firstly, the end-points of the SWCNT electrodes are oxidized
to produce carboxylic groups, which enable the system to form covalent bonds
between the electrodes and the bridging molecules terminated by the diamines.
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Figure 3.4 Lithography-defined oxidative cutting process for fabricating SWCNT point
contacts. (a) Precise cutting of SWCNTs with oxygen plasma introduced through an opening in
a window of PMMA defined with e-beam lithography. (b) Oxidative opening of a tube
produces two-point contacts functionalized on their ends with carboxylic acids and separated
by as little as 2 nm. (c) AFM image of the gap cut into the SWCNT. Inset is the height profile of
the isolated tubes. The diameter of the SWCNT is ∼1.6 nm, which is estimated from the height
profile. Source: Reproduced with permission from Guo et al. [18]. Copyright 2006, AAAS.

Because of the robustness of the interfacial connection, this type of molecular
devices can tolerate extra stimuli and chemical treatments, thus significantly
improving the device stability. Secondly, due to their naturally quasi-1D geo-
metric scale, these SWCNT electrodes provide only limited sites for molecular
connection. When combined with a special designation for the molecules, such
as introducing long side chains, the purity of the single-molecule measurements
can be ensured, which has the potential for uncovering a wealth of intrinsic
information at the single-molecule level. Thirdly, the entire fabrication process
is implemented under ambient environment conditions, which can largely
decrease the difficulty and complexity to achieve such sophisticated devices.
Additionally, this fabrication process can be easily extended to industrial mass
production in the future because all the operations in the process as well as the
three-terminal device architecture are compatible with conventional micro- and
nanofabrication techniques, which have been completely developed in modern
industry.

In the initial study, four molecules with different lengths and structures were
incorporated into the nanogaps between the SWCNT electrodes for two pur-
poses: to demonstrate the capacity and universality of this platform for various
molecular bridges and calibrate the etching process based on the molecular
rulers (Figure 3.5a). For the former, electrical measurements were sequentially
performed on devices before cutting, after cutting, and after connecting with the
molecular bridges. As indicated in Figure 3.5b, by using molecule 1 as a repre-
sentative, the black curve indicated the source–drain current (Ids) plotted against
the gate voltage (V gs) at a constant source-drain bias voltage (V ds = 50 mV)
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Figure 3.5 Reconnect SWCNT electrodes using molecules. (a) Molecular bridges (1–4)
spanning the SWCNT leads. Oligoaniline 4 provides a redox- and pH-sensitive molecular
bridge. (b) Drain current (I) as a function of the gate voltage (VG) at a bias voltage of 50 mV for
a metallic tube reconnected with 1. Electrical measurements were made before cutting (black
curve), after cutting with an oxygen plasma (red curve), and after connecting (green curve). (c)
Green circles demonstrating the ON-state resistance for oligoaniline 4, of which the
conductance can be altered through protonation or deprotonation when alternately
immersed in solutions of low and high pH. The blue triangles depict small changes in the
ON-state resistance for 2 when alternately immersed in solutions of low and high pH. Source:
Reproduced with permission from Guo et al. [18]. Copyright 2006, AAAS.

before cutting. The device before cutting demonstrated a metallic behavior.
The red trace, taken after cutting, indicated no conductance down to the noise
limit of the measurement (≤∼2.0 pA). The green trace depicted the devices after
molecular connection of the SWCNT leads. These measurements clearly proved
that this platform of building single-molecule junctions could be generalized
for different molecular wires. Regarding the latter, different reconnection yields
for molecular bridges with different sizes could provide useful guidance for
controlling specific etching degrees to achieve gaps with the appropriate scales
for reconnection. Briefly, these experimental efforts offer a promising way to
fabricate true single-molecule devices with high stability and reproducibility,
thus setting the foundation for probing the intrinsic properties of the molecular
materials. For example, after introducing target molecule 4 into the molecular
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Figure 3.6 DNA conductivity. (a) ISD versus VG at a constant VSD (50 mV) for a semiconducting
SWCNT device (top) and a metallic SWCNT device (bottom) (black curve: 1), after cutting (red
curve: 2), and after connecting with the DNA sequence shown (green curve: 3). Source: Guo
et al. [19]. Reproduced with permission from Springer Nature. (b) Left: Molecular structure of
the Cu2+-mediated base pair based on hydroxypyridone nucleobases (H) and the DNA
sequences; right: statistical conductance comparison between ODN–H1–Cu2+ and
ODN–H3–Cu2+ duplexes. Source: Reproduced with permission from Liu et al. [20]. Copyright
2011, John Wiley and Sons.

circuits based on the SWCNT electrodes, functional devices that were sensitive
to the pH at the single-molecule level were achieved (Figure 3.5c).

Another important example is to explore the electrical conductivity of individ-
ual DNA molecules [19, 20]. For a long time, the question of whether DNAs are
conductive was controversial [21]. To prove DNA conductivity, Guo et al. devel-
oped a general method to integrate DNA strands between SWCNT electrodes
and measure their electrical properties (Figure 3.6a) [19]. In this experiment,
the DNA sequences were modified with amines on either the 5′ terminus or
both the 3′ and 5′ termini and coupled to SWCNT electrodes through amide
linkages, thus allowing the electrical properties of the double-stranded DNAs
to be measured. It was determined that the well-matched duplex DNA in the
gap exhibited an average resistance of approximately 1 MΩ, which resembled
the electrical characteristics of the aromatic stacked planes of graphite. In
combination with other reports based on metal electrodes [6, 22–24], which



102 3 Carbon Electrodes for Molecular Electronics

described the charge transport in single DNA molecules as coherent tunneling,
incoherent hopping or both, these results provided direct evidence that clarified
the DNA conductivity. However, the conductivity of wild DNAs was found to
be limited, thus hampering the development of DNA-based nanoelectronics. To
improve the DNA conductivity, Guo and coworkers further demonstrated the
direct charge transport measurement of individual metallo-DNA duplexes by
using single-molecule break junctions (Figure 3.6b) [20]. By comparing the con-
ductance between ODN–H1–Cu2+ and ODN–H3–Cu2+, it was demonstrated
that the ODN–H3–Cu2+ devices tended to exhibit a higher conductance than the
ODN–H1–Cu2+ devices. This result may be attributed to the synergistic effect of
increased rigidity of the 𝜋-stacking and the electronic coupling for hole transfer
induced by the metal ions. This study is the first direct experimental support for
the hypothesis that the precise arrangement of the metal-mediated base pairs
into the DNA scaffolds may improve the insufficient electrical conductance of
the DNA duplexes. These findings provide a foundation for DNA-based hybrid
materials as conductive biocompatible bridges that may interface electronic
circuits with biological systems.

As demonstrated earlier, the SWCNT electrode–molecule single-molecule
junctions provide a promising device platform for building true single-molecule
devices with high stability. Based on this approach, functional molecular
devices have been created to detect molecular conformation transformation,
protein/substrate binding, and DNA hybridization at the single-molecule
level. More information about its further applications toward functional
single-molecule biosensors and switches is provided in Sections 9.5 and 9.7,
respectively. However, this approach has challenges stemming primarily from
two aspects: the connection yield is relatively low (generally ∼5%) and the
device-to-device properties vary primarily due to the variability in the properties
of the SWCNTs that depend on their chirality and diameter. To solve these
issues, it is urgent to develop another efficient strategy to build high-throughput
molecular junctions with high reproducibility.

3.2 Graphene-Based Electrodes

Graphene, another typical allotropy of carbon, is a two-dimensional (2D)
zero-bandgap semimetal carbon material with extraordinary electronic prop-
erties that has received worldwide attention since its discovery by Geim and
coworkers in 2004 [2]. Its high mobility and the ease with which it can be
doped with either holes or electrons make it suitable as a platform for sensors,
electrodes in field-effect transistors, and transparent contacts for photovoltaic
devices [25–33]. Particularly, graphene does not have the inherent variability
of the SWCNTs and can circumvent the problems that concern the SWCNTs
as discussed earlier. Therefore, 2D graphene, compared with one-dimensional
SWCNTs, has the capability of largely simplifying the device fabrication process
and creating stable molecular devices in high yield, thus potentially providing
complementary contacts to test the intrinsic properties of different molecu-
lar devices with molecular sizes in all dimensions. In Section 3.2, we focus
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Figure 3.7 Schematic of the feedback-controlled electroburning process and the ideal device
configuration. The device was created by assembling molecules terminated with anthracene
groups through 𝜋–𝜋 stacking. Source: Reproduced with permission from Prins et al. [34].
Copyright 2011, American Chemical Society.

on the methodologies developed for fabricating the second class of carbon
electrode–molecule single-molecule junction: graphene electrode–molecule
single-molecule junctions.

3.2.1 Electroburning

One early example that used graphene electrodes in molecular-scale electron-
ics was reported by Prins et al. [34]. In this study, they used feedback-controlled
electroburning to slice a few-layer graphene sheet (Figure 3.7). The gaps have sep-
arations of approximately 1–2 nm, as estimated from a Simmons model for tun-
neling. Then, the devices were created by assembling molecules of interest inside
the graphene nanogaps through 𝜋–𝜋 stacking (Figure 3.7). It was determined that
the molecular junctions displayed gateable I–V characteristics at room temper-
ature. However, it is difficult to control the electrode geometry and the resulting
gap size due to the use of the electroburning process and the few-layer graphene
sheets. Therefore, the development of a reliable approach to fabricate graphene
point contacts for creating single-molecule junctions with high stability remains
a considerable challenge. Recently, Ullmann et al. not only present a fabrica-
tion scheme based on epitaxial graphene nanoelectrodes by employing an elec-
trical breakdown protocol but also identified a suitable molecule (a molecular
wire with fullerene anchor groups) to make a reliable graphene point contacts
[35]. With these two components, stable electrical characteristics were recorded.
Interestingly, electrical measurements show that single-molecule junctions with
graphene and with gold electrodes display a striking agreement, which motivated
a hypothesis that the differential conductance spectra are rather insensitive to the
electrode material.

3.2.2 Dash-Line Lithography

To solve these issues, Guo and coworkers recently developed a new method,
known as dash-line lithography (DLL), to create a robust single-molecule elec-
tronic device based on indented graphene point electrodes [36]. The key feature
of this technique is the ability to produce carboxylic acid-terminated graphene
point contact arrays with gaps that are ≤10 nm. Briefly, a design AutoCAD®, a
software of Autodesk Inc. (CAD) file with a 5 nm-width dash line (A: 150 nm)
exposed to an electron beam (e-beam) and separated by B (40 nm) (Figure 3.8a)
was designed to open an indented window in a spin-cast layer of PMMA by using
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Figure 3.8 Fabrication of indented graphene point contact arrays. (a) A design CAD file with a
5 nm-width dash line (A: 150 nm and B: 40 nm) used for the cutting process. (b) Precise cutting
of the graphene sheets using oxygen plasma through an indented PMMA window defined by
the EBL. (c) Indented graphene point contacts formed by oxidative cutting were
functionalized by carboxylic acid end groups and separated by as little as a few nanometers.
(d) SEM and AFM images of a representative indented graphene point contact array. Source:
Reproduced with permission from Cao et al. [36]. Copyright 2012, John Wiley and Sons.

ultrahigh-resolution EBL (Figure 3.8b). The single-layer graphene sheet with
high quality was then locally cut through the open window via oxygen plasma
ion etching (Figure 3.8c). By exploiting the gradual etching and undercutting of
the PMMA, narrow gaps between the indented graphene point contacts arrays
were achieved (Figure 3.8d). These point contacts reacted with the conductive
molecules derivatized with amines to form stable molecular devices through
amide linkages.

Similar to the SWCNT case, the size of these nanogaps can be controlled
through the regulation of the etching process. Three different-length molecules
(Figure 3.9a) were selected as molecular rulers to characterize the relationship
between the cutting yield and the reconnection yield by electrical measurements,
as indicated in Figure 3.9b. This characterization helped optimize the device
fabrication conditions. Based on the statistical data presented in Figure 3.9b,
under optimized conditions, the maximum connection yield for these molecules
was determined to be ∼50%, which corresponded to the cutting yield of ∼28%.
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Figure 3.9 Improvement in the device fabrication. (a) Molecular bridges (5–7) spanning the
graphene point electrodes. (b) Statistical data of the connection yields as a function of the
cutting yields for each corresponding molecule. The simulated curves are depicted in black.
Source: Reproduced with permission from Cao et al. [36]. Copyright 2012, John Wiley and Sons.

This connection value significantly exceeds those of previous studies [37], in
which the connection yield was considerably lower when using metal or SWCNT
leads. Based on this data, the analysis of the number of junctions that contribute
to the charge transport by using the binomial distribution demonstrated that, in
most cases, only one or two junctions contributed to the charge transport of the
devices [12, 36].

One apparent advantage of this methodology is that the DLL technique largely
simplifies the device fabrication process and creates stable molecular devices
in high yield. The ease of device fabrication and device stability denotes the
graphene-molecule single-molecule junctions as a new-generation testbed for
molecular electronics. However, most of the previous studies rely primarily on
the ex situ synthesis of the molecular wires (e.g. dithiolated molecules) followed
by their subsequent insertion into the nanogapped electrodes, thus complicating
the systems because of the strong tendency for oxidative oligomerization and
aggregation of the molecules. To solve these problems, based on the previously
developed method, Guo et al. demonstrated the capability of the in situ construc-
tion of complex molecular wires through the implementation of a multiple-step
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Figure 3.10 In situ construction of complex molecular wires. (a) Molecular structures used for
device reconnection and specific recognition for Co2+. (b) Schematic strategies for bridging
graphene point contacts through a three-step strategy. (c) Device characteristics for the
reconnected device through a three-step sequence, VSD = −50 mV. Inset depicts ISD versus VSD
data for the same device after the reactions with 6 and cobalt ions (red) as well as after the
addition of 7 (blue) at the zero gate bias. Source: Reproduced with permission from Cao
et al. [55]. Copyright 2013, John Wiley and Sons.

reaction sequence (amide formation and coordination reaction) between the
molecular-scale graphene point contacts [38]. For example, a three-step strategy
is presented in Figure 3.10. Firstly, the graphene point contacts were primed
with a terpyridyl ligand 8 (Figure 3.10a), which only has a single amine group to
react with the graphene electrodes; however, it has a tridentate aromatic pocket
available for the subsequent coordination chemistry (Figure 3.10b). There was
essentially no detectable current (≤100 fA) (red curve in Figure 3.10c). Then,
the primed devices were immersed in a diluted methanol solution of cobalt
acetate (∼10−5 M). After the second step of cobalt ion treatment, each of the I–V
characteristics of the devices were carefully screened and determined as either
reconnected or open. The circuits that were open indicated zero conductance
up to the noise limit of the measurement (≤100 fA) (red curve in Figure 3.10c).
Each of these devices should contain two cobalt ions, one on each facing end of
the nanogap, and each cobalt ion should be available for further coordination. In
the third step of this sequence, hexapyridyl 9 (Figure 3.10a) was added (∼10−5 M
in chloroform), and the conductivity of the devices was measured (blue curve
in Figure 3.10c). The inset in Figure 3.10c indicates the ISD as a function of the
V SD for the same device after sequential reactions with 8 and cobalt ions during
cutting (red) and after the further addition of 9 (blue). The connection yield
for this three-step strategy was ∼9%. In addition to the in situ construction
of the molecular junctions, the researchers also achieved reversible switching
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between distinct conductance states when an azobenzene molecule (molecule
6 in Figure 3.9) was either illuminated by lights with different wavelengths or
exposed to different pH values, thus providing the possibility of integrating
multiple functionalities into a single molecular device [38]. Collectively, these
results demonstrated the capability of installing molecular functionalities into
electronic devices in a new platform of DLL-generated graphene–molecule
junctions. Additional details on this topic can be found in Section 9.7.

3.3 Other Carbon-Based Electrodes

As discussed in detail in Chapter 2, molecular junctions based on the
metal–molecule–metal architectures provide useful insights into the charge
transport at the molecular level, thus leading to a better understanding of the
underlying fundamental principles of molecular-scale electronics. However,
nanoscale metal electrodes are mechanically unstable due to the high atomic
mobility of the metal atoms. Furthermore, most of the metal electrodes (except
Au) can be oxidized easily under atmosphere conditions. Additionally, the
typical electrode density of the states near the Fermi energy is nearly energy
independent, which will hamper their further applications because metal-based
molecular junctions generally have smooth and featureless transmission proba-
bilities near the Fermi energy. Carbon-based electrodes, such as graphite, have a
remarkable mechanical strength as well as a variable highly dispersive density of
states near its Fermi energy [39] and strong non-covalent interactions through
the van der Waals-based 𝜋–𝜋 stacking [16, 34, 40]. This result implies that these
materials can be used to create molecular junctions by combining metal with
the carbon electrodes. Recently, Kim et al. [41] demonstrated the formation
of molecular junctions by using the scanning tunneling microscopy (STM)
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technique, where an Au metal tip and a microfabricated graphite substrate were
used as the two electrodes (Figure 3.11a). One remarkable feature of this junction
is that the mechanical strength of the graphite and the single-crystal properties
of their substrates allowed measurements to be taken over a few thousands of
junctions without any change in the surface properties. The conductance of a
series of graphite/amine-terminated oligophenyl/Au molecular junctions was
measured, and it was determined that the conductance decayed exponentially
with the molecular backbone length, which is consistent with a decay constant
observed in the same measurements with two Au electrodes. Interestingly,
despite the inherent symmetry of the oligophenylamines, rectification was
observed in these junctions (Figure 3.11b). This observation occurred because
the highly energy-dependent graphite density of the states contributes variations
to the transmission that, when coupled with an asymmetric voltage drop across
the junction, leads to the rectifying effect. These results indicate the possi-
bility of creating hybrid molecular-scale devices with purposefully designed
functionalities by using layered 2D materials.

The McCreery group developed a carbon fabrication technique for electron-
ics applications with the pyrolysis of photoresist polymers to form “pyrolyzed
photoresist films” (PPFs) [42–46]. The stability of the method used to anchor
the molecular layer to the large substrate is essential for making the top con-
tact in fabricating the molecular junction. For the case of C—C surface bonds,
bonded layers have been shown to be stable on sp2-hybridized graphitic car-
bon to >500 ∘C in ultrahigh vacuum (UHV) [47, 48]. The fabrication process
for surface modification by reducing a diazonium reagent was utilized initially
for making carbon interdigitated electrodes by pyrolysis of lithographic struc-
tures made from commercial photoresist used in the microelectronics indus-
try (Figure 3.12a). This process results in a flat (<0.5 nm RMS by atomic force
microscopy [AFM]), irreversible carbon surface with high coverage and sparse
pinholes mainly composed of sp2 bond. PPF has been used to make a variety of
carbon nanostructures, of which many have been used for electrochemistry [50].
Furthermore, they integrated the PPF/molecule/metal structure into electrical
circuits (Figure 3.12b) with different molecules sandwiched inside and system-
atically invested their J/V characteristics (Figure 3.12c). For wide applications,
recently, they developed audio distortion circuit [51] and photovoltaic devices
[52–54].
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4

Other Electrodes for Molecular Electronics

Generally, materials used as electrodes in molecular junctions should have
superior properties in four aspects. (i) The first premise is good electrical
conductivity, which can maintain its high value with dimension scale down. (ii)
The second is the stability of the material composition and configuration, which
is of great importance for resisting external perturbation/oxidation and ensuring
the success of forming molecular junctions. (iii) The third is the abundant
availability by using either bottom-up or top-down approaches. (iv) Lastly, the
fourth is the ease of material processing, which should be compatible with
industrial micro/nanofabrication techniques. Based on these considerations,
the past two decades have witnessed a large variety of materials being used in
molecular electronics, ranging from conventional noble metals to novel carbon
allotropies, which continuously and creatively update the paradigms for device
architecture and operation. In addition to the materials mentioned earlier,
there were also other attempts to expand the research regimes of molecular
electronics, including silicon and polymer-based nanoelectrode systems, as
discussed in the following section.

4.1 Silicon-Based Electrodes

It is well known that silicon materials led to the prosperity of the modern micro-
electronics industry because of their nearly perfect fitness for complementary
metal oxide semiconductor (CMOS) technology, such as controllable conductiv-
ity and tunable Fermi level by doping [1]. Physically, the work function of sili-
con can be varied by changing the doping, type, and density without changing
the interface structure and chemical binding, which will facilitate the interfacial
energy level alignment [2]. Chemically, the incorporation of the organic molecule
onto silicon is directional and stable, which is different from the case of thiols
incorporated on Au. In the case of the Au—S bonds, the thiolates can move
easily from one Au site to another at room temperature, even without apply-
ing a voltage, because the energy barrier between the two chemisorbed modes
on Au (the corrugation energy) is approximately 2.5 kcal mol−1 (∼0.11 eV mol−1).
Conversely, the corrugation energy is ∼4 eV for Si—C and ∼4.7 eV for Si—O—C
in the downside of the stable binding to Si, whereas the upside is more robust
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against substrate oxidation to withstand heating and other harsh conditions. In
fact, among the other binding chemistries, only the C—C bonding to graphite is
comparable with the Si—C or Si—O—C binding modes [3]. Additionally, the cur-
rently developed micro-/nano-processing techniques are established for silicon
materials. Collectively, silicon materials have clear advantages when used as effi-
cient electrodes for molecular junctions.

Currently, molecular devices based on silicon electrodes use a fabrication
process that first completes the construction of the contact structure and
then the molecular connection. This approach is designed for avoiding two
troublesome issues: (i) perturbations stemming from high temperatures and
solvents used during conventional silicon processing after molecule deposition;
and (ii) short-circuit effects resulting from the process of depositing metal
electrodes on the self-assembled monolayers (SAMs) of molecules previously
grafted on the silicon surface [4]. Based on these considerations, the combina-
tion of classical photolithographic techniques and selective etching methods,
including wet and dry etching, is used to fabricate silicon-based electrodes [5].
For molecular bridging, the ever-developing silicon-related chemistry provides a
large abundance of approaches to form the relatively robust electrode–molecule
interface, which can be exemplified by the developed photo-assisted reactions to
construct the Si—O—C [6] or direct Si—C [7] linkages. By using these methods,
several prototypes of molecular devices based on silicon electrodes have been
developed. Berg et al. [8] manufactured a series of silicon nanogaps with a gap
size ranging from 3 to 7 nm by partly removing the silicon dioxide insulator
from a silicon–oxide–silicon material stack with a selective oxide etchant. Dirk
et al. [5] detailed a simple four-step procedure to create a one-dimensional
nanogap on a buried oxide substrate that relied on conventional photolithog-
raphy and metal evaporation. The feasibility of forming molecular circuits by
using these nanogaps was further verified by electrical measurements of the
1,8-octanedithiol and 5 nm Au nanoparticles after attachment. This approach
was further extended by Howell et al. [9] through a self-assembling approach
based on the reaction of silicon with a diazonium salt.

A challenging issue in molecular electronics is the difficulty in identifying
the number of molecules spanning the junction due to the naturally bulky
dimension of the electrodes. To solve this problem, a study established in
2010 by Ashwell et al. appeared to introduce this particular consideration [10].
The construction of molecular silicon electrodes with a vertical architecture
was reported (Figure 4.1a). Briefly, a highly doped n-type Si (111) bottom
electrode and a polycrystalline Si top, which were separated with a V-shape
gap of ∼7 nm (Figure 4.1b), were fabricated by using programmable CMOS
processing and chemical etching. Then, the molecular bridge was achieved by
the in situ synthesis of conjugated wires within the nanogaps. In this study,
4-ethynylbenzaldehyde, which has been covalently grafted to the Si electrodes
by a simple thermally activated addition reaction, was used as a molecular bridge
to connect the targeted molecules terminated with amines, thus forming the
sandwich structure (Figure 4.1a). Therefore, the molecule–electrode interface is
robust due to the Si—C covalent bond connection, consequently ensuring the
charge transport (Figure 4.1c). In the following study [11], the authors further
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reduced the scale of the molecular junctions to a span of ∼2.8 nm with the
featured device characteristics. It should be noted that the nanogaps between
the silicon electrodes are likely to reconnect a large number of molecules. Impor-
tantly, a deliberate mismatch between the molecule length and the nanogap
scale, in combination with different in situ assembling times, was introduced to
limit the number of bridges, thus constructing few- or single-molecule devices.
By using this testbed, the transport properties of two types of molecular wires
(oligofluorenes and anthraquinone) were measured.

For the initial exploration of silicon materials used in molecular electronics,
this approach is significant for scaling the mature silicon system to a molecular
scale. However, to generalize this method, certain challenges remain. Firstly,
although the CMOS processing techniques have a high degree of professional
proficiency, the construction of these types of molecular electronics platforms
is still complex, especially for commercial applications. Secondly, the chemical
stability and the electrical conductance of the silicon electrodes are not suitable
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to provide molecular devices with high performance and stiffness against harsh
environments. Thirdly, it is difficult to determine the number of molecular
bridges in the molecular junctions. Therefore, there are numerous issues in the
system that need to be further studied.

4.2 Polymer-Based Electrodes

Despite the significant achievements mentioned earlier, it is still difficult to
fabricate a practical single-molecule integrated circuit. One of the reasons is
the lack of viable methods for wiring each functional molecule: how to create
conductive nanowires at the designated positions, and how to ensure chemical
bonding between the nanowires and the functional molecules. One possible
solution is to integrate each molecule into the electrical circuits with atomic
precision. Recently, a novel method known as “chemical soldering” was reported
in 2011 by Yuji Okawa et al. [12], in which they connected a single functional
molecule with a single conductive polymer nanowire via covalent bonds. Briefly,
functional phthalocyanine (Pc) molecules were placed on an SAM of diacetylene
compounds (Figure 4.2a). A scanning tunneling microscope (STM) probe tip was
then positioned on the molecular row of the diacetylene compound and then
stimulated its chain polymerization to form conductive polydiacetylene (PDA)
nanowires (Figure 4.2b,c). Because the front edge of the chain polymerization
had a reactive chemical species, the resulted polymer nanowire reacted with an
encountered phthalocyanine molecule and formed a connection through chem-
ical bonding. By using this approach, a resonant tunneling diode stemming from
a single phthalocyanine molecule bridging two conductive polymer nanowires
(Figure 4.2c, bottom) was demonstrated.

The integration of using new materials as efficient electrodes in molecular
electrical circuits remains an active and challenging area of research because it

(a) (b) (c)

Figure 4.2 Schematic images of chemical soldering. (a) Top: illustration of a Pc pentamer
adsorbed to an SAM of 10,12-nonacosadiynoic acid; bottom: corresponding STM image. (b)
Top: chain polymerization initiated by an STM tip; bottom: STM image obtained after initiating
chain polymerization. The fabricated PDA chain, which is seen as a bright line, is connected to
a Pc molecule. (c) Top: polymer chain reached the adsorbed molecule and a spontaneous
chemical bond formation occurred; bottom: STM image depicting two PDA chains connected
to a single Pc molecule. Source: Reproduced with permission from Okawa et al. [12]. Copyright
2011, American Chemical Society.
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can offer a wealth of opportunities to construct robust interfacial connections,
tune energy level alignments, and establish novel device architectures. It is
of crucial importance to solve the critical issue of the electrode–molecule
contact interface and develop true single-molecule circuits for the next gen-
eration of electronics with higher efficiencies and lower power dissipations.
Specifically, the introduction of using semiconductors, such as silicon and
low-dimensional nanomaterials, as nanoscale electrodes presents significant
physical, chemical, and technological advantages, and the development of
conductive polymer-based electrodes holds great potential for all-synthesized
molecular electronic circuits, thus leading to new branches in molecular
electronics.
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5

Novel Phenomena in Single-Molecule Junctions

In the past few decades, various techniques for preparing nanogapped electrodes
have emerged, which has promoted the rapid development of single-molecule
electronics from both experimental and theoretical aspects. In order to study the
intrinsic quantum phenomena and achieve the required functions, it is impor-
tant to fully understand the charge transport characteristics of single-molecule
devices. Because charge transport in a single-molecule junction is essentially a
quantum domain, molecular electronics offers unique opportunities to discover
fundamental physical phenomena and directly observe effects that are not avail-
able in traditional methodological studies. These effects include quantum inter-
ference (QI) [1–3], the Coulomb blockade [4], the Kondo effect [4, 5], and so
on. Furthermore, devices with various remarkable functionalities, for example,
molecular thermoelectric devices [6, 7] and molecular spintronic devices [8, 9],
have been realized recently.

5.1 Quantum Interference

The goal of single-molecule electronics is to make transformative and viable
electronic devices happen. In a pure electronic picture, QI is a built-in property
of many molecules commonly used in molecular junctions. QI arises due to the
wave nature of the electrons when the device length scale becomes comparable
with the electronic phase coherence length. QI effect occurs if partial electron
waves propagating through the two branches of a molecular junction interfere
with each other. The conductance is suppressed or enhanced, while electron
waves interfere with each other destructively or constructively. Essentially, QI
effect provides new insights and methods toward controlling charge transport at
the level of the wave function through chemical design, potential, and electrical
control.

5.1.1 Prediction of QI Effects

There are several methods to judge if QI will occur in electron transport through
molecular junctions. Latha and coworkers proposed an “atom-counting”
approach to forecast destructive QI in cyclic and acyclic π-conjugated

Molecular-Scale Electronics: Concept, Fabrication and Applications,
First Edition. Xuefeng Guo, Dong Xiang, and Yu Li.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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molecules [10]. By arrow pushing in π-conjugated resonance forms, QI
can be simply predicted with a pen and a paper. Firstly, draw the chemical
structure of the molecular bridge with Au atoms attached to each linker atom.
Secondly, try to draw a reasonable resonance structure that delocalizes one
Linker–Au bond onto the other Au atom by using arrow-pushing formalisms. If
it is possible to draw a resonance structure where there is a positive charge on
one Au atom and a negative charge on the other Au atom, QI should not occur.
Finally, if there are no resonance structures that can be drawn, which meets the
criteria in the second step, the molecule should demonstrate destructive QI.

Despite the ease and the speed of this pen-and-paper approach, it can only be
used to predict QI in π-conducting systems. In addition, it also cannot be used to
quantitatively predict the conductance value or the position of the anti-resonance
peak. To overcome these issues, Lambert et al. summarized a magic ratio rule
(MRR) that is determined by QI within the core of polycyclic aromatic hydrocar-
bons (PAHs). The conductance ratios of molecules with the same core are equal
to the square of the ratio of their magic numbers [11]. The MRR provides a useful
starting point for chemists to design appropriate molecules for molecular elec-
tronics with desired functions.

However, if scientists want to probe quantum effect qualitatively, both the
Huckel and density functional theory calculations on model systems should
be used. Scientists start with the calculation between transmission T(E) and
energy to make the resonances related to the position of the molecular orbitals
of the isolated molecule [12]. The transmission coefficient T(E) yields electrical
conductance according to the Landauer formula [1], a new current–voltage
relationship, and novel thermoelectrical properties can be explored. In these
cases, destructive interference is evident for sharp dips in the transmission on a
logarithmic scale. By calculating the transmission probability of non-equilibrium
Green’s function, they can visualize the relation between the key electronic
parameters and the positions of normal resonant peaks and anti-resonant peaks
induced by QI in the conductance spectrum [13].

5.1.2 Signature of Quantum Interference

The single-molecule electronics community has focused its attention mostly on
destructive QI, which is characterized by a sharp dip or an “anti-resonance” in
the transmission probability calculations or in differential conductance experi-
ments. Among the community, Sence Jan van der Molen and coworkers found
the direct evidence of QI by critically analyzing the T(E) transmission dip theo-
retically and dI/dV versus potential plots experimentally [14]. By comparing the
T(EF) values between 2,6-Bis[(4-acetylthiophenyl)ethynyl]anthracene (AC-DT)
and 2,6-Bis[(4-acetylthiophenyl)ethynyl]-9,10-anthraquinone (AQ-DT) and
with the transformation of the frontier molecular orbitals into an equivalent
set of maximally localized molecular orbitals (LMOs), it is theoretically clear
that an electron with energy E lying inside the highest occupied molecular
orbital–lowest unoccupied molecular orbital (HOMO–LUMO) gap can traverse
the molecule by means of two distinct paths: directly from the left to the
right LMO (Figure 5.1a), or via the energetically higher LMO (Figure 5.1c). For
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Figure 5.1 Signature of quantum interference. (a, c) Schematic transport models derived from
the localized molecular orbitals presented in the upper parts (a: AC-DT; c: AQ-DT). (b, d)
Logarithmically binned two-dimensional histogram for dI/dV values versus bias voltage V for
AC-DT and AQ-DT (in Ω−1). (e, f ) Logarithmically binned two-dimensional histograms of dI/dV
(in Ω−1) versus bias voltage V for AQ-MT (e), and OPE3-MT (f ). Source: Reprinted with
permission from Guedon et al. [14]. Copyright 2012, American Chemical Society.

AC-DT, because there is only a single path available, no interference effects occur
for AC-DT (Figure 5.1b). In contrast, it is confirmed in theory that destructive
QI occurs for AQ-DT (Figure 5.1d).

However, the logarithmically binned dI/dV line versus bias of AQ-DT is
still U-shaped as AC-DT is. So it is not directly evident to confirm QI in
AQ-DT experimentally. Then, they analyzed 2-[(4-acetylthiophenyl)ethynyl]-6-
(phenylethynyl)-9,10-anthraquinone (AQ-MT) and found that the dI/dV curves
are nearly symmetric in both calculation and experiment, although AQ-MT is
contacted asymmetrically. It seems quite interesting that another asymmetrical
OPE3-MT does not show the symmetric dI/dV dip in both calculation and
experiment. So the symmetry in Figure 5.1e must therefore be a consequence of
T(E) being symmetric around EF or, equivalently, of EF lying near the interference
minimum. Figure 5.1e, f constitute direct evidence for QI in AQ-MT molecular
junctions.

QI effects arising from cross-conjugation in such conjugated molecules have
been demonstrated experimentally as described above, but they have also been
predicted for 𝜋 systems that are close enough in space to interact [15]. Unlike for
conjugation patterns, which is an intrinsic property, this type of QI is extremely
sensitive to the conformation; the two𝜋 systems must be precisely aligned to form
a through-space conjugation interaction. So, Ryan C. Chiechi and coworkers
applied [16] self-assembled monolayers to study conformation-driven QI effects
mediated by through-space conjugation. They investigated the tunneling trans-
port through space in face-on or edge-on arrangement by using pseudo-p-bis((4-
(acetylthio)phenyl)ethynyl)-p-[2,2]cyclophane (PCP) or 2,6-bis(((4-acetylthio)
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phenyl)ethynyl)-9,10-dihydroantracene (AH). 1,4-bis(((4-acetylthio)phenyl)
ethynyl) benzene (OPE3) and 2,6-bis(((4-acetylthio)phenyl)ethynyl) antracene
(AC) were also used because they have same end-to-end lengths as PCP and
AH and they are conjugated through bonds. They confirmed that destructive QI
might be “switched on” by small changes in conformation. All of the conductance
heatmaps except for AH are U-shaped, which is a sign of non-resonant tunneling.
The heatmap for AH has a sharp dip in the center and negative curvature near
±1 V, which is a sign that a destructive interference feature exists in the bias
window.

Slightly different from SAMs to change the conformation, van der Zant and
coworkers [17] showed that the destructive interference can be turned on or off
by mechanically controlling its conformation within the same molecular system.
By using a combination of ab initio calculations and single-molecule conductance
measurements, they demonstrated the existence of a quasiperiodic destructive
quantum-interference pattern along the breaking traces of π-stacked molecular
dimers (Figure 5.2). As shown in Figure 5.2a, b, the resulting zero-bias conduc-
tance strongly depends on the stacking geometry of the molecules, with sharp
conductance drops over several orders of magnitude. These conductance drops
can be traced back to destructive quantum-interference effects that occur exactly
at the Fermi energy of the electrodes for a specific dimer conformation. In partic-
ular, the drops in conductance observed for S-OPE3 resulted from the QI effects
and occurred when the intermolecular couplings had the opposite signs. The
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results demonstrate that it is possible to control the molecular conductance over
more than 1 order of magnitude and with a sub-ångström resolution by exploiting
the subtle structure–property relationship of π-stacked dimers (Figure 5.2c).

5.1.3 Different Transport Pathways

According to Kirchhoff’s circuit laws, the net conductance of two parallel paths
in an electronic circuit is the sum of the individual conductance. Latha and
coworkers synthesized a series of molecular systems that contain either one
backbone or two backbones in parallel, bonded together cofacially by a common
linker on each end [18]. Single-molecule conductance measurements and
transport calculations based on the density functional theory showed that the
conductance of a double-backbone molecular junction can be more than twice
that of a single-backbone junction, providing clear evidence for constructive
interference.

Besides a multi-branched molecular structure, different configurations can
induce the interference of transport components along different pathways.
For example, scientists studied the molecules in either a para- or a meta-
configuration and found that the conductance through a single meta-coupled
benzene ring is more than an order of magnitude lower than through a para-
coupled benzene [19]. Especially, molecules consisting of phenyl rings have been
explored due to the configuration in which the anchoring units are connected.
Under this background, scientist investigated the conductive properties of
oligo(phenyleneethynylene) (OPE)-type molecules possessing three aromatic
rings (Figure 5.3a). The single-molecule conductances were found to satisfy the
quantum circuit rule Gppp

Gpmp
= Gmpm

Gmmm
[20]. Molecules were of the type X–Y –X, where

X represents pyridyl anchors with para (p), meta (m), or ortho (o) connectivities
and Y represents a phenyl ring with p and m connectivities. This demonstrates
that the contribution to the conductance from the central ring is independent of
the para versus meta nature of the anchor groups.

Based on the study in configuration of anchoring units, Colin J. Lambert and
coworkers inserted one nitrogen atom into the m-OPE core [21]. They observed if
the substituted nitrogen is in a meta position relative to both acetylene linkers, the
daughter conductance remains as low as the parent. While the substituted nitro-
gen is in an ortho position relative to one acetylene linker and a para position
relative to the other, destructive QI is alleviated and the daughter conductance
is high. In fact, their goal is to capture the role of connectivity in determining
the electrical conductance of such parents and daughters. By applying molecules
consisting of bipartite parental cores in which odd-numbered sites are connected
to even-numbered sites only (Figure 5.3b), the effect of heteroatom substitution
onto an odd-numbered site is summarized by the following qualitative rules: i,
j are different “atom sites” in a graphene-like polyaromatic hydrocarbon (PAH)
molecule (i) when i and j are odd, both parent and daughter have low conduc-
tances, (ii) when i is odd and j is even, or vice versa both parent and daughter
have high conductances, and (iii) when i, j are both even, the parent has a low
conductance and the daughter a high conductance.
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5.1.4 Chemical Design to Tune Quantum Interference

Tuning the QI effect in charge transport at the single-molecule level by chemical
design is an underlying topic that scientists pay attention to. Hong and cowork-
ers found that protonation alleviated the destructive interference, thus resulting
in the occurrence of the largest conductance change in the protonated azulene
molecular junctions [22]. Three azulene derivatives with different connectivi-
ties were synthesized and reacted with trifluoroacetic acid to form the proto-
nated states. The conductances the protonated states produced were more than
1 order of magnitude higher than the neutral states, which suggested the shorten-
ing of the preferred charge transport pathway and that protonation significantly
enhanced the single-molecule conductance.

In addition, they found that the conductance of the metallacycle junction with
phosphonium group is more than 1 order of magnitude higher than that without
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phosphonium group [23]. By analyzing X-ray diffraction and UV–Vis absorp-
tion spectroscopy, it is suggested that the attached phosphonium group makes
metallacycles more delocalized. The attached phosphonium group in the met-
allacycles provides the access to tune the metallacycles by delocalization effect,
which leads to the conductance difference higher than 1 order of magnitude. The
delocalization effect could offer a new avenue to tune charge transport in molec-
ular materials and devices.

Recent observations of QI in single-molecule junctions confirm the essential
role of quantum effects in molecular systems. These effects are central to a
broad range of chemical processes and may be beneficial for the design of single-
molecule electronic functionalities. Here we have shown the direct evidence of
QI in experiments. QI effects can be turned on or off within the same molecular
system by controlling its conformation or controllable chemical design. Thus, QI
effects give us opportunities to “switch off” electronic communication between
different parts of a molecule. With the right substituents, we are able to tune the
position of this interference feature that lies very close to the Fermi energy. These
essential studies provide us new insights into the functionality and application
we can use in QI. Much more work needs to be done to understand the true
nature of QI effects in single-molecule electronics.

5.2 Coulomb Blockade and Kondo Resonance

The research scale for single-molecule junctions is the nanoscale or an even
smaller scale, which gives rise to remarkable quantum transport phenomena,
such as the Coulomb blockade, the Kondo effect, etc. A brief description of the
two quantum phenomena will be introduced in this section. The Coulomb block-
ade effect is drastically determined by the coupling strength between molecules
and two electrodes. Coulomb blockade emerges in the relatively weak coupling
mechanism because the energy of an electron in the molecules is too small to tun-
nel into the molecular island, and there is mutual repulsion between electrons in
and outside the molecules, which results in the single-electron transport regime.
However, the Coulomb blockade is absent in a comparatively strong coupling
mechanism due to the broadening of the frontier molecular orbital levels.

The Coulomb blockade effect can be eliminated by adding a gate electrode
to a two-terminal junction to resonantly modulate the molecular energy levels
with the Fermi levels of the source and drain [24]. Based on the Coulomb block-
ade, there are some potential real devices that can be developed, such as single-
electron transistors (SETs), single-electron memory, and so on. As a result, the
study of the Coulomb blockade effect is capable of promoting basic understand-
ing of the electron transport mechanism in molecular junctions.

The Kondo effect, also called the Kondo resonance in the conductance, plays
a significant part in electron transport. Found in metals including magnetic
impurities, the Kondo effect manifests as a type of abnormal minimum in the
resistance as a consequence of an exchange coupling between the spins of
localized magnetic impurity systems and delocalized conduction electrons [25].
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In single-molecule junction configurations, the localized spin of the molecule
can be screened by the conducting electron spin in the electrodes in the exchange
coupling process [26], resulting in a conductance peak at a low bias voltage
(the Kondo resonance in the conductance). With the mechanically controllable
break junction (MCBJ) technique, Wagner et al. reported a switch between
the pseudo-singlet state and the pseudo-triplet state, which was respectively
assigned to the absence and occurrence of a Kondo-like anomaly [27]. Recently,
Frisenda et al. investigated the Kondo effect in a neutral and stable all-organic
radical single-molecule break junction in two-terminal and three-terminal
solid-state electronic devices [28]. They found that the Kondo anomaly is robust
regardless of mechanical and electrostatic changes.

It was also worth mentioning that different nuclear spin states should lead
to different conductance states and thus could be used to encode information
or induce switching. The most universally used molecular spin switches can be
divided into two categories: spin-crossover compounds and valence-conversional
molecules. In the first type, bias-dependent switching was reported in molecular
junctions with a spin-crossover coordination compound as the functional center.
van der Zant and coworkers [29] reported that a new single-molecule-switching
concept based on the coordination-sphere-dependent spin state of FeII species by
using [FeII(tpy)2] complexes was fabricated using the MCBJ technique. Because
the FeII ion changes from a low-spin state to a high-spin state at a threshold
voltage owing to the distortion of the coordination sphere under a high electric
field, single molecule spin switch has been successfully realized.

For the second type, the valence state change of the valence state transition
molecules is related to the conductance state or the applied magnetic field.
Voltage-induced conductivity switch is implemented in a single molecule. It was
demonstrated that a high/low current ratio of more than 1000 was generated at
a bias voltage of <1.0 V based on a device containing both Mo compounds [30].
This behavior was attributed to the oxidation and/or reduction of Mo ions
mediated by weakly coupled local molecular orbitals with spin-polarized ground
states.

In addition, a three-terminal nuclear spin quantum bit transistor composed of
a TbPc2 single-molecule magnet fabricated by electromigration has been used for
electromigration measurement [31]. By scanning the magnetic field at a constant
source–drain and gate bias, the electron spin state changes between the |↑⟩ and
|↓⟩ states, resulting in a conductance transition [31]. Lutz and coworkers [32]
realized the Ho atom based on MgO loading, and there was a Fe atom next to Ho
to increase the reversible switch of the magnetic field felt by Ho. These studies
not only provided valuable information for the further development of the Kondo
effect, but also laid the foundation for further exploration of charge transport in
single-molecule electronics.

Based on above-two quantum transport phenomena, a number of research
groups moved on and conducted the bulk of related studies. Combined the
characteristics of both the Kondo effect (due to the entanglement from strong
electronic interactions) and QI (due to competing electron transport path-
ways), transport through a spin-degenerate molecule can be either enhanced
or blocked by the Kondo correlations, depending on molecular structure,
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contacting geometry, and applied gate voltages [33]. Figure 5.4a illustrates
how a renormalized Kondo resonant conductance is evolved into a novel
Kondo blockade regime of the suppressed conductance due to QI. As shown
in Figure 5.4b, the Kondo blockaded conductance occurs near a QI node in
the exchange co-tunneling. It can be concluded that the quantum chemistry
techniques could be used to accomplish the Kondo model mapping for larger
molecules. Besides, quantum effects dominating transport characteristics can
be used to create functional devices, especially archetypal SETs [34]. Figure 5.4c
shows the schematic of a single-cluster junction accomplished by the scanning
tunneling microscope (STM) technique; the Au tip is coated with an insulating
wax before immersion in a solution of the target clusters in propylene carbonate
(PC). According to the current measurement, beyond these voltage thresholds,
the current through the junction increases sharply, shown in Figure 5.4d. The
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device is turned on when the temporary occupation of the core states by a
transiting carrier is energetically enabled, resulting in a sequential tunneling
process and an increase in current by a factor of ∼600. This is a new way to
design room-temperature molecular-scale transistors with multiple states and
functionalities. In summary, both the Coulomb blockade and the Kondo effect
arise from the electron–electron interactions in single-molecule quantum dots.
Therefore, the integrated studies for both effects offer an effective method to
further explore the quantum transport properties in single molecular devices.

5.3 Thermoelectricity

The thermoelectricity of molecular junctions, which measures the induced volt-
age drop or the induced current across the junctions between two electrodes with
a temperature difference, is important to understand the basic scientific mecha-
nism of the thermoelectronic effect at the single-molecule level and improve the
technologies for converting wasted heat into the useful electrical energy [35]. Fur-
thermore, thermoelectronic characterizations, especially the Seebeck coefficient
(Sjunction = ΔV /ΔT), of the molecular junctions can determine the type of charge
carriers (either p- or n-type) and the relative energy position of the Fermi level
of the electrodes with respect to the HOMO or LUMO levels of the connected
molecules [6]. In the off-resonance limit, the Sjunction of the molecular junctions
at zero applied voltage can be related to the transmission function (T(E)) at the
Fermi level by using the Landauer formula as follows:

S(EF) = −
𝜋

2K2
BT

3e
𝜕 ln(T(E))

𝜕E
||||E=EF

(5.1)

where kB is the Boltzmann constant; e is the charge of the electron; T is the aver-
age temperature of the junctions; and EF is the Fermi level. In other words, the
Sjunction is related to the slope of T(E) at the Fermi level of the systems. With the
Fermi level in the middle of the HOMO and LUMO levels in most molecular junc-
tions (Figure 5.5), when the HOMO level is closer to EF for a p-type transport,
a negative slope of the T(E) and a positive value of Sjunction are obtained. How-
ever, for an n-type transport with an LUMO level closer to EF, a positive slope
of the T(E) and a negative value of Sjunction are achieved. Therefore, by using the
Sjunction value, the type of charge carriers and the relative position between EF and
the HOMO or LUMO levels can be determined based on the thermoelectronic
investigations of the molecular junctions.

Based on the Landauer formula of the Sjunction, it is reasonable to conclude that
the slope of the transmission function (T(E)) determines the thermoelectronic
characteristics of the molecular junctions. When the transmission function is
simplified to a single Lorentzian shape peak form, T(E) can be written as follows:

T(E) =
N∑

i=1

4Γi,LΓi,R

(Γi,L + Γi,R)2 + 4(E − Ei)2 (5.2)

where i indicates the molecular orbital (HOMO or LUMO); Ei is the molecular
energy level from EF; and Γi,L and Γi,R are the broadening of the ith orbitals due
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Figure 5.5 Theory of
thermoelectricity in representative
Au–1,4-benzenedithiol (BDT)–Au
molecular junctions. (a) Theoretical
prediction of the transmission
function of an Au–BDT–Au junction
plotted as a function of the position
of the Fermi level of the Au electrodes
with respect to the HOMO and LUMO
levels. (b) Predicted Seebeck
coefficient of the Au–BDT–Au
junction plotted as a function of the
position of the Fermi level with
respect to the HOMO and LUMO
levels. Source: Reproduced with
permission from Reddy et al. [6].
Copyright 2007, AAAS.
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to the coupling with the left and right electrodes, respectively. In other words,
in addition to the relative energy position between EF and the ith orbitals, the
broadening of the molecular orbitals can also be investigated using the thermo-
electronic measurements of the molecular junctions. Thus far, the experimental
characterization of thermoelectricity for molecular junctions is limited. However,
a few key results have emerged, such as the Seebeck coefficient determination and
its modulation, thus offering a promising research branch of molecular electron-
ics. Detailed information and discussions are provided in Section 9.7.

Reddy et al. experimentally studied the thermoelectricity properties of
1,4-benzenedithiol (BDT), 4,4′-dibenzenedithiol, and 4,4′′-tribenzenedithiol at
room temperature by trapping molecules between two gold electrodes with a
temperature difference across them. They revealed that the Seebeck coefficients
of these molecular junctions to be +8.7, +12.9, and +14.2 microvolts per kelvin
(μV K−1), respectively [6]. The ability to study thermoelectricity in molecular
junctions provides the opportunity to exploring molecular thermoelectric energy
conversion. The same group further demonstrated that electrostatic control
of thermoelectric properties via a gate electrode is possible [36]. The main
challenge for the investigation of thermal electricity in three terminal molec-
ular junctions is that creating big temperature differentials in three-terminal
devices is almost impossible. Nevertheless, Kim et al. showed that extremely
large temperature gradients can be established in nanoscale gaps bridged by
molecules, while simultaneously controlling their electronic structure via a gate
electrode. By employing this platform, they studied different types of molecular
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junctions, and demonstrated that the Seebeck coefficient as well as the electrical
conductance of molecular junctions can be simultaneously increased by electro-
static control. Additionally, they showed that thermoelectric properties can be
significantly enhanced when the dominant transport orbital was located close to
the Fermi level of the electrodes. These results illustrate the intimate relationship
between the thermoelectric properties and charge transmission characteristics
of molecular junctions.

Recently, probing the thermopower (Seebeck effect) of molecular junctions
has enabled studies of the relationship between thermoelectricity and the molec-
ular structure [37]. Furthermore, Cui et al. reported the observation of Peltier
cooling in molecular junctions – a critical step for establishing molecular-based
refrigeration [38]. By integrating conducting-probe atomic force microscopy
with custom-fabricated picowatt-resolution calorimetric microdevices, they
created an experimental platform that enables the unified characterization of
electrical, thermoelectric, and energy dissipation characteristics of molecular
junctions. By using this platform, we studied gold junctions with different types
of molecules and revealed the relationship between heating/cooling and charge
transmission characteristics. Their experimental conclusions are supported by
self-energy-corrected density functional theory calculations and will promote
the extraordinarily efficient energy conversion as theoretically predicted [39–41].

5.4 Electronic–Plasmonic Conversion

Photonic elements can carry information with a capacity of 1000 times more than
that of electronic components. However, due to the optical diffraction limit, these
elements are difficult to be integrated into modern-day nanoelectronics, such as
three-dimensional integrated circuits [42, 43]. Especially, surface plasmon polari-
tons can be confined to subwavelength dimensions and can carry information
at high speeds (>100 THz). To combine the nanoelectronics (small dimensions)
with the optics (fast operating speed), on-chip electronic–plasmonic transducers
that directly convert electrical signals into plasmonic signals (and vice versa) is
really required. Du et al., for the first time, reported electronic–plasmonic trans-
ducers based on metal–insulator–metal tunnel junctions (MIM-TJs) coupled to
plasmonic waveguides [44]. They studied the plasmon excitation efficiency of an
MIM-TJ (the plasmon source) via a second MIM-TJ (the plasmon detector), both
connected to a plasmonic waveguide without the need for plasmon-to-photon
conversions any more.

Figure 5.6a shows how two MIM-TJs are plasmonically coupled via their Au
leads, which serve as the plasmonic waveguide. In the system, one tunneling junc-
tion functions as the plasmon source via an inelastic tunneling process and the
other one works as the plasmon detector via optical rectification (modulation of
the tunneling current by plasmons). Surface plasmon polariton (SPPs) are excited
by the source junction, propagate along the Au plasmonic waveguide, and are
detected by the detector tunneling junction. Figure 5.6b schematically shows an
MIM-TJ that consists of an Al electrode (40 nm in thick) with its native layer of
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Figure 5.6 The realization of an on-chip electronic–plasmonic transducer. (a) Schematic
illustration of the device consisting of two metal–insulator–metal tunnel junctions connected
to a plasmonic waveguide. The left junction generates the plasmon source and the right
junction detects the plasmon. SPPs are excited when a source bias voltage VS is applied, and
they propagate via the plasmonic waveguide to the detector. The plasmon modulates the
tunneling current that flows across the detector with a detector bias VD. (b) Schematic of an
M–I–M (Au/AlOx/Al) tunnel junction. (c) Time trace of VS in square waveform. (d) Time trace of
response current intensity (ΔJD) for VS in (c). Source: Reproduced with permission from Ref. Du
et al. [44]. Copyright 2017, Springer Nature.

∼2 nm as the tunneling barrier and an Au electrode. By applying a bias across the
MIM-TJ, electrons flow as a result of quantum-mechanical tunneling. The plas-
mons was excite inside the tunnel junction, the so-called MIM–SPP mode and
propagating along the Au electrodes.

Figure 5.6c shows that a square voltage waveform was applied to the source V S
with maxima at 0 and −1.4 V. The detector voltage V D was fixed at a constant
ranging from −0.5 to −1.4 V. They found that the response current intensity
(ΔJD) faithfully followed the input signal V S and increased with V D, as shown
by Figure 5.6d. On the basis of their electrical measurement together with
photon emission image, they demonstrated that these junctions can be readily
integrated into existing technologies, thus promising potential applications in
on-chip integrated plasmonic circuits.

Recently, Dong et al. [45], reported such electrically driven single-photon
emission. They used effective quenching inhibition and nanocavity plasma
enhancement to achieve stable single-molecule electroluminescence. Single-
photon emission driven by a well-defined isolated single-molecule emitter was
achieved by combining electronic decoupling with a resonant plasma nanocavity
enhanced emission formed by an ultra-thin dielectric spacer and an STM



132 5 Novel Phenomena in Single-Molecule Junctions

Time delay (ns)

C
o

rr
e

la
ti
o

n
, 
g

(2
) (τ

)

g(2)(0) = 0.41(4) ZnPc/3 ml NaCl

ZnPc/4 ml NaCl

4 ml NaCl

g(2)(0) = 0.12(2)

–15
0.0

0.5

Ag(100)

(a) (b)

NaCl

ZnPc

Ag tip

Vb

I

h+
hν

1.0

1.5

2.0

2.5

3.0

–10 –5 0 5 10 15

Figure 5.7 The realization of electrically driven single-photon emission. (a) STM induced
schematic diagram of a single molecule fluorescence decoupled from an NaCl layer to an Ag
(100) substrate. The molecular fluorescence is produced by exciting highly localized tunneling
electrons on a single ZnPc molecule. (b) Second-order correlation measurements of
single-molecule electroluminescence at the molecular lobe of ZnPc (−2.5 V, 100 pA) and NaCl
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junction. Figure 5.7a shows a schematic of an isolated ZnPc molecular emitter
that was electronically decoupled from a silver (100) metal substrate by a thin
layer of sodium chloride (NaCl). Silver (Ag) tips with plasmonic properties
were used to provide strong resonance plasmon enhancement for molecular
fluorescence excited by highly localized tunneling electrons. Figure 5.7b shows
the results of photon correlation measurements for the tip located above
the lobe of an isolated ZnPc molecule on 3 ml (blue) or 4 ml NaCl (red) and
on the exposed 4 ml NaCl surface (black). The apparent anti-collision dip in
the second-order correlation function [g(2)(𝜏)] was observed at zero time for
molecular electroluminescence from a single ZnPc molecule absorbed on
either the 3 or 4 ml NaCl surface. Therefore, in the same year, they further
demonstrated about Fano resonance and Lamb shift at the single molecular
level by using a single molecular emitter as a unique optical probe to coherently
couple with a highly restricted plasmon nanocavity. This provided new insights
into the physical mechanisms of coherent coupling beyond the dipole-coupled
model [46].
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6

Supramolecular Interactions in Single-Molecule Junctions

Supramolecular chemistry, which originated from Emil Fischer’s lock-and-key
image, Paul Ehrlich’s receptor idea, and Alfred Werner’s coordination chemistry,
has long been and continues to be actively investigated by the scientific commu-
nity. These concepts exactly overlap with the electronic devices at the molecular
level, namely, a molecular device can be defined as an assembly of a discrete
number of molecular components designed to achieve a specific function [1].
In a historical perspective, the Nobel prize laureate, J. M. Lehn, gave the most
authoritative and widely accepted definition of supramolecular chemistry,
namely, “the chemistry beyond the molecule, bearing on organized entities of
higher complexity that result from the association of two or more chemical
species held together by intermolecular forces [2].” Since 1990, the fundamental
supramolecular chemistry began to grow up exponentially with the development
of the more unambiguous fundamental concept such as molecular recognition,
self-assembly, and so forth. With the benefit of the increasing nanodevice
techniques today, the molecular-level probe of the more complicated systems
(supramolecular systems) offered the opportunity to explore the interaction in
the supramolecular system.

6.1 Hydrogen Bonds

Hydrogen bonds can occur between different parts of a single molecule or
between molecules that play an important role in the orientation of this world.
The researchers have paid great attention to the hydrogen bond in the ensemble
level for decades. With the booming of nanotechnology, Lindsay’s group gave
the first attempt to investigate the natural hydrogen bond during DNA base
pairing representing a fundamental interaction in biochemical processes, with
a scanning tunneling microscope (STM) technique in 2009 [3, 4]. Even with
their genius design of the experiment and the establishment of a creative
mechanical model, they read out the hydrogen only in base resolution instead of
in the single-bond resolution. The main reason for their failure of single-bond
recognition is probably the nature of the DNA base pair, which conventionally
form as pairs, namely, G≡C and A=T. Even so, the exploration enthusiasm of the
essential genetic information carrier DNA never ends for the scientific world.

Molecular-Scale Electronics: Concept, Fabrication and Applications,
First Edition. Xuefeng Guo, Dong Xiang, and Yu Li.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Chang et al. investigated the hydrogen bond interaction in nucleoside-base pairs
by combining STM and conductive probe atomic force microscopy (CP-AFM)
techniques [3]. They proposed an electromechanical model to combine the
atomic force detection and tunneling current performance simultaneously, thus
allowing counting hydrogen bonds in DNA base pairs. He et al. reported the
single-molecule DNA hybridization dynamics with single-base resolution by
using SiNW-based single-molecule electrical biosensors [5]. The authors used
an electronic circuit based on point decorated silicon nanowires as electrical
probes, and directly exploited the folding/unfolding process of individual hairpin
DNAs with sufficiently high signal-to-noise ratio and bandwidth.

Few years later, Nishino et al. investigated the artificial hydrogen bond formed
by a carboxylic dimmers, which is chemically decorated onto the functionalized
tip and substrate with the STM technique (Figure 6.1) [6]. They determined
the H-bond via spontaneous formation of a chemical interaction between
the STM tip and sample molecules. Compared with the covalent 𝜎 bonded
alkanes, they demonstrated that the conductivity of the H-bond between
the carboxylic dimmers depends on the length of the H-bond linkers. Their
projected density of states (PDOSs) calculation attributed the conductivity to
the H-bonded moieties’ density of states with a positive relationship. The more
complicated double-stranded DNA (dsDNA) has been challenged with a similar
functional tip [7].

Another strategy by utilizing graphene-molecule-graphene single molecule
junctions (GMG-SMJs) has been employed in hydrogen bond investigations.
Guo and coworkers designed and constructed a quadrupolar hydrogen-bond
dimer with two identical ureido pyrimidinedione (UPy) molecules incorporated
into the graphene point contact through amide linkages (Figure 6.2a) [8]. The
quadrupolar hydrogen-bond dimer increased the strength of hydrogen bonds
and device conductivity, which led to better performance and afforded more
profound dynamic information in real-time electrical detection. Typically, in a
weakly polar solvent such as diphenyl ether, four conductive microstates could be
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distinguished by real-time monitoring of junction conductance (Figure 6.2b, c).
According to the results of theoretical calculations, the three main conductance
states were assigned to the intrinsic state, the isomerized state, and the proton
transfer state, respectively. Additionally, a transient weak interaction between
the solvent and hydrogen bonds was suggested to afford the fourth state. Both
experimental and theoretical results consistently revealed that hydrogen bonds
were stochastically rearranged mainly through intermolecular proton transfer
and tautomerism, confirming the possibility of intrinsically transducing an
exquisite hydrogen-bond dynamic process into real-time electrical signals
with single-bond resolution. In another experiment, the local distortions and
unwinding of the DNA structure induced by the stepwise intercalation of
ethidium bromide (EB) were monitored in real time (Figure 6.2d,e) [9].
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6.2 𝛑–𝛑 Stacking Interactions

Aromatic–aromatic or π–π stacking interactions are essential non-covalent
intermolecular forces, similar to hydrogen bonding. Aromatic stacks, which
are formed via self-assembly, are promising for the construction of molecular
electronic devices with tunable electronic functions, in which non-covalently
bound π-stacks were regarded as replaceable modular components. They can
contribute to molecular recognition processes when extended conformation
is formed from building blocks with aromatic moieties. In 2008, Wu et al.
reported a pioneer π–π stack with the mechanically controllable break junction
(MCBJ) technique [10]. They rationally designed five oligophenyleneethynylenes
(OPEs)–dithiol/monothiol molecules in total for investigation. What is inter-
esting is that the conductance of OPE-monothiol molecules was observed to
have an even equal magnitude to the molecule with anchors on both sides,
since molecules with only one anchor group are not expected to form a stable
molecular bridge. They believed that the connection between the electrodes
is made possible by a π–π stacking interaction between a pair of molecules.
According to the length derived from the conductance traces, they figured out
the tunneling picture as shown in Figure 6.3. The author showed for the first time
that π–π stacking can be used as the dominant guiding force for the formation of
molecular bridges in few-molecule electronic junctions.
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between the electrodes, where a rectangle indicates a phenyl ring. The acetyl protected
OPE-type rods molecule 10–14. Source: Reprinted with permission from Wu et al. [10].
Copyright 2008, Springer Nature.
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For further interest, more OPEs and their derivatives have been studied as
prototypes [11]. Zheng and coworkers reported a conductance of 5.1× 10−6 G0
for OPE-dithiol by I–V curve measurements with an electrochemically assisted
mechanically controllable break junction (EC-MCBJ) technique [12, 13]. The
conductance was much lower than the previous work [10, 14]. They ascribed
the lower conductance to the π–π stacking interaction between two OPE-dithiol
molecules [15]. Martín et al. developed a series of molecules featured with
different steric hindrance and anchoring groups [16]. They expected the bulky
tert-butyl substituents on the phenyl rings to prevent the π–π stack interaction.
Their results gave evidence that for metal–molecule–metal junctions involving
OPE-monothiols, the second contact must be formed by the interaction of
the π-electrons of the terminal phenyl ring with the metal surface. For a more
specific study, Frisenda et al. investigated individual π-stacked S-OPE3 dimers
for the quantum interference effect with the MCBJ technique [17]. Their ab
initio calculation indicated a quasiperiodic destructive quantum interference
along the breaking traces of π-stacked molecular dimers. Consequently, they ran
experiments with a π-stacked dimer of S-OPE3 bridges between lithographically
defined metallic Au electrodes, which are then progressively moved away
from each other with sub-ångström control as shown in Figure 6.4. The 2D
conductance histogram showed significant differences between S-OPE3 and
S-OPE3-S (Figure 6.5a, b). Pronounced peaks and drops were probed for S-OPE3
while for S-OPE3-S only one region of high counts was observed. These practical
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results are consistent with the theoretical prediction. In addition, a higher-order
statistical analysis of the single-trace drop-to-drop distance showed two peaks
located at 0.05 and 0.27 nm, respectively (Figure 6.4c). Despite that the first peak
that falls below the limitation of the detection algorithm, the second peak is close
to the theoretical prediction (0.21–0.25 nm). Their results indicated the possi-
bility to exploit the subtle structure–property relationship of π-stacked systems
to control the molecular conductance over a few orders of magnitude and with
sub-ångström resolution. In addition, more π-stack benzene systems have drawn
attentions in the past decades, for instances, fully conjugated oligo(phenylene
vinylene)s (OPVs) [19], less conjugated oligophenylenes [20, 21], and the other is
represented by paracyclophanes featuring through-space conjugation between
π-stacked benzene rings [22–25].

In comparison with the spontaneously formed π–π stacking in molecular
junctions, Chen et al. designed and synthesized an archetypal folded lumino-
gen molecule (Z)-o-BPTPE, which is a tetraphenylethene (TPE) derivative,
containing a pair of well π-stacked biphenyls tethered by a vinyl group, as
shown in Figure 6.5 [18]. The π–π stacking in (Z)-o-BPTPE was rigidified and
greatly stabilized, thus showing advantage in producing more reliable and
reproducible single-molecule junctions. The π-stacked region of (Z)-o-BPTPE
constructed by the benzene ring offered a through-space conjugation. Addi-
tionally, the author also developed a through-bond conjugation stem from the
vinyl group that holds two biphenyls together as a second channel, which is
more favorable than the alkyl chain in paracyclophane in terms of electronic
conductivity. Their absorption property study and theoretical calculation
predicted the weak through-bond conjugation and efficient through-space
conjugation. The conductance behavior confirmed that the pronounced con-
ductance peaks of f -TPE–PPy and l-TPE–PPy appear at ∼1.40 and ∼1.50 nS.
Analogously, f -TPE–PEPy showed a nearly equal conductance (∼0.50 nS) to
that of l-TPE–PEPy (∼0.55 nS) (Figure 6.5c). Considering poor π-conjugation
and lower highest occupied molecular orbital (HOMO) energy levels and
larger HOMO–LUMO gaps of folded molecules f -TPE–PPy and f -TPE–PEPy,
their practical conductance is comparable with the better-conjugated linear
molecules. The author believed that the through-bond tunneling channel and the
through-space tunneling channel between π-stacked biphenyls existed simulta-
neously in the folded molecules presented, which improved the charge-transfer
probability and partially compensated the loss of through-bond conjugation.

With increasing interest in the π-stacked system, more complicated systems
have been studied. Inspired by the previous work – non-anchoring junction
and columnar coordination cages techniques, Kiguchi et al. comprised aromatic
stacks enclosed in self-assembled cages [26–30]. At the beginning, they designed
homo discrete π-stacked systems and systematically investigated the electron
transport properties [28, 30]. To control charge transport properties, they devel-
oped a hetero π-stacked complexes (Figure 6.6) [29]. They sealed two parallel
π-donor triphenylene (17) in cages, yielding a 15•(17•17) as a resistor. On the
other hand, the π-acceptor naphthalenediimide (15 and 16) inclusion made
15•(16•17) complex a rectifier. Only a single peak at 5× 10−3 G0 was observed
in the homo complex 15•(17•17), while the hetero complex 15•(16•17) has two
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distinct peaks at 3× 10−3 G0 and 1× 10−4 G0. The two separated conductance
peaks of hetero complex 15•(16•17) originated from the donor–acceptor and
acceptor–donor direction inside the cages. Knowing that different conformation
existed in hetero complex 15•(16•17), they further studied the current-bias
voltages characteristics carefully to confirm the rectification properties directly.

6.3 Host–Guest Interactions

Host–guest complexes are the assembly of the supramolecular lock-and-key
image. Since the molecular device has been proposed, numerous host–guests
complexes have been focused on [31–33]. The pronounced conception for these
complexes is that the host molecule provides a large hydrophobic cavity to the
guest molecule with a microenvironment for chemical reactions and also offers
an opportunity for the novel electron transport properties [34, 35].

In 2004, Tao and coworkers [36] demonstrated that the binding of a guest
species onto a single host molecule could be studied electrically by wiring the
host molecule to two electrodes. In this study, peptides were selected as the host
molecules because of the unlimited number of different sequences that could
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be tuned to obtain an optimal binding strength and specificity for the selected
guest, i.e. transition-metal ions, such as Cu2+ and Ni2+. The specific binding of
peptides with the metal ions was expected using deprotonated peptide bonds,
which could change the molecular configuration and alter the charge transport
pathway. Therefore, the difference in the molecular conductance before and
after binding can be used to reflect the chemical reaction, which also laid the
foundation for metal-ion sensors with molecular sensitivity.

Despite the demonstration of detecting metal ion binding in this study, the
application for actual single-molecule sensors is inhibited because the research
was established based on an STM setup, whose two-terminal architecture
is so sophisticated that it is more commonly used for fundamental science
rather than actual applications. Furthermore, this limitation originates from the
instability of the Au–S contact interface. To solve these problems, an improved
approach was introduced by Guo et al., who successfully developed novel
molecular devices by using carbon electrodes based on single walled carbon
nanotubes (SWCNTs) [37] in 2006 and graphene [38] in 2012 (as discussed in
Chapter 3). Based on this reliable approach, another system was constructed to
demonstrate host–guest binding at the single-molecule level. Firstly, a molecule
containing two terpyridyl ligands linked by a Co2+ was integrated to a pair of
carbon electrodes by covalent amide bonds. Interestingly, the conductance of
the host–guest junctions could disappear and appear repeatedly to form cycles
through alternate treatments of ethylenediaminetetraacetic acid (EDTA) and
Co2+. This strategy is reliable because it was proven by another study from the
same group, where the capability of construction of a single-molecule device by
covalently bridging a host molecule containing a crown ether (BPP34C10DAM)
as a functional center between nanogapped graphene electrodes with amide
bonds (Figure 6.7a–c) [39]. Bias voltage-dependent current measurements
confirmed the formation of GMG-SMJs (Figure 6.7e, black and red). In the
presence of the guest molecule (MV2+), a new higher current level appeared
(Figure 6.7e, blue), and binary states were observed (Figure 6.7f ), which was
attributed to the dynamic interplay between host and guest molecules at the
solid–liquid interface (Figure 6.7d). Specifically, the association of guest and
host molecules (MV2+

⊂BPP34C10DAM) provided a more conductive channel
originating from the delocalization of the molecular lowest unoccupied molec-
ular orbital (LUMO), which led to higher conductance. The Gaussian fits of
bimodal current histograms allowed binding constants (K a) to be derived from
the Langmuir isotherm as K a = 𝛼/(1− 𝛼)C (𝛼 is the fraction of the BPP34C10
host complexed with MV2+, and C is the concentration of MV2+), while other
thermodynamic parameters including the Gibbs free energy (ΔG∘), enthalpy
(ΔH∘), and entropy (ΔS∘) of complexation were deduced from the van’t Hoff
equation: −RT ln(K a) = ΔH∘ −TΔS∘ (R is ideal gas constant, and T is tempera-
ture). In addition to the above, I–t data for binary states were statistically fitted
using QuB software (Figure 6.7f ), and idealized two-level fluctuations were
analyzed to provide a set of kinetic parameters for MV2+

⊂BPP34C10, including
the high- and low-current-state lifetimes 𝜏high and 𝜏 low (Figure 6.7g) and the
corresponding (de)complexation rate constants ka = 1/𝜏 low and kd = 1/𝜏high
(Figure 6.7h). Finally, the Arrhenius plots of temperature-dependent ln(k)
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in Me2SO demonstrated a linear dependence of ln(k) on 1/T (Figure 6.7h),
and the activation energies of (de)complexation processes were obtained as
Ea = ∼–38.7 kJ mol−1 and Ed = ∼31.5 kJ mol−1. These results demonstrate that
the single-molecule electrical approach is sufficiently powerful to analyze and
extract all thermodynamic and kinetic parameters, thus offering unlimited
opportunities for probing more complex chemical/biological processes.

The rotation of single C—C bond in the conventional π-conjugated molecu-
lar wire makes the coupling difference between two neighboring parts that have
various angles, which makes the conductance of an actual single π-conjugated
molecular wire hard to be determined. To address this issue, Kiguchi and his
coworkers designed a cyclic molecule permethylated 𝛼-cyclodextrin (PM 𝛼-CD)
covered molecule 19 (Figure 6.8a) and uncovered molecule 20 as control [35]. PM
𝛼-CD molecule restricts the access of the surrounding π-conjugated molecules to
the central π-conjugated molecule in the single-molecule junction. They believed
that this method offers the possibility to measure a stipulated conductance of
π-conjugated molecular wires. They determined the electrical conductance with
the scanning tunneling microscope break junction (STM-BJ) technique. The typ-
ical conductance traces are shown in Figure 6.8b, with the appearance of the
plateaus at integer multiples of 3× 10−4 G0 (covered molecules) or 6× 10−4 G0
(uncovered molecules). They considered these integer plateaus as one, two, and
three covered (uncovered) molecules bridging between Au electrodes. The con-
ductance histogram gave the statistical evidence that the conductance of covered
molecules is smaller than the uncovered ones. With consideration of the theoret-
ical calculation, the rotational barrier of covered molecule 19 was higher. Finally,
according to the X-ray diffraction measurement, they proved that the PM 𝛼-CD
can restrict effectively the rotation of the π-conjugated molecule C—C bond and
the larger size of the cavity provided a proper distance to ignore the intermolecu-
lar interactions between neighboring π-conjugated molecules. Therefore, hosting
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π-conjugated molecules into a host molecule like CDs is promising to control
single-molecule devices precisely.

Analogously, Zhang et al. investigated a cucurbit[8]uril (CB[8]) complexes [34].
As the Kiguchi’s work stated earlier, such an encapsulation leads to reduced
conductance and a reduced spread of conductance value. Inspired by the
previous work, Zheng et al. presented cucurbit[8]uril (CB[8]) and viologen
molecular bridges. Their results showed that the conductance of viologen
derivatives increased upon encapsulation within the hydrophobic CB[8] cavity.
They attributed the reduction to the reduced outer sphere reorganization energy
within the framework of a Marcus-type model for electron transfer.

For wide applications, Jia et al. integrated a bistable [2]rotaxane R8+-totaxanes
with graphene as the sensing element to create hybrid optoelectronic devices
(Figure 6.9a) [40]. They connected [2]rotaxane molecules non-covalently with
the graphene surface by means of π–π stacking interactions (Figure 6.9b).
In the presented [2]rotaxane molecule, the cyclobis(paraquat-p-phenylene)
(CBPQT4+) ring encircles a dumbbell, which consists of (i) a photocatalytic
ruthenium(II)-tris(2,2′-bipyridine) ([Ru(bpy)3]2+) stopper, (ii) a π-electron rich
1,5-dioxynaphthalene (DNP) recognition site, (iii) a 4,4′-bipyridinium (BIPY2+)
unit, and (iv) a hydroxyl function for attaching to the graphene surface. When
exposing the bistable [2]rotaxane-graphene hybrid device to triethanolamine
(TEOA) and light, the ring component CBPQT4+ underwent a discrete trans-
lational motion along the dumbbell component and reversed this process
when exposed to air again. The I–t plot for a [2]rotaxane-decorated chemical
vapor deposition (CVD)-grown graphene shown in Figure 6.9c presented
the analogous bistable story. They utilized the two light-activated states of
bistable rotaxane R8+ to electronically gate the graphene, as well as changing the
electronic structure synergic effects to construct the logic-controllable hybrid
device. The authors believed that this photoresponsive behavior of the bistable
[2]rotaxane-decorated graphene devices can be endowed with binary logic.

6.4 Charge-Transfer Interactions

Supramolecular donor–acceptor dyads constitute a versatile kind of molecular
assemblies with a variety of active electronic properties of molecular devices
via donor–acceptor interactions. Although the charge-transfer interactions
include intramolecular and intermolecular ones, for the supramolecules, we only
present the latter one. Since 1973, the pioneering design, tetrathiafulvalene–
tetracyanoquinodimethane (TTF–TCNQ) systems, appeared [41]. The charge
transfer between the TTF–TCNQ can indeed take place at the interface.
Alves et al. integrated the TTF–TCNQ into flexible field-effect transistors
(FETs) (Figure 6.10a, b) [42]. Their results showed the potential of new phys-
ical phenomena in TTF–TCNQ supramolecules. With the development of
the nanotechnique, recently García et al. investigated π-extended tetrathia-
fulvalene (exTTF) and its charge-transfer complex with (2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane) F4TCN (Figure 6.10c) [43]. The conduc-
tance has been measured and there was not obvious plateaus observed for
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Figure 6.10 Charge transfer in the TTF–TCNQ system. (a) The first metallic charge-transfer
compound TTF and TCNQ molecules. Source: (a) Reproduced with permission from Alves et al.
[42]. Copyright 2008, Springer Nature. (b) Schematic of a TTF–TCNQ device, (c) 2D histograms
corresponding to the charge-transfer complex between exTTF and F4TCNQ after exposing a
gold substrate to the solution of the complex in dichloromethane (DCM). PDMS, polydimethyl-
siloxane. Source: (c) García et al. [43]. https://creativecommons.org/licenses/by/2.0. Licensed
Under CC BY 2.0. (d) F4TCNQ adsorption on graphene on Ir (111). Source: (d) Reprinted with
permission from Kumar et al. [44]. Copyright 2017, American Chemical Society.

individual exTTFs. However, the situation changed when the system turned to
be exTTF–F4TCNQ. Two pronounced plateaus had been obtained. According
to the theoretical calculation, the conductance of exTTF was below the mea-
surement sensitivity. In contrast, the lower conductance plateau corresponded
to the exTTF–F4TCNQ complex. In another experiment, the significant
charge-transfer interaction between F4TCNQ cyano groups and the underlying
graphene consisting of carbon atoms drives dramatic changes in the electronic
structure and adsorption geometry of the F4TCNQ molecule over distinguishing
sites of epitaxial graphene unit cells (Figure 6.10d) [44].

A fullerene–porphyrin complex is another widely investigated donor–accepter
dyads. Nishino et al. studied the electron transport properties of the fullerene–
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from Nishino et al. [45]. Copyright 2005, PNAS.

porphyrin complex with an STM tip (Figure 6.11a) [45]. Cobalt(II) 5,15-bis-
(4-octadecyloxyphenyl)porphyrin (CoPor) was used to form the monolayers
that were physisorbed onto highly oriented pyrolytic graphite (HOPG). They
chemically decorated the STM tip by a fullerene derivative (Figure 6.11a), in
which ordered arrays of porphyrin rings were observed as shown in Figure 6.11b,
left. Central protrusions were observed for the porphyrin rings, which corre-
sponded to the large tunneling probability of central cobalt(II) ions associated
with the half-filled dz2 orbital of the cobalt(II) ion. In contrast, when the
STM tip was molecularly decorated with N-methyl 2-(2-propyldithiophenyl)-
fulleropyrrolidine (MPF), different STM images were observed (Figure 6.11b,
right). The cobalt(II) ions were observed as depressions and the pyrrole moieties
surrounding them appeared as protrusions, which reveal that the tunneling
electrons are localized at the pyrrole moieties. The authors demonstrated that
the electron tunneling enhanced by the charge-transfer interaction was localized
at the pyrrole moieties.

Consequently, the analogous strategy of the physical adsorption of the por-
phyrin derivatives onto HOPG through π-stacked interaction continued [46]. In
terms of gold substrates, however, the electronic coupling between gold sub-
strates and porphyrin derivatives falls below the lower limitation of detection
(Figure 6.12a,b), which shows no obvious plateaus observed. The authors devel-
oped a ligation-mediated coupling, instead of introducing anchoring group into
porphyrin derivatives. 4-aminothiophenol (4-ATP) has been bonded to the gold
substrate through thiol groups, then they were stacked along axial coordination
with tetraphenylporphyrinatometal (MTPP) to form more conductive molecu-
lar junctions with the fullerene-modified tip. A surprisingly strong interaction
of 4-ATP to MTPP–fullerene complexes led to a higher conductance plateaus
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shown in Figure 6.12. In addition, a rectification was obtained under the opposite
bias voltage.

Another widely investigated complex is related to the thiophene-based
materials. Vezzoli et al. studied the electron transport properties of the
dialkylterthiophene/dialkylbenzene–tetracyanoethylene (TCNE) complexes
via an STM-BJ technique [47]. The conductance increased significantly with
formation of the dialkylterthiophene/dialkylbenzene–TCNE charge-transfer
complexes. They attributed the enhanced conductance properties to the Fano
resonance generated near the metal electrodes’ Fermi level.
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7

Characterization Techniques for Molecular Electronics

The typical methods for characterizing molecular electronic devices are pre-
sented in Table 7.1. Each method has its own unique advantages and falls into
five primary categories: microscopic, electrochemical, electrical, optical, and
optoelectronic. The microscopic methods for molecular electronics have been
discussed in Chapters 1–6, and the electrochemical technique is regarded as
a classic method, thus falling beyond our primary interest. Here, we mainly
address the electrical techniques characterizing the intrinsic optoelectronic
properties of individual molecules, including inelastic electron tunneling spec-
troscopy (IETS), temperature–length–variable transport measurement, noise
spectroscopy, transition voltage spectroscopy (TVS), thermoelectricity, and
optoelectronic spectroscopy.

7.1 Inelastic Electron Tunneling Spectroscopy

In molecular junctions, the optical spectroscopy has not yet been used as a stan-
dard tool for two main reasons: (i) in a conventional vertical metal–molecule–
metal device structure, it is difficult for light to penetrate through a metal
electrode to probe the molecular layer, and (ii) the sample is as small as a single
molecule, implying a small signal-to-noise ratio [18]. IETS, which is associated
with the interaction between the transporting electrons and the molecular vibra-
tions, is relatively suitable for a small gap, making it a primary characterization
technique to identify the chemical species and supply the fingerprint infor-
mation of molecular junctions [19–21]. The IETS can make an unambiguous
determination of the molecular species in the junction because the impurities
(such as nanoparticles) present completely different IETS features in comparison
with the target molecules. Furthermore, it has an ultrahigh sensitivity to the
molecular conformation and the contact geometry of the molecular junctions.
By using sophisticated comparisons between the experiments and the theoretical
computations, the IETS can be more useful for characterizing numerous aspects
of the molecular junctions, such as the conformation of molecules, orientation
of molecules, and electronic pathways [19]. Additionally, the IETS is not subject
to the selection rules as infrared (IR) or Raman spectroscopy. Both IR- and
Raman-active vibrational modes can appear in the IETS. These advantages prove

Molecular-Scale Electronics: Concept, Fabrication and Applications,
First Edition. Xuefeng Guo, Dong Xiang, and Yu Li.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Table 7.1 Typical methods for characterizing molecular electronic devices.

Techniques Methods Primary functions References

Microscopy Scanning tunneling
microscopy

Image, carrier transport
properties

[1]

Atomic force microscopy Conductance,
nanolithography

[2]

Scanning electron
microscopy

Surface topography,
component properties

[3]

Electrochemistry Cyclic voltammetry Redox potential,
electrochemical reaction

[4]

AC impedance
spectroscopy

Density and resistance of
molecule layer

[5]

Chronocoulometry Electrode surface area,
concentration

[6]

Electrical Inelastic electron
tunneling spectroscopy
(IETS)

Fingerprint information
of molecules

[7]

Length–temperature
variation

Electron transport
mechanism

[8]

Noise spectroscopy Localized states,
transmitting channels

[9]

Transition voltage
spectroscopy

Energy level alignments [10]

Thermoelectricity Type of charge carriers [11]
Optical Enhanced Raman

spectroscopy
Structural, vibrational,
and polarization

[12]

Infrared spectroscopy Vibrational modes,
chemical structure

[13]

Ultraviolet–visible
spectroscopy

Energy gap, rate constant
of reaction

[14]

Optoelectronics X-ray photoelectron
spectroscopy

Elemental composition,
chemical state

[15]

Ultraviolet photoelectron
spectroscopy

Molecular orbital
energies

[16]

Photoemission
spectroscopy

Interface electronic
structure, orientation

[17]

that the IETS is a powerful and informative spectroscopic tool that can be used
for probing molecular junctions and devices [22, 23].

7.1.1 History and Background

The IETS was initially measured by Jaklevic and Lambe in 1966 [24]. This pioneer-
ing study demonstrated that it was possible to obtain the vibrational spectra sand-
wiched in the Al–Al2O3–Pb tunnel junctions and clearly showed the anomalous
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peaks in the d2I/dV 2 versus V curves. In the past two decades, metal–insulator–
adsorbate–metal (MIAM) junctions were typically used to study the surface
effects on the vibrational modes as well as the electron–phonon interactions in
the molecular systems. Another important advance was made in 1998 by Stipe
et al. when IETS at a single-molecule level was demonstrated by employing scan-
ning tunneling microscopy (STM) [25]. This technology, known as STM–IETS, is
capable of mapping the phonon activation within a molecule adsorbed on a solid
surface to perform a type of phonon imaging. It was demonstrated that the vibra-
tional microscopy from the spatial imaging of the inelastic tunneling channels
could be further used to distinguish the two isotopes [25, 26]. Recently, it was
reported that the IETS could be directly modulated by an external gate voltage.
It was found that the IETS was resonantly enhanced in the Au–molecule–Au
junctions due to the fact that the transport orbital strongly coupled with the
internal vibrational modes upon a gating voltage [7].

Figure 7.1 presents the expected IETS behavior as the applied voltage V SD is
increased. When a small negative bias is applied to the left metal electrode, the
Fermi level of the left electrode is lifted. When an electron with an occupied
state on the left side tunnels into an empty state on the right side with a con-
served energy, it is known as an elastic tunneling process [19]. However, if there
is a vibrational mode with a frequency of 𝜔 localized inside this barrier, and the
applied bias is large enough such that eV ≥ℏ𝜔, then the electron can lose a quan-
tum of energy ℏ𝜔 to excite the vibrational mode, where ℏ is Planck’s constant
divided by 2π [20]. In the case of molecular junctions, the transporting electron
can deposit ℏ𝜔 onto the molecule to excite the molecular vibrational mode. This
inelastic tunneling process opens an additional transmission channel for the elec-
tron, resulting in an increased current. Thus, the total tunneling current shows
a nonlinearity characteristic and has a kink at the point (V

ℏ𝜔
= ℏ𝜔/e). Typically,

only a small fraction of electrons inelastically tunnel through the junction due to
the small cross section for such an excitation, and thus the nonlinearity in the
current only manifests as a small change in the slope of the I–V characteristics.

Vhω/e hω/e hω/e

hω

V

EF
EF

V

dI
dV

I d2I
dV2

Figure 7.1 The expected inelastic electron tunneling spectroscopy behavior as the applied
voltage increases via a vibrational resonance. For a bias energy (eV) larger than the vibrational
energy (ℏ𝜔), the transporting electron can deposit ℏ𝜔 onto the molecule to excite the
molecular vibration mode. Then, an additional transmission channel is open, resulting in a
current increase. The change caused by opening the vibrational resonance channel at
eVsd = ℏ𝜔 becomes a step in the differential conductance (dI/dV) plot and a peak in the
d2I/dV2 plot. A plot of d2I/dV2 versus V is typically referred to as the IETS spectrum. Source:
Reprinted with permission from Galperin et al. [18]. Copyright 2008, AAAS.
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It is more common to plot the differential conductance (dI/dV versus V ) curve,
allowing the steps at V

ℏ𝜔
to be observed, where each phonon mode is activated.

A popular way to display the data is to plot the trace as d2I/dV 2 versus V , in which
the peaks at V

ℏ𝜔
can be clearly observed.

7.1.2 IETS Measurement

The IETS signal can be obtained by a mathematical differential approach that
computes the numerical derivatives of the directly measured I–V curves [27, 28].
However, this method is generally not easily achieved in practice due to insuffi-
cient signal-to-noise ratios or limited resolutions of the instrumentation used to
acquire the data. In practice, the IETS signal, which is proportional to the sec-
ond derivative of the I–V curve, can be directly measured by an AC modulation
method by employing a lock-in amplifier [29, 30]. In this strategy, a small AC volt-
age with a certain frequency 𝜔 is superimposed on the main DC bias so that the
current can be written as follows:

IV = I(VDC + VAC cos(𝜔t)) (7.1)

By using the Taylor series expansion about V DC, the expression can be obtained
as follows:

I(V ) = I
(

VDC + dI
dV

||||VDC

VAC cos(𝜔t) + 1
2

d2I
dV 2

||||VDC

[VAC cos(𝜔t)]2 +…

(7.2)

This equation can be rewritten by using a trigonometric double angle formula as
follows:

I(V ) = I
(

VDC + dI
dV

||||VDC

VAC cos(𝜔t) + 1
4

d2I
dV 2

||||VDC

[V 2
AC cos(2𝜔t)] +…

(7.3)

Thus, by measuring the output of the system at the frequency 𝜔 as the DC bias
is slowly swept, a signal that is directly proportional to dI/dV can be obtained,
i.e. the differential conductance. Moreover, by measuring the output at 2𝜔, it is
possible to directly obtain the IETS spectrum [20, 30]. So far, the AC modulation
technique by using a lock-in amplifier is very popular for the IETS measurement
[7, 25].

To verify that the observed spectra are indeed valid IETS data, the line width
broadening can be examined as a function of modulation voltage and tempera-
ture [25, 31]. The full width at the half maximum (FWHM) of the d2I/dV 2 vibra-
tional peak can be written as follows:

V = [(1.7Vm)2 + (5.4kT∕e)2 + W 2]2 (7.4)

where V m is the AC modulation voltage; k is the Boltzmann constant; T is the
temperature; and W is the intrinsic line width, which can be determined from a
fit to the modulation broadening data [25]. Based on this formula, it can be deter-
mined that the line width will increase as the temperature and the modulation
voltage increase.
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The IETS has been measured on different test platforms, and each plat-
form demonstrates its own unique features and limitations. The first focused
IETS experimental study on adsorbed molecules was performed based on
Al–Al2O3–Pb tunnel junctions [24, 30]. The fabrication of this MIAM tunnel
junction is summarized elsewhere [30]. Based on this type of molecular junc-
tions, the relationships between the IETS, IR, and Raman spectroscopies were
revealed, noting that the IETS is a new vibrational spectroscopy complementary
to the IR and Raman spectroscopies, but governed by different selection rules
that allow optically forbidden transitions to be easily observed [30, 32, 33].
However, the tunnel current was relatively small in this type of molecular
junctions due to the effects of the insulation layer, which decrease the sensitivity
of the IETS. To overcome this problem, the IETS measurements were directly
performed in the metal–molecule–metal junctions [31, 34, 35]. For example,
Wang et al. reported the IETS measurements for metal–molecule–metal
junctions fabricated by using the nanopore strategy, in which the effects arising
from the insulation layer were avoided [31]. However, the yield of forming the
nanopore junctions was relatively low due to the penetration of metal atoms
into the molecular layer, which may short the junctions. One of the most
fruitful techniques for the IETS measurement arose from the pioneering work
of Gregory, in which a metal junction between two crossed wires was delicately
made, and the distance between the two wires could be adjusted via a deflecting
Lorentz force [36]. One main feature of this crosswire platform is that the
distance between the two wires is adjustable, and the filament can be completely
avoided. Kushmerick et al. demonstrated that the reproducible molecular
junctions could be formed by using this method with a sufficient stability for
clear IETS measurements and selection rule investigations [34, 37, 38]. Yoon
et al. further demonstrated that the crossed nanowire molecular junction was a
versatile and highly scalable device platform, which allowed a direct correlation
between the junction conduction properties and the molecular structure by
using both the IETS and surface-enhanced Raman scattering (SERS) on the
same junction [39]. However, in practice, it is not easy to obtain the IETS signal
of exact single molecules due to the large surface area of the crossed wires. The
first definite observation of the IETS for a single molecule was obtained in the
STM platform [40, 41]. In the STM implementation of the IETS, the junction
was formed by using a sharp metallic tip, a vacuum gap, and a surface with
the adsorbed molecules. By using this STM–IETS approach, elegant imaging
and vibrational spectroscopic studies on a single molecule can be performed
simultaneously [42, 43]. Another advantage of the STM–IETS method is that
the changes in the conductance and the vibrational modes of a single molecule
can be simultaneously recorded when the junction is stretched [44]. Despite
this great achievement, the vibrational spectroscopy by using STM has met the
challenge because the extreme mechanical stability is needed to suspend the
small changes in the tunneling currents. For example, the tunneling physics
requires a tunneling gap stability of 0.01 Å to maintain a stable conductance
within 2%, which is a difficult target for STM due to the piezo drift [25].
To obtain a reproducible IETS signal at the single-molecule level, the IETS
of single molecules was performed in the molecular junctions fabricated by
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the electromigration method [45–47], in which the mechanical stability was
guaranteed by sacrificing the adjustable gap size. Recently, the IETS signals were
obtained based on the mechanically controllable break junctions (MCBJs) by
several groups [48–50], in which both the mechanical stability and the adjustable
gap size were available. However, it is impossible to obtain a photographic image
via the MCBJ platform in comparison with that achieved by STM. Therefore,
each platform for the IETS has its own unique advantages and disadvantages,
and several intrinsic and interesting molecular properties were revealed, as
discussed in Section 7.1.3.

It is relatively easy to obtain the IETS with certain molecular junctions. How-
ever, it is difficult to directly determine which vibrations occur in the IETS, i.e.
which part of the molecules primarily contributes to the IETS signal. One point
of view is that the IETS signal originates mainly from the molecular parts clos-
est to the electrodes [38]. To accurately investigate which vibrational modes are
active in the IETS, Okabayashi et al. introduced the isotope labeling of alkanethi-
ols with specifically synthesized isotopically substituted molecule [21, 51–54].
They systematically deuterated different parts of the alkanethiol (CD3(CH2)7S,
CH3(CH2)6CD2S, and CD3(CD2)7S). Subsequently, the IETS was systematically
measured with these partially and fully deuterated self-assembled monolayers
(SAMs). It was revealed that the IETS weights of the peaks [F (𝜈[C–C]), K (CH2
wagging), and L (CH2 scissoring)] did not change appreciably with the deutera-
tion of the CH2 closest to the sulfur atom (CH3(CH2)6CD2S). Supported by the
first principle calculations, they provided unambiguous assignments of the IETS
peaks and demonstrated the minimal site-selectivity for the IETS measurement,
i.e. the terminal groups provided almost the same contribution to the IETS sig-
nals as the middle part of the molecules, thus providing new insights into the
electron transport through molecules [54].

It should be noted that the IETS features may be reversed, i.e. the peaks could
be transited to the dips within the same type of molecular junctions. The IETS
measurement is extremely sensitive to the electrode–molecule coupling, and the
IETS contribution to the current is strongly dependent on the transmission of
the junction [55]. It is known that the transmission of the junction is influenced
by the strength of the electrode–molecule coupling, which is dependent on
both the tilted angle of the molecule and the binding site of the end group. In
the low transmission regime, the possibility of inelastic charge transport can
result in an enhanced probability of forward scattering, which leads to a positive
contribution to the current. However, in the range of higher transmissions, the
electron back scattering increases due to a momentum transfer to the excited
mode, leading to a negative contribution to the current [56, 57]. Hence, in the
low-conductance tunneling regime, the inelastic excitations appear as the peaks
in the IETS feature. Conversely, the excitation of the vibrational modes results in
the dips in the IETS when the transmission exceeds the threshold transmission
value. This varied IETS contribution to the current in the different conductance
regimes (high or low conductance) was revealed by Kim et al. [58]. In their
experiments, the electrode–molecule coupling was changed by mechanically
stretching or pushing the molecular junctions by using a low-temperature
MCBJ technique. By tuning the transmission probability via stretching the
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benzenedithiol (BDT) molecular junctions, they observed reversed contribu-
tions of vibronic excitations on the charge transport, i.e. an anti-symmetry IETS
feature in the low- and high-conductance regimes [58]. This transition from
a peak to a dip was also carefully observed in single octanedithiol molecular
junctions by Hihath et al. based on the STM technique [59]. Their experiments
and analysis provided a considerable contribution to the development of the
IETS measurement as well as the theory interpretation.

7.1.3 IETS Applications

An ongoing challenge for single-molecule electronics is to understand the
molecular conformation and the local geometry at the molecule–surface inter-
face. Typically, it is an extreme challenge to acquire such information inside
the junction by most of the characterization techniques [19]. The IETS probes
the electron–phonon interactions in the molecular junctions, which are in
turn extremely sensitive to the changes in the molecular geometry and the
molecular conformation. Therefore, the IETS can be a powerful tool for studying
the molecular and metal contact geometries in molecular electronic devices
[60, 61], such as the orientation of the adsorbed molecules [62, 63] and the
tilted angle at the interface [31]. By comparing the calculated spectra with
the experimental results, the most likely conformations of the molecule under
different experimental conditions can be successfully determined [64]. With the
help of the theoretical calculations, it becomes possible to fully understand and
assign the complicated experimental IETS and, more importantly, provide the
structural information of molecular electronic devices [23, 65].

Single-molecule inelastic tunneling investigations not only provide the
molecular structure as well as the interfacial information but can also be used
to generate real-space imaging of the molecular structure and the chemical
bonding. Ho’s group, who first performed the single-molecule IETS measure-
ment [25], recently demonstrated an approach based on the STM technique to
image the skeletal structure and bonding in an adsorbed molecule by using a
single-molecule inelastic tunneling probe [66]. They constructed a novel inelastic
tunneling probe based on STM to sense the local potential energy landscape
of an adsorbed molecule with a carbon monoxide CO-terminated tip. As the
CO-terminated tip scanned over the molecule during imaging, the changes in
the energy and intensity of the hindered translational vibration of CO were mea-
sured by the IETS. This low-energy CO vibration sensed the spatially-varying
potential energy landscape of the molecule and its surroundings. The capability
of STM to image the molecular structure and chemical bonds broadens its
previous applications to determine the electronic and vibrational properties of
single molecules.

The switching mechanism in molecular junctions can be identified by the
IETS. To date, various possible mechanisms for conductance switching behavior
have been proposed, including oxidation/reduction of molecules [67], rotation
of functional groups [68], interactions with neighbor molecules [69], fluctuation
of bonds [70], and effects of molecule–metal hybridization [71]. However, the
lack of a proper characterization tool to determine the exact structure of the
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molecular junctions makes it difficult to distinguish the different switching
mechanisms. Fortunately, the IETS has proven to be extremely useful in dis-
tinguishing the mechanisms by comparing the theoretical and experimental
IETS [72–75]. For example, Cao et al. conducted hybrid density functional
theory calculations for the IETS of an oligoaniline dimer dithiolate junction.
Both the conjugation changes and the oxidation effects on the IETS have been
demonstrated. The comparison between the calculated IETS and the experimen-
tal spectra confirmed that the observed conductance switching was most likely
induced by the conjugation change rather than the oxidation [74]. Hihath et al.
observed that the conductance switching occurring in a single octanedithiol
molecular junction was approximately a factor of 2 [59]. More interestingly,
it was determined that although the general features of the inelastic electron
tunneling (IET) spectrum in this junction were the same before and after
switching, the energies of certain peaks for this single molecule junction could
be either blue or red-shifted after the conductance change, thus implying a small
reorganization of the entire junction structure [59]. This finding revealed that
conductance switching could result from a change in geometry. The IETS was
further used to reveal the detailed switching information under light irradiation.
Azobenzene-derivative molecules can change their conformation due to a
cis–trans transition when exposed to ultraviolet or visible light irradiation. Kim
et al. demonstrated that the cis–trans isomers possessed unambiguously differ-
ent IETS fingerprints, which enabled an alternative technique for identifying the
state of the azobenzene-based molecular switches [76]. Additionally, the IETS
was used to reveal the switching mechanism due to the effects of hydration on
the molecular junctions. In a pioneering study, Long et al. used magnetically
assembled microsphere junctions incorporating thiol monolayers to reveal
the current change mechanism when the junction was exposed to air [75]. A
prominent S–H stretching vibration mode was observed, and the Au–S mode
was missing in the IETS after the device was exposed to air. These results
indicate that upon exposure to air, the water molecules are rapidly associated
with the electronegative thiolate moiety, thus disrupting the Au—S bond to the
electrode and decreasing the current. These detrimental effects on molecular
conduction revealed by the IETS are important for understanding the electron
transport through gold–thiol molecular junctions once exposed to atmospheric
conditions.

The IETS was further used to elucidate the transport mechanisms in the molec-
ular junctions. Hihath et al. performed I–V measurements as well as IETS mea-
surements on the diode molecule [77]. They found that the current rectification
occurred at relatively low biases, indicating a significant change in the elastic
transport pathway. Interestingly, the peaks in the IETS were symmetric around
the zero bias and depicted no significant changes in shape or intensity in the for-
ward or reverse bias directions. This result indicated that despite the change in
the elastic transmission probability, there is little impact on the inelastic pathway
in a diode molecule. In another example, Tao and coworkers observed simulta-
neous changes in the conductance and vibrational modes of a single molecule
as the junctions were stretched [44, 78]. By using the STM technique, the vibra-
tional modes in a single molecule junction were measured, and the differential
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conductance was recorded as the strain in the junction was changed by separating
the two electrodes. This unique approach allowed the changes in the conduc-
tance to be correlated with the changes in the configuration of a single molecule
junction. This approach opened up a new door of better understanding of the
relationship between the molecular conductance, electron–phonon interactions,
and the configuration. This approach was latterly employed in the MCBJ exper-
iments for revealing the molecule–electrode contact as well as the information
of the molecular conformation change [76, 79–81]. A case in point is that the
different behavior of the thiol-ended and amine-ended molecular junctions was
systemically examined by Kim et al. [80] The vibrational modes 𝜈 (Au–S) and 𝜈

(Au–N) in the IETS while increasing the electrode separation were compared.
The comparison indicated that the 𝜈 (Au–S) mode was extremely stable, and no
significant changes in the vibrational energy were observed during the stretching
of the Au–ODT–Au, junction. Conversely the energy of the 𝜈 (Au–N) mode in
the Au–ODA–Au junction was red-shifted while increasing the electrode separa-
tion. This behavior was consistent with an increase in the Au—N bond length due
to its weak bond strength going along with the reduction of the force constant.
The IETS measurements provided unambiguous evidence that the Au—N bond
was weaker than the Au—S bond. Combined with the conductance trace mea-
surement during stretching (the conductance plateau of the thiol-ended octane
junctions was significantly longer than that of the amine-ended octane junctions),
it was demonstrated that for amine-ended molecular junctions, no atomic chains
were pulled under stretching, whereas the Au electrodes were strongly deformed
for the thiol-ended molecular junctions. By characterizing the molecular vibra-
tional modes and the metal-phonon modes in alkanedithiol molecular junctions
with mechanically controlled nanogaps and an electrode material variation strat-
egy, Kim et al. further demonstrated that the effects of the contact geometry and
the molecular conformation on the IETS could be distinguished [82].

By using the IETS technique, the quantum interference as the electron
transports through molecular junctions can be investigated [83]. In most the-
oretical studies, only the elastic contributions to the current are considered.
For molecules with a destructive quantum interference, the elastic current is
effectively blocked, leading to a suppressed level of the elastic current. This
allows the inelastic contributions to the current carried by vibrations to
become important. Lykkebo et al. calculated the IETS of cross-conjugated
molecules, which exhibited a destructive quantum interference. They found that
the inelastic contribution to the current was larger than that for molecules
without interference, and the overall behavior of the molecule was dominated
by the quantum interference feature [83]. Furthermore, they predicted that
the overtone modes (several small peaks besides the typical vibration modes)
should be present in the IETS of the cross-conjugated molecules, although the
overtone modes were generally thought to not exist. They studied the origin
of the overtones and revealed that the interference features in these molecules
were the key ingredient.

Although the IETS technique possesses many merits and becomes a pow-
erful method for characterizing molecular junctions, there are still several
obstacles that limit its further applications. Firstly, the IETS requires cryogenic
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temperatures (typically liquid He) for an experimental investigation to suppress
the thermal effect, which is unavailable in most laboratories. Secondly, only
certain specific vibrational modes can be detected in a given molecule, partly due
to the low signal-to-noise ratio in the IETS measurements [38, 84]. Additionally,
certain modes arising from the backbone may be masked by modes arising
from the large anchoring groups [85]. Thirdly, the analysis of the IETS is not
always unambiguous, especially for systems with a large number of nuclei and
numerous bonds, i.e. there are a large number of possible modes that can result
in the peaks for molecules containing many atoms [86]. Finally, discrepancies
and device-to-device variations may occur in the IETS data, which can originate
from defects in the molecular junctions and other elements, such as insulating
walls introduced during the device fabrication process and from the particular
junction structure [87].

7.2 Temperature–Length–Variable Transport
Measurement

The temperature–length–variable transport measurement in molecular junc-
tions, i.e. performing the electrical measurement with a variable molecular
length or under different temperatures, is a useful technique for revealing the
transport mechanism as electrons transport through the molecular junctions
[8, 88]. The conduction mechanisms listed in Table 7.2 indicate their charac-
teristic relationships between the current density (J), temperature, and voltage.
Based on whether thermal activation is involved, the conduction mechanisms
can generally be classified in two distinct categories: (i) direct tunneling or
Fowler–Nordheim tunneling, which does not have temperature-dependent
electrical behavior; and (ii) thermionic or hopping conduction, in which the
electrical responses are strongly dependent on the temperature [89].

Table 7.2 Types and mechanisms of conduction.

Conduction
mechanism [89, 90] Current density (J)

Temperature
dependence

Voltage
dependence

Direct tunneling
(low bias)

J ∼ V exp(−)2d
ℏ

√
2mΦ None J ∼V

Fowler–Nordheim
tunneling

J ∼ V 2 exp

(
−

4d
√

2mΦ3∕2

3qℏV

)
None ln

( J
V 2

)
∼ 1

V

Thermionic emission J ∼ T2 exp

(
−
Φ − q

√
qV∕4π𝜀d

kT

)
ln
( J

T2

)
∼ 1

T
ln(J)∼V 1/2

Hopping conduction J ∼ Vd exp
(
− Φ

kT

)
ln
( J

V

)
∼ 1

T
J ∼V

Space–charge-limited
conduction

J ∼V 2/d3 None J ∼V n
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The tunneling mechanism is often refer as “non-resonant,” in which the tun-
neling electron energies do not exactly match with the molecular orbital energies
[90]. For the sufficiently short conjugated molecules, the electrons can pass
through the molecular junctions via a tunneling process, i.e. an electron crosses
the molecular junctions in a single step without an appreciable residence time
on the molecules. In this case, the junction resistance can increase exponentially
with the molecular length as follows [8]:

R = R0 exp(𝛽d) (7.5)

where R0 is the effective contact resistance; d is the molecular length; and 𝛽 is
a structure-dependent tunneling attenuation factor depending on the effective
tunneling barrier height. The tunneling barrier height is often approximated
as the energy difference between the Fermi level of the electrodes (EF) and the
closest molecular frontier orbital (e.g. EHOMO or ELUMO).

Conversely, the hopping construction mechanism is a “resonant” process, in
which charges can be injected into the frontier orbitals of the wired molecules
and transported by an incoherent hopping mechanism. In other words, the elec-
tron first enters into the molecular orbitals from the source electrode and then
drifts through a series of discrete steps to reach the drain electrode [91]. For
longer conjugated molecular wires at moderate temperatures, the tunneling pro-
cess is strongly suppressed, and the thermally activated hopping transport is often
dominated [92]. The activation energy (Ea) corresponds to the energy required
to reach the transition state for the electron transfer within the molecule. The
resistance can be predicted to be linearly dependent on the molecular length as
follows [90]:

R = R0 + 𝛼d = 𝛼∞ d exp
(
−

Ea

kT

)
(7.6)

where R0 is the contact resistance; d is the molecule length; k is the Boltzmann
constant; and T is the temperature. In this equation, exp(−Ea/kT) can be regarded
as a molecular specific parameter presenting a unit resistance per unit length.
Based on Eqs. (7.5) and (7.6), the R versus d data can be used to determine the
transport mechanism, i.e. if the dependence on d is exponential, then the mecha-
nism is likely tunneling, and if it is linear, then it is likely hopping. Additionally, the
temperature dependence of R can be used to confirm the transport mechanism.

Frisbie and coworkers first provided direct evidence for a change in the
transport mechanism from tunneling to hopping in oligophenyleneimine (OPI)
molecular junctions [8]. They used a conducting atomic force microscopy (AFM)
to contact the OPI molecular wires, which grew from a substrate-controlled
aryl imine addition chemistry. It was demonstrated that near 4 nm in length,
the mechanism of transport in the wires changed from tunneling to hopping,
as evidenced by the striking changes in the length, temperature, and electric
field dependence of the current–voltage (I–V ) characteristics. As shown in
Figure 7.2, the resistance was exponentially dependent on the molecular length
(𝛽 ∼ 3.0 nm−1) for short molecular wires (OPI 1–OPI 4). However, there was
a much flatter resistance versus molecular length relation (𝛽 ∼ 0.9 nm−1) for
long molecule wires (OPI 5–OPI 10). Furthermore, from a plot of R versus d,
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Figure 7.2 Measurements of the molecular wire resistance with CP-AFM. (a) Molecular
structure and synthetic route to OPI-p and OPI monolayers on gold substrates. (b) Semi-log
plots of R versus L for the gold/wire/gold junctions. Straight lines are linear fits based on
Eq. (7.5). Inset: A linear plot of R versus L, demonstrating that the resistance is linearly
dependent on the molecular length for long OPI wires. (c) Arrhenius plots for OPI 4, OPI 5, OPI
6, and OPI 10. Straight lines are linear fits to the data, demonstrating that the resistance is
strongly dependent on temperature for long OPI wires. Source: Reprinted with permission
from Choi et al. [8]. Copyright 2008, AAAS.

as depicted in the inset of Figure 7.2b, it was determined that the resistance
was linearly dependent on length for long wires, indicating a hopping transport
mechanism. This change in the transport mechanism was confirmed by mea-
suring the resistance versus temperature, i.e. the resistance is independent of
temperature for short wires and strongly affected by temperature for long wires.

Frisbie and coworkers further performed length-dependent conduction
measurements and temperature-dependent conduction measurements for oligo-
naphthalenefluoreneimine (ONI) wires [93], oligophenylenetriazole (OPT) wires
[94], and oligotetrathiafulvalene-pyromelliticdiimide-imine (OTPI) wires [95] to
better understand the change in the transport mechanisms. They observed the
transition from tunneling to hopping at approximately 4–5 nm for ONI, OPT,
and OTPI, which was a similar distance to that of the OPI molecules [93, 94].
Inspired by Frisbie and coworkers’ research, the length–temperature–variable
transport measurement has become a popular technique for distinguishing the
transition of the transport mechanisms [92, 96–98]. It should be noted that
the critical point for the transport mechanism transition strongly depends on the
molecular structure; for example, Tada and colleagues observed a transition in
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the direct current transport from tunneling to hopping at approximately 4.5 nm
in single oligothiophene molecular wires [91]. Wang and coworkers revealed
that a transition occurred at approximately 2.75 nm for the oligo(p-phenylene
ethynylene) (OPE) molecular wires [99]. Wandlowski and coworkers determined
that a transition from coherent transport via tunneling to a hopping mechanism
occurs when the oligo(aryleneethynylene) (OAE) wires are longer than 3 nm. Fer-
reira et al. examined the conductance of well-defined porphyrin self-assembled
molecular wires up to 14 nm in length, thus determining a transition in the
conduction regime at 6.5 nm [100].

It should be mentioned that, although a pronounced temperature dependence
and a small decay factor are commonly characteristics of hopping, it is reported
that coherent tunneling can also lead to the apparent temperature dependence of
the conductance in the case of resonance tunneling [101]. In far off-resonance,
where the energy dependence of the transmission coefficient is not pronounced,
the molecular conductance is nearly temperature-independent. However, in the
case of resonant tunneling, the temperature dependence of the Fermi distribu-
tion function of the leads can lead to the conductance dependence on temper-
ature [101]. Based on the electrical measurements of single-molecule junctions
by using STM, Nichols and coworkers presented that the conductance of oligo-
porphyrin wires as long as 5–10 nm had a strong dependence on the temperature
and a weak dependence on the length of the wires. Although it is widely accepted
that such behavior indicates a thermally assisted hopping mechanism, they suc-
cessfully proved that the observed temperature and length dependences were
consistent with coherent tunneling via the density functional theory calculations
and an accompanying analytical model [102].

The mechanism of rectification can also be clarified via temperature–length–
variable transport measurements. For example, Nijhuis et al. examined the SAMs
of alkanethiolates with ferrocene termini by using liquid-metal top electrodes
and found that these junctions rectified currents with large rectification ratios
[103]. One might assume that this observation was due to the space asymme-
try of the junction. However, the temperature-variable transport measurements
indicated that the values of the current density (J) were dependent on T at the
negative biases but independent of T at the positive biases. This observation indi-
cated that tunneling was the dominant mechanism of the charge transport at the
positive biases, whereas hopping was the dominant mechanism of the charge
transport at the negative biases. A model was successfully developed to clarify
the rectification mechanisms, i.e. the rectification of the Fc-terminated SAMs
was due to the charge transport processes that changed with the polarity of the
bias: from tunneling (at positive biases) to hopping (at negative biases) [103]. The
rectification properties of the ferrocene-alkanethiolate SAMs was also investi-
gated by Jeong et al. [43] using a conductive polymer interlayer between the top
electrode and the SAM [104]. Interestingly, it was found that the current density
(J) was dependent on the temperature at both the positive and negative biases.
Particularly, a decrease in J as the temperature increased was observed at a high
positive bias (V g > 0.6 V), which was never observed at the negative bias. This
unique feature could not be explained by the change in the transport mechanism
(i.e. the change between tunneling and hopping). This observation was attributed
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to the redox-induced conformational changes in the ferrocene-alkanethiolates
[43].

In addition to tunneling and hopping, several classical mechanisms in the
molecular junctions, including thermionic emission, field ionization (i.e. Fowler–
Nordheim tunneling), and space-charge-limited conduction, were distinguished
via temperature–length–variable transport measurements combined with the
I–V measurements. Among these mechanism, the Fowler–Nordheim tunneling
is independent of temperature and is predicted to yield a linear plot of ln(J/V 2)
versus 1/V , where V is the bias voltage. Yan et al. investigated the charge trans-
port in molecular electronic junctions from 4.5 to 22 nm, one of the longest dis-
tances reported thus far [105]. They found that hopping is important for thicker
films at low electric fields (low bias), whereas field ionization becomes dominant
at high electric fields (high bias). This mechanism was consistent with the field-
induced ionization of the molecular orbital or the interface states to generate
charge carriers. Following the ionization, the empty state could be rapidly refilled
from the biased electrode or reorganized to form a new conducting channel.

Generally, it is necessary to perform length-dependence, temperature-
dependence, and I–V characteristics measurements to fully determine the
transport mechanism [88]. If only length-dependence measurements can
be performed, it is still useful for revealing the junction properties because
the effective contact resistance R0, and the tunneling attenuation factor 𝛽 can be
extrapolated from the plots of resistance versus molecular length. Based on the
equation, R = R0 exp(𝛽d), the plots of log R versus d yield estimates of 𝛽 from the
slope and R0 from the zero length intercept. A comparison of the R0 values for
different junctions will clearly indicate the relative roles of the contact resistance.
Searching for a robust molecular wire that could transport a charge over a long
distance (i.e. small 𝛽) became one of the major important goals of molecular
electronics. Several innovative groups revealed numerous types of molecular
wires among the smallest 𝛽 values, which were able to transport the charge
efficiently over long distances [100, 106–108]. Frisbie and coworkers systemically
investigated the effects of the linking groups and the metal work function to
the factor 𝛽 [109]. They determined that 𝛽 was not simply characteristic of the
molecular backbone but strongly affected by the number of chemical contacts,
i.e. thiol contact or dithiol contact; however, 𝛽 was independent of the metal
work function Φ because of the weak Fermi level pinning ([EF −EHOMO] varied
only weakly with Φ).

7.3 Noise Spectroscopy

The noise measurements in mesoscopic tunneling junctions have been studied
for a long time, e.g. in semiconductor double barriers, quantum point con-
tacts, and Coulomb blockaded Josephson junctions [110]. Recently, significant
results obtained from the measurements in molecular tunneling junctions
were reported [9, 111–114]. Noise spectroscopy allows the special features
of a single-molecule charge transport to be studied, which are not accessible
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by standard current–voltage measurements. In addition to the I–V behavior,
noise characteristics can provide useful fundamental information on molecular
junctions, such as the local environment and metal–molecule interfaces of the
molecule junctions [9, 115, 116], electron–phonon interactions [110, 111, 117],
transmission probability of the conduction channel [9, 112, 113], and stability
of the junctions [115, 118]. Understanding the conductance fluctuations and
the corresponding noise characteristics is of great significance for developing
molecular-scale devices because it influences the performance and the reliability
of the devices, especially for molecular switches and memories. The mechanisms
of noise generation can be distinguished by two different phenomena: whether
the spectral density SII (f ) depends on the frequency or not. There are two types
of noises in which the spectral density is independent of the frequency. One is
the thermal noise, also known as the Johnson–Nyquist noise, and the other is
the shot noise. In contrast to these frequency-independent noises, the flick noise
and the generation–recombination noise are frequency-dependent.

7.3.1 Thermal Noise and Shot Noise

Thermal noise is generated by the thermal agitation of the charge carriers
(generally the electrons) inside an electrical conductor at equilibrium, which
occurs regardless of any applied voltage. This noise results from fluctuations
in the quantum occupation of the electronic states and, consequently, the
temperature-dependent statistical distribution of the kinetic energy of the elec-
trons. It leads to a variation in the current despite the mean value of the current
being zero, i.e. no current flow [119]. The thermal noise is also known as the
Johnson–Nyquist noise and can be expressed as follows [119]: SII( f ) = 4kBT/R,
or SII( f ) = 4kBTG, where kB is the Boltzmann constant; T is the ambient
temperature; R is the equivalent resistance; and G is the conductance.

In contrast to the thermal noise, the shot noise is the result of the current fluctu-
ations induced by the discrete charges and is highly dependent on the correlations
between the tunneling charges. The shot noise is due to the non-equilibrium
electron distribution and occurs only when a net current flows a defined barrier
(the current pass through the system fluctuates around the average value) [119].
For kBT ≪ eV , the shot noise power can be expressed as SII( f ) = 2eIF , where I is
the average current; and F is the Fano factor, which characterizes the correlations
of the tunneling charge [9]. The Fano factor can be extracted from the dependence
of noise on the applied bias current based on this equation. For a system that has
N conductance channels, each of which has a transmission probability (𝜏), F can
be given by the equation as follows [112]:

F =
∑N

n=1 𝜏n(1 − 𝜏n)∑N
n=1 𝜏n

(7.7)

Thus, the shot noise and the conductance measurements can be used to analyt-
ically determine the transmission probabilities for at least the two-channel case.
In the case where one may have a single perfect transmitting channel (𝜏 ≈ 1)
for which the electrons are in a coherent state across the entire structure, the
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shot noise vanishes (F = 0). This result is possible when a mesoscopic system
is comparable with a few typical lengths that determine the level of correlation
between the electrons. Therefore, by measuring the level of the shot noise, one
can gain insights into the mesoscopic electronic properties that are not accessible
by using standard conductance measurements [112]. In the absence of a corre-
lation between the tunneling charges, the Fano factor would indicate a full shot
noise (Poissonian shot noise), i.e. F = 1. For a transmission probability between 0
(high-barrier tunneling junction) and 1 (perfect transmitting channel) (0< F < 1),
the noise level is determined by the partition noise: the degree of freedom for the
electron to choose between being transmitted or reflected [112]. In the case of
F> 1, the shot noise, also known as the super-Poissonian shot noise, is associated
with a correlation between the tunneling charges resulting from the Coulomb
repulsion and scattering [9, 120].

7.3.2 Generation–Recombination and Flicker Noise

The generation–recombination noise and the flicker noise are two typical noises
that are frequency-dependent. To explain the frequency-dependent noise behav-
ior, the Lorentz oscillator model can be used. Let us imagine that the fluctua-
tions arise from the elementary processes, and each process has its own time
constant 𝜏0. A single process leads to an auto-correlation function proportional
to e−t∕𝜏0 . Hence, the Fourier transform of its noise density spectroscopy repre-
sents a Lorentz curve and can be expressed as follows:

SII(f ) ∝
1∕π𝜏0

4πf 2 + (1∕𝜏0)2 (7.8)

𝜏0 = 1∕2πf0 (7.9)

where f 0 is the characteristic frequency, which can be obtained from the inflec-
tion position of the noise spectra. Equations (7.8) and (7.9) depict the noise spec-
troscopy of a single fluctuator, SII( f ) ∝ f −2 in the case f ≫ f 0. For a finite num-
ber of fluctuators, the time constant 𝜏0 will have a broadened distribution. For
an adequate number of fluctuators, the summation will approximately lead to
SII( f ) ∝ f −1 [119].

One example of a single Lorentz fluctuation is the generation–recombination
noise, which typically appears in semiconducting materials. In the solid-state
physics of semiconductors, the carrier generation and the recombination
process, e.g. the charge carrier transition between the impurity levels and the
conduction band, lead to a random fluctuation of the mobile charge carrier
(electrons and holes) number. Furthermore, the generation–recombination noise
has been found in the metal–insulator–metal tunneling junction. For example,
Rogers et al. studied the conductance fluctuation of metal–insulator–metal
tunneling junctions with a small amplitude [121]. They found that the measured
voltage noise spectrum could be resolved into a limited number of distinct
Lorentzian conductance noise spectra. The generation–recombination noise
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was attributed to the filling and emptying processes of the localized electron
states in the tunneling barrier. Changes in the occupation of such states resulted
in the changes of the local tunneling barrier and thus the fluctuations in the
conductance. In addition to the generation–recombination process, the trap-
ping/detrapping processes in the molecular junctions as well as the molecular
structural changes can also lead to a Lorentz fluctuation [9, 118].

Another frequency-dependent noise is the flicker noise, also known as the 1/f
noise. In contrast to the frequency-independent noise, there is no global the-
ory to describe the flicker noise, even though it occurs in all electronic devices,
resistances, semiconductor devices, and molecular devices. There are several pro-
cesses that may be responsible for this noise: generation–recombination pro-
cesses, varying mobility of charge carriers, fluctuating impurities, movement of
defects, and so on [114, 119]. Although the source of the 1/f noise is a complicated
issue, the 1/f noise has been widely used to characterize the electron transport
properties [9, 111, 114], which will be discussed latter in detail.

7.3.3 Noise Spectroscopy Measurements

The noise signal characterization can be analyzed based on the real-time current
curves. However, this current temporal measurement only depicts limited time
fragments. To understand the mechanism of the conductance fluctuation thor-
oughly, a statistical measurement is needed. Noise spectroscopy is a powerful
tool that is used to investigate the statistical features of the current fluctuation.
By using this method, each noise spectrum is automatically obtained by averaging
hundreds of individual spectra with a spectrum analyzer. In any measurement of
the electrical conductance, the current is not constant in time but exhibits fluc-
tuations around a mean value. If we use the K I(t) to denote the auto-correlation
function of the current, then K I(t) = ⟨ΔI(t′ )ΔI(t′ + t)⟩. Its Fourier transform is
the spectral density SI( f ): SI( f ) = 2∫ K I(t) exp(−i2πft)dt.

Generally, the shunt resistance RS is inserted into the circuit for the current
measurement, converting the current into a voltage signal. Then, the voltage sig-
nal is detected by a spectrum analyzer. The measured voltage fluctuations are
accumulated and fast Fourier transformed by the spectrum analyzer, resulting in
a voltage noise power spectrum SV (f ) over the bandwidth of interest. This is also
known as the spectral power distribution. The expected noise level is very small,
especially at 4 K. In order to measure such small signals, a battery is used as the
voltage source, and the signal is first amplified several times by two wide band
preamplifiers. To suppress the noise of the preamplifiers, two sets of preamplifiers
in parallel feed the signals into a spectrum analyzer. The spectrum analyzer can
be operated in the cross spectrum mode and determines the Fourier transform
of the cross-correlation signal from the two amplifiers [114, 122]. The correla-
tion techniques can eliminate the additional voltage noises originating from the
two amplifiers. The detailed information concerning the measurement system of
both the monolayer and single-molecule junctions can be found elsewhere, which
were reported by several research groups [9, 111–114].
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7.3.4 Application of Noise Spectroscopy

Each type of noise spectroscopy, e.g. flick noise, shot noise, and random noise,
has been used to study the properties of bare metallic nanocontacts as well as
molecular junctions [113, 114, 123]. Schönenberger and coworkers were the first
to focus on the flick noise investigation of bare metallic nanocontacts at the single
atom level. By using electromigration and MCBJs, they measured the magnitude
of the 1/f noise in tunable metallic nanoconstrictions. It was demonstrated that
as a function of R, the normalized noise SV/V 2 showed a pronounced crossover
from∝R3 in low-Ohmic junctions to∝R1.5 in high-Ohmic junctions, as illustrated
in Figure 7.3a [114], where SV is the voltage noise power spectral density, V is
the applied voltage, and R is the resistance of the nanocontacts. The measured
power changed from 3 to 1.5, indicating that the 1/f noise was generated in the
bulk, and reflected the transition from diffusive to ballistic transport. According
to Hooge’s law, SV/V 2 ∝ 1/N , where N denotes the number of statistically inde-
pendent fluctuators in the volume [114]. If a characteristic length of the junction
is denoted by l, then the junction volume is ∼l3. In a diffusive transport through
a wire of length L and cross section A, the resistance R can be given by R = 𝜌L/A.
Hence, R∼ l−1. Due to SV/V 2 ∝ 1/N ∼ l−3, it is reasonable to obtain SV/V 2 ∝ R3.
However, in the ballistic transport regime, where the characteristic length of the
junction becomes shorter than that of the scattering mean-free path, the conduc-
tance is determined by the number of transport channels that are proportional
to the junction area. Then, R∼A−1 ∼ l−2. Consequently, SV/V 2 ∝ R1.5. Therefore,
their research opened a window for the electron transport mechanism investiga-
tion using the 1/f noise characterization.
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Figure 7.3 Noise features for a bare gold and molecule junction. (a) Magnitude of the 1/f
noise as a function of the junction resistance RJ, shown as a log–log scattering plot of SV(f 0)/V2

for four MCBJ samples obtained in the process of stretching the samples. Here, f 0 = 100 kHz.
An scanning electron microscope (SEM) image of the MCBJ sample was shown in the inserted
figure. The dashed lines are guides lines for the expected power-law dependencies of SV(f 0)/V2

in the diffusive (p = 3) and ballistic transport regimes (p = 1.5). Source: (a) Reprinted with
permission from Wu et al. 2008 [114]. Copyright 2008, American Physical Society. (b) The
voltage noise power spectral density of single BDT molecules, which bridge two gold
electrodes, as depicted in the inserted figure. The solid red curve is the measured total noise
density, and the solid blue curve is a fit to the experimental data, which takes 1/f , 1/f 2, and the
thermal noise components into consideration. The noise components are depicted by the
different colored dashed lines. Source: (b) Reprinted with permission from Xiang et al. [123].
Copyright 2015, American Institute of Physics.
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Shot noise measurements have proven to be a powerful method for evaluat-
ing the Fano factor as well as the number and transparency of channels for the
charge transmission [18]. van Ruitenbeek and coworkers first studied the shot
noise in bare atom-size metallic contacts [122]. In their study, the MCBJ tech-
nique was used to obtain a stable point metallic contact at cryogenic temper-
atures. They were interested in the amount of noises above the thermal noise,
which they called the excess noise. To measure the excess noise, white noise was
sent from a calibration source through a 1 V series resistance to measure the fre-
quency responses of the setup. After a concise data analysis, the excess noise was
obtained. They demonstrated that they indeed achieved the shot noise by plotting
the excess noise values as a function of the bias current [122]. By applying a fitting
to this plot, a nearly linear dependence of the excess noise on the bias current was
clearly observed, which agreed well with the shot noise feature, i.e. SII( f ) = 2eIF .
The Fano factor can be derived from the slope of the linear fitting curve. Inter-
estingly, the smallest value of (0.02± 0.005) 2eI was observed for a contact with
a conductance ∼G0. This finding, F ∼ 0, indicated that the conductance was due
to the mostly fully transmitted modes (Tn ≈ 1) based on Eq. (7.7). Furthermore,
a small value of the Fano factor F was obtained for G near integer conductance
values, which indicated the quantum suppression of the shot noise as G = nG0.
Similar experiments were also performed on aluminum, which indicated a much
weaker suppression of the shot noise, revealing that the conductance at G = G0
was not carried by a fully transmitted mode for the aluminum nanowire [122].

Recently, van Ruitenbeek and coworker further used the shot noise to infer
the transmission coefficients in the dominant channels of the carrier transport
through single deuterium molecules [112]. The shot noise measurement process
was optimized to remove the effects from other types of noises. Once a stable con-
tact was identified, they first took a dI/dV curve by using the lock-in technique.
Then, the zero-bias noise spectrum was recorded, which showed the thermal
(Johnson–Nyquist) noise. Subsequently, the total noise at was measured at the
finite biases, which consisted of a white shot noise, thermal noise, and 1/f noise
(dominant at low frequencies). After dropping the 1/f noise, compensating for the
roll-off and subtracting the thermal noise for a series of bias currents on a given
contact, the dependence of the excess noise was obtained as a function of the
bias current. It was determined that the shot noise was strongly suppressed when
the currents passed through the Pt–D2–Pt junctions; a similar phenomenon was
presented in the bare gold junctions at G = G0. Therefore, this study indicated
that the transport in the Pt–D2–Pt bridges was carried dominantly by one nearly
fully transparent channel [112]. Hence, these results, in return, verified that the
junction was indeed formed by only a single molecule.

In contrast to the previous noise measurements at low temperatures, Natelson
and coworkers presented the measurements of the shot noise in the Au break
junctions acquired under room temperature and ambient conditions [113, 124].
Using the MCBJ technique and a high-frequency technique, the noise data and
the conductance histograms for the Au junctions were acquired simultaneously
at room temperature. The measured shot noise showed a strong suppression
at precisely the same conductance values as the peaks in the conductance
histograms. This result demonstrated that the quantum suppression of the noise
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due to fully transmitting contacts survived even at room temperature. It should
be noted that the inelastic processes were much stronger compared to those
at low-temperature experiments. One interpretation for this observation was
provided: the inelastic processes can operate on length scales longer than the
single nanometer junction size, and inelastic processes, such as electron–phonon
scattering, can remove energy from the “hot” electron system and redistribute
electrons between the different quantum channels, leading to the suppression of
the shot noise at room temperature. Although their experiments were performed
without molecules, these results indicated that the noise characterizations could
be used as a tool to study the inelastic transport process in the molecular
junctions.

Although the effects of the electron–vibration interactions in the atomic-scale
junctions with a single conduction channel received considerable attention
[58, 113, 125, 126], the more general case of junctions with several conduction
channels has received very little attention. Recently, Ben-Zvi et al. studied the
electron–vibration interaction in multichannel molecular junctions, i.e. the
benzene junctions and carbon dioxide junctions sandwiched by the Pt electrodes
[127]. It is well known that the activation of the electron–vibration interactions
can either enhance or suppress the conductance. However, the relationship
between the electron–vibration interaction contribution to the conductance
and the transmission distribution in the conduction channel is unclear (e.g. the
exact number of channels is unclear). Ben-Zvi et al. overcame the difficulties
and extracted the transmission probabilities of the main conductor channels
by the shot noise measurements [127]. They found: (i) for all of the junctions
that yielded the conductance suppression due to the vibration activation, one
dominant channel (high transmission properties) was clearly observed; and
(ii) for those junctions that yielded conductance suppression, the conduction
channels were more equally distributed, i.e. all of the channels had transmission
probabilities less than 0.5. The analysis of the vibration activation effects on the
conductance in view of the distribution of conduction channels confirmed the
theory that a high-conductance junction (with a dominant conduction channel)
typically demonstrated conductance suppression due to the inelastic tunnel
process [127, 128].

The theoretical shot noise studies in the molecular junctions also received
extensive attention [110, 129, 130]. By combining the Monte Carlo methods
with the Langevin approach, Koch et al. successfully calculated the shot noise
of tunneling currents with a model: transport through the molecule was to be
dominated by a single, spin degenerate electronic level in the presence of one
vibrational mode with a frequency 𝜔0 [129]. They reported Franck–Condon
physics, which is a characteristic of molecules, could lead to a low-bias current
suppression (Franck–Condon blockade) and large Fano factors (102–103) in
single-molecule devices, which originated from the coupling of the electronic
and vibrational degrees of freedom. The Fano factor enhancement has been
explained by the avalanche-like transport of electrons interrupted by long times
without a charge transfer. One year later, Galperin et al. thoroughly investigated
the inelastic tunneling effects on the noise properties of the molecular junc-
tions [110]. The inelastic tunneling and its influence on the zero frequency noise
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based on a simple one-level molecular junction model was investigated, which
arbitrarily selected one molecular orbital to support the resonance transmission
beyond a certain voltage bias threshold. This molecular orbital was coupled to a
local oscillator representing the molecular nuclear subsystem. By employing this
one-level model within the non-equilibrium Green function (NEGF) method-
ology, they investigated inelastic effects on the noise spectrum in molecular
junctions in both the weak and strong electron–phonon coupling regimes. In
the weak coupling regime, it was found that the noise amplitude could increase
or decrease due to an inelastic channel opening and based on the distance of
the resonance as well as the junction asymmetry. Particularly, it was determined
that the relative Fano factor decreased when the molecule was far from the
resonance. Their calculation and analysis suggested the usefulness of the “noise
spectroscopy” for measuring the values of the electron–vibration coupling on the
bridging molecules [110]. Haupt et al. employed the extended NEGF technique
to determine the cumulant generating function, from which the current I and the
noise S can be easily calculated [131]. The key idea for this approach is to modify
the Hamiltonian by adding a time-dependent phase to the tunneling matrix
elements. An analytical expression was successfully derived for the inelastic
noise at an arbitrary temperature and distinguished the terms that corresponded
to the simple renormalization of the transmission coefficients. By applying the
theory to the experimentally relevant case of a deuterium molecular junction
[112], they predicted a significant positive contribution to the total noise due to
the inelastic processes [131]. Kumar et al. further pointed out that the inelastic
signal, i.e. the signal due to the vibration excitations, could become negative as
the transmission probability decreased below a certain transmission value [117].
They argued that the negative contribution to the noise arose from the coherent
two-electron processes mediated by the electron–phonon scattering and the
Pauli exclusion principle [117]. Let us assume that two electrons are injected
from the left lead with a high energy E and a low-energy E-𝒽𝜔0, respectively.
If the higher energy electron emits a phonon, it would lose an energy 𝒽𝜔0 and
tend to occupy the same outgoing state as the low-energy electron. This inelastic
process tends to reduce the noise and make a negative contribution by narrowing
the energy distribution of the outgoing electrons. However, this process would
be blocked at the perfect transmission, i.e. with a high transmission probability.
Thus, the inelastic process can make either a positive or a negative contribution
to the total noise. Therefore, the theoretical calculations performed by different
groups indicate that the shot noise can be used as a powerful tool to address
the particular characterization as the charges transport through the molecular
junctions, which is unavailable using the I–V characteristics.

Recently, several groups used random telegram noises to study the elec-
tron transport properties and the stability of the molecular junctions
[115, 118, 119, 132]. Kim et al. studied the noise characteristics of the
charge transport through alkyl-based monolayer Au–molecule–Au junctions
[9]. Specifically, the random telegraph noise (RTN) was examined. Firstly, it was
determined that all the spectra followed a 1/f (at a low frequency regime) and
a 1/f 2 (at a high frequency regime) power law depending on the frequency. This
result indicated a superposition of the 1/f and the generation–recombination
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Figure 7.4 Random telegraph noises. (a) Time-dependent two-level random telegram noises
of Au–HDT–Au junctions under different biases. The random telegram noise was recorded at
room temperature for 0.7 seconds. (b) Corresponding current histograms for the random
telegram noise. Two peaks in the histograms were observed when the applied bias was above
0.4 V. The histograms are fitted with the Gaussian peaks, where the green and red lines
indicate the trapping and detrapping events, respectively. (c) Schematic trapping and
detrapping processes in the molecular junction with a single localized trap. Source: Reprinted
with permission from Kim et al. 2010 [9]. Copyright 2010, American Chemical Society.

noise (the Lorentzian distribution) in the measured spectroscopy. The Lorentzian
distribution noise spectra may result from the trapping/detrapping processes
of the charge carriers to/from the localized states in the molecular junctions.
They pointed out that the localized states could be formed by defects that may
unintentionally be introduced into the molecular layer in the junction fabrication
process. To verify this trapping/detrapping interpretation, they further mea-
sured the time-dependent current fluctuations, referred as the RTN as shown
in Figure 7.4. In this figure, a discrete temporal fluctuation was observed under
the different bias voltages. Interestingly, it was observed that the low current
events prevailed at a low bias (below 0.6 V), which indicated that the trapping
process resulting from the charging effect on a localized state occurred in the
molecular barrier. Conversely, the high current events became predominant
with an increasing bias (above 0.6 V), which agreed with the fact that a large
potential difference could lead to the reemission of the trapped charge carriers
(detrapping process). Their study demonstrates that noise characterization is
useful for evaluating the influences of the localized states on the charge transport
in molecular or other electronic junctions [9].

In contrast to the experiment mentioned above, several groups studied the tele-
gram noise in single-molecule junctions under small bias voltages (below 0.2 V)
[115, 118, 119, 132]. The total measured noise spectroscopy showed a transition
from SV ∝ f −1 at a low frequency to SV ∝ f −2 at a high frequency by independent
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groups [118, 119, 123, 132]. One noise spectroscopy for benzene-dithiol junc-
tions is illustrated in Figure 7.4b. The total noise spectroscopy in this figure can
be described as follows:

SV (f ) =
A
f
+ B

1 + (f ∕f0)2 + 4kTR (7.10)

where A and B represent the amplitudes of the 1/f and 1/f 2 noise components,
respectively; f 0 is the characteristic frequency, which can be derived from the
inflection position of the total noise spectra; R is the junction resistance; and T is
the ambient temperature. Equation (7.10) provides a good fit of the experimental
data. The measured noise spectroscopy indicated that the telegram-like noise
still existed in this single-molecule junction, which was later confirmed by the
real-time dependent conductance measurements [123, 132]. It should be noted
that such a small bias voltage (below 0.2 V) is not enough to cause both the
trapping and detrapping events. Additionally, single-molecule junctions contain
much less defects (e.g. particles and impurities) in comparison with monolayer
junctions. So, where does the telegram-like noise come from? In the case of
single-molecule junctions, the stability of the junction becomes a dominant
factor, which strongly affects the current characterization. Thereby, the stability
should be considered for the interpretation of the telegram-like noise. To explain
the telegram-like fluctuations in view of the junction stability, several mecha-
nisms have been proposed and can be primarily classified into three groups: (i)
dynamic reconfigurations of the molecular backbone structure [118, 119, 133];
(ii) movement of the surface metal atoms tethered to the molecules [115, 134];
and (iii) bond breakage and reconnection for the metal–molecule contacts [70].
The reconfiguration changes can occur without the complete bond breakage and
involve the near-configuration states with similar electric properties, leading to a
small amplitude telegram-like current fluctuation. A direct evidence supporting
this mechanism is that the telegram-like current fluctuation was enhanced as the
pass current increased [115]. If the telegram noise originates from the current
induced by the dynamic reconfigurations of the molecules, then an enhanced
telegram fluctuation was expected as the current increased. Please note, the local
junction temperature also increased as the pass current increased, promoting the
movement of the metal atoms tethered to the molecule. Hence, the telegram-like
noise may originate from the atom moving at the electrode surface, especially
for those junctions with a fresh electrode surface after physical breakage. One
clear evidence of this type of interpretation is that the telegram-like fluctuation
was suppressed in a densely molecular packed environment [115]. Thus, the
telegraph-like current fluctuation in fresh molecular junctions is more likely
associated with the rearrangement of the metal atoms tethered with a molecule.
In contrast to the small amplitude current fluctuation discussed above, Brunner
et al. observed a larger fluctuation in the solution environment, which was
reasonably attributed to the formation and the thermally driven breakage of
bonds between a molecule and a metal electrode [132].

The noise analyses can provide valuable insights into single-molecule science
but are not limited to electron transport properties and junction stability.
Tsutsui and coworkers extended the application of the current noise to identify
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single-molecule junctions [27]. They found stepwise increases in the current
oscillation amplitudes at distinct voltages, synchronous to the voltages in
which the vibration modes were activated due to the inelastic tunneling. The
specific change in the noise amplitudes was attributed to the electron–vibration
interaction. The vibration interactions in the molecular junctions are known
to cause local heating and increase the junction temperature above the bath
temperature, which may lead to an increase in the noise amplitude, as noted by
the authors. These results suggest that the field-induced current noise can be
used as a complementary tool for the IETS in single-molecule identification [27].
Noise spectroscopy can also be extended to study biomolecules, for instance,
several groups used RTNs for sequencing biomolecules such as DNA and amino
acids [135, 136]. They demonstrated that single amino acids could be identified
using electron tunneling currents measured as individual molecules passing
through a nanoscale gap between the electrodes.

7.4 Optical and Optoelectronic Spectroscopy

Electronic characterization methods, such as the I–V curve and the TVS, are
critical for analyzing the device behavior but do not provide direct information
on the molecular energy and structure. To obtain more detailed information
on the molecular structure, location of the relevant molecular orbitals, density
of the adsorbed molecules, and thickness of the monolayer, numerous optical
spectroscopic tools have been applied. When these approaches are combined
with the photoelectron spectroscopic methods, correlations between the chem-
ical features and the electronic performance can be assessed. Photoelectron
spectroscopies have a high surface sensitivity, which makes them attractive
for characterizing thin molecular layers as well as single-molecule junctions
[137]. Furthermore, there are various operation modes that can provide useful
information on different aspects of a molecular device [138].

7.4.1 Raman Spectroscopy

Raman spectroscopy (named after one of its discoverers, the Indian scientist
Sir C.V. Raman, who received the Nobel Prize in 1930) is a spectroscopic tech-
nique used to observe vibrational, rotational, and other low-frequency modes
in a system [139]. Raman spectroscopy is now commonly used in chemistry
to provide fingerprint information by which molecules can be identified and
quantitatively analyzed [139]. The technique involves shining a monochromatic
light source (such as laser light) on a sample and detecting the scattered light.
The majority of the scattered light is of the same frequency as the excitation
source, which is known as Rayleigh or elastic scattering. A very small amount of
the scattered light is shifted up or down in energy from the incident laser due
to interactions between the incident electromagnetic waves and the vibrational
energy levels of the molecules in the sample. For a spontaneous Raman effect,
a photon excites the molecule from an original vibrational energy state to a
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virtual energy state for a short period of time, then the molecule returns to a
new vibrational energy state accompanied with a photon emission process. The
difference in the energy between the original rovibronic state and this resulting
rovibronic state leads to a shift in the emitted photon’s frequency away from
the incident laser wavelength. Plotting the intensity of this shifted light versus
frequency results in a Raman spectrum of the sample. The energy shift and the
corresponding wave-number shift provide information on the vibrational modes
in the system.

Raman scattering is an example of inelastic scattering because of the energy and
momentum transfer between the photons and the molecules during the interac-
tion, and it should not be confused with emission (such as fluorescence), where
a molecule in an excited electronic state instead of a virtual energy state emits a
photon of energy and returns to a ground electronic state [140]. The intensity of
the Raman scattering is proportional to the electric dipole–electric dipole polar-
izability derivative, which differs from IR spectroscopy, where the interaction
between the molecule and the light is determined by the electric dipole moment
derivative; thus, this contrasting feature allows one to analyze vibrational modes
that might not be IR active via Raman spectroscopy [141].

Currently, the Raman spectroscopy is extensively used to identify unknown
molecules, especially biomolecules [142, 143], because the Raman scattering
directly exhibits the fingerprint vibrational modes of the target Raman-active
molecule. In accordance with the need for identifying an unknown molecule at
the single-molecule level, researchers have sought methods capable of achieving
this goal, i.e. SERS and tip-enhanced Raman scattering (TERS), in which an enor-
mously enhanced Raman signal was detected when molecules were adsorbed
onto the surface of a roughened metal surface. Briefly, the enhancements of
the SERS are classified into two categories: electromagnetic and chemical.
The former is believed to be the predominant enhancement because it largely
amplifies both the incident and the scattered electromagnetic fields. The latter
is related to an increase in the polarizability of the adsorbed molecule. Detailed
information on the enhanced mechanism, platform for the Raman spectroscopy
investigation, and new strategy for implementing the SERS can be found in
several impressive reports [144–147].

Recently, the Raman spectroscopy was used to probe the structural change
in single molecules during time-dependent dynamic processes, and sev-
eral significant important results were reported [144]. As had mentioned in
Section 2.1.3, Ward et al. reported simultaneous measurements of electronic
conduction and real-time Raman responses in molecular junctions formed by
using the electromigration technique [148]. These conductance/Raman obser-
vations demonstrated that the electromigrated nanogaps between the extended
electrodes could achieve enhancements sufficient for single-molecule SERS
sensitivity, thus leading to an investigation of single-molecule structural changes.
Following this study, Konishi et al. further reported the SERS of a single molecule
under conditions of an in situ current flow in MCBJ-based molecular junc-
tions [149]. Significant changes in the SERS intensity and the selectivity of the
Raman vibrational bands that are coincident with current fluctuations provide
information related to the electronic structural dynamics of a single molecule
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in their experiments. Another recent advance is that Jiang et al. reported a
method that combined molecule-resolution STM and tip-enhanced Raman
spectroscopy [150]. This method provides a powerful tool for the real-time study
of vibrational, rotational, and other low-frequency modes of molecules, which
not only chemically identifies the molecules adsorbed on a surface but also yields
information on the adsorption configuration and the chemical bonding between
molecules. Generally, direct probing of the dynamic structure and chemical
changes in the nanoscale molecular junctions upon application of an electric
field remains a major challenge. By using in situ gap-mode Raman spectra, Cui
et al. established a relationship between the applied electrochemical gate field
and the conformational changes in sandwiched molecular junctions, such as the
torsion angle of the molecules [151].

Furthermore, the Raman spectroscopy was employed to investigate vibrational
and electronic heating in the nanoscale junctions. Until now, understanding and
controlling the flow of heat is a major challenge in nanoelectronics. When a junc-
tion is driven out of equilibrium by light or the electric charge flow, the vibrational
and electronic degrees of freedom cannot be described by a single temperature.
In a pioneering study, Ward et al. demonstrated that a surface-enhanced Raman
spectroscopy can be used to determine the effective temperatures in a biased
metallic nanoscale junction covered with molecules (the junction was fabricated
by using the electromigration method) [152]. Using an anti-Stokes electronic
Raman emission followed by a delicate calibration, they demonstrated that the
effective electronic temperature at small bias voltages can reach values up to
several times that of the values measured when there is no current, i.e. molecular
vibrations show mode-specific pumping by both optical excitation and current
with effective temperatures exceeding several hundred kelvins.

During the past four decades, considerable efforts and ingenuity have been
made, thus leading to the continuous development of theoretical and experi-
mental progress regarding the Raman spectroscopy. However, a few challenges
in performing Raman spectroscopy still remain, which include the reproducible
generation of hot spots providing sufficient signal amplification to sensitively
detect single molecules, compatibility under various conditions, and establish-
ment of robust statistical strategies [144]. The strength of the SERS is its high
content of molecular information combined with sensitivity, quantification, and
multiplexing. Other vibrational spectroscopy techniques (such as fluorescence
microscopy, ultraviolet–visible [UV–Vis] spectroscopy, and IETS) also have their
own unique advantages [138]. Comparing and combining the performance of
the SERS with other existing techniques will supply and confirm comprehensive
information on the studied molecular junctions.

7.4.2 Ultraviolet–Visible Spectroscopy

UV–Vis spectroscopy refers to the absorption spectroscopy or reflectance spec-
troscopy in the UV–Vis spectral region. UV–Vis uses light in the visible and adja-
cent regions, i.e. the regime between the near-ultraviolet and the near-IR ranges,
measures the molecule transitions from the ground state to the excited state. This
technique is a complementary technique to the fluorescence spectroscopy, which
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addresses the molecular transitions from the excited state to the ground state
[153]. The instrument used in UV–Vis spectroscopy is called a UV–Vis spec-
trophotometer. It measures the intensity of light (I) passing through the sample
and compares it with the intensity of incident light (I0) before passing through
the sample. The ratio T = I/I0 is known as the transmittance. The UV–Vis spec-
trophotometer can also be configured to measure the reflectance. In this case, the
spectrophotometer measures the intensity of the reflected light from the sample
and compares it with the intensity of light reflected from a reference material.
This ratio is known as the reflectance.

The UV–Vis spectroscopy can be used to address the molecular energy struc-
ture [154]. For example, those molecules containing π-electrons or non-bonding
electrons can absorb the energy of the ultraviolet or visible lights to excite
these electrons to higher antibonding molecular orbitals. When the energy
gap between the highest occupied molecular orbital (HOMO) and the lowest
occupied molecular orbital (LUMO) is low, electrons will be easily excited,
leading to an absorption of longer wavelength. Therefore, the peak’s position
in spectroscopy indicates the energy structure of the interested molecules. The
wavelengths of the absorption peaks and the amplitude of the peaks also corre-
lated with the types of bonds in a given molecule; thus, the UV–Vis spectroscopy
is valuable in determining the functional groups within a molecule [155].
According to the Beer–Lambert law, the absorbance of a solution is directly
proportional to the concentration of the absorbing species in the solution. Thus,
for a fixed path length, the UV–Vis spectroscopy can be used to determine the
concentration of the absorber in a solution [156]. Furthermore, the UV–Vis can
be applied to determine the rate constant of a chemical reaction based on the
concentration measurement [157]. The rate constant of a particular reaction can
be determined by measuring the UV–Vis absorbance spectrum at specific time
intervals to observe the changes in the levels of absorbed wavelength over time
in accordance with the solution color changes (energy state change). From these
measurements, the concentration as well as the reaction rate can be calculated.

7.4.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widely used technique for analyzing
the surface chemistry of a material. In the 1950s, Kai Siegbahn and coworkers
developed the XPS for surface chemical analysis and received the Nobel Prize for
this pioneering and outstanding work [158]. The XPS can measure the elemental
composition, empirical formula, chemical state, and electronic state of the ele-
ments within a material. In principle, the XPS spectra are typically obtained by
irradiating a solid surface with a beam of X-rays in high vacuum and simultane-
ously measuring the kinetic energy as well as the number of electrons that are
emitted from the top of the material being analyzed. When an atom or molecule
absorbs an X-ray photon, an electron can be ejected. The kinetic energy of the
ejected electron depends on the photon energy (h𝜈) and the binding energy of
the electron based on the equation Ebinding = Ephoton − (Ekinetic +∅), where Ebinding
is the binding energy of the electron and can be regarded as the energy required
to remove the electron from the material surface, Ephoton is the energy of the X-ray
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photons, Ekinetic is the kinetic energy of the electron that can be measured by the
instrument, and ∅ is the work function of the material detected. For an electron
ejection, the excitation energy must be large enough for the electrons to overcome
the work function of the solid. Since the energy of an X-ray with a particular wave-
length is known, and the emitted electrons’ kinetic energies can be measured, the
electron binding energy of each of the emitted electrons can be determined using
this equation.

A typical XPS spectrum is a plot of the number of electrons detected (y-axis)
versus the binding energy of the electrons detected (x-axis). Because the inner
shell electrons for each element have a different binding energy, the XPS peaks
at the characteristic binding energy values can be used to identify each element
that exists in the surface of the material being analyzed. The number of detected
electrons in each of the characteristic peaks directly related to the number of ele-
ments within the XPS sampling volume. Thus, the XPS can be used to identify the
elements as well as the amount in the targeted material. Please note that the bind-
ing energy depends not only on the element from which the electron is emitted
but also on the orbitals from which the electron is ejected as well as the chemical
environment of the atom from which the electron was emitted. Thus, by measur-
ing the kinetic energy of the emitted electrons, it is possible to determine which
elements are near a material’s surface and their “chemical states,” which refers to
the local bonding environment of the studied species. The local bonding envi-
ronment of a species in a study is affected by its formal oxidation state, identity
of its nearest-neighbor atom, and bonding hybridization to the nearest-neighbor
atom. Thus, the so-called chemical shift (peak shift), which is dependent on the
chemical environment, can be observed. In return, the chemical shift provides
the chemical state information, such as the molecular structural information.

The XPS has been widely applied in the field of molecular electronics [159].
For example, the XPS can be used as a tool to check the thin film thickness of the
molecular layer due to the finite mean free path length, which is a function of the
kinetic energy of the photoelectron. Using the XPS, the thickness of the molecu-
lar layer on the substrate (such as Au) can be calculated by the relative intensities
of the specific peaks and a standard length SAM on Au as Refs. [95, 160]. By
analyzing the XPS, one can obtain insight into the molecule-adsorbed state
and the configuration at the interface [161]; furthermore, the XPS was used
to reveal the interaction information between the molecular layer and the top
contacts and verify that the intended functional groups remained intact after the
fabrication of the junction [162, 163]. With the development of third-generation
synchrotron light sources and promoted resolution, the XPS was developed to
become an outstanding tool to study surface properties, even surface reactions,
at an unprecedented level [164].

7.4.4 Ultraviolet Photoelectron Spectroscopy

The ultraviolet photoelectron spectroscopy, denoted as UPS, refers to the
measurement of the kinetic energy spectra of the photoelectrons emitted
by molecules that have absorbed ultraviolet photons. The UPS method was
developed by David W. Turner et al. during the 1960s [165]. Similar to the XPS,
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it is also based on the photoelectric effect discovered by Albert Einstein in 1905.
In comparison with the XPS, which is based on high energy X-ray sources to
study the energy levels of the atomic core electrons, the UPS uses a helium
discharge lamp (with wavelengths in the ultraviolet region) to study the valence
electrons with more accuracy. As Einstein’s photoelectric law is applied to a
free molecule, the kinetic energy of an emitted photoelectron is based on the
equation EK = hv− I, where h is Planck’s constant, 𝜈 is the frequency of the
ionizing light, and I is the ionization energy for the formation of a singly charged
ion [166]. Based on Koopmans’ theory, each ionization energy may be identi-
fied by the energy of a molecular orbital [167]. The ultraviolet photoelectron
spectrum of a molecule contains a series of peaks, and each corresponds to one
valence-region molecular orbital energy level [137].

In the UPS technique, the valence-level instead of the core-level orbitals was
probed, which yields insights into the alignment of the contact energy levels
and the molecular orbitals [168]. By combining the UPS measurement with the
I–V measurement (showing negative differential resistance [NDR]), Yaffe et al.
demonstrated that the energy difference between the Fermi level and the LUMO
was considerably smaller than that between the Fermi level and the HOMO,
indicating that the lowest unoccupied molecular orbital primarily controlled the
charge transport [169]. Hill et al. used the photoemission spectroscopy (PES) to
investigate the interfacial energy formed by the deposition of different molecular
thin films on various metals [170]. They found that the interface electron and
the hole barriers were not simply defined by the difference between the work
functions of the metals and the organic solids, demonstrating the breakdown
of the vacuum level alignment rule at interfaces between the organic molecular
solids and metals [170]. Additionally, the high resolution of the UPS allows the
observation of the fine structures due to the vibrational levels of the molecules,
which facilitate the assignment of the peaks to bonding, non-bonding, or
antibonding molecular orbitals [164, 171]. The UPS method was later extended
to the study of the solid surfaces, where it was generally known as PES [172].

7.5 Data Characterization Approaches

7.5.1 Transition Voltage Spectroscopy

7.5.1.1 TVS Models
Measuring the energy level alignment in the molecular junctions, especially the
position of frontier molecular levels with respect to the Fermi levels (EF) of the
electrodes, is of crucial importance to study the mechanisms of the charge trans-
port and realize the functions of the molecular junctions. One approach to obtain
the molecular energy level alignments of the molecular junctions is to measure
the peak position in the dI/dV curve, which requires the use of a bias voltage
that forces the EF of the electrodes to reach the position of the molecular lev-
els where the electrons can resonantly transport. However, in most cases, such
as alkane-based molecular junctions, a high applied voltage leads to a high elec-
tronic field, which could break the junctions before the dI/dV peak is reached.
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Based on the mechanism of the field emission, Beebe et al. found that the posi-
tion of the nearest molecular energy level with respect to the EF of the electrodes
in the molecular junctions can be determined from the I–V measurements, also
known as “transition voltage spectroscopy” (TVS) [10]. With this TVS technique,
an inflection point (V trans) can be obtained, which is equal to the effective barrier
height (Φ) and corresponds to the energy offset between the EF of the electrode
and the closest frontier molecular orbital, either HOMO or LUMO.

To demonstrate the effectiveness of the TVS, Beebe et al. simplified the molec-
ular charge transport as electron tunneling through a rectangular barrier using
the Simmons model (Figure 7.5a) [10]. In the zero-bias limit, for electron tunnel-
ing through the rectangular barrier, the relationship between the current and the
voltage can be described as follows:

I ∝ V exp
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]
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Figure 7.5 Schematic models for qualitatively explaining the transition of the F–N plots.
(a) An F–N plot for a typical molecular junction. The insets depict the Simmons tunneling
barrier model to explain the inflection of the F–N curve. (b) The corresponding resonant
model for explaining the inflection of the F–N curve. Source: Reproduced with permission
from Jia et al. [173]. Copyright 2013, John Wiley and Sons.
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where me is the electron effective mass and d is the width of the barrier, which
is typically equal to the length of the connected molecules. Therefore, ln(I/V 2) is
proportional to ln(1/V ). At the opposite limit, for the applied bias voltage exceed-
ing the barrier height, the tunneling barrier changes from trapezoidal to triangu-
lar, and the I–V dependence can be described as follows:

I ∝ V 2 exp

[
−

4d
√

2me∅3

3ℏqV

]
(7.12)

where q is the electronic charge. From the Eq. (7.12), it can be deduced that
ln(I/V 2) against 1/V has a linear relationship in the high-voltage regime with
the triangular barrier. Therefore, electron tunneling through the triangular
barrier has the characteristics of Fowler–Nordheim (F–N) tunneling or field
emission. From the plot of ln(I/V 2) versus 1/V (the F–N curve), a well-defined
minimum voltage point, i.e. an inflection point (V trans), can be obtained, which
results from the fact that the mechanism of the charge transport transits
from direct tunneling with a trapezoidal barrier to F–N tunneling with a
triangular barrier. This fact demonstrates that the value of V trans is equal to the
barrier height (Φ) and the energy offset between EF and the closest molecular
energy level. For a hole-dominated molecular transport, the nearest molecular
energy level is the HOMO of the molecules, i.e. Φ = EF −EHOMO, whereas for
LUMO-dominated electron transport, Φ = ELUMO −EF.

Remarkably, by measuring the Au–molecule–Au junctions formed from the
π-conjugated thiols, Beebe et al. discovered that V trans changed linearly with
the energy offset between the EF of the Au electrodes and the HOMO, which
was determined using UPS [10]. Additionally, for a series of alkanethiol-based
junctions with various molecular lengths, it was determined that V trans was
constant across the alkane series, which was consistent with the fact that
the HOMO–LUMO energy alignment of these molecules is independent
of the molecular length [174]. All of these important observations demon-
strate that the TVS can be used as a promising technique to determine the
energy level of the dominant charge transport orbital in a given molecular
junction.

However, due to the simplicity of the Simmons model, the presented experi-
mental data were far from being fully understood. To improve the understanding,
Huisman et al. [175] introduced a coherent resonant molecular transport model.
In this model, the molecular levels are Lorentz-broadened by coupling with the
electrodes at both electrode–molecule interfaces, thus leading to a better con-
sistency with the experiments. Furthermore, based on the resonant tunneling
model, Araidai et al. [176] theoretically calculated the transition behavior of the
F–N curve by using the transmission function of the resonant peaks, where either
the Lorentzian or Gaussian functions were used to describe the shape of the res-
onant peaks. By analyzing the relationship between the behavior of the F–N plot
and the transmission function, the inflection (V trans) in the F–N curve occurs
when the resonant peak responsible for the charge carrier transport has a certain
amount of its tail entering the bias window (Figure 7.5b). Because the resonant
peak typically corresponds to the nearest molecular energy level of the molecular
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junctions, the V trans in the F–N curve is proportional to the energy offset between
EF and the closest molecular orbital.

Because the I–V curves for the charge transport in the molecular junctions
can be approximated to a generic parabolic shape for either the resonant
or off-resonant tunneling, Vilan et al. [177] studied the TVS using a Taylor
expansion (TyEx) view. Other than the original view of the TVS, where the
TVS indicates the tunneling transition between the different charge transport
regimes, the interpretation of the TVS in the TyEx view is established as a genuine
characteristic over the full bias range of the charge tunneling. In this TyEx view,
V trans is closely related to a bias-dependent perturbation of V 0, a bias scaling
factor, which can be deduced from the third coefficient of the TyEx expression of
the conductance. In other words, the TVS reflects the conductance nonlinearity
of the junctions, which partially originates from the energy level alignment.
During resonant tunneling, V 0 is proportional to the height of the tunneling
barrier in most metal–molecule–metal junctions, whereas for off-resonant or
deep tunneling, V 0 is proportion to the ratio between the barrier height and
the barrier width. For a specific case, a highly nonlinear charge transport and
non-physical TVS values could be observed in the semiconducting electrode-
based molecular junctions due to the small bias-dependent density of the states
for the semiconducting electrode. Therefore, the TVS measurements when the
current becomes “superquadratic” with the bias voltage are a promising tool for
studying the respective energy level alignment in most molecular junctions.

7.5.1.2 Applications of TVS
Because the asymmetry of the molecular junctions has a significant effect on
the inflection behavior of the F–N plot, the TVS has been used to investigate
the asymmetry and the energy level alignment of several asymmetric molec-
ular junctions. Intuitively, the asymmetric voltage drops on both sides of the
metal–molecule interfaces will lead to different barrier heights for carrier
tunneling. Correspondingly, the polarity-dependent different values of V trans
can be observed to confirm the asymmetric interfacial contacts in the molecular
junctions [10]. This polarity-dependent V trans was also confirmed by Bâldea
et al. who calculated the ambipolar TVS using asymmetric molecule–electrode
couplings [178]. Furthermore, based on extensive ab initio calculations by using
an analytical model of a Lorentzian-shaped transmission function, Chen et al.
[179] found that asymmetry coupling at the two molecule–electrode interfaces
had a significant effect on the ratio between V trans and the energy offset of the
nearest molecular orbital (𝜀0) to EF. The ratio |𝜀0 −EF|/V trans increased from
0.86 for a symmetric junction to 2.0 for a completely asymmetric junction. Based
on experimental investigations of the asymmetric coupling effect of the molecule
junctions using the TVS, Wang et al. [180] observed a similar tendency: by
increasing the asymmetric coupling degree, the energy offset (|𝜀0 −EF|) was
decreased, and V trans became smaller.

The length of the molecules has a clear effect on the energy level alignment
and the charge transport process in the molecular junctions. Using the TVS,
the length-dependent properties of the molecular junctions with conjugated
and non-conjugated molecules have been widely studied. For most molecular
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junctions formed from conjugated molecules, where the voltage drop is expected
to span the entire molecule, the ratio between V trans and the frontier conducting
orbital with respect to EF is approximately constant [174]. For example, in
HOMO-dominated molecular junctions with aromatic series, V trans decreased
with an increase in the molecular lengths because the conjugating effect and
the coupling effect lifted the HOMO level of the molecules with an increased
length [181]. However, for molecular junctions with non-conjugated alkyl
molecules, V trans is relatively length-independent. This result is partially due
to the unchanged molecular energy level for the alkyl molecules with different
molecular lengths [182]. Furthermore, for non-conjugated systems, the frontier
orbitals are expected to be strongly localized at the end groups of the molecules,
which leads to a voltage drop at the interfaces and thus the length-independent
V trans [183]. Additionally, it was determined that the voltage drop in the
molecular junctions was affected by the temperature [184]. By using the TVS
investigations of 2-[4-(2-mercaptoethyl)-phenyl] ethanethiol (Me-PET)-based
molecular junctions with either Au or Al electrodes, the voltage drop at low
temperatures occurred at the contact interfaces in the injection barrier domi-
nated transport, whereas at high temperatures, the voltage drop occurred along
the entire molecule in the molecular barrier dominated transport. Because
V trans in the TVS is deduced from the tunneling model, when the connected
molecules are long enough for transferring the charge transport from tunneling
to hopping, the inflection behavior of the F–N plot changes [93]. For the
conjugated junctions with a hopping transport, it was determined that the F–N
plot had three distinct transport regimes, corresponding to Ohmic conduction,
field emission and a space charge-limited conduction regime between them.

The electrode properties, especially the contact interfaces, generally affect
the charge transport in the molecular junctions. The TVS is widely used to
study the interface-related properties of the molecular junctions. For molecular
junctions with various electrodes having different work functions, such as Ag,
Au, and Pt, it was determined that for HOMO-dominated molecular junctions
with thiol linkages, V trans decreased with an increase in the work functions
of the electrodes. However, for LUMO-dominated molecular junctions with
isocyanide linkages, V trans changed in the opposite direction, which corre-
sponded to the energy offset between the dominated molecular orbital and
the electrode EF [109, 174]. Furthermore, it was determined that the degree
of V trans variation is considerably slower than that of the changes of the work
functions. This result can be ascribed to the specific bonding site for the S
atom end group in different electrodes, where S atoms are most likely bound
to the hollow-bridge site of the Ag/Au surface and the adatom site of the Pt
electrode [185]. For non-metal electrodes, such as carbon nanotubes, theoretical
calculations demonstrated that V trans corresponds to the voltages that exhibit an
NDR, which only occur during the coherent transport in molecular junctions
when the tail of the resonant peak comes into the bias window [186]. For a fixed
molecular junction, the fluctuations of the Coulomb interaction at the contacts
have minimal effect on V trans [187]. However, from the statistical TVS studies
of the alkanedithiol- and biphenyldithiol-based single-molecule junctions, Guo
et al. [188] determined that the molecule–electrode contact geometry had a
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slight effect on V trans because different V trans values were obtained for molecular
junctions with different conductance values. Furthermore, from individual
thiol-tethered porphyrin molecular junctions with Au electrodes, Bennett et al.
[189] determined a multi-peaked distribution of the V trans values, which is due
to the existence of a small number of distinct configurations at the interfacial
contacts. For molecular junctions made from the tip-substrate technique, the
distance between the molecule and the electrodes at the interfacial contacts
was determined to have an effect on V trans, which is because different molecular
orbitals participate in the charge transport with varying distances [190]. Addi-
tionally, the chemical states of the electrodes in the molecular junction can be
monitored using the TVS. For example, for molecular junctions made from Hg,
GaIn or Si electrodes, the oxidization of the electrode surface was observed at
a lower value of V trans for the junctions [191]. Although the contact geometry,
molecular conformation, and the electrode local density of states (LDOS) have
apparent effects on V trans, the fluctuations of V trans are extremely small in most
cases, which distinguishes the TVS as an effective tool for studying the charge
transport in molecular junctions [192].

Because the TVS is able to qualitatively measure the energy offset between the
nearest molecular energy level and EF, it was used to monitor the gating effect
for the molecular junctions. One good example is that by using single-molecule
transistors with ∼3 nm thick Al2O3 films as a back gate dielectric layer, Song
et al. [7] used the TVS to quantitatively monitor the energy level shift process of
the molecular orbital gating. For both the Au–1,8-octanedithiol (ODT)–Au and
Au–1,4-BDT–Au junctions, the value of V trans was observed to shift toward the
lower bias with an increasingly negative applied gate voltage (V G). This effec-
tiveness of the molecular orbital gating can be estimated using 𝛼 = ΔV trans/ΔV G
as the gate efficiency factor. The positive large values of 𝛼 =+0.25 for the ODT
junctions and 𝛼 =+0.22 for the BDT junctions indicated a strong gate coupling
efficiency for the HOMO-mediated charge transport. For the Au–benzodifuran
(BDF)–Au junctions with similar gate structure, Xiang et al. [193] determined
that the gate efficiency factor is as small as ∼0.035, again proving the effective-
ness of the TVS. In addition to electrostatic gating, the chemical gating effect
in the molecular junctions can be analyzed by using the TVS. With different
substituents attached to the pyridinoparacyclophane (PC) moiety as the edge-on
chemical gate, the energy offsets obtained from the statistical V trans indicated
that the orbital energy level could be tuned by changing the attached gating
substituents from strong electron acceptors to strong electron donors [194].
In graphene–molecule junctions with photochromic diarylethene derivatives
as the key elements, Guo and coworkers [173] demonstrated a photogated
transition (V trans) using TVS measurements, which originated from the optically
controlled open/closed isomerization as well as the distinct electronic structures
of the functional diarylethene center.

Lastly, the TVS is a potential tool for distinguishing molecular junctions from
vacuum tunneling junctions. For example, Trouwborst et al. [195] measured the
TVS of Au–vacuum–Au junctions, where voltages up to 3 V were applied over
small vacuum gaps of clean electrodes at cryogenic temperatures. They deter-
mined that V trans was sensitive to the local configuration of the Au electrodes,
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which can be ascribed to the LDOS of Au. Furthermore, V trans decreased with
an increase in the tunneling distance. A similar relation between V trans and the
vacuum gap width was also found in the W–vacuum–Au junctions and the
W–vacuum–Pt junctions at room temperature, where V trans decreased linearly
with an increase of the gap width [196]. However, this relation between V trans
and the gap width is considerably weaker than the prediction from standard
vacuum tunneling models, which is partially due to the image charge effect.
Because this variation of V trans with the gap width is comparable with that in
molecular junctions, it is difficult to use only this distance-dependent relation
to differentiate the molecular junctions from the vacuum junctions. In certain
cases, the absolute values of V trans for vacuum junctions could reach >1.4 V,
which is significantly larger than that of the molecular junctions, particularly
those formed from conjugated molecules. For the origin of V trans in the vac-
uum junctions, by using the theoretical calculation, Bâldea et al. proposed
that it may be due to the electron states (or resonances) at the surface of the
electrodes [197]. This result has been proven by Wu et al. [185, 198] who used
metal–vacuum–metal junctions with atomically sharp electrodes to determine
that V trans was determined by the LDOS resulting from the 6p atomic orbitals of
the apex metal atoms. A higher energy position of the metal 6p atomic orbitals
led to a larger V trans value of the metal–vacuum–metal junctions.

7.5.2 One Dimensional (1D), Two Dimensional (2D) Histogram
and QuB

The single-molecule conductance can be determined by using a conventional
one-dimensional (1D) conductance histogram constructed from hundreds of
individual conductance traces recorded in the electrodes separation process
[199]. Typical conductance traces and the corresponding 1D conductance his-
togram are shown in Figure 7.6a,b, respectively [200]. It can be found that each
conductance traces as presented in Figure 7.6a is different due to the fluctuations.
In order to determine the probable conductance, statistical data analysis such as
1D histograms is needed. Histograms are generated by counting how often the
data fall into a specific conductance regime, and it can be generated by commer-
cial software such as Origin. These 1D histograms exhibit peaks, the center value
of which is the most probable conductance of a single molecule. However, the 1D
conductance histogram only involves one significant parameter: conductance,
which could not reveal other detailed features hidden in the current–distance
traces (i.e. the junction length and correlation between two traces).

To have a straightforward glance at junction evolution feature, two-dimensional
(2D) conductance histogram is widely used recently [200–203]. The 2D
conductance–displacement histograms provide access to the dynamic structure
of the junctions during elongation processes. The histograms are constructed
by setting a specific conductance value (for example, 1G0) as a first data point,
assigning it as a relative distance from z = 0 for each trace, and then overlapping
all of the individual traces in 2D space [204]. In other words, this 2D histogram
is achieved by superimposing hundreds of conductance traces that are shifted
to the identical starting point and then illustrating the data points with an
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Figure 7.6 1D and 2D histograms. (a) Sample conductance versus displacement traces. These
traces display molecule-specific conductance features, which persist for longer displacements
as the molecular length increases from TDO1 to TDO4. (b) 1D log-binned conductance
histograms, each composed of 20 000 traces as shown in (a). The arrows in the histogram
indicate the peak-conductance positions. Inset: plot of the conductance as a function of the
number of oxidized thiophene monomer units (n) in TDO1–TDO4. (c) 2D conductance–
displacement histogram for TDO3 molecules created by aligning all the traces at the point
where the conductance crosses 0.5 G0, and then overlaying them. The color bar indicates the
number of counts per 1000 traces. Source: (c) Reproduced with permission from Dell et al.
[200]. Copyright 2015, Springer Nature. (d) Two-dimensional absolute current versus voltage
histogram for TDO5. Inset: Examples of exceptionally rectifying junctions. Source: (d)
Reproduced with permission from Capozzi et al. [201]. Copyright 2015, Springer Nature.

additional coordinate binned in color code. The color in 2D histogram indicates
the counts of specific conductance value. By using this method, the average
junction length prior to junction rupture can be clearly reflected, as shown in
Figure 7.6c. Other than junction length information, many other interesting
features have been observed in 2D histograms of molecular junctions. For
example, conductance switching between two conductance states has been
clearly monitored by using 2D histogram method [203]. In order to unravel
the relationship between specific signals in individual conductance traces,
such as the relation between two conductance values, Makk et al. developed a
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conductance 2D auto-correlation histogram (C-2DACH) by introducing a time
series analysis [205]. The 2D histogram had been employed to show statistically
the feature of absolute current versus voltage, as shown by Figure 7.6d [201].
In this way, the rectification behavior as well as the rectification ratios of the
molecular junctions can be addressed.

Neither the conductance histogram nor the 2D histogram is related to the
time domain. However, the dynamics at the single molecular level is crucial in
chemical and biological processes. The real-time monitoring of the molecular
states at the single molecular level offers the way to understand the dynamic
process. Conventionally, an elementary single-molecule reaction follows a
single-step Poisson process that is stochastic, memory-free, and independent.
The dwell time can be extracted and analyzed from the I–t profile with QuB
technique [206]. The QuB software is an integrated, model-based, and optimized
suite of programs that is capable to fit multistate models of single/multi channels
of data with time varying external electric, mechanical, or chemical stimuli.
Generally, the QuB software is capable to deal with the raw data, and extract
a model from the trajectory. First of all, to fit the baseline by least-squares
curve fitting and a combined Viterbi–Kalman idealization. After the baseline
correction, the data was idealized as a sequence of open and close times.
This transfer from data points to events improves the efficiency of the fol-
lowing analysis. With the identification of the burst events, channel count,
number of conductance classes, and its mean amplitudes determine the model
kinetics. Subsequently, the software will calculate and optimize the real-time
data based on the hidden Markov inverse model [207, 208]. The information
of single events hidden in ensemble average can be obtained. Recently, Guo
and coworkers reported an experimental evidence of the formation dynamics
of individual carbocation intermediates with a strong solvent dependence
in a nucleophilic-substitution reaction with carefully investigation of the I–t
trajectories by the QuB software (Figure 7.7) [209]. As Figure 7.7a shows, the
real-time conductance measurements (black dots) was idealized (red line); it
suggested that the lifetimes (𝜏 low/𝜏high) of the acetate and carbocation forms
are derived from the probability distributions of the dwell times (T low/Thigh)
of the low- and high-conductance states. According to the hidden Markov
chain model, 𝜏 low = 5320± 790 μs and 𝜏high = 2540± 200 μs, respectively, they
demonstrated that the reactions behaved like a Poisson process (Figure 7.7b).
Furthermore, they discussed the feasibility of the competitive reactions between
different nucleophiles (Figure 7.7c,d). In Figure 7.7e, a third conductance state
occurred occasionally. They suggested that the novel conductance state is
probably corresponded to the bromide formation, which is competitive with the
acetate formation due to the similar electronic structures. With QuB analysis,
they demonstrated a single-molecule way to overcome the difficulty of realizing
label-free, real-time electrical measurements of fast reaction dynamics with
single-event sensitivity and high temporal resolution and revealed the molecular
mechanisms of classical chemical reactions. Similar works of dynamic detection
for a variety of reactions have been published with the statistical analysis by
utilizing the QuB software [210–212].
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Figure 7.7 Analysis by using the QuB software. (a) Measured I–t trajectories (black dots) of a graphene-molecule-graphene single-molecule junction
(GMG-SMJ) in the solution of acetic acid (HAc)–trifluoroacetic (TFA) (25%/75%, vol/vol). The red line shows the idealized two-level interconversion by using a
QuB software. (b) Plots of time intervals of the (left) low- and (right) high-conductance states derived from I–t trajectories of a GMG-SMJ in the solution of
HAc–TFA (25%/75%, vol/vol). The distributions were fit well by a single-exponential decay function (blue lines). Insets show the corresponding reaction
pathways. (c) Schematic representation of competitive reactions of carbocation with Ac− and Br−. (d, e) Representative I–t trajectories and corresponding
enlarged views of a GMG-SMJ, which was submerged into a HAc/Br−/TFA ternary solution (25% HAc/75% TFA [v/v]; Br−, 10 μmol/l). Ac, Br, and C+ represent the
acetate form, the bromide form, and the carbocation form, respectively. Source: Reproduced with permission from Gu et al. [209]. Copyright 2018, American
Chemical Society.
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8

Theoretical Aspects for Electron Transport Through
Molecular Junctions

When the scientific community began to realize the burgeoning experimental
realities of molecular electronics, they felt the need to describe these results in
rational theoretical systems. The electrical conduction in the macroscopic world
establishes the current proportional to the applied voltage, which is described
by an Ohm’s law. The conductance is an importance quantity in the electron-
ics of an ant size. In the mesoscopic view, different scale scattering regimes have
different transport mechanisms. Basically, the electron transport properties of
one sample can be described in the related size, which set the length scale of the
sample as L. To evaluate L, two critical indexes can serve as our references, the
phase-coherence length and elastic mean free path. Given the fundamental length
scale, the phase-coherence length, denoted as L𝜑, represents the distance of the
phase of electron wave function. The mesoscopic system is specifically described
in the scale of L < L𝜑. Additionally, the elastic mean free path, which roughly
measures the displacement between elastic collisions with static impurities, is
denoted as l. When l ≪ L, the system operating in a diffusive regime exhibits ran-
dom movements in a step size l among the impurities. While l > L, the system
works in a ballistic regime and momentum of electron could be assumed to be
constant and limited within the sample boundaries. With the size decreases to
the atomic scale, the quantum confinement effect has an impact on the electrical
conduction, where Ohm’s law is not applicable any more. A formidable challenge
for the theory is to derive the conductance presented from the macroscopic scale
to an atomic scale. In this chapter, we try to take a glance of the theoretical foun-
dation of molecular electronics.

8.1 Theoretical Description of the Tunneling Process

The current flowing through a molecular junction consisting of two electrodes
separated by a molecule/molecules is realized dominantly through tunneling
[1, 2]. There are a number of approaches used to derive the characteristics of the
tunneling current: the well-known Wentzel–Kramers–Brillouin (WKB) approx-
imation, Fowler–Nordheim equation, Simmons equation, Borden formalism,
and Landauer equation [3, 4]. The simplest and most fundamental 1D model is
a free electron with energy E separated by a rectangular barrier of height (Φ)

Molecular-Scale Electronics: Concept, Fabrication and Applications,
First Edition. Xuefeng Guo, Dong Xiang, and Yu Li.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 8.1 Schematic drawing of
electron tunneling through a
rectangular barrier. Source:
Reproduced with permission from
Xiang [5]. Copyright 2012, Elsevier.

and thickness (d). The time-independent Schrödinger in this scenario can be
written as follows:[

− ℏ
2

2m
𝜕

2

𝜕x2 + V (r)
]
𝜓 = E𝜓 (8.1)

where m and E are the mass and the energy of the electron, respectively; and V (r)
describes the potential barrier. The exact solutions of Eq. (8.1) can be obtained
corresponding to the wave functions outside and inside the barrier (Figure 8.1).

𝜓I = eikz + A ⋅ e−ikz (8.2)

𝜓II = 𝛼ei𝜅z + 𝛽 ⋅ e−i𝜅z (8.3)

𝜓III = B ⋅ eikz (8.4)

with

k =
√

2mE
ℏ

and 𝜅 =
√

2m𝜙 − E
ℏ

(8.5)

The relative probability of an incident electron transmitting the barrier, i.e.
the transmission coefficient, is T = |B|2/|A|2. By matching the continuities of
the wave functions and their first derivatives at the boundaries, the transmission
coefficient can be expressed by the formula as follows:

T = 1[(
k2+𝜅2∕2k𝜅

)2 sinh(𝜅d)
] (8.6)

For a high potential, where Φ≫E or 𝜅d ≫ 1, T can be simplified as follows:

T ≈ 16k2
𝜅

2

(k2 + 𝜅2)2 ⋅ e−2𝜅d (8.7)

The tunneling current is proportional to the transmission coefficient; thus,
it will reduce its magnitude exponentially with an increase in the molecular
length in a molecular junction. The potential barrier in the molecular junctions
is approximated to be the highest occupied molecular orbital (HOMO) or the
lowest unoccupied molecular orbital (LUMO) when either of them is close
enough to the Fermi level of the metal electrodes. The barrier shape is not always
a standard rectangle due to the applied voltage, which elevates the Fermi level of,
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for instance, the left electrode while lowering down the right one. The Simmons
model [1] assuming a trapezoidal barrier is an excellent approximation [6]. The
tunneling current density in the eV <Φ regime can be described as follows:

J = e
4𝜋2ℏd2

{(
Φ − eV

2

)
exp

[
−2(2m)

1
2

ℏ

𝛼

(
Φ − eV

2

)2
d

]

−
(
Φ + eV

2

)
exp

[
−2(2m)

1
2

ℏ

𝛼

(
Φ + eV

2

)2
d

]}
(8.8)

where Φ, d, and V are the barrier height, thickness, and applied voltage, respec-
tively; and 𝛼 is a parameter that accounts for either adjusting the effective mass of
the tunneling electrons [7], providing a way of applying a rectangular tunneling to
a non-rectangular case, or both [8]. The bare electron tunneling through a rect-
angular potential barrier corresponds to 𝛼 = 1. Equation (8.8) can be simplified
in two limits based on the relative difference between the bias V and the barrier
height Φ. In a low bias range, the simplified form can be expressed as follows:

J =

(
(2mΦ)

1
2 e2

𝛼

ℏd2

)
V exp

[
−2(2m)

1
2

ℏ

𝛼(Φ)
1
2 d

]
(8.9)

In a high bias regime, the tunneling current density becomes

J =
( e

4𝜋2ℏd2

)(
Φ − eV

2

)
exp

[
−2(2m)

1
2

ℏ

𝛼

(
Φ − eV

2

) 1
2 d

]
(8.10)

Equations (8.9) and (8.10) illustrate that as the barrier thickness increases, often
corresponding to the larger molecular length in the molecular junctions, the tun-
neling current shows an exponential decrease. This length-dependent regulation
is widely used in the experimental analysis [9, 10] and commonly adopted in a
further more simplified form expressed as follows [11]:

J = J0e−𝛽d (8.11)

where 𝛽 = 2
√

2m𝜑∕ℏ2 is defined as the tunneling decay coefficient and J0 is the
hypothetical zero-length current. The Simmons model for molecule junction
is established on the assumptions that the molecular energy level (HUMO or
LUMO) is constant throughout the entire tunneling distance and the uniform
dielectric constant of the medium seldom affects the shape of the tunneling
barrier. Additionally, the effects from an image potential are neglected in the
tunneling process. However, in actual molecular junctions, due to the coupling
between the molecules and the electrodes, the energy levels are shifted from
the positions inherent to the isolated molecules, and the discrete energy levels
are broadened to the bands, for which the density states, in a simplest way, are
represented using the Lorentz function as follows:

D(E) = 1
2𝜋

Γ
(E − E0)2 + (Γ∕2)2 (8.12)

where E0 is the discrete energy level inherent to the single molecule and Γ
is a parameter with an energy dimension describing the coupling strength of
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the molecule to electrodes. The energy level distributions along the tunneling
distance are not uniform, resulting from varied bond formations. The average
energy level may be a compromised way to adopt the Simmons model; however,
it is unsuitable when the non-uniform levels are close to the electrode Fermi
levels [9]. Introducing a tunneling matrix, as inspired from the tunneling
mechanisms in the scanning tunneling spectroscopy [12], would shed light on
dealing with the tunneling process through molecular junctions with the energy
levels far from uniform.

8.2 Electron Transport Mechanism

8.2.1 Coherent Electron Transport Through Molecular Junctions

The charge transport through a macroscopic conductor obeys Ohm’s law, and
the resistance is proportional to the length of the conductor. However, these laws
are not valid for a conductor downscaling to the nanometer regime, in which the
conductance is quantized. When the length is reduced to less than that of the
mean free path of electrons, the transport mechanism changes from diffusive to
ballistic. The quantum confinement arising from width narrowing results in not
all transverse modes that come from the electron reservoir transmitting through
the conductor. Electrons with an energy E (mass m) contributing to the conduc-
tance must satisfy p2

z = 2mE −
(
p2

x + p2
y
)
> 0, where pz is the momentum parallel

to the length of the conductor, and both px and py are the transverse momen-
tums, which are discretely constrained as px, py = hn/2w, with w representing
the width of the conductor. The non-equality constrains the electrons to exceed
the Fermi wavelength 𝜆F or the Fermi energy EF = h2∕2m𝜆

2
F. The potential differ-

ence (V ) between the two electrodes creates a transmission window EF∼EF + eV .
Each transverse mode in the transmission widow opens a conductance channel.
In a ballistic transport scenario, this contributes a quantum unity conductance
G0 = 2e2/h; thus, the total conductance of a nanowire can be given as follows:

G = N(2e2∕h) (8.13)

where N is the total number of the conductance channels determined from
the transmission window and the non-equality mentioned earlier. Increasing
the applied voltage will allow more modes to be included, and because of the
quantization of the wavelength, the current will rise stepwise [13]. The number
of channels depends on the width of the conductor, thus narrowing the width will
lead to a stepwise decrease in the conductance [14]. The transport in practical
molecular junctions is generally non-idealistic, and it can take a more general
form as follows:

G = 2e2∕h
∑

Ti (8.14)

where T i is the transmission coefficient of the conductance channels associated
with the molecular orbitals. By applying a gate that modulates the molecular
orbitals, Topinka et al. clearly demonstrated a quantized conductance in the
molecular junctions [15], as shown in Figure 8.2.
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Figure 8.2 Quantized conductance effect. (a) Schematic diagram of the experimental setup.
The quantum point contact (QPC) conductance was measured as a function of the atomic
force microscopy (AFM) tip position. (b) Point contact conductance G versus gate voltage Vg

with no tip present. The point contact conductance as a function of the gate voltage clearly
depicts a quantized conductance effect. Source: Reprinted with permission from Topinka et al.
[15]. Copyright 2000, AAAS.

A metal–molecule–metal junction is hypothesized as a phase coherence con-
ductor connected to two electron reservoirs. Considering that the net current
flow occurs only between the energy levels of 𝜇L and 𝜇R, the tunneling current
can be expressed in a form of the Landauer formula as follows [3]:

I = 2e
h ∫

T(E)[ fL(E) − fR(E)]dE (8.15)

where

f
𝛽
= 1

1 + exp[(E − 𝜇
𝛽
)∕kT]

(𝛽 = L,R) (8.16)

is the Fermi distribution function for the left (𝛽 = L) and right (𝛽 = R) electrodes
with an electrochemical potential 𝜇

𝛽
and T(E) is the transmission function.

The coupling of the molecule to the electrode affects both the transmission
coefficient associated to each energy level and the molecular orbitals. Taking a
simple model where a single spin-degenerated molecular orbital with an energy
E0 is regarded as the channel for the charge transport, the coupling of the leads
characterized by Γ

𝛽
(𝛽 ∈L, R) results in a level broadening, and the transmission

coefficient changes into a Lorentz function as follows [16–18]:

T(E) =
ΓLΓR

[E − E0]2 + [ΓL − ΓR]2 (8.17)

Addition energy (Uadd) is the energy needed to release one electron from the
HOMO minus the energy gained to add one electron onto the LUMO. Γ

𝛽
≪Uadd

corresponds to a weak coupling. In this scenario, electrons coming from the left
electrode first hop to the molecule and then to the right electrode. Conversely,
the strong coupling Γ

𝛽
≫Uadd results in a significant broadening of the molecu-

lar levels. Therefore, the electrons in the left lead transport directly to the right,
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thus eliminating the middle procedure of stopping at the molecular bridge. In
the intermediate regime, the molecular orbitals are partially broadened, and the
phenomena due to the electron–electron correlation effects, such as the Kondo
effect and co-tunneling, are observed [19].

8.2.2 Electron–Phonon Interaction Effects on Transport Mechanism

The electron transport mechanism illustrated by the Landauer formula
corresponds to the electrons traveling through a conductor in which ions are
frozen in their equilibrium position. In practical molecular junctions, because
of the thermal motion of the ions, the Landauer equation is treated as a limited
case [20]. The traversal time is defined as the time it takes for an electron to
finish one tunneling process, and it is proportional to the number of sites in the
molecular linker [21]. For a molecular junction with a length of ∼1 nm and an
energy level of ∼1 eV above the tunneling electrons, the value is approximately
0.2 fs [3]. For a short molecular linker at low temperatures, the traversal time is
considerably smaller than that of the ionic motion periods, thus the coherent
tunneling dominates [22]. The decoherence effects are important when the
energy of the tunneling electron resonates with a molecular orbital, which causes
a substantially long traversal time [23, 24]. This electron–phonon coupling
enhances itself as the molecular length and the temperature increase [22, 25]. In
an extremely strong coupling case, the localization effects of the electron wave
functions change the transport mechanism from tunneling to thermally acti-
vated hopping, where the conductance increases as the temperature increases
[26] and, in contrast, the conductance decreases when the temperature increases
in the tunneling transmission.

The strong electron–phonon coupling means the breakdown of the coherent
tunneling transmission depicted by the Landauer formulism, and the standard
electron transfer theories are applicable, which describe the electrons hopping
from an initial localization state (donor) to a final localization state (acceptor).
When the electronic coupling between the donor and the acceptor is weak, the
electron transfer rate kET can be expressed by using the Fermi Golden rule as
follows [3, 27, 28]:

kET = 4𝜋2

h
|HDA|2

(
1

4𝜋𝜆kBT
exp

[
−(𝜆 + ΔG0)2

4𝜋𝜆kBT

])
(8.18)

where h, kB, and T is the Plank constant, Boltzmann constant, and temperature,
respectively; |HDA| is the electronic coupling matrix of the donor to the acceptor;
ΔG0 is the free energy difference between the acceptor and the donor; and 𝜆 is
the reorganization energy representing the energy difference between the donor
and the acceptor if the system makes an instantaneous vertical transition from
the donor state to the acceptor state.

For a strong electronic coupling between the donor and the acceptor, the
charge transfer is essentially realized through a way of redistributing the elec-
trons of the mixed states attached to the donor and the acceptor because of the
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stochastic fluctuations. The electron transfer rate in this situation follows an
Arrhenius relation given by

kET ∝ exp
(
− E∗

kBT

)
(8.19)

where E* is the effective potential barrier between the donor and the acceptor,
which is also known as the hopping activation energy [26, 29].

8.3 First-Principles Modeling

8.3.1 Introduction to Density Functional Theory

Using the first-principles modeling as a supplementary tool for the experimen-
tal studies in molecular electronics allows researchers to construct a quantitative
picture of the mechanisms on the electron transport in the molecular junctions
and form predictions to guide further experimental studies. The key task in the
theoretical studies for molecule electronics is to calculate the electronic struc-
tures of the molecular linker under the electrode environments. By employing the
transport mechanism, such as the Landauer formula, the Breit–Wigner formula
and others, the characteristics of electron transport can be unraveled [30–33].
Depending on the coupling to the leads, the electronic structure of the molecules
is generally different from that of the one in the isolated gas phase. One effective
approach to tackle this problem is to extract an “extended molecule” with sev-
eral electrode atoms attached to its two terminals [34, 35]. This is based on the
assumption that the effects from the molecule–electrodes coupling are always
localized to the small regimes on the contact surfaces where only small amounts
of atoms are involved.

The electron behavior in the molecular linkers is essentially a multi-body prob-
lem. The density functional theory (DFT) reduces the complex electron–electron
and electron–nuclei interactions to a single electron moving in an effective poten-
tial field that is the functional of the electron density. The Hamiltonian for an
electron can be given by

[𝜌(r)] = T[𝜌(r)] + Veff [𝜌(r)] (8.20)

where T is the free-electron kinetic energy; and V eff is the effective poten-
tial energy. In the Born–Oppenheimer approximation [36], when the
electron–phone interaction is neglected, it can be expressed as follows:

Veff = e2

2 ∫

𝜌(r′)
|r − r′|dr′ + Ue−nuc[𝜌(r)] + vxc[𝜌(r)] (8.21)

where the first term in the right side of the equation is the Hartree mean potential
representing the average potential caused by the electron–electron Coulomb
repulsions; Ue− nuc describes the electron–nuclei electrostatic interactions; and
vxc is the exchange-correlation energy, which is the only term of the three that
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needs to be reasonably approximated. The local density approximation (LDA)
assumes that the exchange-correlation energy for an infinitesimal 𝜌(r)dr in a
system is equal to that of a homogeneous electron gas of a density 𝜌 = 𝜌(r) [37].
The local spin density approximation develops the LDA by taking the electron
spin as the parameters [38]. A further improvement in the exchange-correlation
function assumes a gradient generalized gradient approximation (GGA) or a
second-derivative dependency [39, 40]. The Hamiltonian of the electron–nuclei
system is the spatial integral of the single electron Hamiltonian, which can be
given as follows:

H =
∫

𝜌(r)dr (8.22)

The ground state of the system has the electron density function that minimizes
the system energy. By applying the variational principle, we obtain

𝛿H
𝛿𝜌

= 𝜇 (8.23)

where 𝜇 is the Lagrange multiplier corresponding to the conservation of the total
electron number of the system. In the self-consistent calculation method, the
solution to Eq. (8.23) can be found by solving a set of one-particle Schrödinger
equations as follows:(

− ℏ
2

2me
∇2 + Veff

)
𝜓i = 𝜖i𝜓i (8.24)

and the electron density function can be expressed as follows:

𝜌(r) =
∑

𝜓
∗
i 𝜓i (8.25)

In the actual calculations, the plane wave basis is a simple and often effective
way to represent the wave function [37, 41] for the ith electron; thus, we can
obtain

𝜓i =
∑

n
Ci

n exp(ikn ⋅ r) (8.26)

The work then becomes to vary the coefficients Ci
n rather than the wave function

values at each spatial point to obtain the minimized system energy. In order to
represent the wave functions for the system explicitly, the infinite wave basis
should be collected. However, there generally are finite plane waves (labeled
by kn) that have a predominant position on determining the characteristics of
the system, thus only countable numbers of the wave bases are adopted in the
actual calculations, and this work is called k-point sampling. Clearly, for a more
massive k-point sampling, a more accurate result is obtained. In addition to the
plane wave basis, several other wave bases, such as augmented plane waves,
linearized muffin-tin orbitals, the Gaussian orbitals, and others, are widely used
[35, 42, 43]. Once the electron density of the optimized system is derived from
iteration, other properties, especially the electronic structures, can be calculated
in terms of the corresponding specific approaches.

The model based on the self-consistent field approach mentioned earlier works
fairly well in describing the electron behaviors in the molecular junctions, except
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in a so-called Coulomb blockade regime, which is briefly elaborated here. For a
system containing N electrons, the gross electron–electron interaction potential
U can be given as follows:

U = U0C2
N (8.27)

where U0 describes the average potential between any two electrons. By adding
one electron to the system, the system energy increment can be given as follows:

ΔU = U0(C2
N+1 − C2

N ) = NU0 (8.28)

where NU0 is the charging energy for an N-electron system; and U0 is regarded
as the single electron charging energy. The effects of the electron–electron
interactions will be predominant if the single electron charging energy exceeds
the thermal energy kBT and the level broadening resulting from the coupling to
the electrodes. Under this condition, the tunneling current at a low bias value is
significantly suppressed, and this phenomenon is known as the Coulomb block-
ade. The single charging effect plays a dominant role in the Coulomb blockade
regime, which is not well described by the self-consistent field approach, even
at equilibrium. The self-consistent field models also do not work well when
dealing with the systems associated with the non-equilibrium electron–electron
interactions [44].

A further improvement in minimizing the gross energy of the system to deter-
mine the ground state considers the atomic coordinates as variables in the DFT
energy functional. The optimized molecular geometric structures are those at the
mechanical equilibrium states where the forces defined as the partial derivatives
of the system energy with respect to the atomic coordinates reduce to zeros. The
DFT approach was also developed for describing the excited electronic states of
the molecular systems. For further information, interested readers can review the
studies of Perdew and Levy [45] and Baruah and Pederson [46].

8.3.2 Current–Voltage Characteristics Calculations

The current–voltage characterization is a conventional approach used to
investigate the properties of the electrical structures. The simplest structure is
a metal wire, where we have Ohm’s law or junctions in the mesoscopic regime.
The theoretical model and its calculations provide a detailed understanding
of the charge transport mechanisms, which are essentially important for the
design of electronic devices with novel properties. Molecular junctions are often
seen as a molecular linker connecting two infinite electron reservoirs. There is
a coupling between the molecules and the leads where the fixed point boundary
condition or the periodic boundary condition can no longer be used in the
electronic structure calculation. Molecular junctions are open systems in which
the molecules, or the extended molecules in metal contacts, have a continuous
density of state rather than discrete energy levels owned by their isolated gas
counterparts. The exchange of electrons occurs between the electrodes and
the molecular linker; thus, the number of electrons in the spacer is generally
not conservative. What makes the calculation more sophisticated is that the
system formed by the molecular junctions is of non-equilibrium, and the effects,
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such as chemisorptions, bonding types, molecular tilted angles, and molecular
interactions in the self-assembled monolayer junctions, are expected to play a
non-trivial role in the charge transport.

For a junction at the equilibrium state, where the chemical potential for both
leads is the same, the electron density function in the linker regime can be written
as follows:

n(r) =
∑

i
|𝜓2

i |f (𝜖α − 𝜇) (8.29)

where 𝜇 is the chemical potential, and 𝜓 i can be obtained by solving the
Kohn–Sham equations as follows:

[
− ℏ

2

2m
∇2 + Veff + U

]
𝜓i = 𝜖α𝜓i (8.30)

where V eff is the DFT effective potential field, which, in its simplest case, can be
approximated simply in the Hartree form as follows:

Veff = e2

2 ∫

n(r′)
|r − r′|dr′ (8.31)

where U is the extra potential, which arises due to the electron transfer between
the linker and the electrodes and needs to be calculated self-consistently.
U satisfies the Poisson equation as follows:

∇2U = e2(n0 − n)∕𝜀 (8.32)

where n0 is the electron density of an isolated linker device without connecting
to any electrodes.

By iterating between the Poisson equation and the equilibrium statistical
mechanics, the charging potential profile and the electron density of the system
can be solved self-consistently; furthermore, so long as the electron density
of the system is known, all qualities of interest, such as energy and current,
can be calculated. However, for a non-equilibrium system, the electron density
function can no longer be expressed by Eq. (8.32) because there are different
chemical potentials at the two contacts, and the correlated occupations between
the different states cannot be neglected. In this case, the density function can be
characterized by a density matrix 𝜌ij and expressed as follows:

n(r) = Σij𝜌ij𝜓
∗
j 𝜓i (8.33)

Then, the non-equilibrium Green function (NEGF) is introduced to deal with
problems in open systems. The system is generally partitioned into three parts,
i.e. the device and the two contact parts, which correspond to the molecular
linker and the electrodes in the molecular junctions, respectively. The molecular
junction electrodes are often seen as semi-infinite entities; thus, the matrix repre-
senting the contact effects is regularly semi-infinite, which results in intractable
calculations. The Green formulism replaces the effects arising out of contacts
with a self-energy matrix that is the same size as the device’s Hamiltonian, thus
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making the problem tractable. The Hamiltonian of the system can be expressed
using a blocked matrix as follows:

H =
⎛⎜⎜⎜⎝

HL H†
ML 0

HML HM HMR

0 H†
MR HR

⎞⎟⎟⎟⎠
(8.34)

where subscript M, L, and R represent the molecule, left electrode, and right elec-
trode, respectively; and subscript ML (MR) describes the coupling between the
molecule and the left (right) electrode. Here, the coupling between the two elec-
trodes is neglected. The Green function of the system can be written as follows:

G(𝜖) =
⎛⎜⎜⎝
GL · · ·

GM
· · · GR

⎞⎟⎟⎠

=
⎛⎜⎜⎝
(𝜖 + i𝛿)SL − HL 𝜏

†
L 0

𝜏R (𝜖 + i𝛿)SM − HM 𝜏R
0 𝜏

†
L (𝜖 + i𝛿)SR − HR

⎞⎟⎟⎠

−1

(8.35)

where 𝛿→ 0+; S
𝛽

(𝛽 = L, M, R) is the overlap matrix; and 𝜏
𝛽

(𝛽 = L, R) is the
contact matrix. For the device part, SM can be expressed in terms of the wave
basis employed for solving the Kohn–Sham equation47

(SM)ij =
∫

𝜙i𝜙jdr (8.36)

It is straightforward that the Green function for the device parts goes

GM(𝜖) = 1
𝜖SM − HM − ΣL − ΣR

(8.37)

where ΣL and ΣR are the non-Hermitian self-energy matrixes:

Σ
𝛽
= 𝜏

𝛽
G

𝛽
𝜏
†
𝛽

(𝛽 = L,R) (8.38)

The Hermitian part of the self-energy matrix describes the shift of the molec-
ular energy levels and its anti-Hermitian part.

Γ
𝛽
= i(Σ

𝛽
− Σ†

𝛽
), (𝛽 = L,R) (8.39)

represents the level broadening. If the molecular junction is at an equilibrium
state where there is no applied bias, then the density matrix 𝜌ij can be expressed
as follows:

𝜌ij =
1
𝜋 ∫

Im[Gij(𝜖)] f (𝜖 − 𝜇)d𝜖 (8.40)

where𝜇 is the equilibrium chemical potential of the system; and Gij is the elemen-
tary of the retarded Green function for the device part, for which the self-energy is
zero. This equation is essentially the same as Eq. (8.35). If a bias V is applied to the
molecular junction, and eV = 𝜇L −𝜇R, then the density matrix can be described
using the NEGF as follows:

𝜌 = 1
𝜋 ∫

GM(𝜖)Im[ΣL]G
†
M fLd𝜖 + 1

𝜋 ∫
GM(𝜖)Im[ΣR]G

†
M fRd𝜖 (8.41)
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where f
𝛽
(𝛽 = L, R) is the Fermi function with an electron potential 𝜇

𝛽
.

f
𝛽
=
[

1 + exp
(
𝜖 −

𝜇
𝛽

kBT

)]−1

(8.42)

Using the density matrix, the electron density can be derived as follows:

n(r) =
∑

ij
𝜌ij𝜙i𝜙j (8.43)

It should be noted that there is an extra potential in the molecular junctions aris-
ing from the electron exchange between the electrodes and the molecular linker.
By performing a transform for the right site of Eq. (8.43), e2(n0 − n)→ eTr(𝜌SM),
we can obtain the Poisson equation for the non-equilibrium system. In order
to achieve a full description of the electronic behaviors in molecular junctions,
we need to self-consistently calculate the Schrödinger equation and the Poisson
equation simultaneously, which is similar to the work done for the equilibrium
system. Once GM and Γ

𝛽
(𝛽 = L, R) are available, the transmission for coherent

transport can be calculated as follows [23, 35]:

T(𝜖) = Tr(ΓLGΓRG†) (8.44)

which is valid for being used in the Landauer formula to calculate the current
flow, that is

I = 2e
h ∫

Tr(ΓLGΓRG†)[ fL(𝜖) − fR(𝜖)]d𝜖 (8.45)

We have presented an overview on how to calculate the charger transport
characteristics of molecular junctions by using the NEGF formalism. The next
task is to implement them into actual systems. The key work is to calculate
the transmission coefficient, which relates to the number of propagating waves
and corresponding conduction channels. To derive the transmission coeffi-
cient function, reasonable schemes should be constructed for calculating the
self-energy matrix, which includes the calculations of the contact matrices
𝜏
𝛽

(𝛽 = L, R) and the Green functions of the electrode. The “extended molecule”
is artificially constructed to reduce the molecule–electrode interactions 𝜏

𝛽

from semi-infinite dimensions to tractable finite dimensions. The electrodes are
treated as semi-infinite entities, and the properties of interest are calculated
using the standard DFT techniques for the 3D bulk systems [35, 47]. Once
the contact matrix and the Green functions of the electrodes are available, the
transmission spectrum can be obtained to calculate the current flow in the
molecular junctions and perform a further analysis of the detailed mechanisms
for the electron transport.

On the basis of the assumption that the electrodes induce an external potential
localized in the scattering region, the NEGF in combination with the DFT works
well on figuring out the details of how the electrodes affect the electron transport
in molecular junctions. Xu et al. successfully demonstrated the relationship
between the gate-modulated molecular levels and the current–voltage charac-
teristics under varied gate voltages [33]. However, it should be noticed that the
approximation of the electrodes with its 3D bulk form is not always adoptable.
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In break junction experiments, the atomic structures exist on both contact
surfaces. Similar cases can be found in the scanning tunneling microscopy
(STM) experiments, where the atomic structures lie on the STM apex. For
additional information, interested readers can review the studies listed in the
references [13].

To date, the advances in the theoretical development are substantial but are
beyond the primary goal of this book. As an outlook for this theoretical section,
we want to point out that the gap between the theoretical calculations and the
experimental data is decreasing for numerous relatively molecular systems. To
further develop the electron transport theory, it is of critical importance to
include a realistic treatment of molecules, electrodes, and atomic-scale details
of the molecule–electrode interface [48]. Due to the lack of the atomic-scale
detail in most experiments, the recent treatment of a range of different
molecule–electrode contact geometries is an important step for a fair compar-
ison between the theories and the experiments [49]. Furthermore, significant
effort is still needed for the development of a computationally accurate theory of
transport that involves a charge localization on the molecules (i.e. reduction and
oxidation) [50]. A key important parameter in electron transport is the trans-
mission coefficient, which is strongly affected by the quantum interference and
yields the electrical conductance, current–voltage relations, and thermopower
of single-molecule devices. The symbiotic relationship between the quantum
interference and the electronic structure, which is sensitive to environmental
factors and can be manipulated through conformational control, polarization, or
redox processes, leads to new opportunities for controlling the electrical prop-
erties of single molecules [51]. The room-temperature quantum interference in
single molecules was experimentally demonstrated recently, and it is opportune
to develop new strategies for exploiting the quantum interference in both the
technological and theoretical aspects. It should be noted that the goal of this
theoretical tutorial is to gather a few basic concepts and mathematical tools,
which emphasize the fundamentals of electron transport through molecules. We
apologize to all colleagues whose work is not described in detail or cited here.
Please consult the numerous excellent review articles [13, 51, 52], as well as the
original research articles for a complete overview of the extensive literature on
the theoretical progress.
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9

Integrating Molecular Functionalities into Electrical Circuits

Undoubtedly, the substantial experimental and theoretical progress detailed in
Chapters 1–8 lays the foundation for both the measurement capabilities and a
fundamental understanding of the various physical phenomena of molecular
junctions. Despite these considerable achievements, there are still no com-
mercially available molecular electronic devices. To satisfy the requirements
for actual applications, the development of practical molecular devices with
specific functions is a prerequisite. In fact, recent experimental developments
have demonstrated conductance switching/modulation and rectification as
well as how quantum interference effects play a critical role in the electronic
properties of molecular junctions. The focus of these experiments illustrates the
engineering of functionalities that are beyond conventional electronic transport
properties using a rational chemical design in single-molecule junctions. In
this section, reviewing the ever-developing trends of integrating molecular
functionalities into electrical circuits based on single molecules (Figure 9.1),
which were neglected in most previous reviews/books, including (i) wiring
toward nanocircuits; (ii) rectification toward diodes; (iii) negative differential
conductance (NDC) toward oscillators; (iv) gating toward molecular transistors;
(v) switching toward memory devices; (vi) molecular computing; (vii) trans-
duction toward molecular sensors; (viii) high-frequency molecular devices; and
(ix) molecular machines, are focused. For different functions that resulted from
individual molecules, both molecular “cores” and molecular “tails” are equally
important due to the fact that the proposed functions could be affected not
only by molecular electrical characteristics but also by the electrode–molecule
bonding. Therefore, in each part of this section, we will pay specific attention to
the design of the molecular structures and its influence on the device functions.

9.1 Wiring Toward Nanocircuits

Electrical nanocircuits comprised of individual functional molecular electronic
components are the ultimate goal of molecular electronics. Therefore, it is
fundamentally necessary and critical to understand the role of molecular wires,
which connect the electronic components to one another or to the macroscopic
world, thus ensuring the efficient transport of the charge [1]. Meanwhile, molec-
ular wires are the simplest of electrical devices and are particularly suited for the

Molecular-Scale Electronics: Concept, Fabrication and Applications,
First Edition. Xuefeng Guo, Dong Xiang, and Yu Li.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Molecular transistor

Molecular diode Molecular switch

Molecular electronics

Molecular sensor Molecular wire

Figure 9.1 Schematic description of current trends in developing different types of functional
molecular electronic devices.

development of certain fundamental understandings and techniques required for
the realization of molecular-scale electronics [2]. Thus, several studies have been
established centering on the design, synthesis, and conductance measurements
of molecular wires. Generally, the molecular wires used in the nanocircuits
can be structurally divided into two parts: anchoring groups that connect
external electrodes and molecular backbones that function as charge transport
pathways [3]. The superiority of the wire can be evaluated partly by its electrical
conductivity, which can be determined from the conductance measurements.
However, as generally accepted, both the structure of the molecules and the
nature of the electrode–molecule contact interface can affect the conductance
measurement; thus, the backbones and the anchoring groups of the molecular
wires are designed based on the device architecture, and the electrode materials
hold the same importance. It should be noted here that the term “molecular
wires” has a relatively strict scope: discrete molecules rather than crystals, films,
or chains of metal atoms formed through octahedral μ-bridging or flat-molecule
stacking [4].

9.1.1 Backbones as Charge Transport Pathways

Several types of molecules with different backbones have been suggested as
molecular wires: (i) hydrocarbon chains, including saturated and conjugated
species; (ii) metal-containing compounds; (iii) porphyrin arrays; (iv) carbon
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nanotubes (CNTs); and (v) biological molecules, such as DNAs. The most
important requirement that these wire-shaped molecules share is electron or
hole conductivity to provide a more efficient pathway other than space for charge
transport from one reservoir to the other [2].

9.1.1.1 Hydrocarbon Chains
The continuous development of organic synthetic methodologies forms various
types of molecular scaffolds with specific construction, configuration and con-
formation, as well as precise length to be accessible, thus providing a large wealth
of probabilities to promote molecular electronics. Particularly, hydrocarbon
molecules, including the saturated and conjugated species, have been prepared
and explored systematically.

Saturated Chains Saturated hydrocarbon chains generally refer to the system of
alkanes consisting of sp3 C–C backbones and their terminated groups. Although
these molecules are thought to possess poor conductivity due to the large
gaps between their highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs), they calibrate the development of both
experimental techniques and theoretical calculations [5]. As indicated by the
theoretical prediction, alkane backbones have a limited degree of electron delo-
calization, resulting in poor conductance that decreases exponentially with the
molecular length. In 2002, Wold et al. [6] measured the conductance of alkanes
with different lengths and determined a quantitative result of R = R0 exp(𝛽L),
where R0 is a constant, L is the molecular length, and 𝛽 is a decay constant with
a value of 0.94± 0.06 Å−1. In the light of this formula, Solomon et al. [7] system-
atically compiled, compared, and discussed the conductance of such saturated
chains with different lengths established in different testbeds, further verifying
the general relationship of the molecular length and the conductance. Recently,
various protocols and efforts were presented to improve the conductance of
saturated backbones by introducing active centers into the molecular chains.
For example, Wierzbinski et al. prepared dithiolated oligoethers by inserting
oxygen heteroatoms into chains of alkanedithiols [8]. Although the conductance
of the oligoethers was lower than that of the alkanes with the same length, the
idea showed a positive inspiration. Then, Sun et al. successfully enhanced the
electrical conductivity of saturated wires by inserting ferrocene centers, which
were postulated to reduce the tunneling barrier and the HOMO–LUMO gaps
[9]. The conduction mechanism for these saturated molecules is considered
to be electron tunneling, which can be supported by the exponential decay,
characteristic current–voltage (I–V ) curves and temperature independence
[5]. It can be assumed that molecules with saturated hydrocarbon backbones
have limited applications as molecular wires. However, the system of saturated
alkanes also provides a significant contribution to the progress of the molecular
components for their initial role in establishing the theoretical and experimental
models.

Conjugated Chains Compared with saturated chains, conjugated hydrocarbon
chains can ensure superior charge transport by providing π-conjugated systems
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formed primarily by unsaturated bonds, such as double/triple carbon–carbon
bonds or aromatic rings. Because of the excellent electrical conductivity and
the ease of preparation, conjugated molecules have been and still are viewed as
candidates for molecular wires with the most potential. By further developing
the molecular electronics and synthetic methodologies, the research focus has
evolved from obtaining insights into the structure–property relationship to con-
trolling the conductance and installing multiple functions, such as switching and
sensing (which are detailed elsewhere in this chapter), by elaborately changing
the construction, configuration, and conformation of the molecular backbones.
Generally, two primary types of molecular wires with conjugated hydrocarbon
backbones attract the most attention: double/triple bond-dominated chains and
aromatic ring-dominated chains, both of which can be achieved using mature
organic and/or organometallic synthetic methods. The former includes limited
types of variants, while the latter contains numerous types of derivatives due
to several types of aromatic rings. In this section, only the commonly used
molecules with the most general importance are covered.

Double/Triple Bond-Dominated Chains Molecules with double/triple bond-
dominated backbones are commonly known as acetylene oligomers or
oligoynes, which comprise an array of sp-hybridized carbon atoms with approx-
imately cylindrical electron delocalization along a one-dimensional, rigid-rod,
length-persistent backbone [10]. Several methods have been developed to
prepare the π-conjugated backbones (Figure 9.2a) [11, 14]; furthermore, to
enhance the conductivity, additional synthetic protocols are being introduced to
encapsulate and insulate the backbones [12] (Figure 9.2b) as well as techniques
to modify various anchoring groups to connect with the electrodes of the
molecular testbed (Figure 9.2c) [13, 15, 16].

Based on these efforts, Wang et al. [10] reported the electrical conductance of
oligoyne-based molecular wires at the single-molecule level by using scanning
tunneling microscopy break junctions (STM-BJs), in which it was determined
that the conductance was independent of the molecular length for the low decay
constant, 𝛽, and dependent on the contact geometries between the pyridyl head-
groups and the gold electrodes, as detailed in the following text. An extensive
study was conducted by Moreno-Garcia et al. [17], who performed more exper-
imental and theoretical efforts to obtain insights into the length and anchoring
group dependence of the electrical conductance at the single-molecule level for
a series of oligoyne molecular wires. These systematic studies demonstrated that
the oligoynes or the acetylene oligomers are indeed an appealing type of linear
molecular wires because their extensive conjugations have nearly cylindrical elec-
tron delocalization within a one-dimensional space [10]. This result may produce
a higher efficiency of electron transport compared with that of molecular wires
possessing aromatic ring-dominated chains (as discussed in the following text),
because there is no rotation barrier between the adjacent conjugation units com-
pared with the aromatic systems [18, 19]. The disadvantage of these wires, if any,
is that it is contradictory to introduce other moieties with the linear configuration
into the backbones, thus reducing the possibility to enrich the system.
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Aromatic Ring-Dominated Chains Another mature conjugated molecular back-
bone used in the nano-wiring are aromatic ring-dominated molecules, known
as “oligoarylenes,” which are broadly defined as a chain of aromatic rings linked
by acetylene, ethylene, or other π-system units. The widely used aromatic rings
include thiophene and benzene. Based on the types of inter-ring linkages, the
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thiophene-dominated chains can be classified as oligothiophene (OT) and
oligo(thiophene ethylene) while the benzene-dominated chains can be classified
as oligophenylene (OP), oligo(phenylene ethylene) (OPE), and oligo(phenylene
vinylene) (OPV).

Thiophene-Dominated Chains Previous studies have demonstrated that the
effective conjugation length of the OTs is ∼20 thiophene units in the neutral
state and ∼30 units in the oxidized state [2]. This fact, along with their thermal
stability and superior electronic properties, inspired many interests in the syn-
thesis, characterization, and optimization of the OTs because of their potential
application in molecular electronics. A large number of synthetic methods have
been developed for precisely controlling the molecular length [20, 21], which
is fundamentally required by electronic circuits. In addition to length control,
the structural and conformational determination of the α-connected thiophene
oligomers at the single-molecule level are of significant importance for distin-
guishing two conformations induced by the rotational flexibility: s-trans and
s-cis. The latter, with a torsional angle of approximately 145∘ between adjacent
thiophenes and an approximately 0.5 kcal mol−1 energy barrier, is more stable
compared with the former form with an angle of approximately 47∘ and a barrier
of 2 kcal mol−1. However, it proved to be challenging to characterize the confor-
mation using conventional methods, such as NMR and X-ray scattering. To solve
the problem, in 2008 Nishiyama et al. directly identified straight and all-s-trans
chains using the STM imaging technique (Figure 9.3a) [22]. This research laid
the foundation for constructing molecular junctions based on individual OTs,
thus paving the way to systematically studying their electronic properties. For
example, Lee et al. observed a universal temperature crossover behavior of the
electrical conductance in a single OT wire in 2012 [23]. They proposed that
the competition between the two transport mechanisms (superexchange and
thermally induced hopping [TIH] processes, which are detailed in the suc-
ceeding text) depends not only on the wire length but also on the temperature
(Figure 9.3b). To enhance the electronic transport property of the OTs, Endou
and colleagues reported a strategy to completely encapsulate the OTs to prevent
intermolecular electronic communication [24]. Using the STM technique, they
determined the decay constant 𝛽 of electronically neutral OT chains to have an
estimated value of 1.9 nm−1. Compared with OTs, oligo(thiophene ethynylene)
(OTE) and oligo(thiophene vinylene) (OTV) can be viewed as their derivatives,
where the thiophene units are connected by acetylene and vinylene instead of
single C—C bonds. Both oligomers hold similar features to OTs: long effective
conjugation and high stability in various oxidation states. Recently, additional
methods have been developed to introduce heterostructures into the oligomer’s
backbones to realize specific functions beyond the electronic transport, which is
discussed later.

Benzene-Dominated Chains Benzene-dominated oligomers, including OP, OPE,
and OPV, all of which, similar to the thiophene-dominated ones, possess a
large degree of electron delocalization to function as molecular wires. Fur-
thermore, due to the structural symmetry, there are less conformational issues
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to be considered in the synthesis or characterization process, thus leading to
additional development in this field.

Based on mature synthetic methods [25, 26], OP molecules consisting of a
chain of benzenes linked by C—C bonds can be synthesized and diversified by
introducing special moieties. Because of their easy preparation, OPs were thor-
oughly investigated as molecular wires. As early as the year of 2002 [6], individual
OP molecules with different lengths have been integrated into the nanogap
in the conducting probe (CP)-AFM setup to explore the length–conductance
relationship. In the following year, another study achieved the systematical
conductance values of these molecules [7]. Benefitting from the convenience of
side group substitution on the benzene ring, a relationship can be established
between the conductance and the molecular conformation, which has been
demonstrated by Venkataraman et al. in 2006 (Figure 9.4a) [27]. This study
demonstrates that to reduce the twist angle between the two benzene rings
to zero, two respective but adjacent α-sites were fixed, which was equal to
introducing a fluorene unit. They determined that the conductance for the
series decreases with an increasing twist angle, which is consistent with the
cosine-squared relationship predicted for the transport through p-conjugated
biphenyl systems (Figure 9.4b,c). Maximizing the ratio of the fluorene units in
the OP chains formed the molecular basis of two studies performed in 2009 and
2011 (Figure 9.4d). The former used single oligofluorene molecules to explore
the relationship between the conductance and the molecular length by changing
the tip-substrate height in the STM setup (Figure 9.4e) [28] while the latter
appended C60 terminal groups to the oligofluorene molecules, thus leading to
the unambiguous formation of STM-based single-molecule junctions [29].

OPE is another benzene-dominated oligomer, whose backbones are formed
by linking acetylene with benzene. These molecules have been systematically
explored by Tour based on the iterative divergent/convergent methods devel-
oped at the beginning of this century [30]. Due to the ease of self-assembly, it
is feasible to measure the conductance of these wire-shape molecules, which
was performed by using an STM in 2003 [31] and a CP-AFM in 2004 [32].
Interestingly, Donhauser et al. determined the conductance switching behavior
of single OPE molecules isolated in matrices of alkanethiolate monolayers, which
may result from conformational changes in the molecules [33]. In another sys-
tematical study [34–36], the relationship between the molecular conformation
and the conductance was established, where the authors carefully introduced
specially designed moieties with different dihedral angles into the oligomer
chains to vary the conformation of the molecules. Both the experimental and
theoretical results suggested that the conductance of the OPE molecular junc-
tions could be tuned by controlling their intramolecular conformation, which
was consistent with a cosine-squared relationship, as reported by Venkataraman
et al. [27] Remarkably, Kaliginedi et al. [35] determined that the introduction
of a cross-conjugated anthraquinone (AQ) central unit resulted in lower con-
ductance values. This observation may be attributed to a destructive quantum
interference phenomenon. To enhance the one-dimensional conductivity of the
OPE molecules, the oligomer’s backbones could be isolated using a polyrotaxane
protective sheath [37] or encapsulated by dendrimer shells [38, 39]. To install



9.1 Wiring Toward Nanocircuits 233

10–4
100

101

102

C
o

u
n

ts

C
o
n
ju

g
a
ti
o
n

T
w

is
t 
a
n
g
le

103

24 24

23

23

22

22

21

21

24

23

22

21

Au

10–3

Conductance (G0)(a)

(d) (e)

(b) (c)

C
o

n
d

u
c
ta

n
c
e

 (
1

0
–
3
 G

0
)

10–2 1.0
0.0

0.5

1.0

1.5

0.8

STM tip

Metal surface

Molecular chain

0.6 0.4

Cos2θ
0.2 0.0

Figure 9.4 Structure–conductance relationship. (a) Structures of a subset of the biphenyl
series studied, which are shown in order of increasing twist angle or decreasing conjugation.
(b) Conductance histograms obtained from measurements using molecule 12 (purple), 14
(cyan), 16 (pink), and 18 (blue). Additionally, the control histogram obtained from the
measurements is depicted without molecules between the contacts (yellow). The arrows
denote the peak conductance values obtained from the Lorentzian fits (solid black curves). (c)
Position of the peaks for all the molecules studied plotted against cos2

𝜃, where 𝜃 is the
calculated twist angle for each molecule. Source: (c) Reproduced with permission from
Venkataraman et al. [27]. Copyright 2006, Nature Publishing Group. (d) STM image of a single
oligofluorene chain. (e) Conductance measurement of single oligofluorene molecules in the
STM setup, which can explore the relationship between the molecular length and the
conductance. Source: (e) Reproduced with permission from Lafferentz et al. [28]. Copyright
2009, Springer Nature.

new functionalities, other moieties can also be inserted into the backbones
of the OPE molecules; for example, the rectification effect caused by the
9-[di(4-pyridyl)methylene]fluorene insertion [40] and switching caused by the
tetrathiafulvalene insertion [41, 42].

Replacing ethylene with vinylene in the OPE backbones leads to OPV
molecules [43, 44]. It is predicted that the conductance of the OPV and its
derivatives is higher than that of the OPE. Because the degree of disrupting the
conjugation of the backbone using a longer vinyl bond (C=C length c. 1.35 Å)
in the OPV is less compared to using a shorter ethynyl linkage (C≡C length c.
1.22 Å) in the OPE, there is less bond alternation and a smaller HOMO–LUMO
gap in the OPV than that in the OPE [10]. The exact conductance value was mea-
sured and estimated in two studies in 2003 [7, 31], whereas the charge transport
mechanisms were discussed in detail in another two studies [45, 46]. It is evident
that there are different configurations for the existence of the vinyl bond. In fact,
Martin et al. elucidated the effects of E/Z isomerizations on the conductance
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of such molecules at the single-molecule level using the STM technique [47].
They demonstrated that the isomerization led to significant changes in the
electrical conductance of these molecules, with the Z isomer exhibiting a higher
conductance than that of the E isomer. Using the method of controlled aryl
imine addition chemistry, Choi et al. [48] prepared oligophenyleneimine (OPI)
wires with different lengths (Figure 7.2) and studied the role of molecular
length and bond architecture on the molecular conductivity. The theoretically
predicted change in the direct current (DC) transport from tunneling to hop-
ping was observed as a function of the systematically controlled wire length
(Figure 7.2). The transition occurred near 4 nm. A systematic extension, in
2010, oligonaphthalenefluoreneimine (ONI) molecular wires were developed by
assembling larger conjugated molecular building blocks based on naphthalene
dialdehydes and fluorene diamines into the OPI backbones [49]. A consistent
transition in the DC transport from tunneling to hopping was observed near
4 nm. These nanoscale transport measurements elucidated the role of the
molecular length and the bond architecture on the molecular conductivity and
led to opportunities for a greater understanding of the electrical transport in
conjugated polymer films.

As indicated earlier, several types of conjugated hydrocarbon molecules in
the context of molecular wires have been discussed. The accessibility of various
types of molecular scaffolds makes it possible for wire-shaped molecules to
be synthesized and modified with a large degree of precise controllability
of construction, configuration, and conformation. Furthermore, due to the
development of efficient strategies to introduce hetero-moieties, e.g. anchoring
groups and functional centers, in specific positions of the chains, additional
individual molecules could be connected into the nanogaps between the external
electrodes to conduct current and/or function as, e.g. switches or rectifiers.
The conjugated hydrocarbon molecules have been believed to have additional
contributions to the improvements in the molecular wires.

9.1.1.2 Metal Containing Compounds
Recently, significant progress has been made in using tailored carbon-rich
organometallic compounds as prototypes for molecular electrical wires because
these molecules may have the potential to be more conductive than their
all-carbon counterparts [50]. Furthermore, an optimal match in orbital energies
can be achieved more readily to yield compounds with smaller HOMO–LUMO
gaps by structurally engineering the metal unit together with carbon-rich
bridges. This molecular engineering will endow a superior conductivity to the
prototype wires [51]. In this section, we review the development and progress
of organometallic compound-based molecular wires, which can be classified
into three types: small molecules, coordination oligomers, and polymetallic
systems (Figure 9.5) [52]. It should be noted that in literature surveys, a large
number of studies focus on systems of unsaturated carbons capped with two
metal moieties. These systems are not in the scope of this book, though they
also contain metal, because they were initially developed for charge transfer rate
studies instead of direct conductance measurements.
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Figure 9.5 Representative organometallic compounds as prototypes of molecular electronic
wires. (a) Single molecules, (b) oligomers or polymetallic systems, and (c) coordination
polymers Source: Reproduced with permission from Mas-Ballesté et al. [52]. Copyright 2009,
John Wiley and Sons.

Single Molecules or Oligomers Although the study performed by Mayor et al.
[53] in 2002 appeared to decrease the conductivity of wire-shaped molecules,
which was contrary to the trend of increasing the conductivity, it deserved to be
highlighted for its pioneering exploration in the process of direct conductance
measurements using the mechanically controllable break junction (MCBJ)
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technique. In this study, the authors designed a molecular insulator based on
trans-acetylene–platinum(II) complexes, for which the platinum–acetylene
bond had hardly any π character and separated the molecular rod into two
independent conjugated systems to increase its resistance. The key progress
in the chemical synthesis provided access for the preparation of the σ-alkynyl
compounds of Ru2(LL)4(C2nY)2 (LL is an N ,N ′-bidentate bridging ligand and Y
is an anchoring group), which were wire-shaped molecules containing double
ruthenium centers used as building blocks in molecular electronics [51]. The
development of the corresponding optical and electrochemical characterizations
provided the possibility of clarifying the electronic structure and the redox
characteristics of such molecules. All these studies led to their application
as molecular wires as well as more sophisticated molecular switches that are
described in the following text in detail.

Using the STM-BJs, the potential of the metal-alkynyl compounds as molec-
ular wires was first discovered using Ru2(ap)4(σ-OPE) (ap: 2-anilinopyridinate)
molecules as a representative [51]. The same results were also observed by
Wen et al. [54], who established conductance measurements of different
organometallic wires with two ruthenium(II) centers bridged by 1,3-butadiyne
based on an electrochemically mechanically assisted controllable break junction
approach. It was determined that the single-molecular conductance of these
diruthenium(II) incorporated systems was significantly higher than that of the
OPEs with comparable lengths. This result may be ascribed to a better energy
match of the Fermi level of gold electrodes with a molecular HOMO. In 2008,
another series of compounds belonging to the metal–alkynyl molecular set,
trans-Ru2(ap)4((C≡CC6H4)2S–)n (n = 1 or 2) were integrated into the molecular
junctions, and the hysteresis effects that occurred during voltage sweeping in
different directions were discovered [55].

From 2007 to 2011, Rigaut and colleagues systematically developed and
extended a series of redox-active conjugated organometallic wires, which
consisted of covalently coupled ruthenium(II) bis(σ-arylacetylide) complexes
[56–58]. The most important feature of this type of organometallic molecule
is its precise length controllability during the synthetic process, leading to the
production of Ru1–Ru3 compounds with a length ranging from 2.4 to 4.9 nm.
The authors used this advantage to thoroughly investigate the length dependence
of the molecular conductance under different temperatures, which facilitated
the clarification of two general electron transport mechanisms: direct tunneling
and thermally activated hopping.

One common characteristic of the previously discussed molecules is that they
all contain ruthenium, which forms an important branch of the organometallic
molecular wires. Additionally, Albrecht et al. and Chen et al. developed another
class of Os(II)/(III)- and Co(II)/(III)-complexes (Figure 9.5a,b) [59, 60], which
were robust and conductive for functioning as molecular wires. The former,
Os-complexes [Os(bpy)2(p2p)2]2+/3+ and [Os(bpy)2(p0p)Cl]1+/2+, were still
new to being used in molecular electronics while the latter, Co-complexes,
have been explored in several studies. For example, Guo et al. connected
terpyridyl-containing molecules to both sides of either the single-walled carbon
nanotube (SWCNT) or graphene electrodes using amide bonds and then added
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Co2+ into the system to form Co-complexes [61, 62]. It should be noted that
the covalent connection provided enough robustness to the interfacial linkage,
leading to a good reliability for investigating the electrical conductance of the
organometallic molecules as well as the corresponding coordination reaction
at the single-molecule level. In two additional studies [63, 64], Park et al. and
Tang et al. incorporated the Co-complexes into nanogapped metal electrodes
to study how electrons were transported through the well-defined charge states
of a single atom. It was determined that changing the length of the insulating
linkages altered the coupling of the metal ion to the electrodes so that interesting
single-electron phenomena, such as the Coulomb blockade and the Kondo
effect, were observed.

Coordination Polymers The combination of Co ions and terpyridyl-related lig-
ands inspires the idea that through the suitable selection of molecular building
blocks, organometallic polymer architectures, which are defined as coordination
polymers in Figure 9.5c, can be prepared. In fact, the coordination polymers
are infinite aggregates of metal ions or fragments bridged by ligands. These
aggregates can self-assemble by coordinate bonding into one, two, or three
dimensions, thus producing a wide variety of supramolecular structures [65].
The study conducted by Guo and colleagues [66] involved the ideology of con-
structing prototypes of coordination polymers, in which the terpyridyl-related
ligands were initially linked to both sides of graphene electrodes followed by the
addition of cobalt ions and hexapyridyl sequentially (Figure 3.10). The apparent
current flowing through the metallic molecules reflected both the conductivity
of such molecular wires and the feasibility of molecular self-incorporation.
Additionally, this strategy also allows the in situ construction of complex
molecular wires through the implementation of programmable reactions, as
discussed previously. In 2009, Tuccitto et al. prepared a coordination polymer as
long as 40 nm by incorporating a large number of cobalt centers into rigid molec-
ular backbones comprising terpyridyl-based ligands via a sequential stepwise
coordination [67]. The remarkable mechanical robustness, length-independent
conductance, and easy-to-assemble characteristics led to a new generation of
molecular wires.

9.1.1.3 Porphyrin Arrays
Porphyrin, a square planar 18π aromatic macrocycle that possesses four pyrroles
and four methine carbons, has been extensively studied in a wide range of
research disciplines due to its tremendously advantageous properties, such
as structural robustness, attractive optical properties, strong aromaticity, and
rich metal coordination chemistry [2, 68–70]. Particularly, the HOMO and
the LUMO of the conjugated porphyrin arrays are generally only separated by
2 eV. If this gap is slightly narrowed, the molecules would have useful electrical
properties required for molecular wires [71]. Another important advantage in
using porphyrin arrays as molecular wires is the large size of the monomeric
unit, which is ∼16 Å. Therefore, the linear tetramers have a span of ∼56 Å.
This size is large enough to bridge the nanogap in a molecular junction. In
addition to these features, the porphyrin electronic system is susceptible to a
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conjugative perturbation at the periphery and metal chelation, thus allowing a
rational electronic modulation that can build systems displaying tunable optical
and electronic properties. Consequently, the conjugated porphyrin arrays can
be considered as promising candidates for molecular wires in future molecular
electronics applications.

In the last two decades, a wide variety of conjugated porphyrin arrays have
been synthesized and explored. Their synthetic chemistry can be found in detail
in several previous reviews [72–75]. There are two methods used for linking
large individual porphyrin rings together (Figure 9.6). The first method is to fuse
porphyrins with multiple direct bonds, i.e. each porphyrin structure is directly
linked to the next. Generally, the fused porphyrins were synthesized through
the oxidation of metallo-porphyrins with tris(4-bromophenyl)aluminum hex-
achloroantimonate, where the two porphyrin units are doubly or triply linked
through the ring carbon atoms. This forces a coplanar geometry that should be
favorable for the electronic π conjugation, thus displaying remarkable photo-
physical properties, such as extremely red-shifted absorption profiles that reach
the IR region, large two-photon-absorption cross-section values and drastically
reduced charge-transport attenuation factors. Compared with the doubly fused
diporphyrins, the triply-linked diporphyrin structures indicated greater conju-
gation, which is likely due to more planar geometries, thus leading to a better
π-overlap (Figure 9.6). Furthermore, stronger electronic interactions and smaller
optical HOMO–LUMO gaps (1.14–1.33 eV) were demonstrated. In addition
to the doubly/triply fused porphyrins, new conjugated arrays of porphyrinoids
have been developed, including directly linked corrole oligomers, hybrid tapes
of porphyrin and rectangular hexaphyrins, and subporphyrin dimers. The
second method is to bridge the porphyrins with a π-linker, such as ethyne and
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Figure 9.6 Two representative types of conjugated porphyrin wires. (a) Triply fused porphyrin
oligomer and (b) π-bridged porphyrin oligomer. Source: Reproduced with permission from
Tanaka and Osuka [72]. Copyright 2015, Royal Society of Chemistry.
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ethene, which has been conducted in a controlled manner using classical organic
reactions or transition metal catalyzed reactions. The electronic interaction
depends highly on the nature of the linker, bridging position, and geometric
relationship of the functionalized porphyrins. For example, it was determined
that porphyrin oligomers could behave similar to photonic molecular wires,
which absorbed light at one end of an array of porphyrins and then emitted a
different photon at the other end. These results strongly highlight the necessity
for the further exploration of the conjugated porphyrinoids.

Most of the reported studies are based on large areas of the self-assembled
monolayers (SAMs) for porphyrinoids, where minimal molecular or nanoscale
level measurements have been performed. Recently, single-molecule conduc-
tance measurements of porphyrin-based molecular wires were demonstrated
using an STM-BJ technique [76–78]. In this system, the molecular conductance,
𝜎M, generally decreased exponentially with the molecular length, as quantified
by the attenuation factor, 𝛽, which is a useful measure of the ability to medi-
ate long-range charge transportation. It was determined that the 𝛽 value of
butadiyne-bridged porphyrin wires with terminal thioacetate anchors was 0.04,
which is significantly lower than those of typical organic molecules (0.1–0.6).
Compared with the butadiyne-bridged arrays (𝛽 = 0.04) and the meso–meso
linked arrays (𝛽 = 0.11), the fused porphyrin arrays indicated an exceptionally
weak attenuation nature (𝛽 = 0.02). Similar to the butadiyne-bridged arrays,
the ethyne-bridged porphyrin wires bearing terminal thiophenol anchor
groups indicated 𝛽 values of 0.03. Although current practical and technological
limitations confine the fabrication of molecular junctions formed from these
conjugated porphyrin arrays, the remarkable features of the conjugated por-
phyrin arrays, as detailed earlier, receive considerable attention and can lead to
significant scientific breakthroughs in the near future.

9.1.1.4 Carbon Nanotubes
In Section 9.3, we demonstrated the potential of CNTs to be used as point
contacts for forming molecular electronic devices. In fact, CNTs themselves
are macromolecular systems with unique physical and chemical properties. A
CNT can be defined as being formed by rolling a piece of graphene to create
a seamless cylinder. Depending on their chirality and diameter, they can be
metallic or semiconducting [79–81]. Another key feature of the CNTs is that all
chemical bonds are satisfied and strong, leading to extremely high mechanical,
thermal, and chemical stability. Furthermore, the small diameter and the long
length of SWCNTs lead to large aspect ratios and suggest the possibility of
ballistic devices with drastically reduced carrier scattering, thus making them
nearly ideal one-dimensional molecular wire systems.

There are four primary approaches to produce CNTs: (i) arc discharge; (ii)
chemical vapor deposition (CVD) over metal catalysts; (iii) laser ablation; and
(iv) electrolysis using graphite electrodes immersed in molten ionic salts [82].
The ample availability, unique electrical properties, and mechanical rigidity
associated with the CNTs lead to the construction of a device that indicates one
possible method in which integrated molecular electronics can operate [83, 84].
In 2000, Rueckes et al. developed a concept for molecular electronics using CNTs
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Figure 9.7 Carbon nanotube device architectures. (a) 3D view of a suspended crossbar array
of carbon nanotubes, which indicates four junctions with two elements in the ON (contact)
state and two elements in the OFF (separated) state. Source: (a) Reproduced with permission
from Rueckes et al. [85]. Copyright 2000, AAAS. (b) SEM image of an SWCNT ring oscillator
consisting of five CMOS inverter stages. A test inverter was added to determine the parameter
set for the actual measurement. Source: (b) Reproduced with permission from Chen et al. [86].
Copyright 2006, AAAS.

as both molecular device elements and molecular wires for information reading
and writing (Figure 9.7a) [85]. Each point on the array where two nanotubes
cross represents a device element that can be switched between two positions.
The OFF state is used when the two SWCNTs are separated by the gap created
by the supports, and the resistance between the two separated wires is high.
The transient charging of the nanotubes produces an attractive force, which
causes them to move so that they are touching, leading to a higher conductivity
between the wires and an ON state. The advantage of this approach is that



9.1 Wiring Toward Nanocircuits 241

the device elements are naturally addressable by the CNT molecular wires in
large arrays. These reversible, bistable device elements can be used to construct
non-volatile random-access memory and logic function tables at an integration
level approaching 1012 elements per square centimeter and an element operation
frequency in excess of 100 GH. This concept is important because it identified
a method where a few of the requirements concerning the integration of wires
into addressable devices could be achieved.

For practical applications, an important next step would be the construction
of integrated circuits along a single SWCNT. This has been demonstrated by
the study performed by Chen et al. [86], where a complementary metal oxide
semiconductor (CMOS)-type 5-stage ring oscillator was built entirely on one
18 mm-long SWCNT (Figure 9.7b). The polarities of the filed-effect transistors
(FETs) were controlled using metals with different work functions as the gates,
and Pd was selected as the metal gate for the p-FET, while Al was selected for
the n-FET. The key feature of this design is that the distinct difference in the
work functions of these two metals effectively shifts the SWCNT FET charac-
teristics to form a p/n-FET pair. By arranging five pairs (10 FETs) side by side on
one SWCNT, a ring oscillator circuit with a frequency reaching 52 MHz could
be achieved. Another breakthrough study performed by Shulaker et al. demon-
strated the first computer built entirely using CNT array-based transistors [87].
The CNT computer was able to run an operating system that was capable of
multitasking. To demonstrate the generality of the CNT computer, they imple-
mented 20 different instructions from the commercial microprocessor without
interlocked pipeline stages (MIPSs) instruction set. This is a significant devel-
opment because it confirms that carbon nanotube field-effect transistors (CNT-
FETs)-based circuits are a feasible and plausible emerging technology. However,
the significant challenges are clearly the current inability to selectively and cleanly
synthesize particular nanotubes with a specific diameter and chirality as well
as the lack of sites for further functionalization. This result makes constructing
electronics from nanotubes difficult because there is no control over the electri-
cal properties. Fortunately, recent remarkable developments have been achieved
to realize the controllable growth of chirality-specific individual SWCNTs using
solid alloy catalysts [88], temperature control and cloning [89], or high-density
SWCNT arrays using Trojan catalysts [90], thus promising a bright future for
CNT-based nano-/molecular electronics.

9.1.1.5 Biological Wires
Although synthetic methodologies are steadily being used for realizing various
types of artificial molecular scaffolds, which accommodate the specific require-
ments that are necessary for molecular electronics, considerable attention is
being given to nature, i.e. producing numerous unbelievable structures through
time accumulation and survival of the fittest to determine the best candidates
for the most convenient accessibility and low-cost applications. In this section,
we discuss the feasibility and superiority of using biological molecules, such as
DNA and carotene, as molecular wires.

DNA is the carrier of genetic information and is of crucial importance in the
continuation of life and of great interest as a functional nanosized material due
to its unique features, which possesses the ability of self-assembling base pairs,



242 9 Integrating Molecular Functionalities into Electrical Circuits

i.e. adenine with thymine and guanine with cytosine, using hydrogen bonds with
extreme complementarity and veracity. Importantly, the hydrogen-bonded base
pairs parallel stacks with the face-to-face mode, which implies that the DNA
should be electrically conductive over significant distances. In fact, the use of
DNA as molecular wires has been explored for decades, and the answer to the
question whether single DNA can conduct an electrical current remains uncer-
tain [91]. However, it should be noted that the controversy may stem from the
differences in the measured samples (e.g. base sequences, structure of DNA) or
the measurement environments and methods. By developing advanced testing
methods and systems along with an improved controllability for subtle and uni-
form testing conditions to study the DNA conductivity, it is imperative to evaluate
the conductance of such one-dimensional biopolymers.

On the basis of previous studies, the intrinsic conductivity of DNAs can be
affected by their length, base-pair related sequence and conformation types,
including Z, A, and B forms. In addition to these factors, single DNA conduc-
tance measurements are also influenced by the contact nature, temperature,
and testing medium. Several early studies on the length dependence of the
DNA conductivity consistently concluded that electrical transport was feasible
in short DNA molecules and blocked in long single molecules [92–94]. The
sequence-dependent conductance is also a hot point in the field. Generally, DNA
can be classified as homogeneous sequence and complex sequence. The former
refers to DNAs with poly(G)–poly(C) or poly(A)–poly(T) base pairs, among
which G–C based sequences have been demonstrated to be more conductive
[95, 96]. The latter can be defined as arbitrary base pair based DNAs, where
considerable attention has been given to the phenomenon of single-nucleotide
polymorphisms (SNPs). Tao and colleagues [97] and Guo et al. [98] promoted the
fundamental understanding of the relationship between the conductance and
the SNP, both of which observed that well-matched DNAs were more conductive
than those with mismatched base pairs. In addition to length and sequence,
DNA configurations or DNA structure types also have important effects on its
conductance, which have been comprehensively discussed by Kawai and col-
league [91]. In addition to the common types (Z, A, and B forms), G-quadruplex
structures formed by single-strand DNAs with certain guanine-rich bases were
also investigated, thus providing higher conductance.

As mentioned previously, the DNA conductance acquired by different meth-
ods varies in the insulator, semiconductor, or conductor regimes primarily
due to the differences in the samples. However, testing conditions may result
in discrepancies in various measurement systems, such as temperature and
medium, which may be an important aspect in inducing the inconsistency. For
example, van Zalinge et al. systematically explored the effects of temperature on
the conductance of different homogeneous-sequence DNAs, in which the I–V
curve did not indicate (within experimental error) any dependence of the DNA
conductance on the temperature. This result is contrary to the observation of
long homogeneous-base sequence DNAs in a vacuum [99]. The authors analyzed
that such differences indicated that the medium had a significant influence on
the temperature dependence of the DNA conductance. In fact, the importance
of the medium, such as the concentration of the counter cation and the relative
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humidity, could affect the structure types of the DNA as well as the conductance
measurement.

The possibility of transporting charge carriers along short single DNA
molecules has been verified by further evidence from direct electrical transport
measurements [100], but the conductivity is relatively poor. The transport
through long single DNA molecules (>40 nm) is evidently blocked. Therefore,
suitable strategies are needed to enhance the conductivity of the DNA if they
are going to be used as molecular wires in electrical circuits or as a model
system for studying electrical transport in a single one-dimensional molecular
wire. Generally, there are two primary approaches for improving the DNA
conductivity. The first is to use more exotic structures, such as DNA quadruple
helices, instead of double-stranded structures, which may offer an improved
stiffness and electronic overlap to potentially enhance the conductivity of these
molecules. This proposal has been demonstrated by Erbe and colleagues [101]
and Guo and colleagues [102]. The second approach is to dope DNAs through
the addition of intercalators or metal ions. To verify this technique, in 2012, Guo
and colleagues [103] provided direct evidence that it was possible to enhance the
electrical conductance of DNA using a rational arrangement of multiple metal
ions inside the core of the DNA base-pair stack. These results demonstrated that
DNA molecules bridging nanodevices could serve as an effective mediator for
charge transport, thus introducing a new scientific research field that interfaces
molecular nanodevices with biological systems.

Carotene is a prototypical natural molecular conductor with a large delo-
calized π-electron system produced from electronic states that are delocalized
over a chain of approximately twenty carbon atoms connected by alternative
single/double bonds. The efficiency of this natural molecule in photoinduced
electron transfer (PET) as donors as well as the importance of its role in
photosynthesis as electron shuttles reflect its considerable potential to be used
as molecular wires [104]. In fact, there have been several direct conductance
measurements demonstrating the high conductivity of carotene and its deriva-
tives. As early as 1999, Leatherman et al. embedded carotenoid molecules in
insulating n-alkanethiol SAMs and measured the single-molecule electrical
properties using the CP-AFM. It was determined that the conductance of
these natural molecules was over a million times higher than that of an alkane
chain of similar length [105]. As an improvement for forming through-bond
electrical contacts, Lindsay and colleagues tethered an Au nanoparticle to each
molecule via the protruding thiol group and observed a more recognizable
single-molecule conductance of carotene in the matrix of the docosanethiol
monolayer, which again stressed the possibility of using carotene as nanowires
[106]. However, one of the most important issues in the carotene conductance
measurements at the single-molecule level is to distinguish whether the current
is through one or more molecule. To solve this problem, Tao and colleague
introduced a new method for single-molecule measurements based on repeated
STM-BJs, which was easier to use for various molecule lengths and yielded
better data in comparison with the CP-AFM approach [107]. Based on this
method, Lindsay and colleagues tested a series of homologous carotenoid
molecules with different lengths and obtained a corresponding electronic decay
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constant, 𝛽 = 0.22± 0.04 Å−1, in close agreement with the value obtained from
the first-principles simulations (𝛽 = 0.22± 0.01 Å−1) [108]. By incorporating
different polar aromatic substituents, Koo and colleagues demonstrated the
capability of modulating the conductance of various carotenoid wires [109, 110].

Recently, Lindsay and colleagues determined that the conductance of
carotenoid molecules could be enhanced by oxidization through direct
measurements at the single-molecule level under the potential control of
a membrane-mimicking environment [111]. In view of the requirements
for molecular wires, the stability in the electrical conduction is necessary
to operate the molecular device. However, the antioxidant activities of the
carotenoid molecules in quenching singlet oxygen and scavenging reactive
radical species lead to apparent instability. Inspired by the natural prevention
of free radical-mediated carotenoid degradation or the repair of semi-oxidized
carotenoid molecules via vitamin E, Koo and colleagues [110] devised novel
carotenoid wires to provide a labile conjugated polyene chain with stability as
well as a range of conductance by attaching aromatic phenyl groups containing
the para-substituent X (OMe, Me, H, and Br) of diverse electronic natures to the
polyene chain at C-13 and C-13′. The origin of this stability can be expected from
the repulsive steric interactions between the phenyl substituents with attacking
nucleophiles and/or the reversible trapping of incoming radicals (e.g. reactive
oxygen species) that would cause fragmentations of the conjugate polyene chain.

9.1.2 Conductance of Single Molecules

To function as conductive wires, a material should have the ability to transport
electrical current with minimal resistance. However, unlike bulk materials, the
conductance of single molecules is a complicated issue because it is highly related
not only to the intrinsic molecular structures but also to the details of connecting
and communicating with the external world [112]. Generally, conductance can be
defined as G = I/V , and it is an important property describing the efficiency of
electron transport in bulk materials. Similarly, in addition to this definition, the
conductance of single molecules is proportional to the transmission probability
of electrons from one electrode (L) to another (R) and can be described as follows
(also see Eq. (9.1)) [113]:

G = 2e2

h
T (9.1)

where e is the electron charge; h is Planck’s constant; and T is the total trans-
mission probability over all possible transmission channels. It should be noted
that T is related to the coupling strengths (𝛤 L and 𝛤

R) of the molecule to the
two electrodes as well as the transmission probability through the molecule as
follows:

T = 𝛤
L
𝛤

R|G1N | (9.2)
where G1N is the Green function [114, 115]. Therefore, the single-molecule con-
ductance can be defined as follows:

G = 2e2

h
𝛤

L
𝛤

R|G1N | (9.3)
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Clearly, the measured conductance has relationships with both the molecule and
the coupling strengths between the electrodes and the molecules.

Equation (9.3) indicates the mathematical relationship between the interfa-
cial coupling strength and the conductance. This formula can also be written as
follows:

G = 2e2

h
TRTLTmol (9.4)

where TR, TL, and Tmol are the transmission coefficients of the left interface,
right interface, and molecule, respectively. This definition form expresses that
single-molecule conductance can also be affected by the alignment of the molec-
ular energy levels, especially the HOMO and the LUMO, relative to the Fermi
levels of the electrodes for the tunneling transport mode [112, 116], in which
the Fermi levels of the electrodes lie in the gap between the HOMO and the
LUMO of the molecules. Following the molecular conductance discussion ear-
lier, we systematically clarify the critical aspects that have considerable effects on
the single-molecule conductance and the conductance measurements.

9.1.2.1 Interfacial Coupling
The occurrence of both the charge injection and the collection across the
molecule–electrode interfaces underlines the significance of the interfacial
properties. A clear recognition of the interfacial coupling strength can lead
to obtaining insights into distinct transport mechanisms, thus facilitating the
improvement in the molecular conductance. Generally, the interfacial properties
depend considerably on the coupling between the molecules and the electrodes,
which has a relationship with both the intramolecular coupling of the molecules
and the coupling between the terminal of the molecules and the electrodes [113].
For the former, the saturated carbon providing weak coupling and the direct
π-conjugated bond offering strong coupling can affect the intramolecular cou-
pling, whereas for the latter, both the interaction types and contact geometries
at the molecule–electrode interface are significant [116].

Interaction Types The types of interfacial linkages between the molecules and
the electrodes are primarily determined by the materials and the corresponding
physical or chemical interactions. Generally, non-covalent interfacial linkages,
such as donor–acceptor (D–A) coordination [117], van der Waals binding
[106, 108, 118], and aromatic stacking [119], are thought of as weak coupling,
while covalent interactions, due to the formation of robust chemical bonds,
are viewed as strong coupling. Venkataraman and colleagues systematically
studied the interaction of amines and gold as a non-covalent interfacial linkage
[117, 120]. Initially, they determined that molecules with amines as anchoring
groups could couple with gold electrodes through the interaction of electron
lone pairs from the amine nitrogen to coordinately unsaturated surface Au
atoms [117]. This bonding mode possesses sufficient angular flexibility for
easy junction formation and a well-defined electronic coupling of the N lone
pair to the Au, thus facilitating conductance measurements of single-molecule
junctions in a statistical manner. Furthermore, using single-molecule mechanics
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measurements, it was discovered that anchoring groups of pyridine can bind
to nanostructured Au electrodes through a van der Waals interaction beyond
the chemically specific Au—N D–A bond [120]. Although the reproducibil-
ity of the interfacial linkage in these studies is sufficient to obtain statistical
information on conductance, the contact resistance is higher than that of the
covalent bonding, such as the Au–S interaction, which is contradictory to the
efficient electrical conductance. In fact, metal-based non-covalent interaction
is rarely used for constructing a reliable molecule–electrode interface due to its
weakness. However, aromatic stacking, which is another type of non-covalent
interaction, is widely used to create molecular junctions, especially in systems
currently containing carbon electrodes [119, 121, 122]. The detailed discussions
can be found in Section 9.3. In terms of conductance, the aromatic stacking is
considered to be a weak coupling, which results in a large contact resistance,
thus discounting the efficiency of the charge transport. Furthermore, it is
difficult to use these interaction types to provide robust linkages against external
perturbations, which is of crucial importance to the ultimate goal of developing
molecular electronics.

Conversely, covalent bonding is superior in creating the interfacial linkages
in molecular devices, which can provide robustness and reliability. For the
charge transport, there is a vast majority of criteria when selecting electrodes
and anchoring groups; however, the concern of whether the interfacial linkage
is covalent or not is often considered first. The detailed discussions have been
provided in Sections 9.2–9.4. It should be noted that the metal-containing cova-
lent bonds could potentially be affected by both the σ and π characters due to
the distinct orbital characteristics of the electrode atoms. For example, because
Pd and Pt are group 10 elements with significant d-orbital characteristics, π
contributions are expected at the contact, especially for –N-chloro-succinimide
(NCS) headgroups with a strong π character, which may generate an additional
channel for electron transport [116, 123].

Although there were a few reports clarifying the insensitivity of the molecular
junctions on the interfacial contacts [124, 125], additional studies consistently
prove that different interfacial interactions result in different coupling strengths.
Figure 9.8 displays the conductance of several single-alkane chains of different
lengths and linker groups by plotting log(G) versus L (molecular length) [126].
A similar slope for each molecular set with distinct anchoring groups could be
viewed as a representation that the alignment between the molecular energy lev-
els and the Fermi energy of the electrodes does not change significantly in the
case of the alkanes, and that the difference in conductance for different molec-
ular sets is due to the contact resistance resulting from the linker groups. The
implication of these results is that the best possible interface for the molecu-
lar electronic system should have strong covalent bonding, thus underlining the
importance of selecting electrodes and anchoring groups as well as developing
interfacial chemistry and characterization methods (such as the inelastic elec-
tron tunneling spectroscopic [IETS] [127], as detailed in Section 9.7), especially
at the single-molecule level. If the molecules are charged, other potential inter-
actions, such as the rearrangement of electron density, partial charge transfer,
and attraction through image forces, could be further involved in the interface
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Figure 9.8 Conductance values for alkane chains of several different lengths with different
end groups, as indicated in the legend. Although the conductance for each different linker
group is different, the 𝛽 value does not appear to change significantly with the contact
resistance. Source: Reprinted with permission from Joshua and Nongjian [126]. Copyright
2014, IOP Publishing Ltd.

formation [113]. Therefore, due to the complexity of the interface formation, it is
crucial to determine the exact way in which the interface is formed.

Contact Geometries In certain cases, the same molecular junction can display
different conductance values due to the different headgroup–substrate binding
geometries, which generally play a significant role in the molecular conductance.
Different structures of electrodes at the binding points could result in various
contact geometries with different coupling strengths, which are evident in
the systems using break junction techniques, such as STM and atomic force
microscopy (AFM) [123, 128]. The molecular junctions are formed by pulling the
gold atoms out of the electrodes, resulting in the possibility of top and hollow
geometries at the two ends of the molecular junctions (Figure 9.9). For the Au–S
contacts created using these techniques, when one headgroup is connected to
the threefold hollow sites of the substrate and the other is connected to the
top sites (denoted top–hollow), a high conductance can be obtained; molecular
termini sitting on the two top sites (top–top) result in a low conductance.
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(a) (b) (c) (d)

Figure 9.9 Different contact configurations. The distance between the electrodes affects the
binding force, and the number of involved electrons for the charge transport can determine
the conductance of the metal–molecule–metal system. The double arrows indicate the
transport lengths for (a) hollow–hollow (HC), (b/c) hollow–top/top–hollow (MC), and (d)
top–top (LC). * refers to hollow-top/top-hollow lengths. Source: Reprinted with permission
from Kim and Bechhoefer [128]. Copyright 2013, American Institute of Physics.

Although its existence is relatively rare, the hollow–hollow configuration is the
ideal contact geometry.

In addition to the geometry of the contact points, the electrode orientations
have a clear effect on the interfacial coupling because different electrode
orientations have different band structures. Sen and Kaun obtained the results
of high/low conductance values for Au–alkanedithiol–Au single-molecule
junctions with two distinct electrode orientations [129]. Based on the theoretical
calculations, they attributed the observed binary conductance of the junctions to
the distinct electrode orientations and determined that the interfacial coupling
is stronger for Au electrodes with the (100) direction than that with the (111)
direction. In fact, the contact structures in the single-molecule junctions play
a significant role in affecting the conductance, as discovered by Venkataraman
and colleagues experimentally and theoretically [130]. A modified conducting
AFM was used to simultaneously probe the conductance of a single-molecule
junction and the force required to rupture the junction, which accommodated
the possibilities of obtaining various molecule–electrode contact structures
(Figure 9.10). The experimental data verified that the broadly distributed
conductance values resulted from substantial variations in the Au–S linking
structure, which was also supported by the density functional theory (DFT)
calculation. The fact that the interfacial contact strength could be characterized
by the value of the bond rapture force and that the corresponding conductance
could be confirmed simultaneously in this study led to obtaining insights into
the relationship between the interfacial coupling and the conductance [131].
However, the factors affecting the contact details and the molecular conductance
are considerably more complicated than those previously described. Generally,
the contact geometry has been accepted as a determining value in the absolute
conductance of a molecule, for which any perturbance may change the interfacial
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Figure 9.10 Possible Au–S contact structures in AFM-based single-molecule junctions.
Scenarios: (a) H atom remains on S; (b) Au atom is not at the apex of the electrode; (c) junction
is formed at an angle; and (d) Au atom coordination is different. Source: Reprinted with
permission from Frei et al. [130]. Copyright 2012, American Chemical Society.

coupling as well as the contact resistance without a significant change in the
orbital alignment [126]. The lack of corresponding methods of characterization
and recognition signifies that the ability to understand and control the charge
transport precisely is far from realized.

Coupling Strength and Transport Mechanism The coupling strength between the
electrons in the molecules and those in the electrodes, which can be physically
depicted as an energy barrier between the molecules and the electrodes, is one
of the most important properties of the molecule–electrode interface. Based
on the results of comparing the strength of the interfacial coupling (𝛤 ) with
the addition energy (U), three different coupling regimes are classified: weak
coupling (𝛤 ≪U), strong coupling (𝛤 ≫U), and intermediate coupling, where
the addition energy is the difference between the energy needed to take one
electron from the HOMO of the system (UN − 1 −UN ) and the energy obtained
by injecting one electron to the LUMO of the system (UN + 1 −UN ). Intrinsically,
different coupling regimes indicate different degrees of mixing of the wave
functions of the molecules and the electronic states of electrodes, thus leading
to different transporting mechanisms and electrical conductances [116].

In the weak coupling regime, no charge transfer or an integer charge transfer
occurs between the molecules and the electrodes so that the electron transport
in this case may be accomplished through a two-step process in which the elec-
trons first hop from one electrode to the molecule, which has matching energy
levels at a proper position, and then hop to the other electrode (Figure 9.11a).
At low temperatures (LTs), the absence of matching energy levels will lead to
the electron transport being blocked unless the bias voltages are high enough
to bring the Fermi energy of the electrodes to the molecular energy levels or
the external tuning, such as the gate voltage, gives rise to such an energy-level
alignment. This phenomenon is also known as the Coulomb blockade, which
forms classic Coulomb diamonds in differential conductance maps [63]. In the
intermediate coupling regime, due to the partial broadening of the molecular
energy levels, the transferred electrons can be affected by the electrons on
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Figure 9.11 Schematic representation of the energy levels and the charger transport
processes of the molecular junctions with different coupling strengths between the molecules
and the electrodes. (a) In the weak coupling regime, the HOMO and the LUMO of the
molecules are well defined, and the electron transport occurs in a two-step process. (b) In the
intermediate coupling regime, the HOMO and the LUMO become broader and closer to the
Fermi energy of electrodes (EF), and the electron transport occurs through the molecules
interacting with the electrons on the molecules. (c) In the strong coupling regime, a large
broadening of the molecular energy levels occurs, and electrons move from the source to the
drain through a one-step process. Source: Reprinted with permission from Jia and Guo [116].
Copyright 2013, Royal Society of Chemistry.

the molecules (Figure 9.11b). In the presence of an unpaired electron on the
molecules, its spin state can be reversed by electrons passing through the
molecules, thus leading to a spin screening that could result in new transport
channels. A zero-bias Kondo resonance below a certain temperature is the result
of the spin screening. Additionally, a co-tunneling process can occur in this
regime, in which one electron tunnels into the LUMO of the molecule with
another electron simultaneously tunneling out of the HOMO, thus leaving the
molecule in the excited state. In the strong coupling regime, the energy levels
of the molecules are considerably broadened for the significant overlapping
of the molecule–electrode electronic states as well as the feasibility of the
partial charger transfer between the molecules and the electrodes (Figure 9.11c).
Therefore, the electrons could efficiently transport from one electrode to another
through a one-step coherent process without stopping on the molecules. Based
on these general transport mechanisms, it can be predicted that strong inter-
facial coupling with low contact resistance would facilitate acquiring a high
conductance. Therefore, the proper selection of the electrodes and anchoring
groups, precise control of the interfacial interactions and contact geometries,
and extensive understanding of the corresponding transport mechanisms are
necessary for improving the molecular conductance.

9.1.2.2 Energy Level Alignment
Another important factor that significantly affects the molecular conductance
is the alignment of the molecular energy levels, especially the HOMO and the
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LUMO, relative to the Fermi levels of the electrodes [112]. Generally, when the
energy level of the frontier molecular orbitals is sufficiently close to the Fermi
level of the electrodes, resonant transport occurs, and the conductance depends
only on the contact resistance due to the different coupling strengths, as detailed
earlier. Conversely, for the tunneling transport, where the Fermi level of the elec-
trodes lies in the gap between the HOMO and the LUMO of the molecules, the
energy level alignment between the Fermi level of the electrodes and the molec-
ular energy level responsible for the charge transport can play a dominant role.

The energy level alignment is primarily determined by the intrinsic properties
of the molecule and the electrodes and the molecule–electrode interactions,
which are often difficult to determine in both theory and experiment. It is evi-
dent that different molecules hold distinct HOMO and LUMO energies, which
can be tailored using molecular engineering. For example, Jia et al. intended
to modify the diarylethene (DAE) backbones by substituting hydrogenated
cyclopentene with rationally designed fluorinated side groups to tune the energy
level alignments at the molecule–electrode interface, leading to a decrease in
both the HOMO and the LUMO and a reduction in the HOMO–LUMO gap by
0.5 eV at the open state and 0.1 eV at the closed state [132]. For the electrodes,
as described elsewhere in this report, various types of materials with identified
but distinct work functions can be selected to adjust the interfacial energy
level alignment as well as the coupling strength. For example, when Ag, Au,
Pd, and Pt are used as the electrodes [133], which have work functions of 4.26,
5.10, 5.12, and 5.65 eV, respectively, the Fermi energy of the electrodes reduces
with an increase in the work function. Correspondingly, the energy offsets
between the Fermi energy of the electrodes and the HOMO of the molecules
decrease for the hole tunneling systems, in which the HOMO dominates the
conduction of the molecular junctions, but increase for the LUMO-mediated
tunneling systems. Additionally, the different anchoring groups used to create
interfacial linkages can adjust the energy levels of the frontier molecular orbitals
for the charge transport, which can be exemplified by the Au—N D–A bonds.
Specifically, electron-donating amine [134] groups can bring the HOMO of the
molecules closer to the Fermi level, thus favoring the hole transport by lifting the
frontier orbital energies, while electron-withdrawing pyridine [135] and nitrile
(—C≡RN) [136] groups can reduce the energy barrier between the LUMO of the
molecules and the Fermi level of the electrodes to promote electron transport
by decreasing the frontier orbital energies.

Although there are numerous difficulties in characterizing the alignment
between the Fermi level of the electrodes and the molecular energy level related
to the charge transport at the single-molecule level, the transition voltage
spectroscopy (TVS)-related techniques possess a strong hold on this field.
As elaborated in Section 9.7, the TVS exploits the nonlinear current–voltage
characteristics of the molecular junctions to investigate the energy offset
between the Fermi energy of the electrodes and the closest molecular energy
levels. Based on this technique, Guo et al. systematically studied the transport
features of single-alkanedithiol junctions to determine whether different binding
geometries could cause the differences in the energy barrier of the molecules
[137]. Recently, Bruot et al. performed a study on single-molecule junctions
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based on benzenedithiol (BDT), in which the anionic state is predicted to possess
an HOMO level energy similar to the Fermi energy of the gold electrodes, using
the TVS to directly explore the possibility of the conductance increase and the
energy offset decrease while weakening the interfacial linkage by straining [138].
For graphene-based single-molecule systems, the TVS was also used by Jia et al.
to explain the observation of the photogated transport mechanism transition
from direct tunneling to field emission due to the photoinduced conformation
transformation [132].

In addition to the interfacial coupling and energy level alignment, the local
environment of a molecule can influence its conductance, which has been
demonstrated by studies established for obtaining the relationship between the
conductance and the external stimuli, such as the solvent, pH, ion, and dopant.
In fact, this relationship underlies the operational principle for developing
various molecular sensors, as discussed later.

9.1.2.3 Photon-Assisted Conductance Enhancement
To date, there are several recognized mechanisms for photoconductance – a
change in the electronic conductance of the molecular junction under illumi-
nation [139, 140]. The first mechanism is a photo induced structural change, in
which the molecular structure was changed upon light illumination [141–143].
The second one is a result from an inherent asymmetry in the junction, which the
open an additional conduction channels under illumination, following resonant
optical transitions [144, 145]. The third mechanism is the opening of photo
induced conduction sidebands in the single-electron transmission function,
so-called adiabatic photo-assisted tunneling or Tien–Gordon mechanism
[140, 146]. The fourth one is from the exciton binding in molecular junctions
[139]. We will explain it in more detail in the following paragraphs.

Let us address the first mechanism, so-called photoinduced structural change.
There are large number of molecules, such as azobenzene (AB) and DAE, whose
structure can be changed, and the energy structure will be changed upon the light
illumination [147]. Thus, the conductance of molecular junction show switches
behavior when it is illuminated by light with different frequency. One of the most
challenging issues in fabricating stable and reproducible molecular switches is the
lack of control of the properties of the molecule–electrode interface. In the pre-
vious report, only one-way optoelectronic switching (from the insulating open
form to the conducting closed form, and vice versa) was observed for single DAEs
sandwiched between electrodes [132, 148]. This one-way response was attributed
to quenching of the excited state in the presence of the gold electrode or the
quenching effect resulted from the strong molecule–electrode couplings pro-
duced by the covalent amide/sulfur linkages.

To overcome this issue, Jia et al. successfully incorporated three methylene
(CH2) groups into each side of the molecular backbone so as to decrease the
effective molecule–electrode coupling, which wondrously led to a reversible
photo-switched conductivity, as shown in Figure 9.12 [141]. They have demon-
strated a fully reversible, single-molecule electrical switch with amazing levels
of accuracy (ON/OFF ratio of ∼100), stability (over a year), and reproducibil-
ity (more than 100 cycles for photoswitching). The success of building fully
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Figure 9.12 Photoinduced structural change. (a) Schematic of a graphene–diarylethene–
graphene junction, which highlights the molecular structure. (b) Measurement of the I–V
curves through a diarylethene molecule that reversibly switches between the closed and open
forms, upon exposure to ultraviolet (UV) and visible (Vis) radiation, respectively. (c)
Measurement of the current as a function of time when expose to UV and Vis radiation
periodically. Source: Reproduced with permission from Jia et al. [141]. Copyright 2016, AAAS.

reversible single-molecule photoelectric switch with large ON/OFF ratio is a
crucial step toward the practicable development of photoelectronic devices that
uses molecular electronic properties.

Small structural changes in a molecular junction can lead to significant vari-
ation in the single-molecule electronic properties, which offers a tremendous
opportunity to examine a reaction on the single-molecule level by monitoring the
conductance changes. Huang et al. explore the potential of the single-molecule
break junction technique in the detection of photo-thermal reaction processes
of a photochromic dihydroazulene/vinylheptafulvene system [143]. Employing
MCBJ technique, they perform the conductance measurement upon the light
illumination and heating. They clearly observed the conductance changes
during the molecular photo-thermal reaction process. Statistical analysis of the
break junction data provides an approach for probing the reaction kinetics and
reversibility, including the occurrence of isomerization during the reaction. Their
study opens a window to using nanostructured environments, e.g. molecular
junctions, to tailor product ratios in chemical reactions.

The third mechanism is the so-called photon-assisted tunneling mechanism
[140, 149]. Surface plasmon polaritons can be excited by photons if the momen-
tum matching condition is satisfied. Vadai et al. design a new platform to inves-
tigate the photon assisted tunneling mechanism in which the surface plasmons
can be excited [140]. As shown by Figure 9.13a, the break junction consists of two
40 nm thick gold electrodes evaporated glass slides with an initial gap ∼500 nm
between two slides. The gap can be mechanically controlled with high accuracy
by bending or relax the top slide. Because the squeezable break junction (SBJ) is
based on two Au-covered glass slides, measurements of single-atom contacts are
made possible due to sufficient roughness of the Au surfaces. Also, this roughness
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Figure 9.13 A squeezable molecule break junction setup for single-molecule conductance
measurements. (a) Schematics of the experimental approach. Free photons and surface
plasmons are coupled and confined within the gap employing a prism upon laser illumination.
(b) Representative conductance traces recorded during the separation process without (black)
and with (red) laser illumination. Source: Reproduced with permission from Vadai et al. [140].
Copyright 2013, American Chemical Society.

is essential for plasmon creation within the gap. Creation of plasmons within the
gap is achieved by attaching a glass prism to the bottom slide. Plasmon reso-
nance conditions are found by varying the 𝜃 of the incident laser (the angle of
p-polarized incident light with respect to the surface normal) by monitoring the
intensity of the reflected light. When the maximum plasmon coupling is evi-
denced, a sharp drop in the reflectivity will be observed. The typical conductance
traces is presented in Figure 9.13b. It can be found that the conductance of single
molecule upon light illumination is higher than the one in dark.

The authors rule out the possibility that the enhanced conductance is due to
photon absorption by the molecules within the junctions based on the fact that
the HOMO–LUMO energy gap of the measured molecule (>3 eV) is larger than
the energy of the created plasmons (1.59 eV). They point out that plasmonic
oscillating field on the conductance of the junctions can be analyzed using the
Tien–Gordon model, that is, by considering a time-dependent modulation of
the electronic energies [145]. In the Tien–Gordon model, the plasmon field
is treated as a potential, V

𝜔
, across the nanoscale gap, which oscillates at the

plasmon frequency 𝜔. An electron tunneling through the junction with initial
energy E can either absorb or emit n photons with energy ℏ𝜔 and hence finish
the tunneling process at energy E ±ℏ𝜔. As a result, the transmission probability
of an electron across a junction that strongly depends on the electron energy
can be changed, and thus overall DC conductance of a junction can be changed.
In other words, V

𝜔
acts like a gate that shifts transmission probability of an

electron across a junction.
Finally, let us discuss the fourth kind of mechanism, so-called photocon-

ductance from exciton binding in molecular junctions. Zhou et al. reported
a theoretical analysis and experimental verification of this mechanism for
photoconductance, in which the change in conductance upon illumination was
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Figure 9.14 Mechanism for the enhanced conductance upon light illumination. (a) Schematic
illustration of the measurement strategy, a NH2–PTCDI–NH2 molecule bridged two electrodes
employing STM setup and illuminated with laser light. (b) Conductance histograms in the dark
(gray) and under illumination (blue) generated from more than 1000 curves. The left figure
presents several typical conductance traces used to generate the histograms. (c) The current is
dominated by hole-transport through the HOMO in dark. (d) Under illumination, the electron
is excited to LUMO and thus the LUMO becomes partially filled. Consequently, a hole entering
the HOMO is attracted to it, resulting in an effective shift of the HOMO level toward the Fermi
level and an increasing in conductance. Source: Reproduced with permission from Zhou et al.
[139]. Copyright 2018, American Chemical Society.

attributed to the Coulomb interaction between the electrons and holes in the
molecular bridge [139]. They use NH2–PTCDI–NH2 molecule, which is perfectly
symmetric and without any structural changes upon light illuminations. The
experiments were performed on STM-BJs with perylene tetracarboxylic diimide
(PTCDI) molecules attached to gold electrode via Au–amine bonds, as shown
by Figure 9.14a. They used a monochromator to apply photon emissions with
fixed wavelength ∼495 nm (corresponding to energy of 2.5 eV, in resonance with
PTCDI’s HOMO–LUMO gap). The photon illuminates the molecular junction
in toluene solution through an ultrathin (∼600 μm in diameter) fiber optical
cable. The conductance traces recorded in the electrode separation process was
shown in Figure 9.14b. It can be found that the plateau of gray curves (measured
in dark) is low than the one of blue curves (measured under illumination). The
conductance histogram generated from more than 1000 conductance traces
is shown in Figure 9.14c, demonstrating a clear photocurrent effect, i.e. the
conductances peak in the dark are centered around Gdark ≈ 1.25× 10−5 G0, while
the conductances under illumination are centered around Glight ≈ 1.75× 10−5 G0,
which is higher than the one in dark.
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Since the molecule is perfect symmetric and without any structural changes
upon light illuminations, they put forward a new mechanism to explain the
observation. Consider the simplest model for transport through a molecular
junction, namely, the HOMO and LUMO coupled to gold electrodes, as shown
in Figure 9.14c, d. They assume that the electrodes’ Fermi level is closer to
the HOMO than the LUMO, in which case the conductance is dominated by
tunneling of holes through the HOMO. In the dark, the conductance expo-
nentially depends on the energy gap between the HOMO and the electrodes’
Fermi level. Under illumination (the frequency of light is close to resonance
with the HOMO–LUMO gap), electrons have the high possibility to be excited
from the HOMO to the LUMO. A hole that tunnels from the electrode to
the HOMO now feels the charge in the LUMO and is attracted to it due to
the Coulomb interaction. As a result, the HOMO energy is pushed toward
the Fermi level, which reduces the tunneling barrier, resulting in an increase
in conductance.

9.1.2.4 Molecular Conductance Measurements
The research on molecular conductance and its measurements was initiated
from bulk electrode approaches, in which mono- or multilayer molecular films
prepared either by self-assembly or Langmuir–Blodgett (LB) methods were
sandwiched between two bulk and flat electrodes [112]. Due to the introduc-
tion of several novel micro-/nano-systems created using the crude-tip AFM
[150, 151], crossbar techniques [152–154] or nanopore fabrication [155], the
area of the molecular films decreased, and the conductance measurement was
closer to the molecular level. Clearly, it is difficult to accurately determine the
number of molecules successfully connecting both electrodes, thus making the
averaging calculation impossible. In fact, even if the averaging process is possi-
ble, the calculated value cannot exactly represent single-molecule conductance
because there is no way to ensure each connection possesses identical types
and geometries, both of which have a significant effect on the single-molecule
conductance. Furthermore, the conformational changes in the molecules could
be suppressed by the interaction with neighboring molecules in a closely packed
film, which may affect their electron-transport properties [44].

To determine the conductance of a molecule, it must be first brought into
contact with at least two external electrodes. The contact must be robust, repro-
ducible, and able to provide sufficient electronic coupling between the molecule
and the electrodes, which is one of the most significant aspects needed to reduce
the discrepancies between the groups measuring the same molecules. In fact,
the development of various methods to control, tailor, and characterize the
interfacial interactions as well as the contact details leads to realizing this goal.
Additionally, the electronic signature indicating the current not only through
molecules but also through one molecule between a pair of electrodes should be
identified, which was challenging before the introduction of techniques using
nanoscale moveable electrodes that could be mechanically controlled with
sub-ångström precision. Furthermore, the capability of efficiently measuring
thousands of individual junctions accommodates the feasibility for establishing
statistical investigations, which can provide the most likely conductance of a
single-molecule junction by analyzing the resulting current versus distance traces
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Figure 9.15 Break junction-based measurements for obtaining single-molecule conductance
values. (a) Schematic depiction of break junction system used for measuring conductance. The
distance between the two electrodes is cycled repeatedly while a bias is applied between
them and the measured current. (b) Several sample conductance versus time traces used to
construct a conductance histogram. (c) Conductance histogram with a peak at the most
probable conductance value for a single-molecule junction. Source: Reprinted with
permission from Joshua and Nongjian [126]. Copyright 2014, IOP Publishing Ltd.

(Figure 9.15). In Sections 9.2–9.4, we comprehensively reviewed state-of-art
methodologies to obtain the measurements of single-molecule conductance.
Among these approaches, the AFM and STM-BJ techniques are primarily known
for the advantages listed earlier.

In this section, we systematically reviewed various types of molecular
candidates to be potentially used as conductive wires. The combination of
enriched molecular scaffolds with ever-improving molecular engineering offers
the possibility of creating novel molecular wires with superior conductance.
Additionally, the interfacial issues between the molecules and the electrodes,
including interaction types, contact geometries, and energy level alignments,
have a significant impact on the conductance of molecular junctions. Therefore,
beyond the development of synthesizing wire-type molecules, the exploration of
efficient methods to accurately tailor the interfacial properties is of the same sig-
nificance. In fact, controllability on the electrode–molecule interface is not just
needed in the molecular wires but also necessary for realizing other functional-
ities in molecular electronics. Due to the maturity of the molecular conductance
measurements, in the following Section 9.2, we summarize the primary contri-
butions and new concepts of integrating molecular functionalities into electrical
circuits toward practical applications using the holistic consideration of device
fabrication and measurements, including the testbed architectures, molecule
number and defect density, and nature of the molecule–electrode interface.
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9.2 Rectification Toward Diodes

The diode or rectifier, which facilitates the current flow in one (forward) bias
direction and suppresses under the opposite (reverse) direction, is an impor-
tant two-terminal electronic component. Conventionally, rectifiers can be inte-
grated as p–n junctions by two types of materials with different electronic states
using crystal doping, one of the most mature semiconductor techniques in the
silicon industry [156]. Briefly, a crystal of group IV, such as Ge or Si, can be
doped with dilute concentrations of interstitial or substitutional electron-rich
elements (group V, such as N, P, and As) to achieve an “n-doped” material whereas
a “p-doped” crystal can be formed by doping with group III elements (such as Al,
Ga, and In). Benefitting from the development of the semiconductor industry,
diodes, similar to any other digital and computational electronic components,
evolve extremely but experience the same problems in the size miniaturization
and performance enhancement processes. The idea of using single molecules
to fabricate a new generation of rectifiers was proposed theoretically by Avi-
ram and Ratner [157] and received significant attention since the 1970s. In this
initial prototype, an organic molecule containing an electron-donating moiety
(donor) and an electron-withdrawing moiety (acceptor) bridged by the σ linkage
that serves as an insulating barrier for electrically separating the two segments
was proposed. After bridging a pair of electrodes to construct a D–σ–A junction,
it would be ideal to energetically use a simple acceptor-to-donor electron trans-
fer for the current rectification. Similar to the conventional rectifying systems,
“D” corresponds to “n” and “A” corresponds to “p,” as indicated in Figure 9.16
[158]. Single-molecule diodes are of crucial importance because, for example,
they enable the electrical addressing of an individual molecular node in an ulti-
mately scaled crossbar-type architecture, where the node consists of an ensem-
ble or of a single functional molecule with both current-rectifying and switch-
ing/storing moieties [159].

The past 40 years have witnessed a tremendous improvement in molecular elec-
tronics in both experimental and theoretical aspects, which includes progress in

LUMO

HOMO

LUMO

HOMO
Donor

Acceptor
A

Figure 9.16 Schematic description of rectifiers based on single molecules and corresponding
simplified potential profile for rectifying mechanisms. Source: Reprinted with permission from
Tsutsui and Taniguchi [158]. Copyright 2012, MDPI Switzerland.
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the development of molecular rectifiers. In fact, in addition to the Aviram–Ratner
(AR) model, several other models have been proposed [159] that not only enrich
the explanation for molecular rectification but also incite several ideas for the
design and preparation of novel molecular diodes. In this section, we review the
studies on different types of diodes using a single molecule as a core component
starting with three fundamental mechanisms responsible for molecular rectifi-
cation behaviors. It should be noted that the major realization of the current
single-molecule rectification still depends on monolayer-based techniques that
are beyond the scope of this review. However, to present a thorough development
of the molecular rectifiers, we provide a succinct but systematic introduction to
these contributions. For additional detail, interested readers are recommended
to reference other studies [156, 160–162].

9.2.1 General Mechanisms for Molecular Rectification

As mentioned earlier, the D region (electron-rich) of the molecular rectifiers
resembles the n-doped region of the inorganic counterparts, and the A region
(electron-poor) resembles the p region. However, the underlying mechanisms
related to rectification for the two types of diodes are reversed. For example, in
the case of the D–σ–A molecular rectifiers, the preferred direction of electron
flow under a forward bias is from the metal electrode to A to D to the other
metal electrode, whereas in a p–n junction rectifier, the preferred direction is
from n to p. Furthermore, due to the complexity arising from the significant
influence of the electrode–molecule interface on the charge transport, the
explanation used for understanding the conventional p–n junction diodes is
insufficient for the molecular diodes. Based on the theological development
as well as the experimental discovery, three mechanisms, i.e. the AR model,
Kornilovitch–Bratkovsky–Williams [163] (KBW) model, and Datta–Paulsson
[164] (DP) model, were proposed to explain the rectification behaviors based on
single molecules [159], which are described schematically in Figure 9.17.

9.2.1.1 Aviram–Ratner Model
In the millstone-like study contributed by Aviram and Ratner, the molecule
with an electron-poor moiety of tetracyanoquinodimethane (TCNQ) and
an electron-rich moiety of tetrathiofulvalene (TTF) linked by a covalent
triple-methylene bond was assumed to be attached to a pair of electrodes
(Figure 9.18a), thus creating a molecular diode in which the molecule func-
tionalizes as a core component for electrical current rectification. Afterwards,
the specific molecule was generalized as a D–σ–A model consisting of a
donor region, insulator region, and acceptor region. In fact, the corresponding
mechanism underlying this proposal was the earliest approach that acquired
wide agreement. In the AR model, the two electrodes are connected through
three tunneling barriers, linking one electrode to the acceptor unit, the acceptor
unit to the donor unit, and the donor unit to the other electrode. At a zero
applied voltage bias, the HOMO of the donor is slightly below the electrode’s
Fermi energy and the LUMO of the acceptor is slightly above, whereas upon
application of a voltage bias across the junction, the LUMO (or the HOMO)
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Figure 9.17 Comparison of three models for molecular diodes (𝛤 i represents the rates of
tunneling steps). (a) Aviram–Ratner proposal with molecule levels shifting through the applied
electric field. The subtle energy-level alignment for the donor and acceptor moieties, in
combination with the large electrical spacer separating the two moieties, eventually leads to a
difference in the current onset. (b) Simplified model, as proposed by Kornilovitch, Bratkovsky,
and Williams (KBW), with one level. The level is shifted with respect to the applied electric
field. (c) Considering the charging of the energy levels (proposed by Datta and Paulsson) can
lead to diode behavior, even without level shifting by an electric field. Source: Reprinted with
permission from Lortscher et al. [159]. Copyright 2012, American Chemical Society.

can be aligned to the Fermi energy of the leads or separated depending on the
bias direction. Thus, the rectification behavior that was expected to occur due
to the different thresholds at the positive and negative bias voltages and shifts of
the energy levels of the molecular orbitals according to their energetic positions
in the gap was dominated by the electric field between the electrodes, which is
depicted schematically in Figure 9.17a. The two separate energy levels, 𝜀1 and
𝜀2 (with respect to the Fermi energy of the electrodes, EF), which belong to the
donor and acceptor, respectively, respond differently to the electric field between
the electrodes upon application of a bias voltage, thus leading to the energy-level
alignment or misalignment responsible for the asymmetric charge transport.
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Figure 9.18 Molecular structures proposed for current rectification. (a) Initial model D–σ–A
proposed by Aviram and Ratner. (b) D–π–A molecules used for rectification based on the
Langmuir–Blodgett monolayer. (c) Conjugated diblock oligomers used for rectification
through the formation of the SAMs. (d) p–n Junction types of molecules used for rectification
through the directed formation of SAMs with a specific orientation. Source: Reprinted with
permission from Metzger [160]. Copyright 2003, American Chemical Society.

In summary, the rectification of an AR diode could be viewed as a different onset
of resonant tunneling for the two bias directions [159].

9.2.1.2 Kornilovitch–Bratkovsky–Williams Model
Later, Kornilovitch et al. generalized the AR mechanism to a simpler system
(referred to as the KBW model) with only one molecular orbital, in which
asymmetric tunneling barriers led to the current rectification (Figure 9.17b)
[163]. Specifically, in this approach, the position of the orbital is not located
symmetrically between the electrodes but is closer to one of them due to the
terminated tails with different lengths. Because most of the applied voltage
drops on the longer insulating barrier, the conditions required for resonant
tunneling through the level are achieved at different voltages for the two opposite
polarities. In fact, the molecular orbital can be aligned or separated with the
Fermi energy of the electrodes depending on the bias direction, which will result
in the rectification behavior. In a similar study, Mahmoud and Lugli noted that
the rectification of a molecular device could be controlled by inserting a resistive
molecular path near the metallic electrodes, thus enforcing the potential drop
profile along the molecule through calculations [165]. More importantly, the
KBW model led to enhancing the development of molecular diodes with ease
because molecules with different-length tails providing tunneling barriers were
more accessible than complex structures needed in the AR model. Furthermore,
by changing the lengths of these insulating tails, the rectification ratio can be
systematically changed.
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9.2.1.3 Datta–Paulsson Model
For spatially symmetric molecules, the current rectification could be also
achieved through unequal coupling with the electrodes at the two ends, which
was reported by Datta and colleagues based on experimental and theoreti-
cal studies [164]. In the charge transport measurements of these molecules
(Figure 9.17c), the I–V curves were initially symmetric but picked up a weak
and reversible asymmetry as the contacts were manipulated. Specifically, for
resonant conduction, this asymmetry is indicated by conductance peaks of
different heights occurring at symmetrically disposed voltage values. Clearly, the
conduction in these molecules at opposite voltages occurs essentially through
the same molecular levels with similar wave functions, which is different from
the two previous models mentioned earlier. The authors verified that the origin
of the observed contact-induced asymmetry was non-trivial and involved
self-consistent shifts in the energy levels due to the charging effects that typically
exist in single-molecular devices with tunneling barriers to the electrodes. The
asymmetric charging energies will lead to different tunneling rates between the
orbital and the two electrodes, which imply that the average population of the
orbital with electrons depends on the bias direction in the resonant tunneling
condition, thus realizing the rectification. Although this mechanism cannot be
easily separated from the asymmetric coupling to the electric field described
previously, it can be considered as a distinct mechanism of the rectification. In
principle, molecules can be designed that allow for better coupling to either of
the electrodes while maintaining the position of the resonant orbital in the center.

It should be noted that for experimental verification, it is difficult to distin-
guish between the three previously discussed mechanisms for several reasons.
(i) A pure AR diode is difficult to chemically synthesize, and a complete
decoupling of the donor and acceptor orbitals is not always guaranteed [166].
(ii) Experimental transport measurements suffer from uncontrolled coupling
between the electrodes and the terminated groups of molecules for various
interfacial interactions and random contact geometries previously detailed [167].
Recently, Zhang et al. [168] conducted a study to identify whether molecular
rectification is caused by asymmetric electrode couplings or a molecular bias
drop. The result is that the bias drop is responsible for rectification, whereas the
asymmetric couplings do not directly lead to rectification indicates a discrepancy
with other results, which demonstrates the complexity of differentiating specific
mechanisms. In fact, in most of the studies experimentally pursuing molecular
diode prototypes, the phenomenon of rectification is always a combined effect
of different mechanisms. Molecular rectifiers based on pure operating principles
are relatively rare [161].

9.2.2 Rectification Stemming from Molecules

9.2.2.1 D–𝛔–A and D–𝛑–A System
Encouraged by the visionary AR proposal, several groups pursued building
diodes with single molecules. Due to the limitations of current organic synthesis
methodologies and the capability of tuning inter-/intramolecular energy-level
alignment with controllability, a standard diode using single molecules with
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D–σ–A architecture has not been reported. However, in certain efforts based
on multi-/monolayer LB films or block copolymers [169], the D–σ–A model
was demonstrated to be successful and thoroughly confirmed [170–175].
Furthermore, considerable attention has been given to molecules with D–π–A
structures because of their synthetic feasibility to rectify the electrical current at
the molecule-film level [173, 176, 177]. For the rectifying process using this type
of molecule, there are a few ambiguous issues related to the rectification mecha-
nism. For example, it should be considered whether the ground state is exactly
D+1.0–π–A−1.0 and the excited-state D0.0–π–A0.0 or whether their corresponding
intermediate ionicities are D+𝜌–π–A−𝜌 (𝜌≥ 0.8 for the ground state and 𝜌≤ 0.2
for the excited state) [178]. However, the D–π–A model, which is the derivative
of the D–σ–A model, promotes the development of the molecular rectifiers and
increases the access for realizing actual single-molecule diodes.

Several exceptional studies based on the SAM system have been reported
to realize single-molecule rectifiers. In 1997, Metzger et al. demonstrated a
unimolecular rectification behavior with a rectification ratio (defined as the
ratio of the highest conductance at the forward bias and that at the reverse
bias) of up to ∼13 using an LB monolayer of zwitterionic hexadecylquinolinium
tricyanoquinodimethanide (C16H33Q–3CNQ) molecules sandwiched between
two Au electrodes (Figure 9.18b) [160, 161]. By probing the SAMs with the STM
techniques [179, 180], Ng et al. and Jiang et al. achieved molecular rectifiers
based on diblock molecules at the single-molecule level with a rectification of ∼7
(Figure 9.18c). It is evident that the orientation of molecules in the junction will
have a significant impact on the direction of rectifying regardless of being in the
SAM system or in the single-molecule system, which has been well described
elsewhere [181]. Therefore, the controllability of the molecular orientation is
of tremendous significance, which has been fundamentally acquired through a
rational utilization of chemical reactions. The molecules terminated with a thiol
at each end, both of which are protected with different groups, could be localized
in a direct manner by removing the protection groups sequentially, which has
been used successfully in both the SAM [180, 182] and single-molecule [183]
systems (Figure 9.18d).

9.2.2.2 D–A Diblock Molecular System
The lack of synthetic methods and controllability for the energy-level alignment
in the D–σ–A structures and the inferior performance of the rectifiers based
on D–π–A molecules drive the focus back to the semiconductor counterparts
for a breakthrough in single-molecule diodes. In this context, p–n junction
molecules (known as diblock molecules) containing donor and acceptor
moieties, which connect to each other through direct C—C covalent bonds
rather than a σ- or π-bridge, were prepared by taking advantage of the mature
polysynthetic method. Specifically, in 2002, Ng and Yu [169] first synthe-
sized a regioregular, head-to-tail coupled diblock co-oligomer comprising an
electron-rich oligo(3-alkylthiophene) as the donor block and an electron-poor
oligo(4-alkylthiazole) as the acceptor block and demonstrated its rectification
effect using the STM technique. The synthetic approach was generally used for
coupling heterocycles and thus promised sizeable access for the introduction
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Figure 9.19 I–V characteristics of rectifiers based on single-diblock molecules. (a) Rectification
of phenyl–ethynyl–phenyl molecules immobilized between two Au electrodes in an MCBJ
setup. The arrows point to step-like features of the I–V curves. Source: (a) Reprinted with
permission from Elbing et al. [184]. Copyright 2005, American National Academy of Sciences.
(b) Rectification of the dipyrimidinyldiphenyl molecules integrated in an STM setup at
T = 30 K. Source: (b) Reprinted with permission from Díez-Pérez et al. [183]. Copyright 2009,
Springer Nature.

of other p–n junction diblock molecules, which has been recognized as the
primary impetus for the progress in this field.

For example, in 2005, Elbing et al. [184] designed and synthesized a series of
D–A diblock molecules and integrated them into electrical nanocircuits using
the MCBJ technique to study their rectification behaviors (Figure 9.19a). These
molecules consisted of two phenyl–ethynyl–phenyl π-systems, which were fused
by a biphenylic C—C bond. To achieve electronic asymmetry, the parent unit
of one segment was functionalized with four electron-deficient fluorine atoms,
while that of the other was kept pristine at hydrogen-substituted. Furthermore,
the steric repulsion of two methyl groups in an ortho position to the biphenylic
C–C link induces a torsion angle between the segments, reducing the overlap of
their π-orbitals and hence their electronic coupling. Combined with rigorous and
systematic control experiments, the single-molecule rectification was confirmed
with a current ratio of 1 : 4.5± 1.5 V, which is explained qualitatively in the follow-
ing text. The structurally asymmetric molecule could be viewed as two quantum
dots coupled in series, termed F-dot (fluorized) and H-dot (not fluorized), for
which the electronic orbitals were localized to avoid overlapping. When sweep-
ing the bias voltage, the electronic levels of both dots are shifted with respect to
one another, and at certain voltages, the two levels will cross. When an unoc-
cupied level passes an occupied one, an additional transport channel opens for
inelastic transmission from the H-dot into the F-dot. For each additional trans-
port channel, the current grows by a certain amount, implying a stepwise increase
in the I–V curves (or peaks in the differential conductance (dI/dV )).

In 2009, Tao and colleagues [183] used STM-BJs to probe a structurally similar
but parent-unit-distinct molecule with specific bound orientation using selective
deprotection strategy for its diode-like property. These non-symmetric diblock
dipyrimidinyldiphenyl molecules exhibited a pronounced rectification behavior
(rectifying ratio of 5) compared with its homologous symmetric block, with
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current flowing from the dipyrimidinyl to the diphenyl moieties (Figure 9.19b).
In a further study, the same group utilized the same system as well as the same
molecules along with an IETS analysis to explore the mechanism responsible
for the rectification behavior at cryogenic temperatures [185]. The results
of the rectification onset beginning near the zero bias and clear asymmetric
currents at biases below 200 mV demonstrated that the transport mechanism
was dominated by tunneling. More importantly, this study demonstrated that
the bias-dependent asymmetry in the electronic coupling was important for
both the elastic and inelastic processes in the diblock diode molecule. This
result was deduced from the fact that the IETS, with similar phonon energies
and intensities, were anti-symmetric in the forward and reverse bias directions,
despite the asymmetry in the I–V and G–V characteristics at low biases. For
further exploration of the mechanism for rectification based on the diblock
dipyrimidinyldiphenyl molecule, Lörtscher et al. [159] used the MCBJ technique
to study its charge transport in the low-bias regime and as a function of bias at
different temperatures, where the I–V characteristics could be semi-empirically
explained by the combination of the KBW and DP models, which indicates that
the rectification originates from an asymmetric Coulomb blockade (charging
effect) in combination with an electric-field-induced level shift.

It should be noted that the electronic decoupling between the donor unit and
the acceptor unit is necessary for the rectification in these types of D–A diblock
molecules, which could be achieved by controlling the torsion of one segment
of the molecule relative to another. In fact, in one recent study established
by Cui et al. [186], further insight was obtained into the correlation between
the rectification effect (the ratio) and the degree of molecular twist based
on the DFT combined with the non-equilibrium Green’s function (NEGF)
method (Figure 9.20a). The authors claimed that the rectification could be
enhanced by the geometrical torsion-induced reduction in the conjugation
length of the organic molecules. Furthermore, this significance of reducing
the overlap between the orbitals of part D and part A was stressed exper-
imentally by Luo et al. [188], who developed a series of long D–A diblock
molecular wires with lengths ranging from 3 to 10 nm and studied their
charge transport using the CP-AFM technique in the hopping regime. It
was determined that when an insulating cyclohexane bridge was inserted
between the 4,4′(5′)-diformyltetrathiafulvalene electron donors (D) and the
N ,N ′-di(4-anilino)-1,2,4,5-benzenebis(dicarboximide) electron acceptors (A), an
electrical rectification was achieved with ratios as high as 30± 1.0 V, whereas the
absence of an insulating bridge led to current flow without rectification due to a
large degree of conjugation in the D and A regions. When considering the initial
D–σ–A model, both the intramolecular twist and the insulating barrier insertion
have the function of reducing the electronic coupling between the donor part
and the acceptor part, which is essential for the design of molecular diodes.

In addition to considering various methods to decouple the electronic overlap
between the two distinct parts of the D–A molecules, the proportion effect
on the rectification in diblock co-oligomer diodes also played an important
role, which was recently proven by Hu et al. using theoretical calculations
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(Figure 9.20b) [187]. For rectifiers based on pyrimidinyl–phenyl diblock
co-oligomers, it was determined that the 1 : 1 proportion of the two moieties
favored a large rectification ratio for a short co-oligomer diode. However, for
a long co-oligomer diode, the optimal proportion for the largest rectification
ratio was not 1 : 1; however, an interesting proportion-dependent variation of
the rectifying direction was observed. Furthermore, the perturbation from the
external environment could impose an interference on the rectification behavior,
as noted by Zhang et al. in the study where the protonation effects on the
electron transport were investigated using a conjugated dipyrimidinyl–diphenyl
diblock oligomer diode [189]. Their calculation indicated that the protonation in
the outer pyrimidinyl was favorable for enhancing the rectification ratio, whereas
the protonation in the inner pyrimidinyl played a dominative role in inverting
the rectifying direction, which is the first time the experimental findings of the
diblock molecular diodes have been clearly explained in the case of protonation
in 2005 [182].

9.2.3 Rectification Stemming from Different Interfacial Coupling

The presence of the donor and the acceptor groups introduces non-symmetry
into the molecular junctions. Generally, one may expect rectification to occur
from non-symmetric molecular junctions that do not necessarily contain a pair
of donor and acceptor groups or symmetric systems but have an unequal physical
process in the forward and reverse bias. In fact, different couplings between the
electrodes and the molecules on the two ends could lead to rectification, which
has been predicted by the DP model. This prediction becomes common in nearly
all of the single-molecule systems based on the published data. Although this rec-
tification is not sufficient to achieve a larger diode effect if the bias voltage drop at
the molecule–electrode interfaces cannot be controlled with subtlety, it still leads
to new ideas for the design and implementation of molecular diodes. In Section
9.1.2, we discussed the factors that influence the interfacial coupling, which coin-
cidentally frames the outline of this section. In fact, a pair of different electrodes
with distinct work functions, molecules with asymmetric terminated moieties,
or both, which could lead to unequal interfacial coupling, were used to construct
molecular diodes, among which several studies, were based on monolayers or
films instead of single-molecule junctions.

9.2.3.1 Different Electrodes
In the early 1990s, Ashwell et al. [170, 190–192] developed suitable techniques
for sandwiching LB multilayers or monolayers between two electrodes of
different work functions to study molecular rectification. Generally, metals with
different work functions provide different charge injection barriers, which may
result in molecular rectification. For example, for HOMO-dominated molecules,
i.e. molecules whose HOMO is closer to the Fermi level than that of the LUMO,
metals with a high work function provide a lower charge (hole) injection
barrier compared with metals with a low work function. Although molecules of
interest in these asymmetric systems contain both donor and acceptor parts,
the presence of a high-work function noble metal (Ag or Pt) on one side and
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a low-work function metal (Mg) on the other side lays the foundation for the
molecular diodes. In these studies, metal electrodes, especially noble ones, such
as Au, Pt, or Ag, possess an approximately constant density of electronic states
within a narrow energy window relevant to the charge transport, which results
in molecular junctions with relatively smooth and featureless transmission
probabilities near the Fermi energy, thus limiting their applications including
rectification. Fortunately, based on the developments in material science as well
as nanofabrication technology, various types of electrodes are being introduced
into molecular electronics. Vuillaume and colleagues demonstrated a molecular
rectifying junction constructed from a sequential self-assembly on silicon using
Al on the other side of the electrode, which widened the selection of electrodes
for molecular rectification [193]. Recently, Kim et al. introduced a hybrid device
structure with a molecule trapped across a gold/graphite gap in the STM-BJ
system (Figure 3.11) [194]. Based on this system, the charge transport charac-
teristics of oligophenylamines were investigated, where the authors discovered a
relatively high rectification ratio despite the inherent symmetry in the molecules,
which could be due to the asymmetry in the voltage drop across the junction
caused by the different interfacial coupling.

9.2.3.2 Anchoring Groups
As discussed previously, molecules with different anchoring groups or different
tail lengths can result in asymmetric interfacial coupling, thus suggesting
the considerable potential for achieving molecular rectification. Moreover,
single-molecule systems with movable electrodes, such as STM, CP-AFM,
and MCBJ, make it possible to tune the molecule–electrode distance with an
atomic resolution, therefore modulating the interfacial coupling strength. In this
context, in 2004, Kushmerick et al. [195] experimentally demonstrated the ability
to achieve and tune the current rectification in metal–molecule–metal junctions
through the control of the interaction strength of one metal–molecule contact by
changing the anchoring groups. In 2014, this effect was further confirmed both
experimentally and theoretically by Wang et al. [196]. A molecule terminated
by the thiol group and the amine group was attached at two ends between the
Au surface and an STM tip. Similarly, Batra et al. [197] designed a molecular
rectifier based on a symmetric, conjugated molecular backbone with a single
methylsulfide group linking one end to a gold electrode and the other end to a
covalent gold–carbon bond (Figure 9.21). The non-equilibrium transport calcu-
lations indicated that a hybrid gold-molecule “gateway” state was pinned close to
the Fermi level of one electrode due to the formation of the gold–carbon bond,
which could shift drastically with an applied bias, thus resulting in rectification
at surprisingly low voltages. This study constituted the experimental demonstra-
tion of a predictably and efficiently tunable system of single-molecule rectifiers
through a rational design of the anchoring groups. Recently, a theoretical study
noted that the rectifying behavior of the dipyrimidinyl–diphenyl co-oligomer
diode could even be reversed or largely enhanced by adjusting the asymmetric
anchoring groups [189]. These studies set the foundation for a new generation
of molecular rectifiers with high rectifying ratios and high tunability through
interface engineering [198].
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the three molecular rectifiers used. (c) Corresponding I–V curves for the three molecules. Inset:
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9.2.3.3 Contact Geometry
As previously discussed in this report, the contact geometry in the electrode–
molecule interface has a significant influence on the charge transport properties
of the molecular junctions. Clearly, this effect is also embodied in the molecular
rectification. In the task of building a diblock co-oligomer rectifier by adjusting
the anchoring groups [189], the authors determined that the asymmetric con-
tact geometries playing a positive or negative role in improving the rectifying
behavior is closely related to each molecular diode. In fact, one recent theoretical
study precisely and systematically calculated the effects of different interfacial
contact geometries, especially the absorption sites of an S atom in the head-
groups of molecules on the surface of Au electrodes, on the rectifying behaviors
of the molecular diodes [167]. These studies provide direct evidence highlighting
the significance of the contact-geometry asymmetry to the rectification behavior,
which serves as an aid to interpret future single-molecule electronic behavior.

9.2.3.4 Interfacial Distance
Additionally, the coupling strength could be tuned by the length of the insulating
terminated tails used to connect to the electrodes. As noted by Kornilovitch,
Bratkovsky, and Williams in their KBW model [163], different tails on each
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side indicate different tunneling barriers, consequently leading to molecular
rectification. For example, a single electroactive unit positioned asymmetrically
with respect to the electrodes, and the corresponding HOMO and LUMO
being distributed asymmetrically with respect to the Fermi level, could rectify
electrical current. It should be noted that the construction of this model was
an interesting accident, where the long insulating tail of C16H33 added to the
molecule core not only leads to asymmetry but also helps form suitable LB films
[199]. Afterwards, additional studies, combined with other considerations for
designing molecular diodes, were conducted based on this general mechanism.
Recently, Liu et al. [200] studied the rectification of current through a single
molecule with an intrinsic spatial asymmetry. In this study, a rectifier with a large
voltage range, high current, and low threshold was predicted by taking advantage
of the relatively localized and high-energy d states of the cobaltocene moiety in
the molecule. Combined with the calculations based on a self-consistent NEGF,
the plausibility of forming excellent molecular diodes using metallocenes was
demonstrated, resulting in a productive class of molecules.

In addition to terminated tails with unequal lengths, the spatially asymmetric
molecule–electrode distance could also result in different interfacial coupling.
In 2002, Taylor et al. [201] calculated the change in the current–voltage charac-
teristics by securing one of the molecule–electrode interfaces while increasing
the distance of the other, thus weakening the molecule-tip coupling. They stated
that the operation range and rectification in the strongly chemisorbed molecules
was limited by the width of the transmission resonances and their proximity to
the Fermi level, both of which were strongly related to the interfacial coupling
strength. Recently, using the theoretical calculation, the effects of the interfa-
cial stretch or contraction on the rectification in diblock co-oligomer molecular
diodes were investigated by Zhang et al. [202], who determined that different
mechanical treatments could inverse the rectification direction. Additionally, two
competitive mechanisms, deduced from the asymmetric molecular level shift and
the asymmetric evolution of orbital wave functions under biases, were proposed
to be responsible for the rectification inversion due to their different sensitivities
to the electrode–molecule distance. Furthermore, these results clarified that the
rectification performance in the molecular diodes could be manipulated using
the mechanically controllable method.

9.2.4 Other Molecular Rectifiers

The improvements in the theory of electrical conduction through molecules
allowed for a relatively good understanding of the rectification molecular
rectifiers observed in the aforementioned cases. The principle of molecular
rectifiers can be summarized briefly as being that the electronic resonance
between the Fermi level, and the molecular energy level related to the charge
transport occurs at different voltages in the forward and reverse bias directions,
and that the barriers inhibiting the electron conduction are asymmetric at
the two electrode–molecule interfaces. As further insight is obtained into
the essence of rectification based on experimental and theoretical progress,
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additional molecular rectifiers depending on novel operation principles are
being proposed, as reviewed briefly in this section.

Although the development of the molecular diodes based on rigid-structure
molecules flourishes, investigations focusing on molecules with flexible nuclear
degrees of freedom, i.e. conformational changes, used to achieve current
rectification increase. Ratner and colleague [203, 204] studied unimolecular
rectification based on voltage-controlled intramolecular stereochemical mod-
ification (Figure 9.22a). Briefly, it was predicted that different conformations
induced by an external electrical field could dominate the charge transport and
result in rectification because of the inherently unequal capability to conduct
electrons, which, to the best of our knowledge, has not been demonstrated exper-
imentally. To achieve a transition between configurations driven by the external
field, a strong dipole, potentially provided by one or more C—F or C—CN bonds,
is necessary, and the simplest model is the system with a single flexible degree
of freedom, in which the asymmetry of the junction can be preserved through a
chemical bond between the molecule and at least one electrode.
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Figure 9.22 Other types of molecular rectifiers. (a) Top: schematic representation of current
rectification based on molecular conformational change; bottom: corresponding conductance
as a function of a dihedral angle. Source: (a) Reprinted with permission from Troisi and Ratner
[203, 204]. Copyright 2002, American Chemical Society. (b) Top: TDO molecular structure used
and schematic of molecular junctions created using asymmetric area electrodes through
environmental control; bottom: average I–V curves for TDOs (with n = 3–5). Inset: Rectification
ratio (Ion/Ioff) versus magnitude of applied voltages, which depict ratios of ∼200 at 0.37 V for
TDO5. Source: (b) Reprinted with permission from Capozzi et al. [205]. Copyright 2015,
Springer Nature.
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A gate-controlled single-molecule diode was proposed theoretically by Zhang
in 2004, where a clear modulation by the gate was obtained. Furthermore,
when the positive voltage was high enough, the rectification could be reversed
[206]. This prediction is valuable for designing and building future molecular
logic devices and integrated circuits. Recently, Capozzi et al. provided another
remarkable study on single-molecule diodes, where an approach was demon-
strated to induce current rectification through environmental control [205, 207].
The symmetry of a symmetric single-molecule junction with two electrodes of
the same metal was broken by exposing considerably different electrode areas
to an ionic solution (Figure 9.22b). This technique allowed them to control
the junction’s electrostatic environment in an asymmetric manner by simply
changing the bias polarity. Using this approach, they achieved rectification ratios
in excess of 200 at voltages as low as 370 mV based on a symmetric oligomer of
thiophene-1,1-dioxide (TDO). This result is reproducible because they observed
a similar rectification using other molecules/solvent systems. This method of
environmental control provides a general route for tuning nonlinear nanoscale
device phenomena that is beyond single-molecule junctions.

In summary, because they are the origin of molecular electronics, molecu-
lar rectifiers have received academic and commercial attention for more than
40 years. Benefitting from both the theoretical and experimental efforts engaged
in this field, this digital component critical for logic devices has evolved from an
initial D–σ–A model to a derived D–π–A model to a simplified D–A model, in
which the precise energy level alignment as well as the subtle electronic coupling
between the donor region and the acceptor region in the molecule are significant
for the rectification behavior. By enhancing the feasibility and the ease of con-
struction of the single-molecule system, current–voltage curves with diode-like
characteristics are common, even for molecules without donor or acceptor units,
which could be ascribed to asymmetric interfacial coupling, as discussed ear-
lier. Driven by this phenomenon, various methodologies have been injected into
the design of single-molecule rectifiers. Furthermore, due to a thorough under-
standing of the charge transport through single molecules, additional models are
being proposed for current rectification with novel operating principles. Clearly,
a long process remains to realize commercially feasible rectifiers related to sin-
gle molecules; however, a positive scenario can be imagined for the continuous
attention and effort.

9.3 Negative Differential Conductance Toward
Oscillators

9.3.1 Mechanisms for Negative Differential Conductance

NDC is a common phenomenon in electronic semiconductor devices, which
featured by decreasing the current with the increase of voltage. It also can be dis-
covered in molecular devices, including SAMs and single molecules [208, 209].
There are many reasons for the negative differential resistance (NDR) effect, such
as, the interaction between two localized narrow energy states or the chemical
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changes involved in the molecular reaction process [210, 211], the characteristics
of the electrode or contact interface [208, 212], the potential barrier related
to the bias voltage [209], or the changes in the internal characteristics of the
molecules (such as the molecular spin or the blocking of the phonons [213], and
the switching of the molecular conformation [214]). In general, the NDR effect
is very weak, and a larger NDR effect can be observed in the molecular layer
[215]. The peak-to-valley ratio in this molecular layer junction can be more than
2, which is mainly caused by chemical reaction or redox reaction within the
molecular layer [210, 211], or defects at the interface of the electrode [216].

Reed’s group developed a large ON–OFF ratios and NDR in OPE molecular
junction containing a nitroamine redox center with MCBJ technique at the sin-
gle molecule level [210]. They measured the current–voltage of the junction and
observed the NDR effect, which showed a high ON–OFF peak-to-valley ratio
excess 1000 : 1. They proposed that a possible mechanism for the NDR effect was
a two-step reduction process, which modifies charge transport through molecule,
which can be illustrated by Figure 9.23. Chen et al. introduced a new method
to generate NDR with nonatomic sharp or even flat STM tip [217]. With this
method, NDR always appears in a well-defined bias in which the spatial local-
ization orbital components in the wide band of the tip match the symmetry of
the molecular orbital. They proposed a new mechanism to explain NDR effect,
which is derived from the local orbital symmetry matching between electrodes
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Figure 9.23 Potential mechanical for the NDR effect. As voltage is applied, the molecules in
the SAM (a) undergo a one-electron reduction to form the radical anion (b) that provides a
conductive state. Further increase of the voltage causes another one-electron reduction to
form the dianion insulating state (c). Q is the charge. Source: Reproduced with permission
from Chen et al. [210]. Copyright 1999, AAAS.
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and molecules in single-molecule electronic devices. NDR appears not only in
single molecules but also in molecular films. He and Lindsay studied the reac-
tions between ferrocene based charged species and ambient oxygen at high bias,
and studied the underlying mechanism of NDR [211]. They speculated that the
NDR effect was caused by the chemical changes in the ferrocene based materials,
and it’s irreversible. Xiao et al. also considered that the NDR effect was origi-
nating from the irreversible reduction process, i.e. the current decreases with
the increase of bias voltage, which is because the irreversible chemical reaction
removes the molecules from the current carrying path [218].

Besides the common metal–molecule–metal system, silicon–molecular sys-
tem also produces the NDR effect by making use of the intrinsic surface states of
the silicon surface and the molecular orbital of cobalt(II) phthalocyanine (CoPc)
molecules, which has been demonstrated by Wang et al. [219] By combining
the experimental results with the first principle calculation, they concluded that
the NDR effect in the silicon molecular system originated from the resonance
between the intrinsic surface state band S1 of the R3Ag/Si surface and the local
unoccupied Co2+ dZ2 orbital of the adsorbed CoPc molecules.

9.3.2 Measurement of NDC

The NDC is usually presented in a certain range of bias voltages of a partic-
ular system, and there is an experimentally challenge to control the area of
NDC in the current–voltage (I–V ) curve. van der Zant’s group measured the
current–voltage characteristics of a single thiolated arylethynylene molecule
with a 2,6-bis(((4-acetylthio)phenyl) ethynyl)-9,10-dihydroantracene (AH) in
break junctions with MCBJ and observed obviously large NDC [220]. Figure 9.24a
showed a typical I–V curve at low bias, a sharply first decrease and then increase
appeared around ±60 mV, which is a pronounced NDC feature. When the higher
bias was applied, a similar I–V characteristic also appeared in Figure 9.24b. In
investigating the electrode spacing’s influence on NDC effect, they measured
the I–V curves at different various electrode distance by mechanically control
with MCBJ device, the different NDC was displayed in Figure 9.24c,d. It is clear
that the NDC characteristics were most obvious when the electrode separation
was short (d0), and the NDC characteristics were still visible when the electrode
spacing increased; see Figure 9.24c,d. With the increase of electrode spacing,
the peak-to-valley ratio increased from 3 to 7.1, while the peak position shifted
slightly outward. Besides, they spent approximately nine hours to measure the
relationship between NDC feature and electrode separation, and confirmed that
the NDC effect was very stable.

Except controlling the NDC characteristics with mechanically control the elec-
trode separation, the magnetic field also can control the NDC feature. He’s group
has successfully switched ON and OFF the NDC, and adjusted the regions of
the NDC in the I–V curves, which are all achieved with the controlling of mag-
netic field in graphene npn junction resonators [221]. They added a large vertical
magnetic field and observed quite sharp and obvious Landau level (LL) peaks
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under the electron confinement of graphene npn junction resonators. The tip of
STM induces the local potential in graphene below the needle tip, which leads to
the relative displacement of LLs. In the scanning tunneling spectroscopy (STS)
spectrum, the tunneling between the misaligned LLs leads to the strong NDC.
Figure 9.25a shows the evolution of the series of NDC as a function of magnetic
field, and it can be seen from the recorded spectrum that the spectra at differ-
ent locations can be reproduced, and the magnetic field can control the NDC.
Figure 9.25b shows the ratio h/d of different LLs in different magnetic fields for
revealing the relationship between LLs and NDC. Here h is the height of the LLs
and d is the full width at half maximum of the LLs in the STS spectra. The NDC
only appeared when the LLs have large ratio h/d values above the dash line in
Figure 9.25b, which means Sharp and obvious LLs in the spectrum. Thus, the
NDC can only appear in the P doped region of graphene npn junction. The mag-
netic field can control the quantization of Landau and the energy level of LLs
in graphene, so the NDC can be opened and closed by controlling the magnetic
field. To achieve more significant NDC effect, more and more experiments and
measurements needed to be designed and performed.
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Figure 9.25 The observed NDC in the p-doped region as a function of magnetic field.
(a) Experimental result of the NDC recorded in the p-doped region as a function of magnetic
field. Each panel of a fixed magnetic field contains ten typical spectra measured at different
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and the intensity of the NDC is shown in a color scale. Here only show the tunneling
conductance below zero of the STS spectra to emphasize the NDC. (b) Summarization of the
ratios h/d for different LLs measured at different magnetic fields in the p-doped region and the
n-doped region. For those LLs with value of the ratio h/d above the dashed lines, we can
observe the NDC accompanying them. This indicates that the sharp and pronounced LLs play
a vital role in the emergence of the NDC. Source: Reproduced with permission from Li et al.
[221]. Copyright 2018, American Physical Society.

9.3.3 Application of NDC

The NDC has been extensively applied in double barrier quantum well (QW)
hetero structures [222], super lattices (SLs) [223], and quantum cascade lasers
[224]. Besides, the diode [225], FETs [226], and photodetectors [227] have also
utilized the NDC effect. A symmetric molecule consisting of two conjugated arms
connected by a non-conjugated part displayed an obvious NDC effect, and the
asymmetry introduced into the symmetric molecule changed the properties of
molecule, which made them being a molecule diode [228]. NDC is a common
behavior and designates a specific device, which is the tunnel diode. van der Zant’s
group [229] proposed a design of single-molecule diodes based on intramolecu-
lar coherent resonant transport and proved that it can produce large rectification
ratios. The NDC was reported in the charge diagram of the normal metal–metal
oxide single-electron transistor prepared on quartz substrate by George et al.
[230] Combining the experiment and theory, they discovered that the charging
pattern associated with trap charging remains the same after warming the sam-
ple to room temperature though position in V g coordinates changes. Thus, they
thought that the NDC with distinct features can be used as markers to character-
ize background charge in single-electron transistors. The multiple NDC charac-
teristics in long wavelength interband cascade infrared photodetectors (ICIPS)
above 300 K have been investigated by Lei et al. [227] Except the above appli-
cations, Hitachi et al. [231] proposed a new scheme of detecting electron spin
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resonance (ESR), which was based on the NDC in a quantum dot. NDC will have
more and more applications with its unique characteristics in molecular elec-
tronics in the future.

9.4 Gating Toward Molecular Transistors

Transistors, which are typically three-terminal electrical devices that consti-
tute the heart of the electrical circuits, control the current flow between two
electrodes (source and drain electrodes) by modifying the voltage applied at
a third electrode (gate electrode). Because the microelectronics industry is
enthusiastically developing highly integrated circuits that require devices with
smaller dimensions, a logical limit to device miniaturization is transistors,
whose channels are defined by a single molecule (Figure 9.26). Therefore, the
construction and understanding of such a device has been a long-standing goal
of nanoelectronics. Thus, as detailed in Sections 9.2–9.4, discrete approaches
have been developed for creating nanometer-spaced electrodes. Among these
approaches, carbon electrode–molecule junctions and electromigration break
junctions are particularly attractive because of their intrinsic three-terminal
device architectures [232]. One important feature of the former is the improved
device stability due to the use of covalent chemistry for forming molecular
junctions, which is of considerable importance to build molecular devices with
desired functions toward practical applications. This topic has been briefly
discussed in Section 9.3 and will be provided in more detail in Section 9.7. In
this section, we focus on the primary progress of single-molecule transistors
with back-gating, side-gating, and chemical-gating configurations.

9.4.1 Back Gating for Novel Physical Phenomenon Investigation

One of the most generalized gate configurations, the back gate is commonly
found in solid-state device architectures, in which the entire nanocircuit is
supported by heavily doped Si, Al, or polymer substrates and insulated from
the gate electrodes in the bottom by an insulating layer to ensure that only

Molecular quantum dot

Source Drain

Insulator

Gate

Figure 9.26 Schematic representation of single-molecule transistors with back gating
architecture.
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molecules in the nanogaps between the source and the drain electrodes would
be electrostatically modulated. The insulating layer above could be produced
by oxidizing the substrate to achieve the corresponding oxide insulator, such
as SiO2, Al2O3, etc., or a ten-of-nanometer vacuum gap [5], for which the
thickness and dielectric constant are the two most critical parameters for
determining the scale that the gate modulation could reach without incurring
gate-drain leakage or gate breakdown. Therefore, selecting the gate and insulator
materials is important for the total level shift, and an insulator with a high
breakdown voltage, reduced thickness, and easy fabrication is required to obtain
high-performance single-molecule devices.

The electromigration technique is one of the most important techniques used
to fabricate source–drain electrodes with a functional back-gating configuration.
In fact, solid-state single-molecule transistors with back gating were reported by
two separate groups as early as 10 years ago [63, 233]. To achieve the strong effects
of the gate voltage on the molecules, both groups used electromigration-induced
break junctions to fabricate their device on silicon wafers with extremely thin
dielectrics (30 nm silicon oxide or 3 nm aluminum oxide) (Figure 9.27a). This
approach is difficult because with the gate dielectric scaling down, parasitic
currents generally caused by various mechanisms (e.g. quantum tunneling,
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electron hopping) can lead to a current between the gate and the drain, thus
overshadowing the molecular signature. Therefore, the primary challenge in
device fabrication is to design a junction geometry, in combination with the
proper material selection, which can reduce the gate leakage as much as possible
and maximize the electric field reaching the molecule. The need for such precise
control may partly explain why so few of the devices prepared by the authors
functioned properly as transistors. In their studies, they observed novel physical
phenomena based on two mechanisms: Coulomb blockade, in which the flow of
electrons is controlled by the sequential charging of a molecule; and the Kondo
effect, in which conducting electrons interact with a local spin (intrinsic angular
momentum) in a molecular junction. Interestingly, changing the length of the
insulating tether alters the coupling of the molecules to the electrodes, enabling
the fabrication of devices that exhibit either of the single-electron phenomena
mentioned previously. For example, Park et al. [63] examined two related
molecules containing a Co ion bonded to polypyridyl ligands and attached to
insulating tethers of different lengths (Figure 9.27b). It was determined that
devices formed using the longer molecules indicated a blocking of the current
due to the presence of the Co ion island (Coulomb blockade) (Figure 9.27c),
whereas devices created using the shorter molecules indicated the Kondo effect
(Figure 9.27d). This Kondo effect is indicative of the formation of a bound
state between a local spin on an island and the conduction electrons in the
electrodes that enhance the conductance at low biases. In another example of
single-electron-transistor measurements [234], Kubatkin et al. observed that the
molecular electronic levels were strongly perturbed compared with those of the
molecules in the solution, leading to a significant reduction in the gap between
the HOMO and the LUMO. This surprising observation could be caused by
image charges generated in the source and drain electrodes, thus resulting in a
strong localization of the charges on the molecule.

In addition to the two single-electron phenomena discussed previously, Ghosh
et al. [235] predicted a third phenomenon based purely on the electrostatic
modulation of the molecular-orbital energy of a single molecule. Remarkably,
this result was realized by Song et al. [236], where unprecedented insight was
provided into the underlying physics of the charge transport in their molec-
ular transistors created using the electromigration technique. In this study,
they performed an IETS measurement on a gate voltage with two prototype
molecules, a 1,8-octanedithiol (ODT) with an alkyl backbone and a 1,4-BDT
with a delocalized aromatic ring, to examine the interactions between the
tunneling electrons and the vibrational modes of the molecules. Because each
dithiol had its own vibrational “fingerprint,” this technique provided definitive
proof that the measured currents actually passed through the molecules in
single-molecule transistors (Figure 9.28a). More importantly, it was determined
that the spectra of the ODT junction remained essentially unchanged at different
values of the gate voltages, which is because the HOMO level for the ODT is
energetically considerably farther away from the Fermi level (EF). However, the
IET spectra of the BDT junction were drastically modified by the gate voltages,
thus exhibiting an enhanced spectral intensity. This observation was attributed
to the dominant transport orbital (the HOMO) being strongly coupled to the
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Figure 9.28 Gate modulation of molecular orbitals in single-molecule transistors. (a) IETS
measured at 4.2 K for different values of the effective molecular orbital gating energy (eVG,eff),
with the vibration modes assigned. The left-hand y-axis corresponds to the gray shaded
region of the spectra, and the various right-hand y-axes (with different scales) correspond to
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normalized conductance for the 𝜈(18a) mode as a function of eVG,eff. The circles depict the
experimental data, and the solid curve represents the theoretical fit. The inset is the
gate-variable IETS for the 𝜈(18a) mode. (c) Plot of V trans versus VG. The inset is the
corresponding TVS spectra. Source: Reprinted with permission from Song et al. [236].
Copyright 2009, Springer Nature.

internal vibrational modes of the BDT, resulting in a resonantly enhanced IETS
(Figure 9.28b). Additionally, the TVS technique was used to reveal the energy
offset (V trans) between the gating orbital of the molecular junction (the orbital
that modulates electron tunneling) and the Fermi levels of the source and drain
electrodes. By measuring V trans using the TVS at different applied gate voltages,
a linear relationship was determined to exist between the gate voltage and the
molecular-orbital energy in their devices, as expected for single-molecule tran-
sistors (Figure 9.28c). These findings demonstrated the direct gate modulation
of the molecular orbitals, thus enhancing the prospects for true molecularly
engineered electronic devices.

Furthermore, the three-terminal electrostatic back gate can be achieved via
an MCBJ. Champagne et al. first reported a device in which a gold wire was
lithographically patterned on top of a silicon/silicon-oxide substrate [237]. The
silicon was heavily doped, thus acting as a back-gate electrode. After etching the
oxide layer, a suspended gold wire was obtained above the substrate using a vac-
uum as an insulator. Their gated MCBJs provided the capability to simultaneously
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adjust the spacing between the electrodes and the molecule energy levels. It was
determined that the mechanical motion could change a molecule’s capacitance,
conductance, and gate voltage value for the Coulomb blockade degeneracy. It
is anticipated that this new experimental tool will enable systematic studies of
how changes in molecular conformation affect the electrical conduction and how
transport varies between the weak coupling Coulomb blockade and the strong
coupling Kondo regimes. A few years later, using the same device, further exper-
iments were reported in which the spin states in the Spin-1 molecules could be
mechanically controlled in the absence of a magnetic field by stretching the indi-
vidual cobalt complexes [238]. This control enabled quantitative studies of the
underscreened Kondo effect and could serve as model systems for performing
precise tests on correlated-electron theories.

A similar back-gate approach was introduced by Martin et al. [239] In contrast
to Champagne et al., the greatest difference is that the flexibility of the substrate
was used instead of that of the rigid silicon substrate; thus, the junctions could
be easily broken by mechanical means. However, upon application of a gate volt-
age, the freshly broken electrodes were pulled toward the substrate due to the
electric field. To prevent the drift of the source–drain electrodes under electro-
static gating, Martin et al. created an improved design in which the gate and the
source–drain electrode were suspended (i.e. the source–drain electrode, insula-
tion layer, and gate electrode were sandwiched and suspended above the substrate
together) [240]. To test the gate action of this device, the C60 molecules were
studied, and it was determined that the total shift in the molecular levels for the
devices was approximately 40 meV. Recently, the same group further investigated
the image-charge effects in single-molecule junctions using this MCBJ with a
back gate [241]. It was determined that a substantial increase in the transport gap
and level shifts as high as several hundreds of millielectronvolt appeared when the
electrode separation increased by a few ångströms. An analysis of this large and
tunable gap renormalization based on atomic charges revealed the dominant role
of image-charge effects in the single-molecule junctions.

Carbon-based electrodes (i.e. graphene sheets and CNTs) are interesting
candidates to replace noble metals because they provide a higher structural
stability, even under ambient conditions, and reduce the size mismatch between
the electrodes and the molecule. Another advantage of carbon-based electrodes
is that they allow the molecular junctions to be brought closer to the gate
compared with bulky gold, and they typically do not have electrostatic shielding
properties, thus enhancing the gating efficiency. There are several significant
reports in which different strategies were used to link the molecules to the car-
bon electrodes, and the gating of the current was observed [232]. Here, we only
focus on the novel physical phenomenon investigation using back gating with
carbon electrodes. For example, Marquardt et al. first reported an example of a
single molecular junction at room temperature displaying electroluminescence
[119]. The selected molecules have fluorescent cores extended with organic
spacers, which not only increase the molecule length but also allow for easy elec-
trostatical trapping of the molecules in the gap using dielectrophoresis. These
results suggested a new characterization and functional possibilities as well as
demonstrated a significant potential of CNTs for use in molecular electronics.
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One disadvantage to back gating with CNT electrodes is that, for example, an
SWCNT with a p-type semiconductor behavior may completely mask the gate
response of the molecule. This problem could be solved using the multiple walled
carbon nanotube (MWCNT) or thicker few-layer graphene flakes. The versatility
of graphene may allow the production of electrodes with intrinsic functional
devices. For example, it was predicted that graphene electrodes terminated in
zigzag edges may act as Fano-like resonances and spin filters, which allow the
injection of spin-polarized currents into the bridged molecules [242]. However,
the fabrication of the reliable, nanometer-sized, and adjustable gaps between the
source and the drain electrodes in the graphene sheets remains a considerable
challenge. Particularly, improving the control of the edge chemistry is crucial.

9.4.2 Side Gating for Electron Transport Control

The creation of a single-molecule FET has been considered a critical step in
molecular electronics. A nanoscale gap junction formed by “electromigration” is
a highly efficient method for creating a highly integrated single-molecule FET.
However, this method is limited in practice by its extremely low device yield
[236]. Conversely, the MCBJ technique is advantageous because it can easily
form single-molecule junctions several times mechanically, and it does not suffer
from low yield [243]. In the MCBJ, the primary challenge is the method that is
used to form reliable three-terminal FET junctions from single molecules. The
three-terminal MCBJ with back gating geometry may suffer from the gating
electrode breaking because it bears a large strain to separate the source–drain
electrodes by bending the substrate. Xiang et al. demonstrated a completely
different single-molecule FET junction with the MCBJ using a nanometer
scale non-contact side gate to the molecular junctions (Figure 9.29) [244]. In
this geometry, the gate electrode and source–drain electrodes were located
in the same plane (thus the deformation of the gate electrode was extremely
reduced during bending of the substrate), and the electrical field was enhanced
in the thickness of the gate electrodes, especially on the gate side compared to
that of a typical back-gate configuration [245]. Using this side-gating MCBJ,
the ability to form a stable single-molecule junction via the MCBJ technique
and shift the energy levels of the molecule by side gating was successfully
demonstrated.

Generally, to directly visualize the electromigration process and discriminate
trapped molecules/metal clusters from dusts inside the gap or visualize a
source–drain breaking process, a transmission electron microscopy (TEM)
requires the use of electron transparent substrates, which are non-compatible
with the most common three-terminal devices with a back-gate electrode.
The side-gate geometry is relatively compatible with the TEM inspection
and can overcome this problem [245]. In addition to this advantage, the gate
potential could be screened by the source–drain electrodes, which indicates
that only those molecules facing the gate electrodes can be easily influenced
by the gate electrodes. Nevertheless, the in-plane three-terminal molecular
junction presents a new platform for fabricating highly stable single-molecule
transistor junctions.
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Figure 9.29 Molecular transistors with side gating. An external electric field generated by a
side-gate electrode was applied to single-molecule junctions formed by the MCBJ. (a) Source
drain current (ISD) versus gate voltage (VG) curves for the Au–BDT–Au molecule. The current
was modulated by the gate voltage in twelve different molecular junctions. The inset
illustrates a three-terminal junction with the BDT bridged between the source and drain
electrodes. (b) Top view of a scanning electron microscopy (SEM) image of a micro-fabricated
MCBJ chip consisting of a freestanding metal bridge with a gate electrode. (c) Schematic of the
MCBJ setup. The distance between the electrodes for opening and closing the operation
modes can be tuned by bending or relaxing the substrate, respectively. Source: Reprinted with
permission from Xiang et al. [244]. Copyright 2013, American Chemical Society.

9.4.3 Electrochemical Gating for Efficient Gate Coupling

Electrochemical gating is a promising method for efficient gate coupling that pro-
vides a unique opportunity to manipulate the energy alignment and the molecular
redox processes for a single-molecule junction [246]. Because the gate voltage
falls across the double layers at the electrode-electrolyte interfaces, which are
only a few ions thick, a field of approximately 1 V Å−1 can be reached. Hence, a
large gate field and a high gating efficient can be achieved using an electrochem-
ical gate [247]. One advantage of an electrified solid/liquid interface is that the
two potential differences can be controlled simultaneously: (i) the bias voltage
between the source and the drain electrodes; and (ii) the potential drop between
the working electrodes and the reference electrode. Generally, the electrochem-
ical gating effect is realized via tuning the Fermi level of the junction electrodes,
thus changing the redox state of the molecular functional unit. The EC-STM-BJ
is the most widely used technique in electrochemical gating studies thus far, and
numerous significant results, such as current enhancement mechanisms, elec-
trolyte gating models, and molecule structure changes via electrochemical gating,
have been reported [247–251]. It should be noted that to reduce the electrochem-
ical leakage currents, it is necessary to insulate the STM tip by a non-conductive
material, except for the very end of the tip. The tip insulation is a simple proce-
dure and can be performed in any laboratory in the EC-STM-BJ configuration.
However, the insulation process is challenging for fixed nanospaced electrodes in
the MCBJ configuration [252, 253].

It should be noted that the control of the charge transport in a single-molecule
junction using electrolytic gating based on one non-redox active molecular sys-
tem is also possible [254–256]. For example, Capozzi et al. reported modulation
of the conductance of electrochemically inactive molecules in single-molecule
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junctions using an electrolytic gate [256]. This experimental study combined with
the DFT calculations indicated that electrochemical gating can directly modulate
the alignment of the conducting orbital relative to the metal Fermi energy, thus
changing the junction transport properties. More recently, Baghernejad et al.
demonstrated that the single-molecule conductance could be controlled via both
the Fermi level tuning and redox switching [255]. In the small potential region
(redox-inactive), the effect of the gating is to shift the Fermi level relative to the
molecular energy level, thus leading to a modest change in the conductance. A
further shift in the electrode potential led to large and reversible jumps in the
conductance due to the change in the molecular redox state and the molecu-
lar conjugation switching. The study indicated that the electrochemical gating
of single-molecule junctions could be modeled using computational models via
conversion of the potential to the energy scale.

In summary, different approaches, including carbon electrode–molecule
junctions, electromigration-induced molecular junctions, and three-terminal
MCBJ-based break junctions, have been successfully developed to realize
single-molecule transistors and demonstrated a direct gate modulation of
molecular orbitals through the multi-spectroscopy approaches [232]. These
studies set the benchmark for the validation of future studies in the charge
transport for molecular systems. However, additional work must be performed
before molecular electronic devices can effectively compete with their larger
silicon-based equivalents. One of the most urgent issues is to develop an efficient
fabrication method that allows high yields of densely packed single-molecule
devices. It is expected that the electron transport through the molecule may be
controlled by a universal gate electrode, including electrical gates, electrochem-
ical gates, magnetic gates, optical gates, terahertz wave gates, and mechanical
gates. Additional new designs and device architectures are needed to transition
from laboratory research to practical applications.

9.5 Switching Toward Memory Devices

The important next step in molecular electronics toward actual applications
is the construction of a reliable molecular switch, i.e. a particularly attractive
molecular electronic device. It is improbable to build a circuit without a switch.
The reason for this is that transistors, a core component of current computer
circuits, are ultimately operating as switches, where the conductance is effi-
ciently and controllably turned ON and OFF by a gate electrode. Therefore,
single-molecule switches could be the prototypical devices used as a complement
silicon in the logic and memory elements because of its clear advantage for
ultra-high-density integration.

In principle, a molecular switch can alter the conductance, which occurs
from changes in its physical properties (such as the electronic structure of the
molecule and correspondingly its density of states) upon exposure to external
stimuli (e.g. light, heat, ion, magnetic, or electric field). This requires the
molecules to have several (at least two) stable isomers and transition between
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the isomers. From an engineering point of view, the challenge is to build
single-molecule switches whose conductance changes are detectable, ideally
from zero (OFF state) to infinity (ON state). Early studies on molecular switches
were performed based on SAMs [257–261], particularly using the STM or AFM
setups, which have been surveyed in a recent review [262]. In the following
paragraphs, we focus on summarizing the design, construction, and electrical
properties of recent single-molecule switches, including conformation-induced
switches, electrochemically-triggered switches, and spintronics-based switches.

9.5.1 Switch Stem from Conformation Change

Most molecular switches are based on drastic conformational changes in the
molecule. Conformational changes in bi-states even multistates of molecules
are ideal properties for the switching. It will not produce unnecessary reactants
or redundant products. The current strategies of the conformational changes
of the switches focus on different conformational isomers and molecular
reorientations.

9.5.1.1 Electrical Field Induced Switch
At the beginning of this century, scientists predicted the conformational change
induced by electric field [263, 264]. Just one year later, Donhauser et al. observed
stochastic conformational changes for OPE derivatives with the patterned SAMs
technology by STM [33]. The authors used a dodecanethiolate monolayer matrix
as a host to contain, support, and isolate derivatized OPE molecules. This con-
sideration has been discussed widely for the mechanism of the conformation
switching [265–268].

Subsequently, Qiu et al. investigated conformation switching of the Zn(II) Etio-
porphyrin I (ZnEtioI) molecules adsorbed on NiAl(110) at 13 K by STM tech-
nique [269]. Two types of STM image have been obtained (Figure 9.30a). When
the tip is positioned over the center of a molecule in type I conformation, the I–V
characteristics showed sudden jump at the 1.35 and−1.38 V, which corresponded
to the conformation change (Figure 9.30b). In order to determine the mechanism
of the conformational variations, the authors studied the dependence of confor-
mational change on bias voltage as a function of the tip-sample separation, shown
in Figure 9.30c. The linear dependence of the type II to type I transition at negative
bias voltage was the evidence for a mechanism involving the electric field acting
on the dipole and overcoming the energy barrier for conformational change. They
explained that the conformation change depends on the presence and orientation
of an intrinsic dipole moment, as well as the polarizability of the molecule.

Alemani et al. demonstrated an electric field induced reversible trans–cis
isomerization of 3,3′,5,5′-tetra-tert-butylazobenzene (TBA) by STM [270]. The
isomerization experiments were displayed by fixing the position of the STM
tip at a given height above a molecular island with the feedback loop off and
applying a pulse voltage V m to the center of the island. These results, together
with the large distance over which switched molecules were observed, suggested
the trans–cis isomerization change driven by the electric field in the STM
junction.
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Figure 9.30 Conformation switching. (a) STM image of ZnEtioI molecules adsorbed on the
NiAl[110] surface at 13 K. The color palette represents a variation in apparent height of 3.3 Å.
(b) I–V characteristics of a ZnEtioI molecule. (c) Variations of threshold voltages for a ZnEtioI
molecule to undergo the reversible conformational transitions from type I to type II to type I as
a function of the change in tip-substrate separation. Source: Reprinted with permission from
Qiu et al. [269]. Copyright 2004, American Physical Society.

9.5.1.2 Tunneling Electron (Charge) Triggered Switch
The current-induced switches have been reported in STM technique [271–273].
In 2001, Moresco et al. reported the intramolecular conformations of
Cu-tetra-3,5 di-tert-butyl-phenyl porphyrin (Cu-TBPP) molecules deposited on
Cu(211), which is investigated by LT-STM [273]. They actualized the reversible
switch via σ bond rotation of the single leg of the Cu-TBPP driven by the electron
tunneling.

The aforementioned system has several equivalent conformational isomers,
which is not suitable for the switches design. AB was chosen to study the
conformational change with STM [274]. AB has two isomers, which are deter-
mined by dihedral angles between two phenyl rings and the CN=NC plane.
trans-Azobenzene (tAB) can be transformed to cis-azobenzene (cAB) by rotating
or inverting a phenyl ring through tunneling electrons with a specific bias in
the STM geometry (Figure 9.31a). When applied bias voltage, the tAB changed
to cAB, as shown in the STM image (Figure 9.31b, inset). Their theoretical
calculation suggested that the isomerization took place either by electron impact
resonant excitation or by vibrational excitation.

Another type of the reorientation switch has been reported [275]. Liljeroth
et al. presented a single-molecule switch based on hydrogen tautomerization.
Depending on the position of the two inner hydrogens in the central cavity
of the molecule, the LUMO of a free-base naphthalocyanine (Figure 9.32a)
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Figure 9.32 Spectroscopic and orbital images of naphthalocyanine. (a) Spectroscopy of
naphthalocyanine on a NaCl bilayer on Cu(111) where the peaks correspond to tunneling into
the LUMO (positive bias) and out of the HOMO (negative bias). (b) STM images at 1 pA, −1.6 V
(left) and 1 pA, 0.65 V (right), as well as at low bias (1 pA, 0.05 V) compared with the calculated
HOMO and LUMO of the free molecule. (c) Left: current-trace obtained at a bias of 1.7 V when
the tip was positioned at one end of the molecule (red dot in STM images). Right: orbital
images showing the orientation of the LUMO corresponding to the high- or low-current state
(2 pA, 0.7 V). (d) Schematic of the hydrogen tautomerization reaction responsible for the
switching. Source: Reprinted with permission from Liljeroth et al. [275]. Copyright 2007, AAAS.

has two orientations. The molecules were adsorbed on NaCl bilayer ultrathin
insulating films on Cu single crystals and studied by LT STM operated at 5 K.
Their DFT calculation predicted two isomers for the LUMO orbitals, which
is consistent with the STM image (Figure 9.32b–d). The arms with hydrogens
showed a single-lobe structure at the end, while opposed to the nodal plane
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along the other two arms. They demonstrated hydrogen tautomerization of
naphthalocyanine resulted from positioning the tip above the molecule and
applied substantially increasing bias above the LUMO resonance. The authors
ruled out the electric field mechanism by observing the conformational change
of adjacent molecules.

In 2006, Riel and colleagues [276] reported an Au/bipyridyl-dinitro
oligophenylene-ethynylene dithiol (BPDN-DT) molecule/Au single molec-
ular memory performed by MCBJ as a new mechanism switch. The BPDN-NT
contacted strongly with the gold electrodes by –SH group and switched auto-
matically due to electron tunneling. This system could work at 100 K, do the
write, read, and erase with voltage pulse pattern applied, corresponding to
different switching states as shown in Figure 9.33. The ratio of the current of
“OFF” state and “ON” state was observed 7–70 times and can keep working for
30 seconds.

Using MCBJ-based two-terminal junctions, Schirm et al. [277] demonstrated
that a metallic atomic-scale contact could be operated as a reliable switch driven
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by the controlled current. They also provided evidence proving that the switching
process was caused by the reversible rearrangement of single atoms in the MCBJs.
Basically, the field-induced and current-induced switches cannot be controlled by
external signals due to their stochastic nature. In several cases, the two mecha-
nisms often work simultaneously in the same system [269].

9.5.1.3 Mechanical Force Induced Switch
The engineering of the electrode–molecule–electrode junction is a critical issue
in fabricating molecular devices via the mechanical controllable technique. The
interface engineering was considered firstly, which determined the strength of the
interface coupling. Based on this conception, many explorations on mechanical
controllable molecular level have been demonstrated [278–280].

Venkataraman’s group demonstrated a reversible binary switching in a
single-molecule junction by mechanical control of the metal–molecule contact
geometry [281]. From the conductance behavior of the 4,4′-bipyridine–gold
junctions, they observed a bistable state (Figure 9.34a,b), which centered around
1.6× 10−4 G0 (low G) and 6× 10−4 G0 (high G). They assigned the switching
behavior to the properties of the pyridine-gold linkage. Besides, their theoretical
calculation gave reasonable interpretation for the binary state occurrence. As
the elongation of the junction, the π*-orbital of LUMO is orthogonal to the
nitrogen lone pair, while the N-gold bond aligned to the backbone, resulting
in low electronic coupling and low conductance (Figure 9.34c, left). On the
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other hand, the constraints imposed by the compressed junctions will drive
strong tilting of the N-gold bond, which leads to the stronger coupling and
higher conductance (Figure 9.34c, right). With precise control of the tip-sample
distance, which tuned the strength of the coupling of the N–Au interface
actually, the author fabricated a binary conductance switching (Figure 9.34a).
Kaneko et al. reported the nitrogen involving mechanical controllable switch
[282]. They investigated Pt–pyrazine–Pt molecular junction with the MCBJ
technique. They repeated a mechanical elongation/compression processes to
perform the switching behavior of their system. Interestingly, their experimental
and DFT calculation suggested that bistable states of the present junction
derived from the pyrazine anchoring to the Pt electrodes by its N atom and by
its two C atoms alternatively. Another conventional interface of Au—S bond
has been estimated [283, 284]. In Au–1,6-hexanedithiol (HDT)–Au junction
with nano-MCBJ technique, the break junction measurements revealed two
distinct conductance states of GH ∼ 1.3 mG0 and GL ∼ 0.4 mG0 [283]. Their
analysis of single-molecule structures has offered evidence that the mechanically
controllable bistate conductance switching occurs via repeated deformations
of the Au–S linkage between top and hollow motifs. Kiguchi et al. reported a
single-molecular resistive switch of a partially covered quaterthiophene (QT)
molecular junction by means of STM-BJ technique [284]. Their mechanical
elongation/compression process leads to that the terminal S in the thiophene
ring was bound to the tip Au atom and the anchoring point shifted one by one
in the QT moiety.

Beyond the interface design, subsequently, molecular engineering has also
been reported. In specific, another possibility for controlling electronics at
the single-molecule level by directing molecular conformation is stereoelec-
tronic effects because they determine how the properties and reactivates of
the molecules depend on the relative spatial orientations of their electron
orbitals. This idea was first demonstrated by Su et al. [285], who developed a
single-molecule switch that operated through the stereoelectronic effect. By
using permethyloligosilanes with methylthiomethyl electrode linkers, it was
determined that the strong σ conjugation in the oligosilane backbone coupled
the stereoelectronic properties of the sulfur–methylene σ bonds at the contact
interface. As predicted by theory, this strong coupling led to three distinct
dihedral conformations that had extremely different electronic characteristics
(Figure 9.35a). Remarkably, by simply lengthening or compressing the molecular
junction, the transition between the three species could be controlled, thus real-
izing conductance switching between the two states (Figure 9.35b). This study
leads to a unique technique incorporating reaction chemistry into the design of
a new generation of functional molecular electronic devices. In addition, other
strategies with AFM have also been considered [286].

9.5.1.4 Chemical Stimuli Triggered Switch (Redox and pH)
The oxidation–reduction reaction as another important reaction here for
the bistate molecular devices has also drawn so much attention. Generally,
electrochemical studies of single-molecule conductance have focused on
primarily organic redox moieties [247, 248, 287–289] and organometallic
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compounds [290–294]. Gittins et al. used an organic molecules containing redox
center, which can be changed reversibly by the oxidation–reduction reaction.
With bipy2+ oxidation state, no current goes through the circuit, which means
“OFF”. With the proper bias voltage, the radical Bipy⋅+ let the current increase
[295]. Recently, new type of switches have been developed with stabilization of
unstable states, such as radicals and antiaromatic ions [296, 297].

Another essential kind of binary-state molecules, catenane and rotaxane,
has been reported as molecular switch and memory. Heath’s group proposed
a [2]catenane-based solid state electronically reconfigurable switch [154].
They fabricated a bistable [2]catenene and sandwiched between an n-type
polycrystalline Si electrodes and a Ti/Al top electrode (Figure 9.36). The device
exhibits hysteretic I–V characteristics can be open at +2 V closed at −2 V and
could be recycled many times. The different position of the rings represents 0
or 1 state. They succeeded in fabricating 16-bite, 64-bite memory circuit in the
further work and even implemented a molecular electronic memory patterned
at 1011 bit cm−2 [298].

Proton triggered switch is one type of important chemical stimuli switches.
Guo et al. developed carbon-based electrodes, which connected with the target
molecules by covalent amide linkage [61]. Their robust and tolerate linkage
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has been estimated under various pH (Figure 9.37a,b). The current change as
the function of the pH varies is shown in Figure 9.37b. Oligoanilines displayed
low/high alternative current, which they demonstrated stem from the inherent
protonation and deprotonations process. Li et al. built a proton-triggered switch
with a novel edge-on gate with STM-BJ technique [299]. The “ON” and “OFF”
of the pyridinoparacyclophane (PPC) switch reversibly by deprotonation and
protonation of the pyridine ring (Figure 9.37c). Furthermore, they studied
the para-position of pyridine, which was functionalized with –NO2, –Cl, –H,
–OCH3, and –N(CH3)2 (Figure 9.37d). They set a series of control experiments.
The conductance value of these protonated molecules remained consistent
indicating the independence of the substituents on the pyridine ring. The
switching mechanism was explained as the variable in charge tunneling channels
form HOMO in neutral molecules to LUMO in protonated ones.
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9.5.1.5 Light-Triggered Switch
To achieve electrical bistability, a promising approach recently developed
relies on the use of molecular photochromics because they undergo reversible
photoisomerization between two isomers upon irradiation with light of different
wavelengths [300, 301]. These conformational changes result in remarkable
differences in their electronic structures and their distinct photophysical prop-
erties, which has been well observed in solution, thus forming the basis for
new types of optoelectronic devices and molecular switches [302]. However,
in practice, a significant challenge is to maintain the photophysical properties
existing in solution when sandwiched between two solid-state electrodes at the
single-molecule level. This is because the operational parameters, switching
voltages, and bistability are sensitive to the environment. The strong coupling
with the electrodes and/or electrostatic interaction with the substrate could be
detrimental for realizing the single-molecule switches. For example, Lara-Avila
et al. [303–305] demonstrated an environmental effect on the electronic
structure of a bianthrone molecule that was connected to silver electrodes
on aluminum oxide substrates. In addition to the observation of persistent
switching of the electric conductance at low temperatures, it was determined
that the measured activation energy of the photoisomerization process was in
the order of 35–90 meV, which is 1 order of magnitude lower than that measured
for free bianthrone (ΔEact = ∼0.9 eV). The reason for this is that when positioned
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in intimate contact with silver and on an aluminum oxide dielectric with high
permittivity, one bianthrone isomer acquires a negative charge that shifted
the molecular geometry (due to image forces in the substrate), which in turn
decreases the transition barrier.

Another series of examples that highlight the importance of the electrode–
molecule contact interface are single-molecule photoswitches based on pho-
tochromic DAEs [132, 148, 306, 307]. In 2003, Dulić et al. [148] first fabricated
dithiolated photochromic molecular switches using an MCBJ technique
(Figure 9.38a). They observed the molecules switching from the conducting
to the insulating state when illuminated with visible light (𝜆 = 546 nm) but
failed to observe the reverse process, even when illuminated with ultraviolet
(UV) light (𝜆 = 313 nm) (Figure 9.38b). They attributed this to quenching of
the molecule’s excited state in the open form due to the presence of the gold
surface plasmon through the Au—S bonds. To decouple the strong interaction
between the DAE molecules and the electrodes, innovative molecular design
and device architectures are required to preserve the molecular functions. In
an attempt to solve this problem, Guo and colleagues [306] built different types
of single-molecule switches using the SWCNTs as point contacts, where they
used covalent amide linkages to form a robust contact interface (Figure 9.38c). It
was observed that these SWCNT-DAE single-molecule junctions could switch
from the low conductance state (open form) to the high conductance state
(closed form), but not back again (Figure 9.38d). Interestingly, this phenomenon
is contrary to the situation occurring in the devices made from gold electrode
break junctions with dithiolated molecules, as discussed earlier. In the case of
SWCNT-DAE single-molecule junctions, it is most likely due to the energy
dissipation of the excited state of the closed form by the electrodes. This result
is consistent with the fact that the length of the π-conjugation on the termini of
the DAE switches decreases the quantum yield for opening [308]. The nanotube
is the ultimate extension of this conjugation. These results imply that the
electrode–molecule contact interface is one of the most challenging issues in
realizing functional molecular electronic devices.

In another attempt, Guo and colleagues [132] developed a series of single-
molecule photoswitches based on a new device platform of graphene-molecule
single-molecule junctions (Figure 9.39a). In this study, to tailor the energy
level alignments at the molecule–electrode interface, the DAE backbones were
modified with rationally designed side and anchoring groups. As indicated in
Figure 9.39b, the second molecule was achieved by substituting the hydrogenated
cyclopentene of the first molecule with the fluorinated unit, while the third was
based on the second by further introducing a methylene group (CH2) between
the terminal amine group and the functional center on each side. Demonstrated
by the theoretical calculations, molecular engineering can be an efficient
tool for tuning the molecule–electrode coupling strength. A reproducible
optoelectronic switching from the OFF state to the on state (Figure 9.39c) was
achieved. Unfortunately, continuous reversible switching was not realized, which
indicated that the presence of the strong coupling between the molecules and
the electrodes remained, hence consistent with the case of the SWCNT-based
molecular junctions. In addition to the observation of one-way photoswitching,
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detailed spectroscopic analyses based on both barrier and resonant tunneling
models were performed, which supported the experimental observation of
the photogated tunneling transition in the molecular junctions from direct to
Fowler–Nordheim (F–N) tunneling (Figure 9.39d). This approach of molecular
engineering was also reported by Kim et al. [307], where four sulfur-free DAE
molecules were developed to reduce the possibility of unintended binding.
Furthermore, the charge transport of the open and closed isomers of the
photoswitching molecules in the mechanically controllable break junctions
(MCBJs)-based single-molecule junctions were studied at low temperatures
(Figure 9.40a). The single-molecule conductance was examined by breaking and
forming the atomic contacts repeatedly, which revealed that both the conduction
properties and the conductance switching ratios were significantly influenced
by the end groups as well as the side chains of the molecules (Figure 9.40b). By
analyzing the I–V curves within the framework of the single-level transport
model, an unexpected behavior of the current-dominating molecular orbital
was found upon isomerization. These investigations provide new insight into
designing novel types of functional molecule-based devices toward practical
applications. The realization of in situ continuous reversible switching of the
single-molecule photoswitches between two measurable conductance levels
remains a formidable challenge, thus leaving an interesting opportunity for future
studies to address. More details in the effort toward reversible single-molecule
switches have been discussed in Section 9.1.2.3.

Recently, Roldan et al. developed an in situ photo-thermally triggered conduc-
tance switching [309]. The two isomers of dimethyldihydropyrene molecules have
a switch ON/OFF ratio ∼104. Beyond the poor fatigue resistance, the reported
molecules performed good electronic properties and mechanical stability.

9.5.2 Electrochemically Gated Switch

As discussed in Section 9.4, three-terminal molecular junctions have the
capability of tuning wave functions and, particularly, the redox energy states of
the molecular bridges due to the consequent control over the junction conduc-
tance. However, placing three electrodes in intimate proximity of a molecule
is extremely challenging. This result has been demonstrated in solid-state
planar device architectures, where a metal gate electrode is separated from
the source–drain contacts by a thin dielectric film. One disadvantage of these
approaches is the lack of precisely controlling the degree of molecule-gate
electrode coupling, which is crucial to modulate the molecular energy levels
of the molecule necessary for sufficient electrical coupling with both leads.
Additionally, another possible challenge is to avoid the evaporation of metal
grains in the electrode gap during metal evaporation in the junction fabrication,
which is detrimental to the electrical characterization of the molecular junctions.
To solve these issues, an alternative approach to realizing strong gating effects
is an electrochemical gate. The measurement of the electrochemical gating of
a single molecule is performed in an electrolyte, as schematically illustrated in
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Figure 9.41. In this setup, the bridge energies are controlled through the elec-
trochemical potential for molecular devices immersed in an electrolyte solution
relative to a reference electrode. This is typically achieved in a four-electrode
electrochemical setup with counter and reference electrodes serving alongside
the source and drain electrodes (both of which are the working electrodes of the
electrochemical cell). In strong electrolytes, a remarkable feature of the electro-
chemical setup is that the Debye screening length can be extremely short, i.e.
approximately a few ångströms. Although the counter and reference electrodes
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electrolyte. Source: Reprinted with permission from Kay et al. [310]. Copyright 2012, American
Chemical Society.

are physically far from the molecular bridge, any charge on the molecular bridge
can be detected by the charge in the solution at a distance significantly shorter
than what can be generally achieved in the solid-state planar device architectures
(see Section 9.4). For example, if a 0.5 V potential difference exists across an
electrochemical double layer with a thickness of 0.5 nm, a mean electric field
strength of 109 V m−1 can be achieved across this double layer region. Therefore,
this strong and reproducible gate field is sufficient to significantly modulate
the current across single molecules. It should be noted that to minimize the
electrochemical leakage currents and the capacitive current components, the
source–drain electrodes should be insulated by a non-conductive material,
except at the very end of the electrode. However, in the case of nanogapped
electrodes in the break junction configuration, the insulation process is relatively
challenging.

To obtain the switching property using electrochemical gating, redox-active
molecules represent a particularly attractive class of switches because they can be
reduced or oxidized upon an applied electrochemical gate field. In this context,
the primary challenge is to achieve a high ratio between the ON and OFF states of
the nanojunction conductance. For example, Kay et al. [310] assembled a redox
active pyrrolo-tetrathiafulvalene (pTTF) derivative (Figure 9.42) to gold contacts
at both ends using –(CH2)6S– groups. By using an in situ STM-BJ configuration
(Figure 9.42), they observed a multiple OFF–ON–OFF–ON–OFF conductance
switching behavior with a conductance ratio of ∼4 when the electrode potentials
matched the redox peak positions (Figure 9.42). These redox peaks can be
ascribed to two reversible redox processes of the pTTF moiety: the formation of
a radical cation and a dication. This molecular conductance versus electrochem-
ical potential relation could be modeled well as a sequential two-step charge
transfer process with full or partial vibrational relaxation (Kuznetsov–Ulstrup
(KU) model) [311]. Using this view, the reorganization energies of ∼1.2 eV were
estimated for both the first and the second redox transitions for the pTTF bridge
in the 1-butyl-3-methylimidazolium trifluoromethanesulfonate ionic liquid
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environment. This value is significantly larger compared with that obtained for
the same molecular bridge in aqueous environments (∼0.4 eV). These differences
should be attributed to the large, outer-sphere reorganization energy for the
charge transfer across the molecular junction in the ionic liquid environment. To
improve the electrochemical switching behavior of the molecular junctions, Li
et al. chose redox-active benzodifuran-based molecules with optimal anchoring
groups (–CS2

− anchoring group) instead of thiolate, thus resulting in a significant
increase in both the junction conductance and the switching efficiency (ON/OFF
ratio: ∼8) [312].

Another example of a single-molecule switch was developed by Darwish et al.
[313], where a redox couple of anthraquinone/hydroanthraquinone (AQ/H2AQ)
was selected as the functional element (Figure 9.43a). A key feature of this
design is the cementing of the AQ group into a rigid, structurally well-defined
norbornylogous unit bearing two pairs of thiol groups at each end, thereby
conferring additional stability to the SAMs. Using in situ STM-BJs, they were
able to electrochemically and reversibly switch the molecules between the
high-conducting H2AQ system and the low-conducting AQ system with a
conductance ON/OFF ratio of 1 order of magnitude (Figure 9.43b,c). This high
magnitude is attributed to destructive quantum interference effects operating in
the AQ form, which is consistent with both the theoretical prediction and the
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bulk conductance results across the SAMs. Additionally, the possibility of modu-
lating the potential range of the conductance enhancement was demonstrated by
different pH values. Recently, a similar result was also reported by Baghernejad
et al. [255], where a conductance ratio of over >1 order of magnitude was
achieved based on organic molecules containing an AQ center. In comparison
with the study discussed earlier, one important distinction observed in this study
was that in the redox-inactive potential region, the effect of the gating is to shift
the Fermi level relative to the molecular resonances, thus leading to a modest
change in the conductance.

It should be noted that in addition to redox active molecules, non-redox active
molecular systems, such as 1,2-bis(4,4-dimethylthiochroman-6-yl)ethylene and
4,4-bipyridine, also indicated a tunable charge transport, as demonstrated exper-
imentally and theoretically by Capozzi et al. [256] and Baghernejad et al. [254] The
working principle is that the electrochemical gate potential could suitably tune
the energy level alignment between the LUMO or the HOMO in the molecular
orbitals with the Fermi level of the electrode, thus resulting in the modulation of
the charge transport in the single-molecule junctions.

9.5.3 Spintronics-Based Switch

Recent years have witnessed the emergence and rapid growth of a new field,
known as “molecular spintronics,” which combines the ideas and the advantages
of spintronics and molecular electronics [314]. The key is to use one or a few
molecules, which respond to a magnetic field, to create molecular devices.
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Because of their apparent advantages, such as fine tunability of their rich
properties (for example, spin-orbit and hyperfine interaction), high degree of
purity and ease of synthesis, these molecular materials appear as an incredibly
versatile and unique playground for exploring new spintronics concepts and/or
implementing existing ones. Among these molecules, single-molecule magnet
(SMM) compounds appear to be particularly attractive because their magnetiza-
tion relaxation time is extremely long at low temperatures, reaching years below
2 K. In conjunction with the advantages of the molecular scale using the prop-
erties of bulk magnetic materials, these systems are promising for high-density
information storage as well as quantum computing due to their long coherence
times [315]. Furthermore, their molecular nature may lead to several appealing
quantum effects of the static and dynamic magnetic properties [316, 317]. The
rich physics behind the magnetic behaviors present interesting effects, such as
an NDC and a complete current suppression, which are useful for molecular
electronics. More importantly, specific functions (for example, switching ability
with light and electric field) can be directly integrated into the molecule. In this
section, we are going to briefly review the primary developments in exploring the
switching behaviors in single-molecule spintronics. For additional fundamental
information on the different aspects of molecular spintronics, interested readers
are recommended to refer to several comprehensive reviews [314, 318–326].

Currently, there are two techniques to attach a magnetic molecule between two
electrodes. One possibility is to use an STM tip as the first electrode and the con-
ducting substrate as the second electrode. Because this method has been detailed
in Refs. [321, 327] and is irrelevant to the topic in this section, we omit this
approach. Although STM is a powerful tool for understanding the basic mech-
anism of the magnetic interaction between a molecule and a substrate, such as
Kondo effects [328] and single-atom magnetic anisotropies [329], it is not a device
fabrication platform. Another possibility is based on the three-(or two-) terminal
break junctions, which have an additional gate electrode in addition to the source
and drain electrodes. This three-terminal transport device, known as a molecular
spin-transistor, is a single-electron transistor with non-magnetic electrodes and a
single magnetic molecule as the island. The current passes through the magnetic
molecule through the source and drain electrodes, and the electronic transport
properties are tuned by using a gate voltage V G (Figure 9.26). It is worth to point
out that Schwarz et al. recently demonstrated the oxidation and reduction of Mo
compounds can solely be triggered by the electric field applied to a two-terminal
molecular junction presenting voltage-induced conductance switching [330].

Reliable molecular spin transistors is a fundamental issue to be solved due
to the fact that, despite numerous classes of magnetic molecules that can be
chemically synthesized, most of them are extremely fragile away from the solu-
tion and often sensitive to a metallic surface. In a few cases, certain molecules
will lose their magnetic moment entirely due to coupling with electrodes. This
disadvantage leads to a substantial difficulty in constructing robust magnetic
single-molecule devices. By assuming that these three-terminal devices incor-
porating magnetic molecules, which preserve their SMM properties, can be
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achieved, the next important question is: how should these devices operate?
Particularly, how do these devices function as a switch or sensor to read, write,
and process information upon exposure to an external stimulus? In the case of
the SMMs, two key ingredients useful in making the devices function are the
ability of the electrodes to produce a spin-polarized current and the possibility
of altering the mutual orientation of the electrodes’ magnetization vectors. The
first property depends on the ability of manipulating the exchange interaction
in a controllable way, thus converting spin information to molecular orbital
information. The second property relies on the magneto-crystalline anisotropy,
i.e. spin–orbit coupling.

In fact, recent experimental and theoretical developments demonstrated the
possibilities for switching the magnetic molecules as well as the effects that the
switch produces on the electron transport [321, 327] using two classes of mag-
netic molecules: spin-crossover compounds and molecules presenting valence
tautomerism [331]. These two broad classes of molecules are particularly appeal-
ing for a number of reasons. Firstly, they have an extremely long-living magne-
tization relaxation time, which signifies that such molecules have an intrinsic
non-volatile nature. Secondly, because the crossover generally depicts an inter-
nal charge rearrangement and an atomic relaxation, the two different molecular
states display distinct electronic structures. The different electronic structures
are expected to indicate different I–V curves for different spin states, i.e. the spin
state is likely to be electrically readable. Finally, the crossover transition is sensi-
tive to the local electrostatic environment such that an electric field may be used
to induce the transition, which indicates that a potential device may be electrically
switchable.

For example, in 2009 Rocha et al. [332] theoretically predicted a type of organic
spin valves, which was obtained by sandwiching an organic molecule between
magnetic contacts. Using a combination of state-of-the-art non-equilibrium
transport methods and the DFT, they demonstrated that these spin valves
could display a large bias-dependent magnetoresistance and that it could be
engineered by an appropriate selection of molecules and anchoring groups.
Four years later [318], the same group proposed another general route, i.e.
the possibility of switching the sign of the exchange coupling between two
magnetic centers using an electric potential. This general effect, which they
named the electrostatic spin crossover, occurs in insulating molecules with
superexchange magnetic interaction and inversion symmetry breaking. To
prove its efficiency, a family of di-cobaltocene-based molecules was selected to
demonstrate that these molecules had critical fields for switching of approxi-
mately 1 V nm−1, as calculated from the first principles. More importantly, the
critical fields could be engineered by incorporating appropriate substituents
into the basic di-cobaltocene unit. Consistently, this possibility of controlling
the molecular spin state by an electric field is also proved by Diefenbach and
Kim [333] They used Ba2(C6H6) to obtain the distinct difference in response to
the molecular electronic states upon perturbation with an external electric field.
These results may inspire future experimental studies toward the synthesis and
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spectroscopic characterization of molecular magnetic switches to prove this
switching concept.

In fact, these theoretical predictions inspired a series of remarkable exper-
imental studies. For example, in 2009, Prins et al. [334] demonstrated that
nanoparticles consisting of spin crossover molecules presented a temperature
hysteresis in their conductivity, which was attributed to the spin crossover transi-
tion. Intriguingly, although this activity used nanoparticles or crystals, not single
molecules, this experiment demonstrated that the crossover could be induced by
a static electric field, thus paving the way for electrically controlled spin devices
at the molecular level. In fact, these functional single-molecule spin devices were
realized recently by Osorio et al. [335] and Wagner et al. [336] In the former
study, they used electromigration to create a three-terminal device incorporating
a single Mn2+ ion coordinated by two terpyridine ligands and demonstrated an
electrically controlled high-spin (S = 5/2) to low-spin (S = 1/2) transition by
adjusting the gate voltage. Using LT inelastic co-tunneling spectroscopy, they
also uncovered a strongly gate-dependent singlet-triplet splitting on the low-spin
side, which was consistent with an exact diagonalization of the Mn-complex. In
the latter study, they used the MCBJ technique to measure the electron transport
through a single-molecule junction containing two coupled spin centers that
were confined to two Co2+ ions (Figure 9.44a). They claimed that this method
could detect a coupled spin pair in a single magnetic molecule and that a bias
voltage could be used to switch between two states of the molecule. This claim
was proven experimentally and theoretically. In theory, spin–orbit configuration
interaction methods were used to calculate the combined spin system, which
indicated that the ground state was determined to be a pseudo-singlet, whereas
the first excitation behaved as a pseudo-triplet. In the experiments, these states
could be assigned to the absence and the occurrence of a Kondo-like zero-bias
anomaly in the LT conductance data (Figure 9.44b). This result is remarkable
because one can repeatedly switch the molecules between the pseudo-singlet
state and the pseudo-triplet state by simply applying a finite bias.

Last, another idea to be noted is to build molecular multidot devices, where
a controlled number of molecules or multiple centers inside the same molecule
are attached to two electrodes. This approach may lead to more interesting
phenomena. For example, NDC effects were discovered in a double-metallocene
molecule as a multidot system with molecular-level crossings [337]. In another
study, Ouyang and Awschalom executed the chemical self-assembly approach
to form multidot devices [338] containing a programmed sequence of CdSe
quantum dots (QDs) connected by p-BDT molecular bridges. Using a fem-
tosecond time-resolved Faraday rotation spectroscopy, the authors probed the
spin transfer process through the π-conjugated molecular bridge, which proved
that the process was coherent and that the bridging molecule functioned as a
quantum-information bus. The primary advantage of these multidot devices is
that the intrinsic properties of the SMMs can be preserved because the coupling
between the SMMs and the quantum conductor is weak, potentially enabling a
non-destructive readout of the spin states.
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Figure 9.44 Switchable single-molecule spin devices created using the MCBJ technique. (a)
Schematic of the experiment and molecular structure of complex 19. A molecule with a pair of
spin centers is contacted in a single-molecule junction. The magnetic ion pair is attached
orthogonally to the current pathway. (b) Bistable I–V characteristics due to the hysteresis of
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Copyright 2013, Springer Nature.

9.5.4 Other Memory Devices

In some molecular cases, the energy barrier between binary states is relatively
low. Thus, it is possible to drive a molecular switch by thermal excitation. Weigelt
et al. reported a model thermally induced conformational molecular switch
[339]. The 1,4-bis[(5-tert-butyl-3-formyl-4-hydroxyphenyl)ethynyl]benzene
has been found that a spontaneous flipping of t-butyl groups occasionally
occurred from one side of the molecular backbone to the other, from the
time-lapse sequence of STM images. Their mechanism discussion demon-
strated that the reported conformational changes of the 1,4-bis[(5-tert-butyl-
3-formyl-4-hydroxyphenyl)ethynyl]benzene underwent a thermally induced
process. However, the thermal induced switching was not very directional due
to the relative low energy barrier.

Besides, there is only one memory device driven by pressure, in our knowl-
edge so far. The pressure controlled bistable [2]rotaxane R61014+ was reported
by Jeppesen and colleagues (Figure 9.45) [340]. It is too early to comment on
the potential scope of pressure-driven memory device; however, this example
presents the pressure sensitivity a promising new avenue of research.
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9.6 Molecular Computing

For the sake of artificial “brains”, we human beings keep challenging the limitation
of the integrated circuits from silicon to carbon. By analogy to conventional
microprocessors using elementary logic gates to construct electronic circuits
capable of performing Boolean logic [341], the design of addressable molecular
logic gates is a kernel task in this molecular computation. This emerging field
is mainly building individual molecules that can perform functions identical or
analogous to the key components of today’s microcircuits, such as the transistors,
diodes, and conductors. Yet, scientists proposed revolutionary advances within
the past year. The recent advances were in molecular scale electronics. This short
chapter illustrates the progress of the molecular logic systems.

9.6.1 DNA-Based Computing

Molecular computation contains a series of distinct bottom-up approaches
toward molecular scale electronics, chemical and biological computers
[295, 342–348]. DNA has been considered as a reliable media to construct
molecular computer. DNA computing is pretty promising based on two fun-
damental features, the Watson–Crick complementarity and the parallelism of
DNA strands. Watson–Crick complementarity is provided for free by the nature.
DNA molecular consists of polymer chains, which composed of nucleotides.
There are adenine (A), guanine (G), cytosine (C), and thymine (T), four bases
correspond to four nucleotides. Different nucleotides differ only by the bases.
The nucleotides in the same single strand via a phosphodiester bond. After
that two single stranded nucleotides interact with each other to form hydrogen
bonds. These bonds work according to the following restriction on the base
pairing: A and T and C and G are capable to pair together – no other pairings
are possible. This rule is known as Watson–Crick complementarity. The four
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distinct nucleotides and these sequences are the answer of the diversity of lives
encoded by Nature. The massive density of information stored in DNA strands
and ease of constructing many copies of them is akin to cryptanalysis of a
ciphertext, offering all possible solutions to figure out the intractable problems
simultaneously. However, the ability to encode and solve computational prob-
lems by the Watson–Crick complementarity, called “hybridization logic,” is not
the only possibility of the DNA computation. Furthermore, with more complex
structure of DNA polymer, the DNA computations can be loosely classified
as “generative” and “subtractive.” The generative ones usually operate with
molecular biological hybridization, ligation, and amplification to build correct
sequence solutions. On the other hand, the subtractive DNA computation
operates conventionally via molecular biological hybridization, cleavage with
endonucleases or RNase H, and amplification to remove incorrect sequence
solutions from large solutions sets. Ghadiri and colleagues reported DNA
photonic AND, NAND, and INHIBIT logic operations by using the recognition
properties of DNA [349]. So far, most computational biological investigations
concentrated on classic mathematical problems [347, 350].

In 1994, Adleman solved a non-deterministic polynomial-time complete
(non-deterministic polynomial-time [NP] complete) problems, instances of
Hamiltonian path problem (HPP) [351]. In Adleman’s proposal, a set of “cities”
and directed paths between the “cities” has been given. This HPP problem is
trying to visit every city exactly once from a given city as the start and finish at
another given city. The key to this answer is to find the appropriate solutions
from all possibilities. For limited number of “cities” and limited solutions,
the nowadays computation technique is able to solve it easily. However, with
increasing the number of “cities” and solutions, the time for finding the solutions
increases exponentially. Adleman proposed that the DNA computation can
be scaled-up 1020 operations. Furthermore, a single molecule of adenosine
triphosphate hydrolysis provides the Gibbs free energy for one ligation operation
[351]. Herein, 1 J is sufficient for approximately more than 1019 operations. DNA
computation is much more efficient than the computation ever. In Adleman’s
research, seven “cities” has been considered (Figure 9.46). To figure this HPP
problem, the following algorithm is needed:

Step 1. To generate random paths through the “cities”;
Step 2. Reserve the paths that start with V in and end with V out;
Step 3. Keep only the paths through all vertices;
Step 4. Remove the paths which tour all vertices more than one time.

If any path remains, output is “Yes,” otherwise is “No.”
In terms of dealing the HPP with DNA computation, Adleman rational associ-

ated vertex i with a random 20-mer sequence of DNA denoted as Oi and each edge
with other 20-mers. Based on the Watson–Crick complementarity, an oligonu-
cleotide Oi→j was formed by each edge 3′ 10-mer of the vertex followed by the 5′

10-mer of the edge. The mixing DNA has been denatured and annealed to form
DNA molecule encoding random paths. The scale of ligation reaction is capable
to form 1013 copies of the associated oligonucleotide, which is far exceeded for the
necessary number. Next, the paths begin at V in, end at V out were amplified by the
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in DNA. Source: Reprinted with permission from Adleman [351]. Copyright 1994, AAAS.

polymerase chain reaction (PCR). The untargeted paths will be removed from the
140-base pair (bp) band by agarose gel. Finally, the products were affinity-purified
with a biotin–avidin magnetic beads system. These processes were repeated until
figure out the Hamiltonian path evaluated by “graduated PCR.” The whole exper-
iments last seven days. This is the first biological experimental breakthrough of
DNA computation.

After Adleman’s work, the famous NP problem, such as the maximal clique
problem [352], satisfiability problem (SAT problem) [352–355], has been investi-
gated. Landweber expended the conception of the DNA computation with RNA
solution for the Knight problem [356]. With decades of development, scientists
concluded sticker model, splicing model, equality checking model for the
molecular biology DNA computing operations. The Turing-like computational
completeness of these models have been approved [357–360].

Although proponents believe the DNA an appropriate computational medium
due to the lure of bypassing mathematical constraints for problems ranging from
the basic two binary integers to the development of a working Turing machine
[361, 362]. Currently, there are still challenges for DNA computing: (i) neither
DNA nor RNA is recycling; (ii) accuracy is limited; and (iii) the operation
takes too much time. Besides, they also suggested that the ultimate success
of DNA computing relied heavily on the development of proper fabrication
techniques [363].

9.6.2 Molecular Logic Gates

DNA computation gives us the fundamental conception of the artificial solu-
tion of the molecular computation. Almost at the same period in 1993, de Silva
et al. reported the first molecular logic gate with more specific design with the
molecule chemical structure [364]. Unlike the nature helix structure of DNA,
the rational designed chemical molecular logic is much more purposeful, which
can be decided by a small but extremely versatile toolbox of excited state pro-
cesses.In a conventional computational idea operating based on silicon circuitry,
the information has been coded following a binary system. Briefly, the binary
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system allows the assignment of “true” and “false” to “1” and “0,” respectively.
When it goes to a molecular logic gate, the switches like what we discussed in
Section 9.5 with binary states are promising, which also can be modulated chem-
ically or physically to alter. The simplest logic gates have just one input and one
output. As a matter of fact, the molecular logic gates are composed of a set of
switches, which follow the Boolean logic (Figure 9.47). Therefore, here three ker-
nel points should be noted in the design phase of the molecular logic gates: (i) the
input and output for a better performance of the logic gates; (ii) the functional
part, with reasonable switches; and (iii) the integration of separated switches for
a given logic gates.

Although the input and output way have been reported by countless means
after decades of great efforts, the optical outputs are still classical and crucial
ones. Thereinto, PET [364, 366], internal charge transfer (ICT) [343, 367, 368],
fluorescence resonance energy transfer (FRET) [369–371], proton transfer (PT)
[372], and photochromic (PC) processes were utilized most commonly. de Silva
and his first molecular logic gate works based on the PET mechanism, shown in
Figure 9.48 [364, 373]. Their molecule structure was shown in Figure 9.48a, which
comprises three functional moieties separated by spacers. They integrated the
anthracenyl group as the fluorophore and crown ethers and amines as two sep-
arated receptors. The aromatic anthracenyl ring normally fluoresce blue under
the UV light exposure; however, when the electron transfers to the anthracenyl
group from either the N or O atoms of the receptors, the fluorescence quenched
due to the PET process. As shown in Figure 9.48b, the amines and crown ether
can interact with protons and sodium cations respectively. When the receptors
are occupied, the PET process has been blocked. However, the amine group and
crown ether parts contribute the same for the PET process. Thus, blocking only
one receptor cannot stop the PET, the fluorescence quenching occurs. That is,
both H+ and Na+ ions present, the electrons tied up binding ions, the PET is pre-
vented, consequently, a strong fluorescence observed (Figure 9.48c). The overall
result displays an AND logic operation. Based on this example, the general struc-
ture of PET pathway can be concluded as fluorophore–spacer–receptor. As a
precondition, the free receptors should be redox-active. Classical molecular PET
systems are linking the fluorophores to crown ethers, amines, or polyammonium,
which can act as receptors for metal ions, hydrogen ions, and anions, respectively.
In the following work, de Silva and colleagues reported a three-input AND gate
based on the PET mechanism (Figure 9.48d) [366].

In 2000, de Silva and McClenaghan developed another molecular arith-
metic through an intramolecular charge transfer (ICT) process [343]. In this
case, they integrated the hydrogen receptor and calcium receptor shown in
Figure 9.49a, and sandwiched a photoactive chromophore for separating the
two chemical active receptors. The key of this system is the electron density of
the chromophore. The presence of the electron-pulling and electron-pushing
group at the both ends causes a shift of the electron density when excited.
That results in a red or blue-shifting of the absorption band. The cases in
Figure 9.49a is designed so that the quinolone nitrogen is the H+ receptor and
the aniline nitrogen is a part of the Ca2+ binding amino acid receptor. The H+

addition results in a bathochromic shift while the Ca2+ introduction causes a
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hypochromic shift by an ICT process. When both the protonation and Ca2+ are
present, the contribution to the electron density of the excited chromophore
offsets, yielding the absorption unchanged. This modulation operated as an
XOR behavior. Similarly, the molecule in Figure 9.49a is an AND logic. The
FRET process is another most investigated mechanism for the molecular logic
gates. In 2004, Shanzer and colleagues reported a molecular half-adder gate
and a half-subtractor with the same structure but different chemical inputs and
distinguished fluorescence outputs [371]. The molecular structure displayed in
Figure 9.49b, whose fluorescence output is modulated by the FRET process.
When the fluorescent pyrene irradiated under acidic conditions leading to
a blue emission at 390 nm, the FRET is OFF. On the other hand, when at a
higher pH, the FRET takes place so that green emission is observed at 525 nm.
Interestingly, when Fe(III) is present, the FRET weakens. However, the iron
quenching is dependent on pH. Totally, a half-subtractor logic operation can
be detected with the Fe-complex blue and green emission modulated by acid
and base inputs. Also, the same structure can work as a half-adder by changing
the acid input into an ethylenediaminetetraacetic acid (EDTA). Raymo and
colleagues explored a spiropyran–merocynine system, which can release or
capture proton involved in the PC process [372]. The photochrome process
operates depending on the protonation of the Ru(II) complex (Figure 9.49c). The
luminescence output varies in presence of changeable acid–base conditions.
Besides, the multi-mechanisms can be utilized in the same molecular logic gates
(Figure 9.49d) [374]. Of note, the systems described earlier constitute elegant
examples for chemical communication between molecular switches.

With ingenious integration of molecular switches, the scientific community
created a series of molecular logic gates, which is mimic of silicon-based com-
puting applications [366, 375–379]. The molecular computing is the first step of
realizing the functions and integration of the molecular logic toward real appli-
cations in the future.

9.7 Transduction Toward Molecular Sensors

A sensor can be generally defined as a transductor that is able to reflect the spe-
cific presence of an invisible event or substance by using certain types of signals
with clear resolution. Based on this definition, electrical sensors imply that the
detection of targets can be read through the electrical current. In fact, various
types of electrical sensors have been created by taking advantage of the rela-
tionship between the conductance of the sensing centers and their interaction
with external targets over the years, which provides a convenience and improve-
ment for several fields, including disease diagnosis, food security, and environ-
ment monitoring. Compared with conventional sensors that are based on optical,
chemical, or physical methods, such as fluorescence/Raman spectroscopies, PCR
and enzyme-linked immunosorbent assays (ELISAs), electrical sensors are com-
plementary but still offer unique advantages, such as simplicity, low cost, porta-
bility, ultrahigh sensitivity, excellent selectivity, and label-free real-time electrical
detection, in a non-destructive manner [380–387].
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Driven by the digitalization and informalization of contemporary society,
electrical sensors are leading toward structural minimization, functional intelli-
gentialization and highly detecting resolution, which constitutes an important
branch of molecular electronics, i.e. molecular sensors. Instead of the average
properties of large numbers of molecules being detected by conventional
electrical sensors based on nanomaterials, such as CNTs, nanowires, nanopores,
nanoclusters, or graphene, the molecular sensors discussed here have the
capability of probing the complex behaviors of targets at the molecular level and
consequently providing new opportunities to uncover the wealth of molecular
information that is typically hidden in conventional ensemble experiments.
It should be noted that probing the interaction of individual molecules could
address the “unanswerable” questions in the physical, chemical, and biological
sciences, which is meaningful for understanding the fundamental scientific
essence and developing accurate molecular diagnosis in the biological regime
[388]. Promoted by the significance of molecular detection as well as the
continuous and diligent efforts, various electrical sensors have been developed
for capturing the minimum events, thus displaying a great potential to excavate
the “elementary information.” In fact, the burgeoning development of standard
wafer-scale semiconductor processing techniques, especially the construction of
molecular devices, provides the feasibility of molecular sensing, which is driving
the field to move from fundamental problems toward practical biosensors. In
this section, we review the primary advances of single-molecule sensors in
three regimes: chemical reaction, biological interaction, and thermoelectricity,
focusing on studies that use single molecules as the core component. Here,
the operation principles of electrical sensing and the primary strategies for
enhancing their performance are discussed, in addition to key challenges and
opportunities in current stages and further development.

9.7.1 Sensing Based on Chemical Reactions

Generally, chemical reactions are responsible for most of the changes in nature.
The establishment of understanding and controllability for these chemical reac-
tions, which are embodied in mature methods based on kinetic and thermody-
namic investigations, is of crucial importance in both basic science and industry
communities. Particularly, incorporating the paradigms of reaction chemistry
into the design of molecular electronic components can provide a tremendous
impetus to advance the field of molecular electronics. In fact, the development
of deeper insight into chemical reactions, especially for the interaction between
two reactants at the single-molecule level essential in chemical reactions, leads to
creating various sensors with high selectivity and extreme sensitivity and clarifies
previously indecipherable intrinsic reaction mechanisms. As detailed in Section
9.5, chemical principles such as photocyclization, tautomerization, and redox
reaction have inspired the genesis of several new types of molecular electronic
switches. In this section, we highlight the chemical principles and strategies used
to develop functional single-molecule chemical sensors.
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The manipulation of molecular reactions remains a formidable challenge. To
address this problem, we first chose a photoreactive DAE as a functional central
component. DAE is a typical photochromic molecule that can exist in the form of
two (open- and closed-configuration) isomers interconverted via irradiation with
UV–Vis light. However, in previous works, only one-way photoswitching have
been achieved in the nanocarbon electrode-based electrical detection platform
because of the strong coupling between molecules and electrodes at the contact
interface induced by covalent amide bonds [148, 306]. This coupling gives
rise to energy transfer between the molecular excited state and the π-electron
system of carbon electrodes, which facilitates the quenching of the former and
highlights the importance of the molecule–electrode contact interface, the
most challenging issue that hampers the measurement of intrinsic molecular
properties. To overcome this problem, Guo and colleagues introduced three
methylene (CH2) groups on each side of the molecular backbone to weaken
the molecule–electrode coupling without affecting molecular conductivity
(Figure 9.50a) [141] and covalently sandwiched a single DAE between graphene
point contacts to form a reversible molecular photoswitch. The reversible
photoswitching of DAE driven by UV–Vis light irradiation was confirmed
by real-time electrical detection (Figure 9.50b). DAE open and closed states
corresponded to different current levels with good stability (over a year) and an
unprecedented level of accuracy (ON/OFF ratio≈ 100) and reproducibility, as
demonstrated by the analysis of 46 different devices. Remarkably, this is the first
example of a fully reversible, bimodal, single-molecule electrical switch achieved
by exquisite control over matter through intellectual pursuit.

In another interesting experiment, a reversible, reproducible AB-based
single-molecule photoswitch by making use of light- and electrical field-driven
cis–trans isomerization has been focused. Specifically, an AB molecular bridge
was covalently incorporated between nanogapped graphene electrodes through
amide linkage formation (Figure 9.50c) [389]. To avoid the quenching of the
molecular excited state, the AB moiety was introduced as the side chain of
the molecular bridge, while backbone CH2 groups were replaced by benzene
rings to enhance charge transport. Both experimental and theoretical inves-
tigations demonstrated that the switching behavior could be easily detected
under different source–drain biases (Figure 9.50d) or at low-bias voltages under
alternate UV–Vis light irradiation (Figure 9.50e) through efficient side-group
chemical gating. This concept of in situ chemical gating offers a fresh perspective
for creating future multifunctional single-molecule optoelectronic devices in
a practical way. In addition, these results clearly demonstrate the possibility
of visualizing the dynamic details of chemical reaction processes through
sophisticated molecular design and engineering.

In order to explore the capability of molecular devices to detect the dynamic
details of chemical reaction processes, a standard nucleophilic substitution
(SN1) reaction, one of the most fundamental reactions in organic chemistry,
has been investigated as a proof of concept. In general, as rate-determining
intermediates, carbocations have very short lifetimes and are therefore dif-
ficult to detect and manipulate. Guo and colleagues used the high temporal
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UV and visible light at Vbias = 10 mV. Source: (e) Reproduced with permission from Meng et al.
[389]. Copyright 2019, Springer Nature Limited.

resolution of electrical detection (micro- or nanoseconds) to investigate an SN1
reaction by label-free, real-time single-molecule electrical measurements [390].
A 9-phenyl-9-fluorenol functional center integrated into graphene electrodes
through amide bonds (Figure 9.51a) underwent reversible transitions between
the acetate (Ac) and carbocation forms during controlled acidity experiments
(different acetic acid (HAc)/trifluoroacetic acid (TFA) ratios were used), which
gave rise to repeated fluctuations between low- and high-current states in I–t
plots (Figure 9.51b). The high-current state was ascribed to the carbocation form
because of its higher extent of conjugation due to the transition of the central
carbon atom from sp3 to sp2 hybridization, in agreement with the results of
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theoretical calculations. Upon the subsequent introduction of Br−, a third state
with medium conductance was observed and ascribed to the formation of the
bromide form (Figure 9.51c,e). Interestingly, all transitions from Ac to Br forms
involved the formation of a high-conductance state, i.e. the competitive SN1
reaction between acetate and bromide occurred via an inevitable carbocation
intermediate (Figure 9.51c). After careful idealization of acidity-dependent I–t
curves, the dynamic parameters of transitions between carbocation and nucle-
ophilic substitutes were obtained, which were consistent with those obtained
in ensemble experiments. Thus, these results established the reliability of the
molecular electronics platform and demonstrated its suitability for the analysis
of more complex reaction systems.
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In comparison with the nucleophilic substitution reaction, the nucleophilic
addition reaction has a more complex mechanism, which has been probed next.
Previous works proved that the nucleophilic addition of NH2OH to 9-fluorenone
generally takes thousands of hours, and the final elimination product is obtained
with great difficulty, which allows one to investigate the reaction mechanism
without confusing the addition intermediate with the final product. Analogously,
9-fluorenone was incorporated between the graphene pointed electrodes using
amide linkages [391], and the carbonyl group of 9-fluorenone was reacted with
NH2OH through nucleophilic addition (Figure 9.52a). By monitoring the current
change as a function of time, we observed distinct binary conductance states
(Figure 9.52b,c). According to theoretical calculations, the high-current state
was ascribed to 9-fluorenone, while the low-current state was attributed to the
addition intermediate. The decrease of current upon nucleophilic addition was
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rationalized by the concomitant transition of the central carbon atom from sp2

to sp3 hybridization (opposite to the carbocation case) and demonstrated the
successful capture of a new addition intermediate, as predicted. Furthermore,
the solvent polarity-dependent experiments to systematically analyze the
dwell times of the substrate (𝜏high) and the intermediate (𝜏 low) (Figure 9.52d,e),
revealing that the intermediate stability increased with solvent polarity, as
the intermediate was more polar than the substrate. Correspondingly, with
increasing the solvent polarity, the equilibrium position shifted to the side
of the intermediate (Figure 9.52f ), in agreement with the results of ensemble
experiments. Thus, this study presents a powerful and elegant combination
of molecular electronics, quantum chemistry, and single-molecule physics,
providing a textbook-like clarity.

The essence of a chemical reaction is the vibrational rupture and generation
of chemical bonds between atoms. Therefore, the different vibration states
of a molecule should inevitably impact the dynamics of a chemical reaction.
Vibration or rotation of functional groups could cause changes in molecular
conjugation and thus the electronic structure. The scientific community are
curious about whether these tiny changes lead to different conductivities
[27, 285]. By exploiting the good stability of the graphene-molecule-graphene
single molecular junction (GMG-SMJ) electrical detection platform, we have
previously established a reversible bimodal single-molecule photoswitch based
on individual DAEs. Notably, reproducible stochastic switching of the closed
junction between two conductive modes was observed in a DAE system
during systematical measurements at low temperatures, as demonstrated by
I–V (Figure 9.53a) and I–t (Figure 9.53b) curves. This surprising finding was
attributed to a DAE conformational change such as rotation around the σ bond
between thiophene and benzene rings in the closed DAE form. Inspired by this
hypothesis, the stereoelectronic effects in a specifically designed hexaphenyl
aromatic chain has been investigated, where the central biphenyl was intro-
duced in a fluorene form to fix the dihedral angle. In a similar approach,
an amine-terminated hexaphenyl aromatic chain was sandwiched between
carboxylic acid-terminated graphene electrodes to disclose single-molecule
charge transport properties (Figure 9.53c) [392]. In temperature-dependent
experiments, we did observe a similar stochastic switching of conductance in
the temperature range of 120–140 K (Figure 9.53d). According to theoretical
calculations, this stochastic switching originated from rotation around the σ
bond between biphenyl rings to alternately form strongly and weakly conju-
gated states, which proved the correctness of the above hypothesis. Thus, the
switching of conductance originated from a typical stereoelectronic effect that is
ubiquitous in organic chemistry, which offered a fresh perspective for revealing
structures–property relationships and constructing future functional molecular
electronic devices on the sophisticated platform of GMG–SMJs.

9.7.2 Sensing Based on Biological Interactions

A key goal of modern bioscience is to monitor biomolecular interactions with
high sensitivity and high selectivity in real time, with the ultimate aim of detecting
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single-molecule events in natural samples. Directly probing the in situ activities
of biological species at the single-molecule level can provide access to uncovering
the incredible wealth of molecular information that is typically hidden in conven-
tional ensemble experiments and addressing the previously “unanswerable” ques-
tions. Therefore, establishing a practical platform for achieving this goal is clearly
of great importance to fundamental biology, diagnosis, and drug discovery. In
this section, we review the recent progress of a system of single-molecule elec-
trical biosensors, with a particular focus on those based on nanocarbon-based
electrode-molecule single-molecule junction and silicon nanowire-based plat-
forms [382, 384, 385, 393–395].

9.7.2.1 Nanocarbon-Based Molecular Electronics
Among the different molecular junction platforms, as detailed in Sections
9.2–9.4, single-molecule devices formed from the carbon electrode-molecule
molecular junction platform are particularly appealing because they are syn-
thesized through covalent amide bonds, thus significantly improving the device
stability. Therefore, these devices are sufficiently robust to endure a wide range
of chemistries and conditions, even in aqueous environments. Another unique
feature of these devices is that they consist of one or two (at most) molecules
as conductive elements. Because the current flow traverses a single molecule,
the devices are sensitive to the local configuration and environment around the
bridging molecule. In combination with their high stability, they have a great
potential for further applications in building ultrasensitive functional opto-
electronic devices and new classes of chemo/biosensors with single-molecule
sensitivity.

Several approaches involve in fabrication of molecular electronics, one of
which a non-covalent bioconjugation strategy has been reported by Philip
Collin’s group in 2012, rather than introducing a point defect, tailoring its
chemistry, and then conjugating the damaged site to the molecules of interest
[384]. They developed a non-covalent immobilization method based on pyrene
linkers, which provided dilute anchor points for subsequent derivatization of the
nanotube surface (Figure 9.54a). The pyrene attached to SWCNT through π–π
stacking. In their particular implementation, the target protein was covalently
conjugated to the pyrene-maleimide anchor site via a thiol from a single cysteine.
Figure 9.54a displays a single lysozyme interrogated by a carbon nanocircuit.
The AFM image experimentally confirmed the adhesion of the lysozyme on
the SWCNT (Figure 9.54b). By monitoring the I–t plots of an SWCNT–FET,
they demonstrated that the dynamics of a single T4 lysosome hydrolyzed the
glycosidic bond. Specifically, 100 glycosidic bonds are hydrolyzed processively
at a 15-Hz rate, before lysozyme returns to its nonproductive, 330-Hz hinge
motion. Further statistical analysis suggested the single-step hinge closure from
enzyme opening, actually calls for two steps. With the pyrene linker and π–π
stacking strategy for attaching the biomolecules of interest onto SWCNT–FETs,
the authors investigated the dynamics of homopolymeric process of the sin-
gle DNA polymerase I (Klenow fragment) and single-molecule catalysis by
cAMP-dependent protein kinase A [397, 398].
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Another strategy of nanocarbon molecular devices toward biosensing, Guo
et al. [399] developed a proof-of-principle strategy for realizing single-molecule
biodetection based on carbon electrode-molecule single-molecule junc-
tions by combining programmed chemical reactivity and directed biological
self-assembly (Figure 9.55a). In this study, they used a molecular wire with a
ketone sidearm (diaminofluorenone) to bridge SWCNT point contacts. Then,
they demonstrated the capability of electrically sensing the oxime formation on
the molecular bridge using a biochemical probe molecule and further monitor-
ing the non-covalent binding between the probe and the protein (Figure 9.55b,c).
Furthermore, the use of a biological assembly was demonstrated to localize
individual nanoparticles at the molecular bridge, thus providing a method to
sense the biological process at the single-event level.

Following this approach, one further primary effort is to integrate DNAs into
electrical circuits [98, 102, 400] because DNA molecules bridging nanodevices
could serve as powerful reporters to transduce biochemical events into electri-
cal signals at the single-molecule level. Thus, a general method was described
to incorporate DNA strands between the SWCNT electrodes and measure their
electrical properties. The statistical results demonstrated that the well-matched
duplex DNA in the gap between the electrodes exhibited a resistance of approx-
imately 1 MΩ, which is comparable with the bulk c-axis resistance of highly ori-
ented pyrolytic graphite (HOPG) with similar dimensions, and a single GT or
CA mismatch in a DNA 15-mer increased the resistance of the duplex ∼300-fold
relative to that of a well-matched one. More importantly, when certain DNA
sequences, which are substrates for Alu I, i.e. a blunt end restriction enzyme, were
oriented within this gap, this enzyme sliced the DNA and eliminated the conduc-
tive path. This result is valuable because it supports the supposition that the DNA
retains its native conformation and the corresponding biological activity when
sandwiched between the SWCNT point contacts, thus setting the foundation for
developing future DNA-based molecular biosensors. This conclusion was further
strengthened by the study performed by Wang et al. [401], where they reported a
molecular-scale electrical device that could sense an individual reaction between
a DNA duplex and a methyltransferase enzyme. The methyltransferase M.SssI
can specifically and reversibly bind the sequence 5′-CG-3′ and, in the presence
of the cofactor S-adenosyl methionine, catalyze the complete rotation of the cyto-
sine base out of the π-stacked core of the DNA duplex (referred to as base flipping)
followed by methylation, thus leading to an interruption of the charge transport.

Inspired by the aforementioned studies, Guo and colleagues created an
integrated system that could achieve rapid real-time measurements with
single-molecule sensitivity [102]. In this study, individual metallo-DNA
aptamers, which could selectively and reversibly interact with a target protein
thrombin, were used to react with SWCNT point contacts to form stable molec-
ular devices (Figure 9.56a). After treatment with thrombin, these single-molecule
devices depicted a consistent conductance increase (Figure 9.56b). This change
results from enhanced DNA charge transfer because of the rigidification of
the DNA conformation due to the DNA–thrombin interactions. To achieve a
real-time measurement, an integrated SWCNT transistor array was designed
and fabricated (Figure 9.56c). Combining this pattern with microfluidics led
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to detecting protein and monitoring stochastic DNA–protein interactions in
real time (Figure 9.56d). Reversible and consistent conductance changes at
different thrombin concentrations without a concentration dependence (from
2.6 fM to 2.6 pM and 2.6 nM) were observed, therefore demonstrating the
reproducibility and single-molecule sensitivity. These results distinguished this
method as a unique platform to achieve real-time, label-free, reversible detection
of DNA–protein interactions and enzymatic activity with high selectivity and
actual single-molecule sensitivity. Compared with more conventional optical
techniques, this nanocircuit-based architecture is complementary with clear
advantages, such as no bleaching issues and no fluorescent labeling, which are of
crucial importance for future single-molecule biodetection.

Analogously, the amide linkage strategy is reliable and proven by another
study, where the capability of controlling the conductivity of individual DNAs
was demonstrated by using coordination chemistry [103]. Briefly, the carbon
nanoelectrodes were bridged by single ODN-H1 (Figure 9.56) by using amide
linkages to form single DNA molecular devices. Similarly, it was determined that
the electrical properties of these devices can be efficiently switched ON and OFF
by sequentially alternating treatments with the EDTA and the Cu2+ ions. This is
because sequential treatments with the EDTA and Cu2+ formed metal-free or
metallo DNA structures, respectively, which have different electronic structures
and different conductance. The sensing property of these devices is reproducible
because a similar phenomenon was observed using different metal ions, such
as Ni2+ and Fe3+. Among these metal ions, Fe3+ had the best reversibility. The
proven switching reproducibility and reversibility of the single-molecule devices
bridged by metallo-DNAs form the basis for new types of molecular switches
and chemical sensors.

Subsequently, a further step toward molecular chemical sensors by con-
structing a platform that integrated a Cu2+-dependent DNAzyme into
graphene–molecule junctions, which was capable of directly detecting param-
agnetic Cu2+ with femtomolar sensitivity and high selectivity, has been reported
(Figure 9.57a) [402]. DNAzymes belong to a type of DNA-based biocatalysts
with the ability to perform chemical and biological reactions in the presence
of specific metal ions. In this study, Guo and colleagues designed a Cu2+

electrical sensor consisting of a DNA substrate strand with amines on both
ends for connecting to the graphene–molecule junctions as well as an enzyme
strand that could hybridize to the substrate strand through two base-pairing
regions (Figure 9.57a). The sensing principle is that Cu2+ could recognize and
then bind with the specific site in the DNAzyme sequence, followed by the
cleavage reaction that thus destroyed the conducting pathway (Figure 9.57b).
The contribution of this study could be summarized from three aspects: (i)
ultralow sensitivity with the femtomolar level due to the single-molecule sensing
component (Figure 9.57c); (ii) high selectivity resulting from the specific biolog-
ical catalysts, as demonstrated by a series of control experiments using different
metals (Figure 9.57d); and (iii) potential universality for other metal-ion sensors
because various types of DNAzymes specific for different ions are available.
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This universality has been strengthened by another study [403], where a similar
approach was described for directly revealing the stepwise effect of individual
intercalations on DNA conductance based on DNA-functionalized molecular
junctions by using ethidium bromide and SYBR Green I as representatives.
Generally, the ability to detect chemical and biological species at ultralow
concentrations is important in several areas, ranging from the diagnosis of
life-threatening diseases to the detection of biological agents in warfare or
terrorist attacks. These results demonstrate that these device-like architectures
are promising for actual sensors with extreme sensitivity and high selectivity,
thus leading to commercial applications.

9.7.2.2 Silicon-Based Devices
As the Si/SiO2 interface is the basis for the prosperity of today’s mainstream
microelectronics, it is natural that one-dimensional silicon nanowires (1D
SiNWs) have attracted much attention as basic nanobuilding blocks [404, 405].
SiNWs exhibit the unique advantages of high biocompatibility, size compara-
bility, capability of integration with the existing silicon industry, and flexible
surface tailorability, while their easy availability through bottom-up approaches
and superior electrical properties with precise controllability make SiNWs well
suited for the fabrication of high-gain FETs whose conductance is highly depen-
dent on the local charge density [406, 407]. The above merits allow SiNW–FETs
to be intimately interfaced with biological circuits at different scales ranging
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from individual molecules to animal organs. In this section, we demonstrate the
capability of SiNW–FETs to sense individual biomolecules or probe the dynamic
processes of biological systems.

Lieber’s group first reported a direct, real-time electrical detection of single
virus particles with high-selective SiNWs-FETs [408]. The antibody receptors
were modified on the surface of SiNWs. When the single virus specifically
bonded to the receptors, the conductance of the nanowire biosensor changed.
This is a landmark of the SiNW-based biosensor. Subsequently, rapid, selective,
and sensitive detection of viruses is an effective tool for the diagnosis of viral
infections. Previous studies reported highly selective SiNW–FETs as a promising
platform for ultrasensitive virus detection [408]. For a practical attempt, we
modified the surface of SiNW sensors with antibodies to detect influenza viruses
H3N2 and H1N1 that were collected from clinical exhaled breathe condensates
(EBCs) of patients with and without flu symptoms (Figure 9.58a) [409]. As
a result, the SiNW biosensors could selectively detect influenza A viruses
within minutes at levels as low as ∼285 viruses/μl in 100-fold diluted flu EBC
samples (Figure 9.58b) and thus distinguish them from non-flu EBC samples
(∼29 viruses/μl). This method considerably extends the scope of SiNW sensing
to the diagnosis of flu in clinical settings and is 2 orders of magnitude faster
than the gold standard method of room temperature real-time quantitative
polymerase chain reaction (RT-qPCR).

In another work, single-protein detection was realized by surface functional-
ization before SiNW transfer to build an SiNW-FET-based biosensor capable of
directly detecting protein adsorption/desorption at the single-event level, where
the biomolecules of interest act as a local gate after assembly and electrostati-
cally modulate the carrier intensity inside the nanowires [410, 411]. Specifically,
Ni-NTA end groups (Ni2+ chelated Nα,Nα-bis(carboxymethyl)-l-lysine hydrate)
serving as selective binding sites for His-tag F1-adenosine triphosphate (ATP)ase
(F1) immobilization were used, and the stepwise adsorption of individual
F1 molecules was monitored by real-time electrical detection (Figure 9.58c)
and AFM (Figure 9.58d). This approach was used to fabricate single F1
molecule-grafted SiNW-FETs that displayed steady conductance in buffer
solution [411]. Interestingly, the introduction of ATP resulted in a reproducible
two-level current fluctuation, which originated from the bi-conformational
transition of the 𝛾 shaft of F1 corresponding to ATP hydrolysis and Pi release
(Figure 9.58e,f ), respectively. Importantly, the rate of label-free F1 hydrolysis
obtained in this work was 1 order of magnitude higher (1.69× 108 M−1 s−1 at
20 ∘C) than that in the case of fluorescent tag-labeled F1, which manifested the
capability of SiNW-based electrical nanocircuits to nondestructively probe the
intrinsic dynamics of biological activities.

A particularly interesting feature of CVD-grown SiNWs is their 1D Si/SiO2
core-shell structure [412], which allows one to open functional nanogaps for
subsequent biocompatible assembly. Taking advantages of this feature, Guo
and colleagues developed a reliable method of point functionalization with
precise high-resolution electron-beam lithography, which is able to open a
∼10-nm window in the spin-cast polymethylmethacrylate layer (Figure 9.59a,b).
This process produced an H-terminated Si surface perpendicular to SiNWs for



9.7 Transduction Toward Molecular Sensors 329

Time (s)

Time (s)

0
4

5

6

7

8

9

200 400 600    

80 nm

Sampling times, 0.03 s

C
o

n
d

u
c
ta

n
c
e

 (
S

)

SiNW device modified with H3N2 antibody

0

6.0e–9

9.0e–9

1.2e–8

1.5e–8

1.8e–8

2.1e–8

2.4e–8

2.7e–8

50 100 150 200 250 300 350 400 450 500

ΔI
D
 (

n
A

)

I D
 (

n
A

)

–1

0

1

0.500.00

C
lo

s
e

F
a

r
β

β

γ

γ

Data

QUB fit

SiNW

SiNW

+ +

+ + + +

(a) (b)

(c)

(d) (f)

(e)

Si wafer
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Society.

programmed point decoration assembly and subsequent detection of single
proteins in combination with microfluidics [413]. Remarkably, at very low
protein concentrations (7.8–78 and 780 pg ml−1), in situ electrical measurements
showed no concentration dependence, thus demonstrating single-molecule
sensitivity (Figure 9.59c).

DNA hybridization/polymorphism is a fundamental process in biology, with
the DNA hairpin loop being a classical folding/unfolding system for DNA
hybridization studies. With the development of optical detection techniques, the
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generally adopted mechanism of DNA hybridization has gradually changed from
the initially proposed two-state model to the multistate model [414]. However,
accurate information on each stage of hybridization is still lacking. To bridge
this gap, Guo et al. [415] tethered individual hairpin DNAs on SiNWs through
active ester terminals on the platform of SiNW–FET-based single-molecule
biosensors described earlier (Figure 9.60a,b) [416] and observed multiple-step
current changes during DNA hybridization dynamic measurements, which
were performed at precisely controlled temperatures of 20–65 ∘C (temperature
increase step = 5 ∘C) (Figure 9.60c). This observation agreed with the number
of base pairs in the stem of hairpin DNAs, thus clearly demonstrating the
single-base resolution of the DNA folding/unfolding processes within a time
scale of a few milliseconds (Figure 9.60d). As a further step toward real-life
applications, Guo and colleagues utilized a molecular hairpin DNA probe to
establish a low-cost, high-throughput, simple, and accurate SNP genotyping
technique [417]. Collectively, the aforementioned investigations prove that
SiNW-FET single-molecule electrical circuits offer a powerful platform for
researchers to study fast single-molecule biophysics in an interdisciplinary realm
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and can be used in numerous applications such as genic polymorphism, protein
folding, enzymatic activity, and reaction mechanism elucidation.

9.7.3 Sensing Based on Thermoelectrical Conversion

In addition to the strong motivation for the development of molecular electrical
biosensors, there is increasing interest in understanding the thermoelectric
transport in single-molecule junctions [158, 418]. If one side of a material is
heated to a higher temperature (T1) and the other side is kept at a low temper-
ature (T2), then free charges tend to accumulate at the cold end, resulting in a
potential difference ΔV between the sides. This thermoelectricity enables the
heat energy to be directly converted to electricity and vice versa, without using
any mechanical components. Thus far, experimental studies on thermoelectricity
for nanojunctions are limited. However, a few key results have already emerged.
For example, Reddy et al. performed the first measurement of thermopower in
molecular junctions, and the Seebeck coefficients (ΔV /ΔT) for several types of
molecular junctions were determined [419]. Then, a framework was established
for understanding heat dissipation for a range of mesoscopic systems, which
demonstrated that the heat dissipation was asymmetric if the junctions had
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strong energy-dependent transmission characteristics [420]. Widawsky et al.
[421] developed the STM-based break junction technique and simultaneously
determined the conductance and thermopower of single-molecule junctions,
revealing the dependence of the Seebeck coefficients on the conducting molecule
orbitals. This dependence was also proven by the results obtained by the Tao’s
group [422], who determined that the thermopower correlated with the tran-
sition voltage, which was indicative of the molecular energy level alignment
between the molecular energy levels and the electrodes’ Fermi energy level.

These pioneering experimental studies combined with the recent systematic
computational predictions [423–425] established the feasibility of achieving
efficient thermoelectric energy conversion in molecular junctions. The key to
obtain deeper insights and optimize the thermoelectric properties of molecular
junctions is to tune their charge transmission characteristics at the Fermi level
(EF) of the electrodes. Thus, Evangeli et al. [426] utilized the imaging capability
of the STM technique to simultaneously measure the thermopower and the
conductance, thus demonstrating a potential approach of enhancing the ther-
moelectric performance by manipulating the intermolecular interactions. Kim
et al. [427] used an electromigration approach to build three-terminal molecular
junctions with large temperature gradients, which allowed for the simultaneous
measurements of the Seebeck coefficient and the electrical conductance of the
individual molecules (Figure 9.61a) to be obtained. Using this platform, the
prototypical Au–biphenyl-4,4′-dithiol–Au and Au–fullerene–Au junctions were
studied, indicating that both the Seebeck coefficient and the molecular conduc-
tance could be increased by electrostatic control (Figure 9.61b,c). Additionally,
it was determined that the thermoelectric properties could be significantly
enhanced when the dominant transport orbital was located close to the EF
of the electrodes (Figure 9.61b,c). Recently, Dell et al. [428] reported another
interesting study, where the STM technique was used to demonstrate that
the charge carriers in single-molecule junctions could be tuned by molecular
engineering (Figure 9.61d,e). By performing thermopower measurements, it
was proven that the dominant charge carriers changed from holes to electrons
within a family of molecules that contained electron-deficient TDO building
blocks when the number of TDO units was increased (Figure 9.61f ). This result
provided a new method to tune the length-dependent p- and n-type transport in
organic materials. Collectively, these rapid, impressive demonstrations suggest
that molecular thermoelectricity is an area of research where new breakthroughs
can occur in the future.

9.8 High-Frequency Molecular Devices

Molecular electronics proposed that molecules sandwiched between electrodes
would accomplish electronic functions and have been extensively studied for
their DC properties. In order to enable molecular devices to replace traditional
semiconductor devices in the future, the research of both high frequency (radio
frequency (RF)) and alternating current (AC) performance is indispensable.
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However, so far, functional molecular devices have only been demonstrated
at low frequency, a serious limitation from a device perspective. To reach
high-frequency molecular components, several issues have to be addressed.
Firstly, one main issue in high frequency devices is that the conductance has
remained extremely low (quantum of conductance G0 = 77.5 μS), seriously
impacting the cut-off frequency of the device which could be approximated,
in a simple dipole configuration, by G/(2πC), with G (the device dynamic con-
ductance) and C (capacitance). A second issue, barely addressed in molecular
electronics, is the capacitive circuitry for frequency bandwidth optimization.
Whereas the low dielectric constant (∼2–3) [429] of organic monolayers should
be an advantage, fringe capacitances may be dominant when reducing the
devices dimension to single or few molecules. In addition, molecular electronics
requires statistical studies for convincing demonstrations, which add more diffi-
culty for the measurement of high-frequency signals. This section summarizes
the solutions for implementing high-frequency molecular devices.

Before summarizing the high frequency or AC molecular devices, transistors
that constitute the heart of electronic circuits and have been the building blocks
of the digital revolution would be first introduced. A transistor is an electronic
component that which has at least three terminals. By applying a voltage or cur-
rent to one pair of the terminals, one can regulate the current through another
pair of terminals. The output power can be higher than the input power and there-
fore a transistor can act as an amplifier. Another transistor application is that of
an electrical switch, in which the voltage on one of the terminals regulates the
current between two other terminals. In the field of molecular electronics, tran-
sistors with carbon-based electrodes are interesting candidates as they provide a
higher structural stability. Different strategies are proposed to link molecules to
carbon electrodes. The first approach is a covalent bonding through a chemical
reaction, which can lead to robust junctions at room temperature. An example is
the amide bond achieved by peptide chemistry [430–432]. This strong link could
avoid the stochastic switching of thiols to neighboring gold atoms observed in
conventional gold electrodes, making the amide bond more stable. The most crit-
ical task is how to apply high frequency to the transistors.

To address this issue, Nijhuis et al. reported a molecular half-wave rectifier,
but the selected frequency of operation was 50 Hz [433]. They described the per-
formance of junctions based on SAM as the functional elements of a half-wave
rectifier (a simple circuit that converts, or rectifies, an AC signal to a DC sig-
nal). These junctions comprised SAMs of 11-(ferrocenyl)-1-undecanethiol
(SC11Fc) or 11-(biferrocenyl)-1-undecanethiol (SC11Fc2), supported on
template-stripped Ag bottom electrodes, and contacted by the top elec-
trode of eutectic indium–gallium as shown in Figure 9.62a. Figure 9.62b shows
the measured input voltage, V in (black line), and the corresponding measured
output voltage, V out (red line). V in is a 50-Hz sinusoidal signal with a peak
voltage of 2.1 V. They found that the V out signal is not detectably phase-shifted
relative to V in, but the values of V out are significantly less than the values of V in.

More specifically in molecular electronics, an RF break-junction setup, which
is compatible with the single-molecule device, has been reported by Guo et al.
for an atomic contact device, but without the presence of molecules [434].
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This approach leads to a time resolution 3–4 orders of magnitude faster than the
measurements carried out to date, making it possible to observe fast transient
conductance-switching events associated with the breakdown, re-formation,
and atomic scale structural rearrangements of the contact.

In order to realize the development of high-frequency molecular devices, the
related simulation work has also been carried out. Kienle and Leonard presented
an approach for time-dependent quantum transport based on a self-consistent
NEGF formalism and applied it to determine the high-frequency (terahertz)
properties of CNTFETs [435]. They showed that the dynamic conductance
exhibits both smooth oscillations and divergent features in the terahertz regime,
indicating the coexistence of single-particle and collective excitations (plas-
mons). The system is divided into a device region, which is connected to two
semi-infinite leads consisting of NTs embedded in source and drain metals
as shown in Figure 9.63a. The dynamic source–drain conductance g (𝜔) is
dependent on the potential at the gate terminal V g, which consists of AC and
DC signals. From Figure 9.63b, we can find that the conductance is affected
by the gate voltage. The band diagram in the ON and OFF states is shown in
Figure 9.63c, from which we can see that the bandwidth is regulated by DC
gate voltage. In addition, they showed that the real and imaginary parts of the
AC conductance in the OFF state displayed smooth oscillations as a function
of frequency, which is a signature of the single-particle excitation spectrum.
In contrast, in the ON state, they observed that the conductance exhibits
a pronounced divergent response at 24 THz with an underlying oscillatory
behavior for high frequencies. The presence of these oscillatory modes suggests
that plasmons are responsible for the divergent behavior. There results suggest
that low-dimensional systems with nanometer-sized channels show promising
potential for novel detectors and emitters of terahertz radiation.

In addition, Wu et al. reported a theoretical analysis, which shows that a
critical control of the conductance of short molecules can be achieved by a finite
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frequency AC bias [436], demonstrating that there exists a giant enhancement
of dynamic conductance, by many orders of magnitudes, as a function of the
AC frequency. However, such a theoretical prediction needs a confirmation
from experimental results. Recently, Trasobares et al. demonstrated molecular
diodes operating up to 17.8 GHz, which is the highest frequency functional
device reported so far at room temperature [437]. They measured DC and RF
properties simultaneously on a large array of molecular junctions composed of
gold nanocrystal electrodes, ferrocenyl undecanethiol molecules (FcC11SH) and
the tip of an interferometric scanning microwave microscope (iSMM) [438]. The
measurement of the molecular diode is presented in Figure 9.64a. It is found
that the present nanometer-scale molecular diodes offered a current density
increase by several orders of magnitude compared with that of micrometer-scale
molecular diodes, allowing the RF operation. The measured S11 parameters
showed a diode rectification ratio of 12 dB, which is linked to the rectification
behavior of the DC conductance as shown in Figure 9.64b. There is a tradeoff
between the conductance, function (rectification), and capacitances. The present
configuration was optimized to demonstrate a 17 GHz molecular rectifier
with a 520 GHz cut-off frequency: the ∼150 molecules sandwiched between
a gold nanocrystal and a Pt tip electrode enables to get a ∼0.36 mS dynamic
conductance while keeping a small capacitance in the 100 aF range. In addition,
a comparison with the silicon RF-Schottky diode architecture suggests that the
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Figure 9.64 Molecular diodes. (a) Schematic representation of the molecular junction
composed of a gold nanocrystal, ferrocenylundecanethiol (Fc C11) molecules enabling
rectification properties, and a Pt tip. (b) 2D |S11| histogram (normalized to one) versus tip bias
generated from 100 molecular rectifier junctions. The voltage step was 0.05 V and the contour
plot generated automatically (OriginLab). The applied load was 18 nN. Source: Reproduced
with permission from Trasobares et al. [437]. Copyright 2006, Springer Nature.

RF-molecular diodes are extremely attractive for scaling and high-frequency
operation. High-frequency molecular devices are indispensable elements for
the future development of molecular electronics. It brings new hopes and
perspectives for chemistry-based electronics. All the work summarized above
evidence the interesting perspectives of the molecular electronics approach for
high-frequency operation.

9.9 Molecular Machines

The original intention of the molecular device design is to break through the
limitation of the silicon-based miniaturization. However, the mimic of the basic
units and functions of silicon-based devices are far from making sense. The ratio-
nal design of molecular electronics is called for exploring the intrinsic molecular
functionality [439–443]. Indeed, contemporary research in molecular electronics
is already moving toward this direction. With decades of efforts, diverse molec-
ular machines have been developed, such as the molecular motors, molecular
elevators, molecular scissors, and so forth.

9.9.1 Molecular Motors

A motor must be the most important part of a machine, which can convert
chemical energy into mechanical force and movement. The molecular motor
is defined as a machine, which is capable of using an energy input to produce
useful work. Natural molecular-level machines and motors are extremely
complicated systems. The operational mechanisms of the motion of molecular
machines at the molecular level have to deal with the phenomena different
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from those that govern the macroscopic world, such as gravity, inertia motions,
viscous forces, etc. Additionally, only simple prototype of molecular components
can be constructed artificially by the bottom-up process. Herein, completely
copying the natural machine systems by artificial bottom-up means is hopeless.
Fortunately, the rational utilization of the chemical toolbox for the construction
of the molecular motors, namely, a variety of chemical reactions, is much larger
than the one used in nature [444].

In 1999, Kelly’s group and Feringa’s group published their marvelously
designed, chemically powered rotary molecular motor separately [445, 446].
Differently, Kelly motor was unable to rotate while the Feringa motor worked,
which awarded with the Nobel Prize. Kelly and his coworker designed a system
that is fueled by phosgene and accomplishes a unidirectional, 120∘ clockwise
rotation. Unfortunately, their motor did not accomplish a repeated rotation
[447–449]. To be able to construct a molecular motor, three basic require-
ments need to be fulfilled in the following order: (i) consumption of energy;
(ii) unidirectional rotation; and (iii) repetitive rotary. After fulfilling all three
points, Feringa and his coworker made the dream of light-driven photoinduced
unidirectional full 360∘ rotary motion of C=C double bond isomerization to
come true [450]. They developed the first and second generation light-driven
unidirectional molecular motors [446, 451]. The molecules comprise a chiral
overcrowded alkene conformation, in which two halves are connected by a
central olefinic bond (Figure 9.65, molecule 30). Two halves were regarded as a
rotor unit and a stator part respectively. The connecting olefin operates as the
axle of the rotational system. In contrast to the molecular switch, the Feringa
motor possesses both an intrinsic helical chiral structure and stereogenic centers
in allylic positions with respect to the axis of rotation. Basically, a full unidirec-
tional rotary cycle has four steps, the full 360∘ unidirectional rotary cycle of
1R,1R-(P,P)-trans-30 as shown in Figure 9.65a. The formation of all the isomers
during the cycle can be determined by 1H-NMR, UV–Vis spectroscopy, and
circular dichroism (CD) spectroscopy (Figure 9.65b). Their results suggested that
upon continuous irradiation and in the condition of appropriate temperature,
the rotor part performed unidirectional rotary motion relative to the stator part
[452, 453]. Subsequently, they investigated the Feringa motor assembled with
gold nanoparticles for further integration into the molecular circuits [450].

What should be noticed is that motors discussed here mainly refer to the rotary
ones. In fact, linear-like movements inspired another essential motor. In nature,
enzymes like myosin and kinesin and their derivatives are linear motors that move
[454]. Here, we would like to concentrate on the artificial molecular electronics;
thus, the natural molecular electronics are not described too much in this book.

9.9.2 Molecular Elevators

Since the very first example reported in 1994 [455], a variety of controllable
molecular machines, which are capable to shuttle along the axis component
relying on chemical, electrochemical, and photochemical stimulation, have been
described elsewhere [456–459]. Based on the continuous efforts, Balzani’s group
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designed and synthesized a molecular elevator [460]. Firstly, a chemically driven
bistable switching 33-H3+ compound has been evaluated with good performance
(Figure 9.66a,b) [462, 463]. Specifically, the compound is made of a dumbbell
component, an ammonium and an electron acceptor 4,4′-bipyridinium unit.
These structures are able to establish hydrogen bonding or CT interaction
between a crown ether and electron donor ring component dibenzo-24-crown-8
(DB24C8). An anthracene moiety is regarded as a stopper. Additionally, its
absorption, luminescence, and redox properties are helpful to monitor the state
of the system. The N+—H· · ·O hydrogen bonding interactions between the
ammonium center and macrocyclic ring are much stronger than the CT interac-
tions of the ring with the bipyridinium moiety. As a result, the rotaxane performs
as only one of the two translational isomers (State [33H]3+). With the presence
of the base, the deprotonation of the ammonium center of 33-H3+ weakens
the hydrogen bonding interactions, leading to the quantitative displacement
caused by the DB24C8 ring moving to the bipyridinium moiety in Brownian
motion (State [1]3+). Oppositely, with an acid introduction, the ring goes back
to the ammonium center. The deprotonation and reprotonation processes have
been investigated by 1H NMR spectroscopy together with electrochemical
and photophysical measurements [462]. Stoddart’s group has investigated the
kinetics of the ring shuttles in solution and the properties of LB films containing
33-H3+ [464, 465]. The fully chemically reverse mechanical movement induced
by the acid-base reaction offered the rotaxane complexes a binary stability.

Subsequently, inspired by the acid-base switchable rotaxane 33-H3+ described
earlier, Balzani et al. incorporated it into a triply threaded two-component
supramolecular bundle to form a two-component molecular device 34-H9+

(Figure 9.59c) [461]. The three legs of 34-H9+ work similarly as the deprotona-
tion and reprotonation processes under the base–acid condition. However, the
aforementioned interlocking by a tritopic host played a role of a platform able to
stop at the two different levels, which behaves like a nanoscale elevator [460]. The
three legs, which consisted of a tripod component containing one ammonium
center and one 4,4′-bipyridinium unit, hamper the platform from slipping off.
Two states can be performed with the 34-H9+. State 0 in Figure 9.66c, with
the three rings surrounding the ammonium centers, which stem from the
strong N+—H· · ·O hydrogen bond and weak π–π stacking forces between the
aromatic cores of the platform, is “upper” level initial. Upon introduction of the
phosphazene base, deprotonation led to the occurring of ammonium center.
Consequently, the platform moved down to the “lower” level, in which the three
DB24C8 rings surrounded the bipyridinium moieties (State 1). Analogously,
acid introduction made the platform to move back to the upper level. The
elevator behavior has been monitored quantitatively by 1H NMR spectroscopy
together with electrochemical and photophysical measurements [466]. They also
suggested that their systems are promising in the drug delivery. With analogous
consideration, a Japanese team fabricated a double-leg donor acceptor based on
a stable CT complex containing a divalent host and a guest through the “click
chemistry” approach [467]. The molecular elevators are more reminiscent of
a legged animal than they are of passengers on freight elevators, which hold
considerable promise for use in molecular devices.



9.9 Molecular Machines 341

– H+

+ H+

+ 3H+

– 3H+

+  Base

+  Acid

State 0(c)

(b)

(a)

State 1

[33H]3+

34.H3
9+

332+

Figure 9.66 Molecular elevator. (a) Schematic representation of a controllable, bistable
[2]rotaxane, containing in its dumbbell-shaped component two different recognition sites or
“stations,” to one of which the ring component is attracted much more than the other. The two
different states of the molecule can be switched by an external stimulus, such as a change in
pH. (b) In the [2]rotaxane [1H]3+, the dumbbell-shaped component contains a –NH2

+– center
and a BIPY2+ unit as stations for the DB24C8 component. In acid, the preferred station for the
DB24C8 ring to encircle is the –NH2

+– center because of the formation of strong hydrogen
bonds. After adding the base, however, the –NH2

+– center is deprotonated and the DB24C8
moves to the BIPY2+ unit, where the donor–acceptor interactions become stabilized. (c)
Chemical formula and operation scheme in CH3CN solution (state 0 and state 1) of the
molecular elevator 2-H39+. According to molecular models, the elevator is approximately
2.5 nm high and 3.5 nm wide. Source: Reproduced with permission from Balzani et al.
[459, 461]; Badjić et al. [460]. Copyright 2006, The Royal Society of Chemistry.

9.9.3 Molecular Scissors

Since the first proposal of molecular electronics, scientists never stop to explore
the possibilities of making molecular devices with desired functionalities. In
2006, a fascinating work relevant to a 3-nm molecular scissors has been published
in Nature. As soon as the reported work brought out, it was focused by the whole
scientific society. In fact, the molecular scissor has been designed creatively
by a Japanese group based on the development of a series of photoresponsive
molecules, which were inspired by molecular biological systems.

In terms of photoresponsive molecules, AB is considered as one of the most
representative models. The good performance in photoresponsive elonga-
tion/contraction motion of AB offers the opportunity to convert solar energy
to mechanical energy. Aida’s group designed molecule 35, in which the AB
isomerization contributed to the pivotal motion of ferrocene to achieve a
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Figure 9.67 A crystal structure of trans-35 (left) and a molecular structure of cis-35 (right),
optimized with DFT calculation (B3LYP/3–21G*). Source: Reproduced with permission from
Muraoka et al. [468]. Copyright 2003, American Chemical Society.

scissoring behavior [468]. As shown in Figure 9.67, molecule 35 consists of
1,1′-3,3′-tetrasubstituted ferrocene, whose 1- and 1′-positions are strapped
by AB via ethylene units. The X-ray crystallographic analysis demonstrated
that the two phenylene groups connected to the cyclopentadienyl (Cp) rings
are separated with an angle of 62.78∘ due to the elongated geometry of the
AB unit. As a result, the Cp-attached phenyl groups are in close proximity
to each other in a twisting angle of only 8.75∘. The two Cp rings are almost
parallel with a distance of 3.334 Å [469]. As in the initial design and theoretical
calculation, the covalently interlocked structure of molecule 35 changes in
response to the geometric transformation of the AB unit, which resulted in the
distance between the two Cp-attached phenylene groups. Consequently, the
phenyl group goes through an opening/closing motion by an angular motion of
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the ferrocene unit. The CD spectroscopy and 1H nuclear magnetic resonance
(1H NMR) spectroscopy gave evidence of the interlocked motion of 35 upon
irradiation of UV (350 nm) and Vis (>400 nm). Additionally, they suggested that
the moderate flexible ethylene unit is essential for the interlocking movable units
as the linker parts. Besides, for higher ratio of the trans/cis molar ratio of the
photostationary state, they modulated the light control of molecular scissors
with a plus redox control [470].

The success of the covalently interlocked structure in modulating the scissor’s
behavior encouraged them to develop an operative non-covalent molecular pliers
37 (Figure 9.68a) [471]. Molecular plier 37 is composed of a zinc porphyrin unit
attached on each Cp ring of the ferrocene unit of 37. The zinc porphyrin binds
to a bidentate rotary guest 13 via coordination of the zinc ion with nitrogenous
bases, forming a host–guest complex 37•36. The photochromic isomerization
of the AB moiety has been confirmed by the CD spectroscopy. Interestingly, they
found that the trapped 36 is fixed in a non-planer chiral geometry, and concur-
rently changes with photoisomerization of the host (Figure 9.68b). Between 250
and 350 nm, the CD signal intensity decreased upon UV irradiation, while the
visible irradiation gave rise to the increment of the signal. These results indicated
that the dihedral angle between the isoquinoline rings of the guest 36 was mod-
ulated by the geometric change zinc porphyrin of trans-37 and cis-37 [472, 473].
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Considering the timescale of the isomerization performed in CD spectroscopy
(Figure 9.68b) together with the dynamic NMR study [474], they attributed
second-level photoinduced conformation of 2–13 bound to the host. Namely, the
host physically twists guest through non-covalent bond in response to irradia-
tion. A change in molecular shape of cis–trans photoisomerization of an AB unit
is transmitted via a pivot point (a ferrocene unit) and a pedal-like motion of large
flat zinc porphyrin units to induce a clockwise or anticlockwise rotary motion in a
bound rotor guest. Together with the covalent and non-covalent strategies of the
modulation of scissors like motion, furthermore, they studied a ternary complex
38•39•40, which is mechanically interconnected with each other, and allows for
long-distance transmission of motions. (Figure 9.69) [475]. Molecular scissors
can be considered as prototypes of “molecular reactors” and can be extended to
larger polymeric systems, allowing remote manipulation of molecular events.

9.9.4 Other Multicomponent Mechanical Machines

The construction of molecular machines, whose mechanical motion of different
parts operates in concert, calls for the design of integrated multicomponent sys-
tems. In fact, the molecular elevator and molecular scissors mentioned earlier
are related examples. Here, we would like to introduce other molecular machines
consisting of multicomponents.

A family of nanovehicles, whose directions are carefully tuned, were developed
to transport on surfaces, with an ultimate goal to transport cargo from one place
to another like the macroscopic car does [476]. The key structure of the nanocar
is a molecular motor that provides the driving force and an oligo(phenylene
ethynylene) chassis together with an axle system to serve as the wheels. The first
generation of nanocars was developed with carbon-based C60 wheels driven by
electricity [477, 478]. However, the nanocar has been given up due to the fact
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Figure 9.70 Motorized nanocars. (a) The p-carborane wheels have BH at every intersection
except at the top and bottom vertexes, which represent C and CH positions, iso and para,
respectively, relative to the alkynes. (b) Affording motor rotation and sweeping across the
surface to propel the nanocar forward. Source: Reproduced with permission from Morin et al.
[481]. Copyright 2006, American Chemical Society.

that the C60 wheel impedes the photoisomerization process of molecular motors
[479, 480]. Instead of C60, Tour’s group chose the p-carborane wheels [481]
with a light-driven motor shown in Figure 9.63a. In their approach, carborane
“wheels” were attached covalently to a molecular rotor “engine.” After design and
synthesis of the nanocars, Tour and colleagues tracked the individual nanocar
by a single-molecule fluorescence microscopy (SMFM) technique to support
their previous work and demonstrated the feasibility of a variety of nanocars
(Figure 9.70) [482].

Recently, a remarkable artificial molecular machine has been reported, which
achieved the sequence-specific peptide synthesis [483]. The authors tried to
mimic the ribosome behavior in assembling amino acids from tRNA building
blocks into a peptide chain with an order defined by the sequence of the mRNA
strand. Their rotaxane machine system contained a macrocycle carrying a
reactive arm (molecule 39) and a thread functionalized with a predetermined
sequence of building blocks, which determined the sequence of the peptide
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Figure 9.71 A sequentially operating rotaxane catalyst. (a) Structure of the small artificial
rotaxane based molecular machine used in the sequential peptide synthesis. (b) Proposed
mechanism for the peptide synthesis. See text for details. Source: Reproduced with permission
from Lewandowski et al. [483]. Copyright 2013, AAAS.

of interest (Figure 9.71). The catalytic part located on the macrocycle was
a tethered thiol group. The catalytic part located on the macrocycle was a
tethered thiol group. The terminal blocking group of the thread prevented the
macrocycle from sliding off before the peptide synthesis process completes.
This molecular machine contained three amino acid building blocks attached to
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the thread via weak phenolic ester linkages. The synthesis process started with
the acid-catalyzed deprotecion of Boc and trityl groups. The whole synthesis
process spent 36 hours to complete. This is the first case of performing a reaction
in a sequential processive fashion relied on a rotaxane-based artificial molecular
machine. Following this demonstration, scientists keep trying on developing a
variety of functional molecular machines. Multicomponent machines including
molecular pistons [484], etc. have been constructed. Inspired by the concept of
multivalency in living systems initially, the molecular machines brought out the
possibility to manipulate the world at the molecular level.
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360 Kari, L., Păun, G., Rozenberg, G. et al. (1998). DNA computing, sticker
systems, and universality. Acta Inf. 35: 401–420.

361 Guarnieri, F., Fliss, M., and Bancroft, C. (1996). Making DNA Add. Science
273: 220–223.

362 Bennett, C.H. (1982). The thermodynamics of computation—a review. Int. J.
Theor. Phys. 21: 905–940.

363 Paun, G., Rozenberg, G., and Salomaa, A. (2005). DNA Computing: New
Computing Paradigms. Springer Science & Business Media.

364 de Silva, P.A., Gunaratne, N.H.Q., and McCoy, C.P. (1993). A molecular pho-
toionic AND gate based on fluorescent signalling. Nature 364: 42–44.

365 de Silva, A.P. and Uchiyama, S. (2007). Molecular logic and computing. Nat.
Nanotechnol. 2: 399–410.

366 Magri, D.C., Brown, G.J., McClean, G.D., and de Silva, A.P. (2006). Com-
municating chemical congregation: A molecular AND logic gate with three



368 9 Integrating Molecular Functionalities into Electrical Circuits

chemical inputs as a “lab-on-a-molecule” prototype. J. Am. Chem. Soc. 128:
4950–4951.

367 de Silva, A.P., Gunaratne, H.Q.N., Gunnlaugsson, T. et al. (1997). Signaling
recognition events with fluorescent sensors and switches. Chem. Rev. 97:
1515–1566.

368 de Silva, A.P. and McClenaghan, N.D. (2002). Simultaneously multiply-
configurable or superposed molecular logic systems composed of ICT (Inter-
nal Charge Transfer) chromophores and fluorophores integrated with one-
or two-ion receptors. Chem. Eur. J. 8: 4935–4945.

369 Wagner, R.W., Lindsey, J.S., Seth, J. et al. (1996). Molecular optoelectronic
gates. J. Am. Chem. Soc. 118: 3996–3997.

370 Fukaminato, T., Sasaki, T., Kawai, T. et al. (2004). Digital photoswitching of
fluorescence based on the photochromism of diarylethene derivatives at a
single-molecule level. J. Am. Chem. Soc. 126: 14843–14849.

371 Margulies, D., Melman, G., Felder, C.E. et al. (2004). Chemical input
multiplicity facilitates arithmetical processing. J. Am. Chem. Soc. 126:
15400–15401.

372 Silvi, S., Constable, E.C., Housecroft, C.E. et al. (2009). All-optical integrated
logic operations based on chemical communication between molecular
switches. Chem. Eur. J. 15: 178–185.

373 Andréasson, J. and Pischel, U. (2010). Smart molecules at work—mimicking
advanced logic operations. Chem. Soc. Rev. 39: 174–188.

374 Coskun, A., Deniz, E., and Akkaya, E.U. (2005). Effective PET and ICT
switching of boradiazaindacene emission: A unimolecular, emission-mode,
molecular half-subtractor with reconfigurable logic gates. Org. Lett. 7:
5187–5189.

375 Soboleva, T., Esquer, H.J., Benninghoff, A.D., and Berreau, L.M. (2017).
Sense and release: a thiol-responsive flavonol-based photonically driven car-
bon monoxide-releasing molecule that operates via a multiple-input AND
logic gate. J. Am. Chem. Soc. 139: 9435–9438.

376 Pischel, U. (2007). Chemical approaches to molecular logic elements for
addition and subtraction. Angew. Chem. Int. Ed. 46: 4026–4040.

377 Andréasson, J. and Pischel, U. (2015). Molecules with a sense of logic: A
progress report. Chem. Soc. Rev. 44: 1053–1069.

378 Reddy G, U., Axthelm, J., Hoffmann, J. et al. (2017). Co-registered molecular
logic gate with a CO-releasing molecule triggered by light and peroxide. J.
Am. Chem. Soc. 139: 4991–4994.

379 Kink, F., Collado, M.P., Wiedbrauk, S. et al. (2017). Bistable photoswitch-
ing of hemithioindigo with green and red light: Entry point to advanced
molecular digital information processing. Chem. Eur. J. 23: 6237–6243.

380 Liu, S. and Guo, X. (2012). Carbon nanomaterials field-effect-
transistor-based biosensors. NPG Asia Mater. 4: e23.

381 Li, Y., Yang, C., and Guo, X. (2020). Single-molecule electrical detection:
A promising route toward the fundamental limits of chemistry and life
science. Acc. Chem. Res. 53: 159169.

382 Kauffman, D.R. and Star, A. (2008). Electronically monitoring biological
interactions with carbon nanotube field-effect transistors. Chem. Soc. Rev.
37: 1197–1206.



References 369

383 Sorgenfrei, S., Chiu, C.Y., Gonzalez, R.L. et al. (2011). Label-free
single-molecule detection of DNA-hybridization kinetics with a carbon
nanotube field-effect transistor. Nat. Nanotechnol. 6: 125–132.

384 Choi, Y., Moody, I.S., Sims, P.C. et al. (2012). Single-molecule
lysozyme dynamics monitored by an electronic circuit. Science 335:
319–324.

385 Liu, H., He, J., Tang, J. et al. (2010). Translocation of single-stranded DNA
through single-walled carbon nanotubes. Science 327: 64–67.

386 Zhao, Y.A., Ashcroft, B., Zhang, P.M. et al. (2014). Single-molecule spec-
troscopy of amino acids and peptides by recognition tunnelling. Nat.
Nanotechnol. 9: 466–473.

387 Huang, S., He, J., Chang, S.A. et al. (2010). Identifying single bases in a DNA
oligomer with electron tunnelling. Nat. Nanotechnol. 5: 868–873.

388 Chen, X., Guo, Z., Yang, G.-M. et al. (2010). Electrical nanogap devices for
biosensing. Mater. Today 13: 28–41.

389 Meng, L., Xin, N., Hu, C. et al. (2019). Side-group chemical gating via
reversible optical and electric control in a single molecule transistor. Nat.
Commun. 10: 1450.

390 Gu, C., Hu, C., Wei, Y. et al. (2018). Label-free dynamic detection of
single-molecule nucleophilic-substitution reactions. Nano Lett. 18:
4156–4162.

391 Guan, J.X., Jia, C.C., Li, Y.W. et al. (2018). Direct single-molecule dynamic
detection of chemical reactions. Sci. Adv. 4: eaar2177.

392 Xin, N., Wang, J., Jia, C. et al. (2017). Stereoelectronic effect-induced con-
ductance switching in aromatic chain single-molecule junctions. Nano Lett.
17: 856–861.

393 Choi, Y., Moody, I.S., Sims, P.C. et al. (2012). Single-molecule dynamics of
lysozyme processing distinguishes linear and cross-linked peptidoglycan
substrates. J. Am. Chem. Soc. 134: 2032–2035.

394 Lee, H.J., Park, J., Yoon, O.J. et al. (2011). Amine-modified single-walled car-
bon nanotubes protect neurons from injury in a rat stroke model. Nat. Nan-
otechnol. 6: 121–125.

395 Sorgenfrei, S., Chiu, C.-Y., Johnston, M. et al. (2011). Debye screening
in single-molecule carbon nanotube field-effect sensors. Nano Lett. 11:
3739–3743.

396 Choi, Y., Olsen, T.J., Sims, P.C. et al. (2013). Dissecting single-molecule sig-
nal transduction in carbon nanotube circuits with protein engineering. Nano
Lett. 13: 625–631.

397 Olsen, T.J., Choi, Y., Sims, P.C. et al. (2013). Electronic measurements of
single-molecule processing by DNA polymerase I (Klenow fragment). J. Am.
Chem. Soc. 135: 7855–7860.

398 Sims, P.C., Moody, I.S., Choi, Y. et al. (2013). Electronic measurements
of single-molecule catalysis by cAMP-dependent protein kinase A. J. Am.
Chem. Soc. 135: 7861–7868.

399 Guo, X., Whalley, A., Klare, J.E. et al. (2007). Single-molecule devices as
scaffolding for multicomponent nanostructure assembly. Nano Lett. 7:
1119–1122.



370 9 Integrating Molecular Functionalities into Electrical Circuits

400 Roy, S., Vedala, H., Roy, A.D. et al. (2008). Direct electrical measurements
on single-molecule genomic DNA using single-walled carbon nanotubes.
Nano Lett. 8: 26–30.

401 Wang, H., Muren, N.B., Ordinario, D. et al. (2012). Transducing methyl-
transferase activity into electrical signals in a carbon nanotube-DNA device.
Chem. Sci. 3: 62–65.

402 Gao, L., Li, L.-L., Wang, X. et al. (2015). Graphene-DNAzyme junctions: a
platform for direct metal ion detection with ultrahigh sensitivity. Chem. Sci.
6: 2469–2473.

403 Wang, X., Gao, L., Liang, B. et al. (2015). Revealing the direct effect of indi-
vidual intercalations on DNA conductance toward single-molecule electrical
biodetection. J. Mater. Chem. B 3: 5150–5154.

404 Dai, X., Hong, G., Gao, T., and Lieber, C.M. (2018). Mesh nanoelectronics:
seamless integration of electronics with tissues. Acc. Chem. Res. 51: 309–318.

405 Liu, S., Shen, Q., Cao, Y. et al. (2010). Chemical functionalization of
single-walled carbon nanotube field-effect transistors as switches and sen-
sors. Coord. Chem. Rev. 254: 1101–1116.

406 Tian, B., Zheng, X., Kempa, T.J. et al. (2007). Coaxial silicon nanowires as
solar cells and nanoelectronic power sources. Nature 449: 885–889.

407 Stern, E., Klemic, J.F., Routenberg, D.A. et al. (2007). Label-free immun-
odetection with CMOS-compatible semiconducting nanowires. Nature 445:
519–522.

408 Patolsky, F., Zheng, G., Hayden, O. et al. (2004). Electrical detection of single
viruses. Proc. Natl. Acad. Sci. U. S. A. 101: 14017–14022.

409 Shen, F., Wang, J., Xu, Z. et al. (2012). Rapid flu diagnosis using silicon
nanowire sensor. Nano Lett. 12: 3722–3730.

410 Li, J., He, G., Ueno, H. et al. (2016). Direct real-time detection of sin-
gle proteins using silicon nanowire-based electrical circuits. Nanoscale 8:
16172–16176.

411 Li, J., He, G., Hiroshi, U. et al. (2017). Direct measurement of single-
molecule adenosine triphosphatase hydrolysis dynamics. ACS Nano 11:
12789–12795.

412 Cui, Y., Zhong, Z., Wang, D. et al. (2003). High performance silicon
nanowire field effect transistors. Nano Lett. 3: 149–152.

413 Wang, J., Shen, F., Wang, Z. et al. (2014). Point decoration of silicon
nanowires: An approach toward single-molecule electrical detection. Angew.
Chem. 126: 5138–5143.

414 Yin, Y. and Zhao, X.S. (2011). Kinetics and dynamics of DNA hybridization.
Acc. Chem. Res. 44: 1172–1181.

415 He, G., Li, J., Ci, H. et al. (2016). Direct measurement of single-molecule
DNA hybridization dynamics with single-base resolution. Angew. Chem. Int.
Ed. 55: 9036–9040.

416 Frisenda, R., Janssen, V.A.E.C., Grozema, F.C. et al. (2016). Mechanically
controlled quantum interference in individual π-stacked dimers. Nat. Chem.
8: 1099–1104.

417 He, G., Li, J., Qi, C., and Guo, X. (2017). Single nucleotide polymorphism
genotyping in single-molecule electronic circuits. Adv. Sci. 4: 1700158.



References 371

418 Dubi, Y. and Di Ventra, M. (2011). Colloquium: heat flow and thermoelec-
tricity in atomic and molecular junctions. Rev. Mod. Phys. 83: 131–155.

419 Reddy, P., Jang, S.Y., Segalman, R.A., and Majumdar, A. (2007). Thermoelec-
tricity in molecular junctions. Science 315: 1568–1571.

420 Lee, W., Kim, K., Jeong, W. et al. (2013). Heat dissipation in atomic-scale
junctions. Nature 498: 209–212.

421 Widawsky, J.R., Darancet, P., Neaton, J.B., and Venkataraman, L. (2012).
Simultaneous determination of conductance and thermopower of single
molecule junctions. Nano Lett. 12: 354–358.

422 Guo, S., Zhou, G., and Tao, N. (2013). Single molecule conductance, ther-
mopower, and transition voltage. Nano Lett. 13: 4326–4332.

423 Finch, C.M., García-Suárez, V.M., and Lambert, C.J. (2009). Giant ther-
mopower and figure of merit in single-molecule devices. Phys. Rev. B 79:
033405.

424 Karlström, O., Linke, H., Karlström, G., and Wacker, A. (2011). Increas-
ing thermoelectric performance using coherent transport. Phys. Rev. B 84:
113415.

425 Bergfield, J.P., Solis, M.A., and Stafford, C.A. (2010). Giant thermoelectric
effect from transmission supernodes. ACS Nano 4: 5314–5320.

426 Evangeli, C., Gillemot, K., Leary, E. et al. (2013). Engineering the ther-
mopower of C60 molecular junctions. Nano Lett. 13: 2141–2145.

427 Kim, Y., Jeong, W., Kim, K. et al. (2014). Electrostatic control of thermoelec-
tricity in molecular junctions. Nat. Nanotechnol. 9: 881–885.

428 Dell, E.J., Capozzi, B., Xia, J. et al. (2015). Molecular length dictates the
nature of charge carriers in single-molecule junctions of oxidized oligothio-
phenes. Nat. Chem. 7: 209–214.

429 Moth-Poulsen, K. and Bjornholm, T. (2009). Molecular electronics with
single molecules in solid-state devices. Nat. Nanotechnol. 4: 551–556.

430 Qi, P., Javey, A., Rolandi, M. et al. (2004). Miniature organic transistors with
carbon nanotubes as quasi-one-dimensional electrodes. J. Am. Chem. Soc.
126: 11774–11775.

431 Cao, Y., Wei, Z., Liu, S. et al. (2010). High-performance Langmuir–Blodgett
monolayer transistors with high responsivity. Angew. Chem. Int. Ed. 49:
6319–6323.

432 Cao, Y., Liu, S., Shen, Q. et al. (2010). High-performance photoresponsive
organic nanotransistors with single-layer graphenes as two-dimensional
electrodes. Adv. Funct. Mater. 19: 2743–2748.

433 Nijhuis, C.A., Reus, W.F., Siegel, A.C., and Whitesides, G.M. (2011). A
molecular half-wave rectifier. J. Am. Chem. Soc. 133: 15397–15411.

434 Guo, S., Hihath, J., and Tao, N. (2011). Breakdown of atomic-sized metallic
contacts measured on nanosecond scale. Nano Lett. 11: 927–933.

435 Kienle, D. and Leonard, F. (2009). Terahertz response of carbon nanotube
transistors. Phys. Rev. Lett. 103: 026601.

436 Wu, J., Wang, B., Wang, J., and Guo, H. (2005). Giant enhancement of
dynamic conductance in molecular devices. Phys. Rev. B 72: 195324.

437 Trasobares, J., Vuillaume, D., Theron, D., and Clément, N. (2016). 17 GHz
molecular rectifier. Nat. Commun. 7: 12850.



372 9 Integrating Molecular Functionalities into Electrical Circuits

438 Ballmann, S. and Weber, H.B. (2012). An electrostatic gate for mechanically
controlled single-molecule junctions. New J. Phys. 14: 123028.

439 Aradhya, S.V. and Venkataraman, L. (2013). Single-molecule junctions
beyond electronic transport. Nat. Nanotechnol. 8: 399–410.

440 Ratner, M. (2013). A brief history of molecular electronics. Nat. Nanotech-
nol. 8: 378–381.

441 Lörtscher, E. (2013). Wiring molecules into circuits. Nat. Nanotechnol. 8:
381–384.

442 Scheer, E. (2013). Visions for a molecular future. Nat. Nanotechnol. 8: 386.
443 Gao, H.-J. and Gao, L. (2010). Scanning tunneling microscopy of func-

tional nanostructures on solid surfaces: manipulation, self-assembly, and
applications. Prog. Surf. Sci. 85: 28–91.

444 Balzani, V., Credi, A., and Venturi, M. (2008). Molecular Devices and
Machines: Concepts and Perspectives for the Nanoworld. Wiley.

445 Kelly, T.R., De Silva, H., and Silva, R.A. (1999). Unidirectional rotary motion
in a molecular system. Nature 401: 150–155.

446 Koumura, N., Zijlstra, R.W.J., van Delden, R.A. et al. (1999). Light-driven
monodirectional molecular rotor. Nature 401: 152–155.

447 Kelly, T.R., Silva, R.A., De Silva, H. et al. (2000). A rationally designed proto-
type of a molecular motor. J. Am. Chem. Soc. 122: 6935–6949.

448 Kelly, T.R. (2001). Progress toward a rationally designed molecular motor.
Acc. Chem. Res. 34: 514–522.

449 Kelly, T.R., Cai, X., Damkaci, F. et al. (2007). Progress toward a rationally
designed, chemically powered rotary molecular motor. J. Am. Chem. Soc.
129: 376–386.

450 van Delden, R.A., ter Wiel, M.K.J., Pollard, M.M. et al. (2005). Unidirectional
molecular motor on a gold surface. Nature 437: 1337–1340.

451 Vicario, J., Walko, M., Meetsma, A., and Feringa, B.L. (2006). Fine tuning of
the rotary motion by structural modification in light-driven unidirectional
molecular motors. J. Am. Chem. Soc. 128: 5127–5135.

452 Koumura, N., Geertsema, E.M., Meetsma, A., and Feringa, B.L. (2000).
Light-driven molecular rotor: Unidirectional rotation controlled by a single
stereogenic center. J. Am. Chem. Soc. 122: 12005–12006.

453 Koumura, N., Geertsema, E.M., van Gelder, M.B. et al. (2002). Second gener-
ation light-driven molecular motors. Unidirectional rotation controlled by a
single stereogenic center with near-perfect photoequilibria and acceleration
of the speed of rotation by structural modification. J. Am. Chem. Soc. 124:
5037–5051.

454 Bakewell, D.J. and Nicolau, D.V. (2007). Protein linear molecular motor-
powered nanodevices. Aust. J. Chem. 60: 314–332.

455 Bissell, R.A., Córdova, E., Kaifer, A.E., and Stoddart, J.F. (1994). A chemically
and electrochemically switchable molecular shuttle. Nature 369: 133–137.

456 Zhu, K., O’keefe, C.A., Vukotic, V.N. et al. (2015). A molecular shuttle that
operates inside a metal–organic framework. Nat. Chem. 7: 514–519.

457 Niewoehner, J., Bohrmann, B., Collin, L. et al. (2014). Increased brain pene-
tration and potency of a therapeutic antibody using a monovalent molecular
shuttle. Neuron 81: 49–60.



References 373

458 Brouwer, A.M., Frochot, C., Gatti, F.G. et al. (2001). Photoinduction of fast,
reversible translational motion in a hydrogen-bonded molecular shuttle.
Science 291: 2124–2128.

459 Balzani, V., Credi, A., and Venturi, M. (2007). Molecular devices and
machines. Nano Today 2: 18–25.
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Summary and Perspectives

With the rapid development of molecular-scale electronics, using molecular
devices as the future of next-generation electrical circuit units with lower power
consumption, higher speed, and higher level of integration, has received signif-
icant attention [1–5]. To conveniently and efficiently fabricate molecule-based
devices, electrode fabrication is a key step. In this book, we presented the
developments of different techniques for molecular junction fabrications using
both metal and non-metal materials as contacts. We summarized the character-
ization methods as well as the theoretical approaches for molecular electronics.
Moreover, we highlighted the significant advancements in molecule-based
functional devices toward practical applications. The history, challenges, and
future of molecular electronics were also discussed.

Each type of material and technique has advantages and disadvantages.
For example, metallic materials are the most widely used materials for the
molecular junction fabrication due to their several advantages, such as few
defects, low cost, and high conductance. However, from a device’s standpoint,
several serious concerns for metal nanoelectrodes exist. (i) Incompatibility:
several types of metals (e.g. commonly used gold) may form deep level traps in
silicon, making it difficult to integrate gold tunnel junctions with complementary
metal–oxide–semiconductor (CMOS) electronics [6]. (ii) Unexpected mobility:
the atom at the metal electrode surface may rearrange or move due to the electric
field and local heating, especially under ambient conditions, which strongly
influence the stability of single-molecule devices [7]. (iii) Contact nature:
molecular electronics is often limited by the poorly defined nature of the contact
between the molecules and the metal surface [8]. Even for the most well-studied
system, such as thiolated molecules on Au contacts, there are no methods to
control the types of metal–molecule bonds [9]. Carbon-based electrodes can
overcome these problems, e.g. incompatibility and unexpected mobility. Using
single walled carbon nanotubes (SWCNTs) as point contacts, well-defined
covalent bonds between the electrode and the molecule with a limited number
of molecular bonding sites can be created [8]. However, single-molecule studies
based on SWCNTs also face considerable challenges before they can realize their
full commercial application [10]. Due to a lack of precise diameter and chirality
control for the SWCNTs, the device-to-device properties varied. Developing a
reliable fabrication technique for mass-producing identical SWCNT arrays and
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integrating individual SWCNTs into functional single-molecule devices with
high yields are one of the future challenges [11]. Graphene does not have
the inherent variability of the SWCNTs and may therefore circumvent these
problems. Graphene is currently considered a potential candidate for the
post-CMOS era because its defect-free monolayer can be grown at the wafer
scale, and the significant gate screening issues can be reduced compared with
that of metal electrodes, thus putting molecular electronics into a more favorable
position due to the junction’s dimensions being reduced to two dimensions.
Nanometer-scale gaps in graphene have been obtained using different strategies,
such as atomic force microscopy nanolithography [12], anisotropic etching via
thermally activated nanoparticles [13], electron-beam sculpting [14], “dash-line”
lithography [15, 16], mechanical stress [17], or electroburning [18, 19]. Func-
tional single-molecule devices based on graphene, such as optical switches with
low-ohmic contacts [20–22], transistors with low field screening [23, 24], and
ultrasensitive biosensors [25], have been reported. Carbon-based materials,
such as SWCNTs and graphene, may be better suited as electrode materials for
molecular electronics. The realization of atomic-level precision in the cutting
procedure, precise control of the molecular conformation on the substrate
within the graphene gaps, and contact configuration are challenges for future
studies to overcome.

Each electrode fabrication technique has its own unique advantages but is far
from perfect [26]. For example, there are three general techniques for forming
top contacts for large-area electrical measurements on the self-assembled
monolayers (SAMs). (i) Direct deposition of metals using an electron-beam or
thermal evaporation ensures atomic-level contact; however, the device yield is
low due to the damage of the evaporated hot metals and the formation of metal
filaments that short the junctions. (ii) The installation of a buffer-conducting
polymer between the SAM and a metallic top contact exhibits a high device
yield and efficiently avoids electrical shorts. However, the electrical properties
of these molecular junctions may be influenced by the thermal treatment and
the morphology of the interlayer conducting films. And the interface between
the conducting polymer and molecular layer isn’t well understood. (iii) The
use of liquid metals allows the formation of the conformal contacts at low cost
under room temperature conditions. However, liquid metal is difficult to form
small contacts at the individual molecular level. For single molecule junctions,
single molecules can be addressed using the electromigration method on the
nanoconstrictions. However, the electrode separation is fixed, which indicates
that the gap size cannot be further changed after electromigration, thus leading
to a low yield of molecular junctions. The mechanically controllable junction
technique with a precise adjustable gap size indicated a high yield of the junction.
However, it is not facile to fabricate highly integrated molecular commercial
devices because of the constraint of the out-of-plane push rod components and
the difficulty of introducing a third electrode for gating.

Each characterization technique has drawbacks [27]. For example, scanning
tunneling microscopy (STM) continues to play an important role in under-
standing the electron transport in single molecules due to its capability for both
microscopy and tunneling spectroscopy. However, STM requires well-defined
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surfaces, such as single crystals, and it is not available for several devices or
samples. The surface spectroscopy techniques (e.g. photoemission spectroscopy)
are powerful in determining the electronic properties of the molecule–electrode
interfaces and the relative energy alignments [28]. X-ray spectroscopy has
been demonstrated to provide angstrom-resolution structural information in
silicon–molecule–mercury junctions [29]. However, most of the spectroscopic
techniques are difficult to apply to molecules sandwiched between two electrodes
due to the screen of electrodes. Inelastic electron tunneling spectroscopy (IETS)
can be easily used in sandwiched molecular junctions at the single-molecule
level to provide information on molecular identity and conformation. However,
it requires cryogenic temperatures to distinguish the vibration modes. Optical
techniques, such as infrared and Raman spectroscopies, can be used to probe
the chemical properties of molecules at room temperature, but it is still a
considerable challenge at the single-molecule level [30]. Additionally, although
several useful analytical techniques (e.g. transition voltage spectroscopy and
thermoelectricity) have been developed for characterizing molecular junc-
tions, those methods are indirect techniques to reveal the characterization of
molecules. Developing new efficient techniques for directly extracting additional
details from the molecular junctions is highly expected.

10.1 Primary Challenges

10.1.1 In Situ Measurement

We had witnessed the in situ molecular synthesis of molecular wires to bridge
on-wire lithography (OWL)-fabricated nanogaps using the “click chemistry”
method as demonstrated by Chen et al. [31]. With this in situ approach, the
molecule length can be increased to bridge two electrodes. In comparison with
the in situ molecular synthesis, the in situ measurement is also essentially impor-
tant but faces the bigger challenges. For example, as a pioneer experiment, the
IETS measurements were performed as molecules changed their conformations
(cis–trans transition) when exposed to ultraviolet or visible light irradiation [32].
The IETS of cis and trans forms showed distinct vibrational fingerprints that
can be used for identifying the isomers. However, due to the engineer technique
limitation, this important experiment can only be performed ex situ, that is, the
IETS measurement cannot be performed simultaneously with cis–trans transi-
tion. In order to fully understand the switch mechanism for cis–trans transition,
the in situ IETS measurement is desired in the future. Also, due to the technique
imitation, transmission electron microscopy (TEM) images for nanogaps were
captured ex situ after the electromigration process occurred. It will be wonderful
if one can continuously take the TEM images with high frequency (behavior
like video recorder) and simultaneously measure the conductance, then the full
mechanism for the quantized conductance change and the electron migration
process will be cleared. Another challenge lies in obtaining a microscopic under-
standing of charge transport that involves reduction or oxidation of molecules
in which the in situ measurements is especially important.
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10.1.2 Device Fabrication Yield

Over the past several decades, a variety of innovative approaches have
been developed to experimentally conduct charge-transport studies at the
few-molecule level, and functional devices based on individual molecules have
been demonstrated. However, most of the studies were performed with only
a limited number of molecular devices. The device yield was notoriously poor
primarily because of the top electrode’s penetration through the molecular
layer in a vertically structured metal–molecule–metal device structure or an
inaccurate electrodes gap separation across the molecules in a horizontally
structured metal–molecule–metal device structure. As mentioned previously,
a few methods have been developed to improve the device yield significantly
using a polymer interlayer, graphene film, or special metal layer (see Section
2.2.8). However, these high-yield device structures possess both advantages
and disadvantages, and there is still a great need to seek a better technique to
fabricate molecular devices at a high yield with good reliability and stability.

10.1.3 Device-to-Device Variation and Instability

Once the number of active molecules in the junction was reduced to a single
molecule, the devices became extremely sensitive to the microscopic detail of
their atomistic configuration and local environment, resulting in an increase in
the variability of the “devices.” To our knowledge, only a few experiments have
demonstrated the ability to control the crucial atoms in the devices [33]. Even
for assembled molecular devices, there is little control over the atomic-level
structure of the metal–molecule interface, thus leading to an increase in
the “uniqueness” of each sample [3]. Although individual labs have achieved
acceptable yield and reproducibility, an agreed-upon standard junction that
can serve as the starting point for correlating the junction structure with the
electronic properties is still absent [2]. It is a tremendous challenge to generate
such a standard junction facilitating the changes in the contacts, molecular
components, geometry, and integration.

It is essentially important to create molecular devices with high stability. How-
ever, compared with the traditional semiconductor industry, there are additional
factors resulting in the stability of molecular devices. Firstly, to align the Fermi
energy with the molecular orbital to enable resonant transport in certain cases,
it was necessary to apply several volts over a few nanometer junctions. This
high electric field gradient may lead to non-equilibrium dynamic changes in the
molecular structure [34] and the diffusion of metal atoms at the electrode surface
[7]. Both the atomic movements and the molecular structural changes, including
the bond fluctuation, will result in a notable junction-to-junction variability and
a limited stability. Secondly, molecular devices are generally sensitive to the local
environment, e.g. temperature, humidity, illumination, and electromagnetic
field. The changes in each element may result in instability. Thirdly, laboratories
typically use the SAM or L–B structures as the most common strategy to build
the junctions. However, these structures involve several labile surface bonds so
that they can evolve into a minimum-energy conformation. This process will also
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lead to instability and the stochastic behavior of the electronic properties [2].
Finally, the most critical issue hindering the development of the stable devices is
the nature of the molecule–electrode interface. Because both the charge injec-
tion and collection occur across the molecule–electrode interfaces, it is evident
that the interfacial properties, such as the contact chemistry and the coupling
strength between the molecules and the electrodes, play an important role in
the electrical characteristics and stability of the molecular devices. Reliable
approaches are greatly needed to develop robust molecular devices through
a proper selection of electrode materials, anchoring groups, intramolecular
connections, and external environments to precisely control the interfacial
properties of the molecule–electrode interfaces.

10.1.4 Integration Capability

The ultimate goal for molecular electronics is to fabricate commercial devices
and apply them to the daily life. Hence, it is inevitable for molecular electronic
components to be integrated into modern microelectronics so that information
can be easily read. Unfortunately, efficient integration strategies for bridging hard
electronics with the vast store of the soft-molecular world are still lacking [4, 35].
Thus far, most of the measurements were conducted in ideal media at the labora-
tory level. The actual devices are far more complex and can definitely introduce a
range of interfering and ruining effects. The development of fabricating parallel
integrated junction arrays with specific functionalities in selective areas remains
challenging [11]. For an efficient integration, the molecular components and pro-
cessing should be compatible with existing fabrication techniques and conven-
tional semiconductor structures, such as CMOS. In addition to integration, there
are further challenges that need to be addressed. (i) The SAM and L–B struc-
tures are extremely fragile for practical devices in packaging [2]. To package single
molecule devices, a clean environment and a gentle contact force are necessary to
avoid contamination and damage. Taking this rigorous requirement into consid-
eration, using an atomic layer deposition technology to bury the single molecule
with dielectrics is one option for realization a practical device in the future [36].
(ii) Although a single molecule is relatively small, the electrodes for the outside
connection and the readout are relatively large, which strongly limits the device
integration simultaneously on possibly hundreds of chips per wafer. (iii) Today’s
silicon based chips used for information processing are operated at gigahertz
frequencies, and the typical times of charge transport processes in molecules
are in the femtosecond (fs) range [37]. Although the charge transport process
in molecules is quite fast, it is challenging to operate molecular devices at giga-
hertz frequencies considering the high resistance and correspondingly the small
currents of single molecule junctions. Therefore, the incompatibleness between
silicon-based chips and molecular-based devices can be foreseen. (iv) In order
to make a reproducible device, the integration process should be reversible, i.e.
the devices should be able to be disassembled. Predictably, the next generation
of electrical devices will be a network of interfaces where the molecules function
as key elements to control the interface. Therefore, the challenge for integration
remains significant.
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10.1.5 Energy Consumption

For molecular devices to be widely used in the market, their energy consumption
needs to be considered. It is expected that molecular devices can operate under
low biases with minimum energy consumption. However, the contact resistance
of the molecule–metal contacts (such as the Au–1,4-benzenedithiol–Au system)
is in the range of 1–100 MΩ [38], which indicates that the molecules behave more
like insulators rather than conductors, thus leading to a heavy energy consump-
tion. Fortunately, there are at least three strategies that can be used to achieve an
efficient molecule–metal coupling. (i) A highly efficient coupling can be achieved
via simple direct C–Au σ bonding, in which the junction conductance is 100
times larger than that of most other terminations [39, 40]. This is a promising
discovery for the efficient coupling of molecules to metals because it allows
molecular devices to operate under significantly lower voltages. (ii) Graphene
can be used instead of metals to achieve highly efficient coupling. Graphene is a
remarkable material with extraordinary electronic properties, e.g. high mobility,
high conductance, and stable covalent bonding with molecules. Additionally,
the geometry of the graphene electrodes can be designed as a triangle to reduce
the resistance of the electrodes themselves [23, 41]. (iii) Seeking new molecules
with a high conductance and a low transport decay constant 𝛽. For typical
cases, the resistance across the molecular junctions obeys an approximately
exponential decay of the measured conductance with an increasing molecular
length. When the metal Fermi energies are resonant with the relevant bridging
states, electrons (or holes) can be injected directly into the bridging molecule,
resulting in a weak distance dependence of the conductance corresponding to a
small value of 𝛽. A case in point, Li et al. reported a quasi-ohmic single-molecule
charge transport using highly conjugated molecule wires with the lowest 𝛽 value
(𝛽 = 0.034 Å−1) [42].

10.1.6 Addressability

Despite the considerable developments in nanofabrication, significant challenges
remain, such as how to manufacture electrodes with a nanogap in large num-
bers and how to precisely and unambiguously graft the desired molecules into
the gap electrodes [1]. More importantly, when thousands of junctions are inte-
grated into one wafer, each junction should be addressable, thus making them
more competitive. However, to our knowledge, there are only a few methods thus
far possess the ability to address single-molecule junctions, as depicted in Table
2.1. One remaining challenge is to develop efficient methods to fabricate mul-
tiple single-molecule devices in a parallel way [43]. A way to achieve this goal
would be to improve the resolution and decrease the feature sizes offered by the
advanced nanofabrication techniques [44, 45]. Another possible approach might
be the development of a molecular network using chemical synthesis and design
to materialize large-scale single-molecule electronics.
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10.1.7 General Strategies to Meet Challenges

Here, we try to offer several constructive suggestions to address the challenges
in different aspects. Regarding the challenges for devices fabrication, one should
try as best as possible to consider all the parameters as a holistic one. Due to a
lack of precise control in the fabrication process, contact geometry, molecular
conformation, exact number of molecules, and measurement condition, molec-
ular electronics depicts heterogeneity and is still in its infancy despite significant
developments achieved over the past decade. To fabricate reliable molecular
devices, the electrode materials, molecular materials, contact interfaces, device
fabrications, and experimental environments should be considered a whole
because they are so closely interrelated and cannot be optimized independently.
Consequently, developing a reliable and scalable fabrication methodology for
mass producing identical molecular tunneling junction arrays in high yields by
the holistic consideration of all of the parameters is a current research focus.

To promote a continuous development of molecular electronics, the combina-
tion of the newly development nanofabrication techniques, macro-techniques,
various characterization techniques, and different techniques for data analy-
sis will enable us to achieve new success. (i) Integrating different fabricated
techniques. For example, a new technique was recently reported for molecular
junction fabrication, known as the direct metal transfer method, which used
the advantages of both the nanowell method and the nanotransfer printing
method [46]. (ii) Combining the newly developed fabrication techniques with
the classical characterization techniques. For example, if a gated mechanically
controllable break junction (MCBJ) can be performed simultaneously using
the TEM as a novel characterization technique, the gating mechanism can
be clarified, and the new phenomenon may be observed. (iii) Application of
the well-studied technique to novel materials. For instance, several groups
reported on fabricating single-molecule junction using graphene electrodes by
the lithographic and electrical breakdown methods [23, 47]. In principle, if one
applies the MCBJ technique to precisely stretch graphene ribbons, graphene
nanogaps with a tunable gape size can be obtained in high yield. (iv) Combining
nanofabrication technique with a traditional controllable macro-technique. For
example, the merger of the traditional terahertz technique and MCBJ technique,
a new technique, may be developed to control the nanogap size via terahertz
modulation based on bimaterial microcantilever [48].

To achieve a continuously rapid development of molecular electronics, the
market motivation and its real application should be definitely taken into
consideration. To obtain a strong support from enterprises in the market, we
face two challenges: (i) a significantly enhanced function or cost advantage
must be demonstrated before the traditional CMOS industry will consider a
new technology and invest in it; and (ii) the traditional electronics industry will
be reluctant to suffer radical changes in the highly sophisticated and extensive
fabrication infrastructure to incorporate molecular components [2]. For the
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former challenge, we had witnessed more and more novel functions in molecular
devices, which are unavailable for traditional electronics. The small size of the
molecules meets the needs in miniaturizing electronic devices, which is the prin-
cipal driving force behind the semiconductor industry and has led to significant
improvements in the computational power and energy efficiencies [49]. In view
of the actual functional applications in the market, two-terminal devices, such as
wires, rectifiers, and switches, and logic single-molecule devices, can be regarded
as the most feasible routes toward practical molecular devices. At the same
time, three-terminal molecular devices not only offer an experimental platform
to study electronics but also pave the road to realize fast market applications
beyond the laboratory research. Hence, it is highly desirable to make a first break-
through in market applications using a molecular transistor, e.g. digital circuits
based on molecular transistors. For the latter challenge, we should demonstrate
the priority of the compatibility with the traditional industry when a molecular
device is fabricated. Despite the rapid development of molecular electronics in
past decades, it is still a long way to win the battle in the pure market.

10.2 Open Questions

Several open questions remain, which contend and contradict each other, even
in the basic field of electron transport. For example, regarding the observation
of the discrete conductance change during the separation of the two nanoscale
electrodes, one opinion is that the rearrangement of metal atoms results in the
discrete conductance, and G0 corresponds to the single gold atom conductance
[50]. However, another opinion claimed that the underneath quantum mecha-
nism is responsible for the discrete conductance change, and G0 corresponds to
a small size of point contacts (few atomic diameter width comparable with the
conduction electrons’ Fermi wavelength) rather than a single gold atom [51]. Each
of the opinions has solid evidence to support its claims, resulting in a remaining
question. The relationship between the molecular structure and inner-molecule
quantum interference has not yet achieved a standard answer also. Vazquez et al.
demonstrated that the conductance of a double-backbone molecular junction can
be more than twice that of a single-backbone junction, providing clear evidence
for constructive interference [52]. At the same time, Guedon et al. demonstrated
that the electron can transport through two different pathways via unaligned
localized molecular orbitals, thus yielding a destructive partial wave interference
and poor conductance of the molecules [53]. Thus far, there are only individ-
ual cases instead of systematical investigations and a general model to relate the
molecular structure with the type of the interference. The similar awkward sit-
uation also exists for intermolecular interactions. A few groups reported that
parallel molecular wires are not strongly coupled along their molecular back-
bone and thus can be thought as individual conductance channels [54]. However,
certain groups pointed out that the intermolecular tunneling is quite important
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in the electron transport process and may lead to a considerable enhancement
of the tunneling current [55]. To clarify this argument, it is important to real-
ize junctions that provide a transition from single molecule experiments to 2D
multi-molecule junctions, which would allow the influence of the intermolecu-
lar electron transport of the adjacent molecules and a dephasing of the coherent
electron transport to be studied [56].

We noted that several functional devices well-fabricated in the traditional semi-
conductor industry have no counterpart in molecular electronics, such as com-
mercial resonant tunneling diodes, which are easily realized in the traditional
semiconductor domain. Due to the coupling of the molecule–metal and the tem-
perature effects, the discrete energy level of the molecules is broad, resulting in
an inexact energy alignment during the voltage sweeping process. Hence, it is
difficult to realize molecular resonant tunneling diodes (MRTDs), especially at
room temperature. There may be two strategies to address this untouched field.
(i) Using Si–molecule–Si junctions to realize the MRTD since the silicon, unlike
metal electrodes, has a forbidden energy gap between the conduction band and
the valence band. When the molecular orbital level falls into the forbidden band
of silicon during bias sweeping, a sharp decrease occurs in the tunneling current,
thus facilitating the achievement of the MRTD. (ii) Employing graphene as elec-
trodes to realize the MRTD because the special Dirac-cone energy structure and
a non-zero bandgap of graphene can be easily obtained via hybrid graphene or
applying a gating voltage [57].

In this book, the topic mainly involves molecular-scale electronics, with
a particular focus on single-molecule electronics. Numerous topics, which
are related to molecular electronics, are not addressed in this book due to
our limited knowledge. For example, bulk organic molecules are interesting
materials because of their structures and their electronic, electrical, magnetic,
optical, biological, and chemical properties. Functional conjugated organic
molecules with structural features have been assembled into the nanostructures,
and several organic molecules have been applied in the market [58]. Large-area
devices containing thin films of molecular materials represent the ultimate
scaling of flexible devices based on organic materials. Several significant results
of flexible molecular-scale electronic devices for insulating molecules, rectifying
molecules, and photoswitching molecules have been reported using polyimide as
the flexible substrate [59–61]. The potential of molecule-based nanotechnology
for energy related applications is enormous. For example, two-terminal molec-
ular junctions have potential applications in terahertz rectification for energy
harvesting, which has real-world frequency limitations for traditional devices
[62]. Nanomaterials can address several unmet needs in energy applications: they
can be used to improve energy densities, promote energy efficiencies, increase
energy transfer rates, and increase stabilities. Within the field of nanotechnology,
new material development will play an important role toward a sustainable
energy future but also meet tremendous challenges. However, these interesting
topics are mostly beyond the scope of this book.
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10.3 Outlook

The ultimate limit for electronic device minimization is controlling the building
blocks with atomic accuracy. Only molecules can provide such precise control
over sub-nanometer distances as well as the possibility to reproducibly fabricate
identical building blocks. Therefore, molecular electronics may be the only
option to overcome the bottleneck of semiconductor-based technologies.
Although it appears that molecular-based electronics will not replace most
of the silicon-based electronics, there are convincing reasons to believe that
molecular electronic devices can complement silicon-based devices by providing
small dimensions of the molecules and new functionalities beyond the scope of
conventional solid-state devices [63].

The first decade of experimental and theoretical research on molecular
electronics exhibited both rapid growth and significant scientific achievement.
Molecular electronics has become one of the fastest growing fields and has
brought scientists and engineers from different disciplines together. However,
in certain cases, the strong enthusiasm for rapid exploration of a new area
works against the requirement for a careful and systematic science, which is
essential in the microelectronics industry. Until now, we have not yet reached
a consensus on a robust and reproducible junction fabrication, and it is a long
way to reach very high yield fabrication, highly integrated, and wide market
application [2].

From the market’s point of view, carbon-based architectures with multiple
junctions may provide a more robust platform for laboratory research and help
validate molecular electronic concepts for room-temperature operation, poten-
tially providing a wider application in the future. According to the sophistication
level of the technologies, we may first achieve the market breakthrough in
molecule-based chemo/biosensors, as previously demonstrated, and then move
to realize molecule-based digital circuits for future information processing. For
a wide application of general molecular electronics, it is expected that more
chemical tools and building blocks provided by a huge molecular structural
and functional variety are needed. It is desirable that using designed molecules,
which can be either (i) linked together, where each molecule performs a different
function, such as rectification/switching so that logical operations can be per-
formed in a “single” molecule junction, or (ii) conformational changes triggered
by external stimuli (magnetic, optical, and chemical), leads to a tremendous
change in the junction current. These conformational changes can be used to
unlock a security junction, which requires a “chemical key.”

As single-molecule researches continue to grow, another aspect becoming
increasingly important is the theoretical calculation. Side-by-side use of the
molecular calculation theory and simulations is equally important for a better
understanding of the molecular system, and therefore verify and even guide
molecular experiments [11]. We expect that molecular-scale electronics will
foster truly excellent collaboration in bringing chemistry, physics, materials,
engineers, and biology together, in return promoting the rapid development of
this field. We have enough reason to believe that molecular-scale electronics has
a bright future for bridging hard electronics to the soft molecular world.
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photon-assisted conductance

enhancement, 252–256
molecule-electrodes coupling, 215,

252
molecule layer-modified SPM junction,

15
motor drive, 22

n
nanobridge, 24, 31, 32
nanocar, 344, 345
nanocarbon-based molecular

electronics, 321–327
nanocavity plasma enhancement, 131
nanoconstrictions, 174, 376
nanodot, 16
nanogaps, 28, 33, 36, 37, 40, 43, 52–54,

94, 95, 97–99, 103, 104, 114, 115,
165, 178, 377, 381

nanograting, 32
nanolithography, 18, 19
nanometer scale, 17, 18, 37
nanoparticle-based SPM junction, 16
nanopore, 50, 52
nanotransfer imprinting lithographic

(NIL), 54
nanotransfer printing procedure,

54–55



396 Index

nanowell, 50–52
negative differential conductance (NDC)

application of, 276–277
measurement of, 274–276
mechanism for, 273

negative differential resistance (NDR),
11, 185, 272–274

noise generation mechanisms, 171
noise spectroscopy, 180

applications, 174–180
for benzene-dithiol junctions, 179
features, 170
generation-recombination and flicker

noise, 172–173
measurements, 173
shot noise, 171–172
thermal noise, 171–172

non-covalent interfacial linkages, 245
non-equilibrium Green’s function

(NEGF), 3, 218, 220, 265
non-Hermitian self-energy matrixes,

219
non-symmetric diblock

dipyrimidinyldiphenyl
molecules, 264

nucleophilic substitution reaction,
193, 315, 318

o
1,8-octanedithiol (ODT), 54, 114, 279
Ohm’s law, 209, 212, 217
oligo(aryleneethynylene) (OAE) wires,

169
oligo(phenylene ethylene) (OPE), 123,

230, 232, 233
oligo(thiophene ethynylene) (OTE),

230
oligo(thiophene vinylene) (OTV), 230
oligoarylenes, 229
oligonaphthalenefluoreneimine (ONI)

molecular wires, 168, 234
oligophenyleneethynylenes(OPE)–

dithiol/monothiol molecules,
140
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single-molecule junctions, 125

Coulomb blockade effect, 125
electrochemical deposition junction,

40, 43
electromigration breakdown junction,

32–40
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